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1 Definitions

1.1 Noise In Time Domain
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An ideal (noise-free) amplifier twoport will amplify a
“pure” incoming signal and deliver it “pure” to the
load.

A real amplifier twoport will amplify the incoming
pure signal and add its internal noise.

When also the signal is real, i.e. not pure, then the
real amplifier twoport will amplify the noisy signal and
add its own noise.

A real amplifier dirties the signal: it adds its own noise to the input signal and creates a noisy

output signal.

This happens also when the input signal itself is not pure, in which case the input noise and the
signal are amplified, and the amplifier’s own noise is added.

1.2 Noise figure = a number describing the noisiness of a real device or

amplifier twoport

INPUT

Si/Ni = So/No

I"\II = ) ; |5 K|

OUTPUT

k=1.38*103 W/(Hz*K)
kTo=4.14%10% W/Hz =-173.7 dBm/Hz

The Noise Figure F is defined as the noise power
available at the amplifier output divided by the noise
power available at the output coming only from the
source.

F=(Si/Ni)/(So/No)>1; NF=10*Ig(F) dB

Noise Figure = Signal/Noise ratio at input divided by at
output.

All noise related quantities are considered “available”
(=extractable) (including power, gain, PAE, etc.)

All resistive components* have available noise power
KToAF (this is proportional to the measuring
bandwidth; at To=300K, this is = -174dBm/Hz, or
0.4pV RMS @ 50Q and AF=10GHz).

(*) individually or combined.

The sensitivity of a real amplifier is characterized by a number called noise figure. This number
describes the “dirtiness” of the amplifier. The noise figure is defined as the reduction of the signal
to noise ratio (the signal purity) before and after the amplifier. The lowest reference noise is the
thermal noise: this is created by Brown movement collisions of electrons with the material
lattice. Thermal noise is directly proportional to the absolute temperature in degrees Kelvin and,
because the frequency spectrum of a random phenomenon, such as thermal noise (per Fourier), is
flat and wideband (white noise) it contains a power density of -174 dBm/Hz equivalent to 0.4
micro-volt rms on 50 Q at a bandwidth of 10 GHz.
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1.3 Equivalent Noise Temperature T

Equivalent noise temperature Te is the increase in temperature a resistance at the input of a
noise-less twoport should have, in order to create the same available output noise power Py avaiL
as the higher than thermal noisy twoport.

T — Te+To —
’ NOISY PN.AVAIL <}:> i NOISE FREE | PN.AvAIL
Examples:
= = Te=0K -> F=1; NF=0dB
F = 14T¢/To= 1+T¢/290K T sas

Te=30K -» F=1.103; 0.43dB
Te=100K -> F=1.35; 1.3dB

A practical way to handle the noise behavior of a two-port (any two-port) is to imagine its
internal noise extracted and applied by a noise source at its input port, in such a way as to
produce at the output port the same available noise power as the real noisy two-port.

This virtual noise source is best described by a source resistor heated to a temperature Tg + Ty.
Ty is called the equivalent noise temperature. If the two-port includes only resistors, capacitors,
and inductors, then Ty = 0, but this does not necessarily mean F=1; instead for passive networks
the noise factor is: F=1/G.av=(S/N).in/(S/N).out (see chapter 5, page 27).

1.4 The Noise Factor F, as well as the available small signal gain Gay, can
be described by a 4 Parameter Model on the source Smith Chart

: > Noise is a small signal phenomenon. As such it can be
F(Ys)=Fmin+Rn/Gse | Ys-Yopt| described by a linear model:
Ys=Gs+jBs Robd o ° The noise model includes four parameters:

e Minimum noise factor: Fmin
e Equivalent Noise Resistance: Rn

e Optimum noise admittance: Yopt
Yopt =Gopt+jBopt (or T'opt=| T'opt | ")

1 The equivalent for available (small signal) Gain is:

_ G.av!=MAG'+Rg/Gse|Ys-Yopt.g|?

where Yopt(noise)#Yopt.g(gain)
These are upside down hyper-paraboloids.

The four noise parameters describing the noise factor behavior of a two-port inside a circuit describe a
parabol-hyperbol surface above the surface of the source reflection factor Smith chart.

The noise factor iso-contours are non-concentric circles, the center of which moves away from I, as the
Noise Factor level increases and is squeezed between I' =T, and I' = 1 on one side and spread out in
diametral direction.
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The iso-noise contours are circles because the noise phenomenon is small signal and the FET is linear.

The available gain is also described by a similar relation as long as the signal remains small enough for the
FET not to enter compression, which is a few millivolts in bipolar and a few dozen millivolts in FET’s.

1.5 FET Noise Modeling

- The FET noise model is based on wideband
small signal egui\{alent circuit (Comp.act Ry (Fo-1)/2-Ry*Y*
Model) to which internal thermal noise
sources are attributed. [Cal=2kTg

- The small signal analysis uses Y-parameter (Fa-1)/2-Ry*Yy Ru*|Yo!?
presentation best describing the FET two-
port.

- The noise analysis uses the correlation
matrix CA description in chain-format.

As already mentioned, FETs have resistive and reactive components. Noise is basically white (wideband
thermal noise). Therefore, if we determine a small-signal (noise is a small-signal) physical model of a FET
that is valid over a wide bandwidth, we can calculate the noise behavior and the noise parameters.

The noise sources are partly correlated (i.e., proportional: channel and gate noise) because they have a
common source (hot electron channel noise), and partly uncorrelated (because resistances create their
own independent random and uncorrelated noise).

To calculate the noise of noisy two-ports, one uses the concept of correlation matrices, which include the
four measured noise parameters: Fo, Ry, and Y,

The most suitable format to process data in FETs is the parallel (Y-matrix) representation using the
following relations (see also section 1.6ff):

2 A

l L1

g gd

€= G

IJd, I

where
+ _Yll 1
[C, ]=[T][C,I[T]", where [T]=

_YZI 0
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1.6 FET Small Signal Equivalent Circuit 1-50 GHz

.| 111 F12) |F1+4F2 T
AT = __ . .= I
o } - ¥21 722| |gm-T1 Y1473
G o D
|G AP
___ | |
— o [ |
: : gm | oo | Cot F1=-F12=5C,,
[ | - Y3 bl
] 12 = by . (eCy)
i | . Y2=F11-F1=:5C, |G, % jaCy +
I < Ggl £.0-sn)! | G
| I -r———1-- iy v e
| , Y3=Y2-¥1=5C,+G,
5 N e 5 an =F21+¥1=gm,,(1-51)

The internal (intrinsic) FET, i.e., excluding bonding wires, contact pad capacitors, and lead resistors (mostly
created by packaging), includes a capacitance C.sin series with a small resistor Rz = 1/G;sbetween gate
and source, across which the control voltage is applied. Between gate and drain, there is a very small
feedback capacitance C;p, and the controlled current flow in the channel is best described by the voltage-
controlled current source g,,, = dl;/dV;s.

