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This application note resumes FET noise theory and physics and work in characterization done over 
many years at Focus Microwaves. 

The objective is to expand the view of engineers on what noise in field effect transistors (JUNCTION 
and MOS) is, how it is created and how it can be measured. 
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1 Definitions 

1.1 Noise In Time Domain 
• 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 

• 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*lg(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 
kToΔF (this is proportional to the measuring 

bandwidth; at To=300K, this is ≈ -174dBm/Hz, or 
0.4μV RMS @ 50Ω and ΔF=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 Ω at a bandwidth of 10 GHz. 
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1.3 Equivalent Noise Temperature TE 

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 PN.AVAIL 

as the higher than thermal noisy twoport. 

 

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   𝑇𝐸 + 𝑇0. 
𝑇𝐸 is called the equivalent noise temperature. If the two-port includes only resistors, capacitors, 
and inductors, then 𝑇𝐸 = 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 GAV, can 
be described by a 4 Parameter Model on the source Smith Chart 

Noise is a small signal phenomenon. As such it can be 
described by a linear model: 

• The noise model includes four parameters: 

• Minimum noise factor: Fmin 

• Equivalent Noise Resistance: Rn 

• Optimum noise admittance: Yopt 
Yopt =Gopt+jBopt (or Γopt=|Γopt|ejΦopt) 

The equivalent for available (small signal) Gain is: 

G.av-1=MAG-1+Rg/Gs•|Ys-Yopt.g|²  

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 Γopt as the 

Noise Factor level increases and is squeezed between Γ = Γopt and Γ = 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 equivalent circuit (Compact 
Model) to which internal thermal noise 
sources are attributed.  

- The small signal analysis uses Y-parameter 
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: F₀, Rₙ, and Yₒ. 

The most suitable format to process data in FETs is the parallel (Y-matrix) representation using the 
following relations (see also section 1.6ff): 
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1.6 FET Small Signal Equivalent Circuit 1-50 GHz 

 

The internal (intrinsic) FET, i.e., excluding bonding wires, contact pad capacitors, and lead resistors (mostly 
created by packaging), includes a capacitance 𝐶𝐺𝑆in series with a small resistor 𝑅𝐺𝑆 = 1/𝐺𝐺𝑆between gate 
and source, across which the control voltage is applied. Between gate and drain, there is a very small 
feedback capacitance 𝐶𝐺𝐷, and the controlled current flow in the channel is best described by the voltage-
controlled current source 𝑔𝑚 = 𝑑𝐼𝑑/𝑑𝑉𝐺𝑆. 

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 𝑗𝜔. 

1.7 How is the Channel Thermal Noise Created? 
• Thermal noise is created by collisions between Brown’s atom/electron movement.  

• In thermal equilibrium To [K] the available electric noise power is proportional to the bandwidth δf: 

𝑘𝑇0 𝛿𝑓  (≈ −174 dBm × 𝛿𝑓[Hz]) 
If electrons heat up (accelerated), then we have more collisions and the equivalent temperature increases: 
𝑇𝑒 > 𝑇0. This happens if we narrow the channel conducting the current (as in a FET channel). 

 

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 T₀ = 290 K or ~20 °C, then the available noise power is 
𝑘𝑇0𝛿𝑓as 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 
Noise Sources in Transistors 

• Transistors include  

- Resistive parts, which create thermal noise; 

- Capacitive parts, which are noise-less; 

• The Noise Sources are 

- Thermal noise (TE≈290K, from the resistances) 

- Hot (fast*) electron channel noise (TE≈2500K,  

from the pinched area of the channel) 

(*) 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 𝑇𝑒 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 

 

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: 𝑔𝑚 is 
estimated from the magnitude of 𝑆21, 𝐶𝐺𝑆from the phase of 𝑆11, and 𝐶𝐺𝐷from the value of 𝑆12. 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. 

1.11 Internal Noise Mechanism In FETs 

 

Based on the simple model shown before, the Y-parameters 𝑌1, 𝑌2, 𝑌3, and 𝑔𝑚are calculated from the 
circuit elements as shown, and compared with the measured values, derived from the S-parameters 
through conversion from S to Y. 

1.12 Evaluation 
 

 

 

 

 

 

 

 

 

 

 

 

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 

• Import intrinsic device s2p and n-par files  

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

• Produce calculated intrinsic device’s noise 
parameters: id, ig, <id*ig> 

 
 
 
 
 
  

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 ∣, ∣ 𝑖𝐷 ∣, and 
the correlation ⟨𝑖𝐺 ⋅ 𝑖𝐷

∗ ⟩ = 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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This figure shows that the primary channel noise ∣ 𝑖𝐷 ∣ 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 
|𝐼𝐺| is clearly capacitively induced, as also shown by the imaginary part of the correlated intrinsic noise 
sources 𝐼𝐷𝐼𝐺

∗ . 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. 

 

 

 

 

 

 

 

1.16 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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• 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). 

• 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. 

 
 

 
 

• Example: A quasi-lossless transmission line has 𝐹 ≈ 1 ≈ 𝐺𝑎𝑣; 
this means 𝑀 is undefined (0/0) and therefore useless.  

• If 𝐺𝑎𝑣 > 10, then 𝑀 ≈ 𝐹 − 1 and is not significant (rarely 
used). 

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

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹 +
𝐹 − 1

𝐺
+

𝐹 − 1

𝐺2
+

𝐹 − 1

𝐺3
… 

and 1/(𝐺 − 1) = ∑[1/𝐺𝑛] …for 𝐺 > 1. 

• 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 
0

0
. undefined. 

