
Nellie Pang
Product Manager – Vector Network Analyzer

FUNDAMENTALS 
OF VNA MEASUREMENTS

Presenter-Notizen
Präsentationsnotizen
Hello, welcome to Fundamentals of VNA measurements webinar. 
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Today we will touch on 3 topics which are the fundamentals of VNA measurement. First, I’ll explain what S-parameters are and how they are used to measure networks.Then we’ll discuss the technical concepts behind voltage standing wave ratio and return loss as well as how these quantities are measured.Lastly, we’ll explain the importance of calibration in network analyzer measurements and the basic concepts and procedures used in both one and two port VNA calibration.



Rohde & Schwarz

What is a network?

► A network is a device with one or more ports
► Each port can pass, absorb, and/or reflect RF energy.
► Examples:

− 1 port : antenna, dummy load
− 2 port : filter, amplifier
− 3 port : directional coupler, mixer
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Let’s start by explaining what we mean by “network.” In the radio frequency world, a [1] “network” is a device that has one or more “ports”, with each port being able to [2] pass, absorb, and/or reflect radio frequency energy.  An [3] example of a [4] one port network would be an antenna or a dummy load.  Common [5] 2 port networks include things like filters [6] or amplifiers, and a [7] three port network could be a device like a [8] directional coupler or mixer.  One, two and three port networks are the most common, but networks with [9] higher number of ports also exist.
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Analyzing networks

► Networks can be analyzed by:
− injecting RF into a given port 
− measuring the level of RF appearing
− at that port (reflected)
− at other ports

► Usually only one signal is injected into 
one port at one time

► Usually measured over a range of 
frequencies

► Networks are typically analyzed using 
an instrument called a network 
analyzer
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We can analyze [1] these devices or “networks” by [2] injecting RF energy into a given port and [3] measuring the level of RF energy appearing both [4] at that same port [5], that is, the reflected power, and, in the case of multiport devices, [6] at other ports [7] (pause) [8] .  Except in some very special cases, [9] usually only one signal is injected into one port at one time.  And in most cases, our network will exhibit frequency-specific behavior, so [10] measurements are normally made over a range of frequencies.  In most cases, [11] networks are analyzed using instruments called … network analyzers.
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What are S-parameters?

► S-parameters are the most common way of representing these measurements 
► Named using the letter ‘S’ and a pair of subscripts (Sxy)

− First subscript : port where the energy emerges (output port)
− Second subscript : port where the energy enters (input port)
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S21S11

port 1 port 2
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The most common way of representing these quantities is something called [1] “S-parameters” … the “s” stands for “scattering” since we’re measuring how much RF is “scattered” back from and out of the various ports.  S-parameters are named [2] using the capital letter S followed by a pair of subscripts.  The [3] first subscript is the port where the energy emerges and the [4] second subscript is the port where the energy enters.  For example [5], if we measure the amount of power passing [6] through a two port network, the this quantity would be referred to as [7] S21.  The amount of power reflected [8] back on port 1 would be referred to as [9] S11.  
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a1

b1

b2

a2

Example – Two port network

► In a two port network there are four S-parameters: S11, S21, S12, and S22.
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S21

S12

S11

S22

S11 = b1/a1
S21 = b2/a1
S12 = b1/a2
S22 = b2/a2
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Let’s give a more complete definition of S-parameters for a two port network.  A [1] two port network will have [2] four S-parameters, S11, S21, S12, and S22.   S11 [3] is the amount of incident power that is reflected [4] by the input or forward port.  S21 [5] is the amount of power that is passed [6] from the forward to the reverse port, and [7] S12 is the amount of power passed [8] in the opposite direction. The last S parameter, S22 [9] is the power reflected [10] from the reverse port.  These S values can be defined as ratios [11] of the powers seen at each port.  
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More about S-parameters