The output network is represented by a large parallel resistance corresponding to the saturated channel
and a small capacitance from drain to source via the semi-insulating substrate. In the above formulae, s is
the complex frequency jw.

1.7 How is the Channel Thermal Noise Created?

e Thermal noise is created by collisions between Brown’s atom/electron movement.
e Inthermal equilibrium To [K] the available electric noise power is proportional to the bandwidth 6f:

kT, 8f (= —174 dBm X &f[Hz])
If electrons heat up (accelerated), then we have more collisions and the equivalent temperature increases:
T, > T,. This happens if we narrow the channel conducting the current (as in a FET channel).

DRAIN +V

DEPLETION
To r AREA

\ HIGH SPEED
ELECTRONS

In resistors, electronic noise is created by the collisions of mobile carriers (electrons) with the fixed atoms.
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If the carriers do not move (at T = 0 K), then noise is = 0.

If the only source of energy is the actual temperature To = 290 K or ~20 °C, then the available noise power is
kTy0fas seen before.

When the electrons get faster (or the material is heated), then the electrons and atoms become nervous,
shake around, and more collisions occur, showing up as higher noise. In the case of field effect transistors,
this happens at room temperature because, by narrowing the channel through which the same amount of
electrons must pass to reach the drain, the electrons get faster, collide more, and appear “hotter.”

This can be measured as increased noise power (same as if heating the device). This is the cause of noise in
FETs.

1.8 FET Noise Sources PO uncarep cnanney

T=2400K & NOISE TEMPERATURE |8

Noise Sources in Transistors
e Transistors include
- Resistive parts, which create thermal noise;

- Capacitive parts, which are noise-less;

e The Noise Sources are {**) CTeironis, PhD Thesis 1977
and W. Bachtold IEM

- Thermal noise (Te=290K, from the resistances)
FET Cross Section DEPLETED ZONE

SOURCE GATE ~0.5um_/ DRAIN

from the pinched area of the channel) CONDUCTIVE [ RS G
LAYER (0.017

0.1pm)

- Hot (fast*) electron channel noise (Te=2500K,

i
R R e ety - - |

HOT ELECTRON ZONE
SEMI-ISOLATING SUBSTRATE

(*) because of channel narrowing, fast=collisions

A field effect transistor uses a thin, highly doped (conductive) semiconductor layer (sheet) deposited on top
of a quasi-insulating substrate. On top of the conductive layer are deposited metallic contacts: a source of
electrons, a collector of electrons (drain), and a flow control contact (gate). A negative voltage on the gate
controls the flow of electrons statically and dynamically by pushing the electrons away and narrowing the
channel passage.

Since the electron stream must pass through the narrow channel, they must travel faster (hot) to maintain
the flow; this causes more collisions and higher noise, shown as measured noise temperature T, of the
channel at higher voltage or electric field E = V /L.

At zero drain voltage, the FET has only thermal (290 K) noise.
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1.9

Internal Noise Mechanism In FETs

Hot electrons in the pinched-off channel create
primary high channel noise, which induces
secondary gate noise current via capacitive
coupling.

The induced secondary gate noise current creates a
controlling gate voltage by flowing through the
source impedance.

The controlling gate voltage creates a controlled
secondary current (via gm) in the channel.

By manipulating the phase of the gate noise voltage
via the source impedance we can almost cancel
(resistances hinder this) the primary hot electron
noise in the channel by intrinsic negative feedback.

What remains is only uncorrelated thermal noise of
the lead resistances.

1.10 Internal Noise Mechanism In FETs

5 parameters
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«;U;} Correlatlon via Cgs

\'||

HOT ELECTRON
NOISE- PRIMARY

/

2

&

l ;\LL::L;Y ]

|
£
|
4
I

T

|
|
Bl
)

4

<>{ 5

-

Feedback noise via gm

CAMNCELING NOISE-
SECONDARY

* Calculated data (red:real, blue: imag); measured data (dots)

Starting with initial values for the elements of the equivalent circuit, derived from low-frequency (100—

1000 MHz) S-parameters, one can estimate starting values of the “

curve-fitting” optimization: g, is

estimated from the magnitude of S,;, Cssfrom the phase of S;;, and C;pfrom the value of S;,. These, on
the other hand, are the components with the highest weight in the equivalent circuit.

Before that, one has to estimate the parasitic lead resistances, inductances, and capacitances of the
packaging, which in on-wafer cases exist as well but are very small, as we will see later.
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The optimizer then changes the component values to curve-fit the calculated to the measured S-
parameters over a wide frequency range by minimizing an error function composed of the differences
between measured and calculated S-parameters, as shown in the figures above.

Y1,Y2, Y3, gm

1.11 Internal Noise Mechanism In FETs

* Calculated data (red: real, blue: imag); measured data (dots)

Based on the simple model shown before, the Y-parameters Y;, Y,, Y3, and g,,,are calculated from the
circuit elements as shown, and compared with the measured values, derived from the S-parameters
through conversion from Sto Y.

1.12 Evaluation

1.

Noise De-embedding

Removing infout fixtures using SHORT/OPEN
Producing measured intrinsic device noise
parameters and S-parameters

Intrinsic
Device

‘ WAFER

. Noise Source Extraction

Simple 7 elements circuit model and 3 element
noise model

Producing calculated intrinsic device noise
parameters.

Input Noise

source I;™

PROBE
Intrinsic
Device

Noise source
Modelling &
Extraction

Output Noise

source Iy

To reach the intrinsic FET, even when operating on-wafer, the small transmission line leads from the tips of
the wafer probes to the FET chip (in, out) must be de-embedded using appropriate calibration methods,
wherein the FET chip is replaced by calibration standards as an open, a short, and a through line using the
TRL (Thru-Reflect-Line) method.