If we have two FETs: 𝐹1 = 1.5, 𝐺1 = 2 and 𝐹2 = 1.8, 𝐺2 = 10, then the better one is the second, even if it 
has a higher noise figure: 
𝑀1 = 0.5/0.5 = 1; 
𝑀2 = 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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enough gain, the term 
1

𝐺
  is small, and then 𝐹𝑚𝑖𝑛is almost identical with 𝑀𝑚𝑖𝑛. 

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. 

 

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 = 𝑇0 = 290 K, 𝑘𝑇0𝐵; 𝐵 is the bandwidth. 
Any noise above thermal noise can be expressed as equivalent thermal noise: 𝑘𝑇𝑒𝐵, where 𝑇𝑒is the 
equivalent excess noise temperature. 

The first stage amplifies any portion of the input noise above the thermal noise (𝑘𝑇𝑒𝐵) and adds its own 
noise. The second stage amplifies this noise and adds its own noise. The basic thermal noise 𝑘𝑇0𝐵traverses 
the amplifier chain unaffected. 

The total noise at the output becomes: 

𝑘𝑇0𝐵 + 𝑘𝑇𝑒𝐵 ∗ 𝐺1𝐺2 + 𝑁1𝐺2 + 𝑁2 
  

 

 

2.1 Noise Power Propagation 

Noise power generation and propagation through typical amplifiers 
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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 = 𝑇0 = 290 K, 𝑘𝑇0𝐵; 𝐵= bandwidth. 
Any noise above thermal noise can be expressed as equivalent thermal noise: 𝑘𝑇𝑒𝐵, where 𝑇𝑒is the 
equivalent excess noise temperature. 

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

The basic thermal noise 𝑘𝑇0𝐵 traverses the amplifier chain unaffected. 

The total noise at the output becomes: 

𝑘𝑇0𝐵 + 𝑘𝑇𝑒𝐵 ∗ 𝐺1 ∗ 𝐺2 + 𝑁1 ∗ 𝐺2 + 𝑁2 
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2.2 Noise Factor Measurement Setup 

 

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. 

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 0.5 dB (𝐺 = 1/𝐴 =
0.891) cable results in a 1.9 dB (𝐹 = 1.5494) amplifier. 
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2.3 Focus Noise Parameter Measurement System 

 

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: 

• An input noise module (INM) 

• An input bias tee 

• A source impedance tuner 

• An output bias tee 

• An output noise module (ONM) with or without low-noise amplifier and frequency converter 

• 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) 

 

This figure summarizes typical specs of commercially available noise receivers and calibrated noise 
sources. The right column reminds the associated equivalent noise temperature 𝑇𝑒(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/𝑍OFF ∼ 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/𝑍OFF ∼ 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) 

 

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: 

• 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. 

• 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. 

• 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) 

 

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: 

• 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. 

• 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 

 

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 Ω, 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 …   

• contact repeatability, 

• spurious transient oscillations,  

• external radiation, 

• receiver non-linearities,  

• tuner inaccuracy…  

The question arises: “how  do random measurement errors  (jitter) affect the extracted noise 
parameters ?” 
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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 
(𝑇𝑒 = 35.4 K) with a noise receiver of 9 dB (𝑇𝑒 = 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). 

 

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 

F=noise figure 
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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 

  

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 𝑅𝑛 = (1/𝑆21 − 1) × 50 Ω, with attenuation 𝑆21(or 1/𝑆21(1 dB) =
1.122) and is expected to be around 6 ohms. This is valid for matched passive networks, with Γopt = 0, 

and, because of the small Γ, 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 

 
 

The extracted noise parameter data confirm 𝑅𝑛 ≈ 6 Ω and 𝐹min ≈ 1dB. 
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2.11 DUT #1 Summary: 1 dB attenuator: 2 – 18 GHz 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

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 

 
 
 
 
 
 
 
 
 
 

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 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 

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

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

In this last case, the 10–15 times higher RN causes, in fact, an up to 25 times higher jitter sensitivity. 
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3 Conclusion 
 
• 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. 

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

• 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. 

• The high error sensitivity of DUT #4 is due to the very high Rn and |Γopt|. 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 
|Γopt|, are most insensitive in noise measurement jitter. 

Devices with high Rn and|Γopt| 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=4μV on 50Ω thermal noise; without DUT 
the same noise receiver (LNA) would get 0.4μV. 

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 Γopt and Φopt). 

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, Γ-source). 

By calculating G.AV for four arbitrary Γ-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 

• Advantages: 

- Easily available 

- Reliable coaxial contacts 

- No interference via leakage 

Step 2: Microstrip mis-matched noise standard 

• Advantages: 

- Realistic 

- Reliable coaxial contacts 

Step 3: On-wafer mis-matched noise standard 

• 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? 
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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 

 
A first verification uses coaxial mismatched standards, as shown. 
Coaxial ensures good contact and no interferences. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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

 
 

 Repeated excellent agreement including strong mismatch. 
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Even for the mismatched passive network the approximation Rn = (1/S21 - 1) * 50 ohm holds. 
In this example: S21 = -4 dB = 0.631 → Rn = 29.3 ohm 

5.2 Mis-matched Passive Microstrip Noise Standards 

 

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 
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 
the small signal s-parameters. 

The method is based in comparing 
noise parameters  

• generated directly by the noise 
parameter system versus  

• generated using s-parameters  
measured by the VNA. 

S-parameters of the microstrip noise standard are quite complex; 
It is also clear that the network is reciprocal. 
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5.4 N-Par of Mismatch Microstrip Noise Standard (3 trials) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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: 
 

• System calibration 

• Tuner accuracy 

• De-embedding 

• Noise measurement 

• 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 

 
 

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 
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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) 
 

 
 

The next few figures show the process of noise data extraction: 

5.1 Matched 3dB Attenuator, 3 samples 
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5.2 Matched 6dB Attenuator, 3 samples 

 

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 

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. 
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