► S-parameters can also be represented as 
N-by-N matrices
− N = number of ports

► S-parameters are complex values with:
− Magnitude 
− Phase

► Reflection coefficients (Sxx) can be plotted 
on a Smith Chart

► S-parameters can be cascaded to predict 
overall system response 
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There are a few other useful things to know about S-parameters.  First, S-parameters [1] are sometimes represented in the form of square, N by N matrices where [2] N is the number of ports, for example  [3] one port, [4] two ports,  and [5] three ports.  It’s also important to remember that [6] s-parameters are complex values consisting of both a [7] magnitude and a [8] phase.  The reflection coefficients [9], such as S11 or S22 are often plotted on a special graph called a Smith Chart [10] [11] .  And one of the main advantages of using S-parameters is that S-parameters of individual devices can be [12] cascaded together to predict the overall performance of a system.
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► Reflection coefficients
− S11 – input match, return loss, VSWR
− S22 – output match, return loss, VSWR

► Transmission coefficients
− S21 – gain or loss
− S12 – reverse isolation

Mapping S-parameters to common names
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S21 > 0 (gain)

S12 ≈ 0 (reverse isolation)
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Although S-parameters are almost universally known among RF engineers, there are also more common or conversational terms for some S-parameters. The [1] reflection coefficients, [2] S11 and [3] S22, describe the impedance match [4] for input and output, respectively.  This is usually quantified in terms of [5] return loss or [6] voltage standing wave ratio. We will talk more about VSWR and Return Loss in the next few slides. For [8] transmission coefficients, [9] S21 corresponds to the amount of gain or loss between the input and output ports. [10] S12 is a measure of reverse isolation, or how much power is flowing the “wrong way” through a device.  For example, an [11] amplifier should have [12] gain in the forward direction, that is, a [13] positive value of S21, but ideally *zero* power flowing from the [14] amplifier output back to the [15] amplifier input [16](pause)
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Transferring RF power – matched impedances
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VSWR and return loss are both related to the transfer of radio frequency power, and efficient power transfer is one of the most fundamental concerns in radio frequency systems.  Maximum RF power transfer occurs when the [1] source of RF power and the [2] load, or “sink” of that power have impedances [3] [4] that  are “matched”  In this ideal case [5], all of the [6] RF power from the source is absorbed by the load.  And in most cases, this is exactly what we want.  The “standard” impedance in the RF world is usually 50 ohms, but you will also come across systems that use 75 ohms [7] as a standard impedance, for example, in cable television.
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Transferring RF power – mismatched impedances
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source load
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forward power

reverse or reflected power
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So what happens if there is a mismatch or difference between the [1] source and [2] load impedances?  In this case, the impedance mismatch causes some of the [3] power from the source, or the [4] *forward power*, to be reflected from the load back [5] towards the source – this power is called the [6] “reflected” or “reverse” power.  We’ll use both terms interchangeably in this presentation.  Reflected power is almost always undesirable – there are very few cases where we would want ANY power reflected from the load back towards the source.
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Transferring RF power – complex impedances

Fundamentals of VNA Measurements – VSWR & Return Loss

source load
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So far we’ve shown our impedances as [1], purely resistive values.  But in reality, every load impedance [2] is a [3] *complex* impedance, consisting of both a real, [4] resistive, part,  and an imaginary, [5] reactive part.  A complex impedance [6] is “matched” by its so-called complex conjugate [7], in which the sign [8] of the imaginary part is reversed [9] [10].  At this point, it would probably be good to pause for a brief refresher on impedance.
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A brief refresher on impedance

► An impedance is a complex value (Z) 
that consists of:
− Resistance (R) – does not change 

with frequency
− Reactance (X) – does change with 

frequency.  Two types:
− Capacitive (C)
− Inductive (L)

► Remember:  impedance (Z) varies by 
frequency.
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Remember that an [1] impedance, Z, is a complex value that consists of two parts:  [2] a resistance, R, which does not change with frequency, and [3] a reactance, X, which *does* change with frequency.  Reactance can be further divided into [4] capacitive and [5] inductive reactance which are, not surprisingly, usually created by … capacitors and inductors. Our complex impedance [6] has both a [7] magnitude and a direction [8].  It’s very important to remember that because of reactance, [9] total impedance varies by frequency.  
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Real world examples
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frequency

impedance (Z)
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But how much does impedance vary by frequency?  That depends on the load.  A dummy load [1], for example, is usually a very resistive load that’s designed to have a very constant impedance [2] over a wide frequency range [3] 