Using the correlation matrices of the sections called “in” and “out,” we can extract the noise parameters of
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the embedded FET to get the noise parameters of the de-embedded (intrinsic) FET.

1.13 Noise Source Extraction

Procedure

Intrinsic

* Import intrinsic device s2p and n-par files Device

* Noise source extraction algorithm solves for circuit
elements (7 unknowns) and noise sources (3

unknowns) MNoise source
L. ., . Maodelling &
*  Produce calculated intrinsic device’s noise Extraction
parameters: ig, ig, <ia*ig> -
R |
- . - 2 1
Induced noise c:iisi="f_:' CORRELATION = juCes 2” I
source T
Original noise [L o= rl-s
. NOISE i « source O R P
i, % FREE I | 3 e ™~
. 2 . \\\

Using the correlation matrices of the sections called “in” and “out,” we can de-embed the noise parameters
of the embedded FET to the noise parameters of the intrinsic FET and deduce values for | ig |, | ip |, and
the correlation (i; - i) = Real + j Imag; this means we have four noise quantities linked equivocally to the
four noise parameters of the intrinsic FET.

1.14 Intrinsic Noise Source Extraction

Data legend
Blue: Intrinsic noise sources calculated from measured four noise parameters
Red: Intrinsic noise sources based on a simple physical model
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Figure 2: Noise Modeling GUI =
e Edit View Inset Tools Desktop Window Help
Gde | hARROBDEAL- S 0| D
“Reeatd I Pt
2
a 2
x 107" points - extracted nsrc; line - fitted curve %102 s
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This figure shows that the primary channel noise | iy | is basically white noise; the raw decrease over
frequency is caused by the internal cancellation due to the feedback-induced gate noise. The gate noise
|I;| is clearly capacitively induced, as also shown by the imaginary part of the correlated intrinsic noise
sources Ipl;. Lastly, the correlation factor has a frequency-independent imaginary part and a quasi-zero
real part (predominantly capacitive coupling).

1.15 Intrinsic Noise Parameter Calculation

Data legend
Blue circles: Measured intrinsic device’s noise parameters
Red lines: NPAR from theoretically corrected internal sources
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The intrinsic noise sources allow calculating the noise figure of the FET. This is done either point by
measured point or from the theoretically extracted noise sources. Shown here are the minimum noise
figure, equivalent noise resistance, and optimum noise reflection factor.

In the case of the extracted (red) parameter values, a set of smooth noise parameters as a function of

frequency can be derived.

Noise Parameter Comparison

Data legend

Black: Measured non de-embedded

Red: Post-measurement de-embedded
Green: NPAR from theoretically corrected
internal sources
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e Point averaging (feature of NPEx known as Post-Extraction Optimization) is not used in this figure’s plot
to show the variation (dispersion) of measured data (non de-embedded and de-embedded) vs. that of
the theoretically corrected noise sources (there is no variation in theoretical sources).

e For users who do not want to see ‘smoothed’ (tampered) data but still expect to see a smooth curve,
NPAR results from theoretically corrected noise sources can be provided as the simple model fits quite
well with measurement (both S parameter and noise). Users can then compare with their models.

1.17 Gain, Noise Figure, Noise Measure M

Noise Figure alone is not always sufficient information; associated* Gain matters also and the combination
is described by the Noise Measure M.

e Example: A quasi-lossless transmission linehas F = 1 = G,;
this means M is undefined (0/0) and therefore useless.

e IfGy, > 10,then M = F — 1 and is not significant (rarely
used).

e Noise figure of a chain of identical amplifiers with noise figure
Fand gain G:
Fiota1 = M + 1, since

(*) associated Gain =
available Gain at I'=lopt

el 1T
S| 1A
| | | i

F—-1 F-1 F-1
Ftotal:F+ G + G2 + G3

and1/(G—1) =X[1/G"]..forG > 1.
e Attenuator with attenuation A(> 1) has F = M = A.

Noise factor alone is insufficient to properly describe the noise behavior of a two-port. Gain is also
important. Imagine an ideal lossless transmission line; it has F = 1(0 dB), but it is of no use because it has
no gain. To include the available gain, we use another quantity called the noise measure M. This is defined

as (F —1)/(1 — 1/G). In the case of the transmission line, M is g. undefined.

If we have two FETs: F; = 1.5,G; = 2and F, = 1.8, G, = 10, then the better one is the second, even if it
has a higher noise figure:

M; =0.5/05=1;

M, =0.8/0.9 = 0.9.

Also, the FET with the higher noise factor is better in a low-noise amplifier chain because of its higher gain.
Therefore, the optimum impedance is the one yielding the lowest M. Because FETs have typically high
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. 1. . . . .
enough gain, the term - is small, and then F,;,is almost identical with M,,;,.

A chain of identical amplifiers with noise factor Fand gain G has a total noise factor equal to M + 1.

2 Noise Parameter Measurement

Noise power generation and propagation through a typical amplifier.

BG. N, >—BG. N, >

rout
| KT8
_ 7 i A
Tota
- 15! stage f | rose oW
nose
- g
.“. .\. G MM powes
» | | output
KT8 [ KT BG kT,8G.G \J
)
N, = (F-1) kT BG

NoSe nput x Systom gan
Figure 2-1, The effect of second stage contribution

Fondameantale Af RE
INngamentals of N\

ywave Noise Figure k=1.38"10exp(-23) Wy{Hz*K)
Measurement KTo=4.14*10exp(-21) W/Hz =-173.7 dBm/Hz

The figure shows what happens with the external and internal noise in a chain of two amplifiers. The
passive part of the source impedance creates thermal noise at T = Ty = 290K, kTyB; B is the bandwidth.
Any noise above thermal noise can be expressed as equivalent thermal noise: kT,B, where T,is the
equivalent excess noise temperature.

The first stage amplifies any portion of the input noise above the thermal noise (kT,B) and adds its own
noise. The second stage amplifies this noise and adds its own noise. The basic thermal noise kT,Btraverses
the amplifier chain unaffected.

The total noise at the output becomes:

kTyB + kT,B * G,G, + N, G, + N,

2.1 Noise Power Propagation

Noise power generation and propagation through typical amplifiers
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kToB+kTeBG1 kToB+kTeBG1G2+

N1 — N1G1+MN2 “

k(To+Te)B

B = Bandwidth (Hz) k=1.38%10"" W/(Hz*K)
T = Temperature (K) kTo=4.14*1021 W/ /Hz = -173.7 dBm/Hz
G = available Gain

The figure shows what happens with the external and internal noise in a chain of two amplifiers. The
passive part of the source impedance creates thermal noise at T = Ty = 290K, kT,B; B= bandwidth.
Any noise above thermal noise can be expressed as equivalent thermal noise: kT,B, where T,is the
equivalent excess noise temperature.

The first stage amplifies any portion of the input noise above the thermal noise (kT,B) and adds its own
noise. The second stage amplifies this noise and adds its own noise.

The basic thermal noise kT, B traverses the amplifier chain unaffected.
The total noise at the output becomes:

kToB+kTeB*G1*Gz+N1*Gz+N2
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2.2 Noise Factor Measurement Setup

Requires:
= SPDT RF-switches toggle between VNA (s-parameter) and noise path
Impedance controller (tuner)

+  calibrated Noise source allowing measuring DUT s-parameters and noise factor,

Low noise receiver
WA

All quantities related to noise are “available”, i e. “extractable” (by

conjugate matching)
@ FRII'S LAW FOR CASCADED TWOPORTS

B T T —{F1,61 Hr2, 62 Hrs, 63 Hra,6a | --

2

F=F1+ (F2-1)/G1 + (F3-1)/(G1*G2) + (F4-1)/(G1*G2*G3)..
G = G1*G2*G3*G4...

\ Freta = Four + {FNQ'S’E Path= 1:] {FunsTrumen:- l:l

s orYs . +
MNoise GDUT GDUT*GNo-se path
Receiver

The noise factor of a chain of cascaded two-ports (amplifiers or other devices) is calculated using Friis’s
formula. It is the sum of the noise factor of the first two-port plus the (noise factor minus 1) of the
second two-port divided by the gain of the first two-port, and so on.

— Sparamebars +

This means the noise contribution of amplifiers after an attenuator A is multiplied by the attenuator
loss, since G = 1/A.

Example: A chain of a 1 dB noise figure (F = 1.2589) amplifier preceded by a 0.5dB (G = 1/A4 =
0.891) cable results in a 1.9 dB (F = 1.5494) amplifier.
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2.3 Focus Noise Parameter Measurement System

The example uses the
noise receiver of
Keysight PNA-X

N
5

& © :
Input Noise Module (INM) Output Noise Module(ONM)

Source .
Noise Module
Tuner

Calibrated Controller
Noise Source puT

In this typical noise measurement setup, we use the noise receiver channel of the Keysight PNA-X, a
calibrated noise source, and a number of Focus components:

e Aninput noise module (INM)

e Aninput bias tee

e A source impedance tuner

e Anoutput bias tee

e An output noise module (ONM) with or without low-noise amplifier and frequency converter
e A Noise Module Controller (NMC)

The delta tuners are connected directly to the wafer probes. The system measures S-parameters as
well as noise figure and de-embeds to the DUT reference plane.
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2.4 Noise Receiver, typical specs (dB)

Table 256b. Receiver Noise Figure (dB), Port 2, @ 4 MHz BW, High Gain Setting,

Description Specification NF OR ENR I Te
10 MHz to 50 MHz -
50 MHz to 1.5 GHz 155 m
1.5GHz to 5 GHz 14 7,300K
5 GHz to 20 GHz 16 11,550
20 GHz to 45 GHz 16 11,550k ;‘gL'ISHECE
45 GHz to 50 GHz _ 18 | 1E300K /
Note: e

dB to linear 10*(dB/10)
Example 10"(16dB/10) = 39.8

This figure summarizes typical specs of commercially available noise receivers and calibrated noise
sources. The right column reminds the associated equivalent noise temperature T,(i.e., the temperature
a resistor should be heated to, to create the same thermal noise).

Noise sources use semiconductor diodes biased between zero (off) and avalanche breakdown state (on).
They typically create 30—35 dB excess noise ratio (ENR) above thermal (290 K) but have a high on/off
impedance change (Zon/Zoge ~ 4: 1), which affects measurement consistency. Therefore, a 20 dB
attenuator is connected to the diode, reducing the ‘on’ temperature to ENR = 15 dB (9,200 K) and
Zon/Zogr ~ 1.2: 1.

To measure very low-noise receivers, it is recommended to reduce ENR to ~5 dB by adding another
10 dB attenuator.

2.5 Noise Receiver # 1 budget (no LNA)

Frssumen = 40 [16dB]
F Hoie path = 2 [3d BI
G none patn = 1/2 [-3dB]

Froe = F tioseputn —{F'"‘g""" 3
5, (40-17) e
80 =19dB

Measuremant
Reference

This figure shows real noise figure numbers in a noise measurement setup without a low-noise pre-
amplifier. Insertion loss must always be considered, both before the DUT (because it affects the
effective ENR of the noise source) and after the DUT (because it deteriorates the sensitivity of the noise
receiver).
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In this case:
e The noise figure of the noise path is equal to its loss: 3 dB = 2, and its gain is equal to -3 dB = 0.5.

e By applying Friis’s formula, we get a deterioration of the receiver noise figure of 16 dB by the 3 dB
loss of the noise path (switch, cables, etc.) to 19 dB.

e The same is valid for the noise source, of which the ENR of 15 dB is reduced to 12 dB.

2.6 Noise Receiver # 2 budget (with LNA)

Fﬂ‘.‘.!u"l)m(= 40 {16dB]
F Notse path = 8 [63d8]
G Noise path = 1000 (SOdB]

_:é:
2
3
2

Foo=F Nose path + —(F‘mf'mn‘vf.' 1)
(4017
8.039 =9.05dB

Measurement
Reference

This figure shows real noise figure numbers in a noise measurement setup with a low-noise pre-
amplifier having a noise figure of 5 dB and gain of 30 dB. Insertion loss must always be considered, both
before the DUT (because it affects the effective ENR of the noise source) and after the DUT (because it
deteriorates the sensitivity of the noise receiver).