Rohde & Schwarz

Real world examples

Fundamentals of VNA Measurements – VSWR & Return Loss

frequency
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Most antennas [1], on the other hand, have an impedance [2] that changes substantially over frequency.  For this reason, most antennas have a [3] specified frequency range over which they are can, or should, be used.  Note also that the impedance of antennas in the real world is also dependent on the placement of the antenna relative to a ground plane or other nearby objects.
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Reflected power vs. frequency : dummy load 
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source

Z = 50 Ω

Pf =100 W

Pr < 1 W

dummy load

f = 100 MHzf = 200 MHzf = 500 MHzf = 1000 MHz
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So if we were to use our mostly resistive [1] dummy load as the load, the [2] level of reflected power would remain low [3] and roughly the same even as we change the frequency from 100 MHz to [4] 200 MHz (pause) [5] 500 MHz (pause) or even [6] a GHz. (pause)
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antenna

Reflected power vs. frequency : antenna
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f = 100 MHzf = 200 MHzf = 500 MHzf = 1000 MHz
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If however, we use our [1] antenna as the load, the [2] level of reflected power will be a function of frequency. [3] – [13] Most real-world devices fall somewhere in between these two somewhat extreme cases of no impedance variation by frequency and large slash irregular impedance variation by frequency.
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Quantifying reflected power

► Need to quantify level of reflected power 
− Relative to forward power

► Two methods of expressing reflected power:
− Return loss
− Voltage Standing Wave Ratio (VSWR)
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So clearly it’s important that [1] we have some way of quantifying the level of reverse or reflected power, and in most cases we [2] want to do this relative to the level of forward power.  There are actually [3] two different ways that this relationship is quantified, these are [4] return loss and [5] voltage standing wave ratio, commonly called either V-S-W-R or “VIZ-Wahr”.  Let’s start by looking at return loss.
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Return loss

► Return loss is the difference in dB between the forward and reflected power
− Forward power – reflected power = return loss

► Larger values of return loss = less reflected power
− Always a positive number 
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source load

Return loss = 40 dB

10 dBm
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Return loss [1] is nothing more than the difference in dB between the transmitted [2] and reflected [3] power.  In other words, [4] forward power  minus reflected equals return loss.  For example, if our forward power is [5] 50 dBm and our reflected power is [6] 10 dBm, we have a [7] return loss of 40 dB.  Larger [8] values for return loss mean that less power is reflected, so we usually want return loss to be as large as possible.  And, of course, [9] return loss must always be a positive number, since the level of reflected power is always less than the level of forward power.  Even in the case of a load that reflects 100% of the forward power, some power will be lost along the path from source to load and back.
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Forward
Reverse
Forward + Reverse

Standing waves and VSWR
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The other quantity used to measure or quantify the level of reflected power relative to the level of forward power is something called VSWR, or voltage standing wave ratio.  [1] Here, the [2] blue trace is the forward wave voltage, the red trace is the reflected wave voltage, and the purple trace is the combined voltage on the line. Note that the amplitudes of forward and reverse voltage remain constant, but the amplitude of the combined voltage trace rises and falls over time, creating what is referred to as a “standing wave”.  Voltage standing wave ratio is simply the ratio of the [3] highest to [4] lowest voltages in our standing wave [5]   in this example, the peak value is 3 and the minimum value is 1, so we have a VSWR of 3.  [Note that some people, especially hobbyists, refer to VSWR simply as “SWR”.  And note also that the current ratios are the same as the voltage ratios, although no one refers to measuring “CSWR”]
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Calculating VSWR

► Reflection can be quantified by means of a reflection coefficient, Γ, which is a function of the 
load impedance (ZL) and the source impedance (Z0).