In this case:
e The noise figure of the noise path is equal to its loss: 3 dB = 2, and its gain is equal to -3 dB = 0.5.

e By applying Friis’s formula, we get a deterioration of the noise figure of the LNA by 3 dB (from 5 dB
to 8 dB) and a reduction of the receiver noise contribution by the 30 dB gain of the LNA, from 40
(16 dB) to (40 — 1)/1000 = 0.039, resulting in a total receiver noise figure of approximately 9 dB
(instead of 19 dB).
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2.7 Measurement and Stability 1

IMAGE OF SOURCE

O e REFLECTION |T|=1
., i 3\
N AT OUTRUT PORT
', Inssability Regicn
[ Tuning Range
e T

SOURCE LOAD

Example of LOW frequency Passive tuner Tuning Range

A major cause for error in noise measurements is device instability, in case of spurious oscillations. Every
active device (having gain) is prone to oscillating, given the proper embedding network (input and
output loads and feedback). Since most components used in noise measurements are wideband
(including the tuners), it is often possible that the “oscillating conditions” are satisfied at a random
frequency inside or outside the test band.

When this happens, the measurement is false. A way to determine if oscillations are possible is by
plotting the stability circle. This shows if the source impedance crossing this area creates a negative
resistance at the DUT output. Noise measurements can be done in this zone as long as the load
impedance is outside the instability zone (for oscillation, both load and source must fulfill the oscillation
condition).

The figure shows the transformation of the source impedance plane to the output. In this case, if the
receiver is close to 50 (), the DUT is stable.

2.8 Noise Measurement Error Analysis

Knowing that all measurements are associated with
a) Systematic errors

b) Random errors

And assuming, that care is taken to minimize (read .. eliminate) systematic errors, such as ...

e contact repeatability,

e spurious transient oscillations,
e external radiation,

e receiver non-linearities,

e tunerinaccuracy...

The question arises: “how do random measurement errors (jitter) affect the extracted noise
parameters ?”

20

AN9S8 - Transistor Noise Theory, FET Noise Physics and Modeling, Measurement Error Analysis and Verification of Noise Measurement Setups

www.focus-microwaves.com


http://www.focus-microwaves.com/

@ FOCUS MICROWAVES GROUP

Follows an attempt to quantify a response to this question...

Measurement is always associated with errors. There are systematic and random errors. Measurement
errors are always proportional to the measured quantity: a 1 volt error when measuring 1000 volts is the
same as 1 nano-volt when measuring 1 micro-volt.

Systematic errors can be reduced or quasi-eliminated by careful procedures. Random errors cannot, but
the effect of random errors can be greatly reduced by increasing the number of samples, assuming that
the errors are not “biased,” i.e., systematic.

This last technique also allows bypassing a golden rule in metrology that “the quantity to measure
should be as close to the measuring standard as possible” (a balance is most sensitive when it is, well,
“balanced”). In noise measurements, the large quantity of data allows measuring a 0.5 dB noise figure
(T, = 35.4 K) with a noise receiver of 9dB (T, = 2014 K) or a ratio of 57, which is far higher than
balanced (ratio of 1).

* The measurement input is the Noise Figure F at a given source admittance Ys: F(Ys).

* Numerical extraction strategies allow determining the four noise parameters Fo, Rn, Yopt =
Gopt+jBopt using a number N of measured Fi(Ysi) for, typically, 7 < N < 20; Four data points should
be sufficient, if the measured values were error-free, but they are not.

*  Our error analysis uses measured and extracted noise parameters of real transistors in the range
from 1 to 50 GHz as reference using measured noise figures Fi(Ysi); it then attributes random errors
of controlled magnitude to the original measured noise figures Fi(Ysi) and shows the effect on the
re-extracted noise parameters.

As already mentioned, random measurement errors can be “averaged out “ under two conditions: 1)
they are truly random, 2) the proper statistical methods are used; these methods are called noise
parameter extraction strategies. Like every fisherman intuitively increases his chances when choosing an
area where he expects fish to be, so are noise extraction strategies over a wide frequency range most
efficient when knowing, ahead of time, what to expect. In particular when measuring transistors, which
are wideband devices, we would expect the noise parameters not to be “bumpy” (bumps are created by
multiple reflections and resonances). Devices much smaller than the wavelength do not create such
phenomena. Our analysis uses real measured noise figure data and adds numerically random errors to
them to analyze their effect on the result.

* The analysis is made over a wide frequency range.

* The same data points are selected originally and at each random error manipulation.

* The error E is numerically generated using the Ei=Emax®rnd(i) function.

* The error E distribution is constant over the minimum to maximum range (not Gaussian).

Emax Emax
f A A \
e |
FE | Fisf F o -1<rnd(i)<1

The analysis is made over a wide frequency range; only then can we “expect” meaningful continuous
results, based on the previously presented reasoning of small devices. We use the known function
RND(i) which responds with a value, when invoked, equal to a random series of numbers, generated by
a complex numerical algorithm. The response of RND(i) is normalized between -1 and +1 and multiplied
by a maximum error Emax(dB): In praxis, after a first noise parameter extraction, we add a random error
RND(i)*Emax to a measured F(Yi), a different error for every Yi, at each frequency extract the noise
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parameters for the whole frequency range; The extraction is executed hundreds of times with new
random errors. The results are summarized in the following figures:

2.9 DUT #1: 1 dB attenuator: 2 — 18 GHz

* Freq: 2—-18 GHz
* Reference results

This figure shows real extracted noise parameters of a 1 dB attenuator.

The expected minimum noise figure is 1 dB over the full frequency range. The equivalent noise
resistance is based on the relation R, = (1/S,; — 1) X 50 Q, with attenuation S,;(or 1/S,;(1dB) =
1.122) and is expected to be around 6 ohms. This is valid for matched passive networks, with [opt =0,
and, because of the small I, the phase is random.

These noise parameters are used as starting values to determine the effect of measurement uncertainty
(jitter) shown in the next figure.

2.10 DUT #1 Summary: 1 dB attenuator: 2 — 18 GHz

2GHz 7 GHz 12 GHz 18 GHz
Error: Ref %01 +02 03 +05 #075 Ref 01 +02 #03 +05 #075 Ref £01 +02 #03 05 075 Ref #01 02 03 05 075
NFmin 1078 1076 1073 1076 1045 1003 1065 1056 1058 1060 1019 0573 1142 1143 1140 1139 1057 1054 1145 1132 1127 1116 1067 1.081
Rn 5707 5654 5620 5944 5681 5770 6351 6421 6416 6387 6336 6348 6580 6611 6632 6746 6.874 7132 7659 7659 770 J751 7767 B267
Gopt 0037 0041 0049 0058 0082 0136 0034 0028 0038 0049 0066 0105 0031 0027 0033 0038 0056 0087 0039 0036 0030 0028 0047 0050

PhiOpt -174.0 1518 1380 1221 1014 1038 -40.85 -146 -424 5844 106 -6408 -1159 -259 -33.0 -340 -339 -3287 387 287 143 -49 -454 -743

The extracted noise parameter data confirm R,, = 6 Q and F,;;, = 1dB.
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2.11 DUT #1 Summary: 1 dB attenuator: 2 — 18 GHz

Extracted NFmin Variation based on measured NF jitter

0.1dB F 2—-18 GH
. Jitter (+dB) o °
* NFmin variation vs

B 0.75 NF jitter
Delta NFmin (dB)

o 0.5 -
om 0.3
. 0.2
oo .1

0dB a ’

This figure shows that the low RN (~6 ohm) makes that the noise figure parabol is not steep and
therefore the effect of measurement jitter is limited: up to 0.75 dB jitter does not affect NFMIN more

than 0.1 dB.

Always keep in mind jitter is not error, jitter is uncertainty that can be canceled by the next reading.

2.12 DUT #2 Manufacturer 1: device 10 - 50 GHz

FMW 0.9.0.11 * Freq: 10— 50 GHz
: ) * Reference results

This second device is an FET working up to 50 GHz. The noise parameters are typical for such a device,
and the equivalent noise figure is a low 15—25 ohm.
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2.13 DUT #2 Manufacturer 1 device: 10 - 50 GHz

10 GHz 20 GHz 35 GHz 50 GHz
Error:  Ref 0.1 +02 03 05 075 Ref 0.1 +02 £03 05 075 Ref 0.1 #02 £03 05 =075 Ref +01 02 03 05

NFmin 0966 0956 09545 09545 0917 0891 1595 1587 1588 1583 1558 1541 2849 2856 2857 2858 2875 2872 4172 4178 4160 4167 4158

*0.75

4143

Rn 18635 18.686 18365 14.696 14519 14.331 12775 12642 132587 12.259 12136 11784 9802 95830 9920 10.098 10486 11154 27.843 27745 27.216 26.333 25125 24524

Gopt 0598 0579 0561 0533 0506 0479 0466 0465 0460 0447 0432 0417 0372 0376 0382 0387 0351 0403 0364 03659 0374 0378 0385

PhiOpt 56.71 57.283 58.047 58955 60.92 63.299 1066 1064 | 106.2 106.0 1056 1052 -1745 -174.3 -1741 -1739 -172.4 -170.0 -108.2 -108.7 -109.3 -109.9 -110.7

The data show that there is a general tendency of high RN causing high jitter sensitivity of FMIN, but this
general rule does not apply strongly, nor is it invalidated by the error analysis.

2.14 DUT #2 Summary: Manufacturer 1 device: 10 - 50 GHz

Extracted NFmin Variation based on measured NF jitter . F req : 10 - 50 G HZ

0.1dB . o
* NFmin variation vs
Delta NEmin (dB) NF jitter
R, 150
litter (xdB) .
3 0.75
0.5
0.2
\,_— e — ______-01
0dB ; i ) _. 03

2.15 DUT #3:Manufacturer 2 device: 2 - 8 GHz

* Freq: 2—8 GHz

0.392

-1115

* Reference results
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2.16 DUT #3 Summary: Manufacturer 2 device: 2 - 8 GHz

2 GHz 4 GHz 6 GHz 8 GHz

Ref *01 £02 03 #£05 075 Ref *01 02 03 +05 075 Ref *01 £02 #03 =*05 075 Ref *01 £02 03 x05 .75

0431 0477 0489 0486 049 0504 0535 0560 0601 0611 0621 0631 0681 0677 0734 0756 0770 0779 0755 0.805

125961 13108 12627 12697 12846 13.025 13434 13985 1223 12512 12746 12517 1361 14509

13.088 13.045 13.036 13.216 13605 14.123 12959 12911 12 857 12859

0.638 0651 0640 0632 0548 0537 0598 0598 0596 0580 0513 0487 0573 0558 0544 0536 0482 0461 0558 0555 0548 0533 0475 0434

171 163 163 170 186 207 388 389 3590 392 403 | 427 585 575 560 542 500 454 758 | 760 Y61 761 757 752

2.17 DUT #3 Summary: Manufacturer 2 device: 2 - 8 GHz

Extracted NFmin Variation based on measured MF jitter - F req . 2 _ 8 G H 7

0.1dB
* NFmin variation vs NF jitter

ol

. Jitter (+dB)
S w::-.ns
OdB 1 2 3 4 5 & a

Fresuency {GHz)

2.18 DUT #4 Summary: Manufacturer 3 device: 10 - 50 GHz

* Freq: 10 - 50 GHz

* Reference results
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2.19 DUT #4 Summary: Manufacturer 3 device: 10 - 50 GHz

Extracted NFmin Variation based on measured NF jitter - Freq: 10 — 50 G H 7

- * NFmin variation vs NF jitter

Delta NFmin (dB)

litter (+dB) ==
0.75

03

g
2
£
-3
K
Z

WHF 05
WF 075

In this last case, the 10—-15 times higher RN causes, in fact, an up to 25 times higher jitter sensitivity.

26

AN98 - Transistor Noise Theory, FET Noise Physics and Modeling, Measurement Error Analysis and Verification of Noise Measurement Setups

www.focus-microwaves.com


http://www.focus-microwaves.com/

@ FOCUS MICROWAVES GROUP
3 Conclusion

e The test cases show that NF measurement variations (jitter) affect the extracted
noise parameters with larger jitter affecting the results more. This is the expected
behavior.

e Extracted DUT noise parameters are not greatly affected in DUT cases 1 — 3 until
jitter limit reaches 0.3 dB or more.

e DUT case 4 is much more affected by NF measurement jitter than cases 1 — 3.
Particularly, even small NF jitter limit (+0.1dB) affects the extracted noise
parameters significantly more than £0.3dB in the first three cases.

e The high error sensitivity of DUT #4 is due to the very high Rn and | T'opt|. Analysis
of the statistical extraction math points to the high Rn as the dominant cause.