► Γ is then used to calculate VSWR
► VSWR can also be calculated from return loss (and vice versa)
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Many years ago, [1] VSWR was calculated by physically measuring voltages at different points along the transmission line, but today [2] VSWR can be automatically measured and calculated using a network analyzer.  [3] [4] Mathematically, we calculate VSWR by determining the reflection coefficient, [5] gamma, which is a function of the load impedance, Z sub L, and the source impedance, Z sub zero. Don’t forget that these impedances are complex, frequency-dependent values.  Once we have gamma, VSWR is calculated by plugging gamma into [6] another [7] simple equation. We can also easily convert between [8] VSWR and return loss.  



Rohde & Schwarz

VSWR and % reflected power
VSWR (Γ) % reflected power

1.0 0.000 0.00 

1.5 0.200 4.0 

2.0 0.333 11.1 

3.0 0.500 25.0 

4.0 0.600 36.0 

5.0 0.667 44.0 

6.0 0.714 51.0 

7.0 0.750 56.3 

8.0 0.778 60.5 

9.0 0.800 64.0 

10.0 0.818 66.9 

15.0 0.875 76.6 

20.0 0.905 81.9 
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Now that we know how to calculate VSWR, let’s [1] look at what happens [2] as VSWR increases.  If the source and load impedances are matched, then VSWR [3] is one and we have no reflected power – all power is absorbed by the load and none of it is reflected back towards the source.  At a VSWR of 1.5 [4], only 4% of total power is reflected.  By the time we get to a VSWR of 3.0 [5], a quarter of the forward power is reflected back to the source.  This is still acceptable for many applications.  But the percentage of reflected power increases dramatically as VSWR increases further.  At a VSWR of 6 [6], only about half of the forward power is absorbed by the load, and the remainder of the forward power is reflected back towards the source.  At VSWR equals 10 [7], two thirds of the forward power is being reflected back.  
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Two special VSWR cases

► Two special cases: 
− short circuit
− open circuit

► In both cases VSWR = ∞ (infinity), or 100% reflected power
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𝑍𝑍𝐿𝐿 − 𝑍𝑍0
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𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 =
1 + Γ
1 − Γ
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Γ = −1Γ =
∞− 𝑍𝑍0
∞ + 𝑍𝑍0

Γ = 1 𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 =
1 + Γ

0
𝑉𝑉𝑆𝑆𝑉𝑉𝑅𝑅 = ∞𝑍𝑍𝐿𝐿 = 0𝑍𝑍𝐿𝐿 =∞
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There are two “special” [1] cases we should discuss in terms of VSWR.  The first of these is a [2] short circuit.  In this case, the load impedance equals zero [3] and gamma equals [4] minus 1.  In the case of an [5] open circuit, “load” impedance is infinite [6] , and gamma [7] equals 1.  If you plug either [8] one or minus one into the VSWR equation [9] , you’ll get the same result – a VSWR of infinity [10], which means that 100% of the forward power is being transmitted back towards the source.  Needless to say, having 100% of the transmitted or forward power reflected back towards the source is usually neither expected or desired.
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Dealing with reflected power – matching networks

► A matching network can be placed 
between source and load

► Adds impedances (capacitance and 
inductance) to “match” source and load 
impedance
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source load
matching 
network

50 + j0 Ω 39 + j6 Ω

23.415 nH

19.905 pF

50 + j0 Ω
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Setting aside these two extreme cases:  what do we do about reflected power in general?  One way to minimize the level of reflected power is to place a [1] tuning or matching network between the source and the load.  The matching network contains impedances, [2] usually in the form of capacitance and inductance, designed such that adding this additional impedance “matches” the load impedance to the source impedance.  In this example, we want to transform our complex load impedance to match the purely resistive 50 ohm source impedance.  By selecting the appropriate values in this [3] matching network we can change [4] the overall [5] load impedance [6] to match the source impedance.  
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Dealing with reflected power – foldback

► Reducing forward power also reduces reflected power
− This is called foldback
− Primarily used in high(er) power sources, such as broadband amplifiers