Main conclusion:

Devices with low equivalent noise resistance Rn and optimum reflection factor
|Fopt|, are most insensitive in noise measurement jitter.

Devices with high Rn and|lopt| are most sensitive.

4 Verifying a Noise Measurement System

The only method possible is to use a passive noise standard.

There are no active noise standards.

All passive networks, which include only thermal noise sources (attenuators, resistors, capacitors, inductors
or lossy transmission lines and their combinations) can be used as noise standards.

Therefore: attention must be paid to LNA linearity: i.e. DUT Gain and system Bandwidth: injected power
into LNA: Pin=kToBG.

Example: kTo=-174dBm/Hz, B=10GHz, G=20dB yields:

- 174dBm/Hz*10GHz+20dB=-174+100+20 dBm=-54dBm; total=4uV on 50Q thermal noise; without DUT
the same noise receiver (LNA) would get 0.4puV.

One must always keep an eye on noise receiver linearity.
Non-linearity can occur at any time when moving the source tuner, because the gain depends strongly on that.

* The Noise Measurement System cannot be verified at the same power level as in real operation (the DUT
has gain and injects higher than thermal noise power into the noise receiver, which may lead to non-
linearity).

* Basis: The noise figure is equal to the available loss of a passive network.

*  Measuring s-parameters allows calculating the exact noise parameters.
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A noise measurement system can be verified by measuring the four noise parameters of a passive twoport,
especially a mismatched passive twoport (to verify also Fopt and Qopt).

The noise figure of a passive twoport is equal to its available loss: F = 1/G.AV; G.AV can be calculated from
(accurately measured) S-parameters: G.AV = G.AV(s-par, -source).

By calculating G.AV for four arbitrary l-source values we can determine accurately the twoport noise
parameters. Then we measure the four noise parameters with the noise measurement system and compare. If
there is agreement, then our noise system is measuring and extracting the noise parameters accurately.

Step 1: Coaxial matched and mis-matched noise standard
e Advantages:
- Easily available
- Reliable coaxial contacts
- No interference via leakage
Step 2: Microstrip mis-matched noise standard
e Advantages:
- Realistic

- Reliable coaxial contacts

Step 3: On-wafer mis-matched noise standard

e Best solution, if available.

There are four levels of accuracy verification for practical reasons.

To avoid errors due to unreliable contacts on wafer and capturing stray noise, we start with coaxial standards
(good contact and shielding).

If this works we use microstrip passive standards; here the contacts are reliable, and we can make sure there are
no interferences.

If this also works we can use on-wafer standards, like microstrip structures (T-junctions etc).
On-wafer standards are, though, not always available.

But, at this stage we do know that any error comes from the wafer probe contacts.

5 Why is the Noise Factor of a Passive Network Equal to its
Available Loss?

EXCEPT FOR COOLING THE DEVICE

>S5 - PASSIVE (LOSSY) THERMAL NOISE CANNOT BE
NﬁWﬁRKr-=~- P'S/i\VELOSS REDUCED
AV.LOSS=1/AV.GAIN
X o v,
KToAF =P.AV.OUT/P.AV.IN KToAF

SIGNAL/NOISE @INPUT = P.S/kToAF
SIGNAL/NOISE @OUTPUT = P.S/AV.LOSS/KToAF
THEREFORE .
NOISE FIGURE = AV.LOSS
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Any passive network generates kToB available noise power. This noise power traverses the network un-affected
and is available at the output as well. A signal power, instead, is attenuated by the available loss of the passive

network.

The signal to noise ratio is therefore deteriorated by the available loss of the network. This means that the noise
factor of any passive network is equal to its available loss or the inverse of its available gain.

Therefore, passive networks can be used as noise standards, since, by measuring their S-parameters, we can
calculate exactly their noise factor and noise parameters.

5.1 Mis-matched Coaxial Passive Noise Standards

T type-1dB-50Q

A: T type-1dB-50Q + ONM+ PNAX

Spar

T type-1dB-1dB-50Q
A first verification uses coaxial mismatched standards, as shown.
Coaxial ensures good contact and no interferences.

b

Short =

0Q

T type-1dB-1dB-Short

S11
"""" A
7 X AN
¢ [ - : Frocueney [H] ""'---7(' N J_'\ \\5(* ..‘.
o (] rﬂ. v Tﬁ
| »’\sz_ﬁ*
] CA\AR A2
i : N T
1 1] " Fw-'l‘,rlhl " w 1] " - 3 Jobe] " ”w S e
Npar: Max discrepancy in NFmin between MEASUREMENT and CALCULATION: 0.1 dB
al 11 1@ gtz 184308 “ 1)1 BGHI - 03343
APPROXIMATION A L L o 21 @a 036
FOR £ 1:: M—‘ g :;
ATTENUATOR: A g a < f ol e
A=S,* l S u
R,=(S;,-1)*500 ’ ! ; Frealbve] v ' i Pt = i T
3.2dB: R =230 . SN
= e - | A
ol = o r//’ ,ffwﬂ
T o £ 3 v
% gl‘ M ? .ég ' '-=' o

12
Freq{GHz]

This figure shows the almost perfect agreement between measured and calculated noise parameters of

29

AN98 - Transistor Noise Theory, FET Noise Physics and Modeling, Measurement Error Analysis and Verification of Noise Measurement Setups

www.focus-microwaves.com


http://www.focus-microwaves.com/

@ FOCUS MICROWAVES GROUP

the shunt 1dB attenuator terminated with 50 ohm.

From S21~-3.2 to -2.5 dB we calculate Rn~17-23 ohm, which matches the measurement.

B: T type-1dB-1dB-Short + ONM+ PNAX

Spar

BE23 s

sis

3 A i W B
Frecuency [Giz) Frequency |Ghz]

[0 " [ " Ll

3 L] -
Fraquency [GHz] Fraquency [Giz] ——l

Npar: Max discrepancy in NFmin between MEASUREMENT and CALCULATION: 0.1 dB

= A
04 kY
5 t::,-"/\_/ ‘\t/\/\w

[ i 19

MFMin[48)

|
—
g
|Gammatt]
22

B nmEnm e S

12
FreqGHz]

Rn[Ohm)
SUESERIBEESEE AR

Eg
Al

Repeated excellent agreement including strong mismatch.
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C: T type-1dB-1dB-50 Ohm + ONM + PNAX

Spar

S11
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HEEiEaabin
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2
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=
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|
|
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|
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Npar: Max discrepancy in NFmin between MEASUREMENT and CALCULATION: 0.1 dB

]
71348
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APPROXIMATION
FOR
ATTENUATOR: A E
A=S,,?
Ra=(S5"-1)*500 o -
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=

Even for the mismatched passive network the approximation Rn = (1/521 - 1) * 50 ohm holds.
In this example: S21 =-4 dB =0.631 - Rn =29.3 ohm

5.2 Mis-matched Passive Microstrip Noise Standards

b

Extreme case of frequency selective passive network (high pass filter).

The purpose of this noise standard is to demonstrate that the Focus noise measurement system
measures accurately even extremely complex noise parameter behavior as can be seen in the next
figures concerning, in particular, the phase of the passive network.
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5.3 S-Parameter of Mismatch Microstrip Noise Standard

f {
N @ W -

1S5, 1= 1521

:u-

o oo

This reciprocal passive network has
been chosen because it has extremely
mismatched and spread s-
parameters.

The objective is to verify how far the
noise measurements can reproduce
the noise parameters calculated from

512 Ampiitude(U] / S22 Amplitude(U] / S11
AmolitucelUl / $21 AmolitudelUl

e . N

[deal/ S21 Phasaldeal
S8 weNBES

il

288

©5 51 the small signal s-parameters.

The method is based in comparing
noise parameters

e generated directly by the noise
parameter system versus

e generated using s-parameters
measured by the VNA.

:
;
!
4
;
an

S-parameters of the microstri stan are.gquit
It is also clear that the network is eC|procaI Lo

- 1 @ 5.36GHz - 24 9808
] S11
LT
L
.20
251 f

ng

S11 Amplitude[d8]
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F'wue"cr [GHe]

5] P - @A 352808
15

0] Sa1

-251

- -y " Limited accuracy

521 Amplitude[dB]
w3
~———
A

32 42 5.2 6.2 7.2 8.2 52

Frequency [GHz]

se ctandard are.quite r’nmnlcix;

1@ 4 44GHz (0610 -114.0)
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5.4 N-Par of Mismatch Microstrip Noise Standard (3 trials)

lNopt and Noise Circles Fopt
@ Selected Frequenc @ All Frequencies

The comparison
proves, beyond any
doubt, that the noise
measurement system
generates accurate
noise parameters, if:

L

* The RF connections
are reliable

* The noise receiver
is linear

NFMin[dE]
|GammaOp|
i

PhiOpt[deg]

23iNebs uoeBEEl

Rn{Ohm]

The data show that:

beyond the area where the high pass filter chops off the signal < 4GHz all noise parameters
calculated from accurately measured S-parameters and the noise parameters determined by
the Focus noise measurement system agree within the measurement jitter.
This is a major proof of the accuracy algorithm of the system including:

e System calibration

o Tuner accuracy

o De-embedding

e Noise measurement

e Noise parameter extraction

All in view of the random and extremely low noise power level available (we compare
variations of thermal noise)...
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5.5 Attenuator example — 6dB: full S-Based and N-Parameter
Comparison

lNopt and Noise Circles
@ Selected Frequenc

APPROXIMATION ‘ @
| @ 376M2: (0.018; 58 =L /
FOR MATCHED gie 53.3%3;:: -

ATTENUATOR: A
= = IEn T 11
R,=(S,,-1)*50Q - W | 6 370pe 545500 as ol i de
6dB: R =49.80Q T — g +
E 57 T ey | o
s 5 \ 04
434 : Sl > § i H
02
38 l 1 ! ! { o1 1 ; seevew Y : :
H Ty T e [=0
gl B o mumem)  /ORANDOM
£ <
3 &
i3
ol i
3 4 5 & 7 E] 9 0 1 12

The disagreement in optimum phase, when measuring matched devices is, obviously, due to
the un-determinable phase of very small vectors.
The Rn approximation holds.

5.6 Attenuator example — 9dB: full S-Based and N-Parameter
Comparison

lopt and Noise Circles

APPROXIMATION
FOR MATCHED
ATTENUATOR: A

A=521-2
R,=(S,,1-1)*50Q
9dB: R =92.80
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The disagreement in optimum phase, when measuring matched devices is, obviously, due to the un-
determinable phase of very small vectors.

The Rn approximation holds.

‘5. Statistical Noise Data Processing (see also Focus AN-72)

10 Theaory (from
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= 2
é 3
4
zZ 3 Raw Data
2
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. ]
Processing, = 3
. = 3
Fmin 2
1
o
100
) $26.2800m
& :21.050hm
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The next few figures show the process of noise data extraction:

5.1 Matched 3dB Attenuator, 3 samples

APPROXIMATION 10
FOR MATCHED _ =
ATTENUATOR: A 2 s
_c_ 2 5 5
A—Szl A ; ,;_ i ) N . 3 ts Lot o
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5.2 Matched 6dB Attenuator, 3 samples
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FOR MATCHED 10 3 70ML- 83148
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5.3 Matched 9dB Attenuator, 3 samples
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‘5.4 What is the Significance of these findings?

1. Raw data are dispersive (many call them “wrong”)
2. Statistical processing is a generic neutral mathematical data point treatment

7

3. If, starting with “dispersive” data points and applying generic data processing we reach “theoretically exact
results, then

- The raw data (measurement) have been “correct”

The true result is contained in the raw data

- Statistical processing used to extract the final data has been correct

- There cannot be a “coincidental agreement” over such a wide frequency range.

37

AN98 - Transistor Noise Theory, FET Noise Physics and Modeling, Measurement Error Analysis and Verification of Noise Measurement Setups

www.focus-microwaves.com


http://www.focus-microwaves.com/