► Protects the source from dangerous levels of reflected power
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4 WMax safe reflected power = 40W
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Another way to reduce the level of reflected power [1] is to reduce the level of transmitted power.  This is called [2] “foldback” and is [3] primarily used in higher power sources, such as broadband amplifiers.  The main application of foldback is [4] protecting the source from high levels of reflected power, which can cause performance degradation and even permanent physical damage in some cases.  For example, let’s assume our source has a [5] maximum safe reflected power level of 40 watts.  If the level of mismatch is low, say, [6] VSWR = 1.5, then with [7] 100 watts of forward power, only [8] four watts will be reflected back to our source.  If VSWR were to increase to [9] 6, the reflected power of [10] 50 watts would exceed this limit.  By lowering transmit power down to [11] 80 watts, the level of reflected power [12] now falls within the safe limit.
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Errors in network measurements

► Of all the instruments in the RF world, VNA 
measurements typically require the highest 
accuracy and repeatability

► Three different types or sources of errors in 
VNA measurements:
− Drift errors
− Random errors 
− Systematic errors

► Errors are inaccuracies in both amplitude and 
phase (vector quantities)

Fundamentals of VNA Measurements – Calibration Basics25
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Measurement accuracy and repeatability are always important, but [1] it’s fairly safe to say that vector network analyzer measurements are among the most demanding in the radio frequency world.  Generally speaking, we can classify measurement errors [2] into three main categories, namely, [3] drift errors, [4] random errors, and [5] systematic errors.  You may also hear random errors and drift errors collectively referred to as “stochastic errors”.  Regardless of type, [6] errors cause inaccuracies in both the amplitude and phase of measured signals, which means that errors are also vector quantities.  Let’s start by taking a brief look at each of these error types.
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About drift errors

► Drift errors are caused by changes in the environment 
after calibration
− Primarily changes in temperature 

► Minimized by controlling test environment / allowing the 
instrument to warm up

► Can also be reduced through additional calibration
► Drift errors cannot be removed, only minimized

Fundamentals of VNA Measurements – Calibration Basics26
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Drift errors are [1] caused by changes in the environment after calibration, and the majority of drift error is caused by [2] temperature changes.  Because of this, the main way to minimize drift errors is to [3] control the test environment and/or to allow the instrument time to warm up.  Alternatively, we can [4] remove drift error by performing a new calibration in the new or changed environment.  However, even if we take these steps, we can only [5] minimize drift error, not remove it completely.
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About random errors

► Random errors are primarily caused by the test setup
− Instrument noise
− Measurement practices
− Cables, connectors, etc.

► Vary over time, not repeatable, not predictable
► Minimized by high quality equipment and good 

measurement practices
► Random errors cannot be removed, only minimized
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As opposed to drift errors, which are mostly caused by the environment, random errors [1] are primarily caused by the test setup.  This includes things like the [2] noise from the instrument, [3] measurement practices and settings, and even differences in way that [4] cables and connectors are attached to the test setup.  The reason these are called random errors is that [5] they vary over time in a non-repeatable, unpredictable way. High quality equipment and [6] good measurement practices can help to minimize random errors.  But just like drift errors, [7] random errors can only be minimized, not removed completely.



Rohde & Schwarz

About systematic errors

► Systematic errors occur in a reproducible, 
predictable, and do not vary over time

► Due to non-ideal components in the VNA 
and test setup, e.g.
− Imperfections in the VNA
− Cable loss
− Impedance mismatches

► Systematic errors can be (almost) 
entirely removed with calibration
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Systematic errors differ from both drift and random errors in that [1] they are reproducible, predictable, and time-invariant.  This is because systematic errors are primarily [2] caused by non-ideal components within our VNA and the test setup itself.  Examples of systematic error sources include [3] imperfections in the VNA, such as directional couplers that aren’t perfectly directional, [4] cable loss, and [5] impedance mismatches.  What’s different about systematic errors is that [6] systematic errors can be (almost) entirely removed through calibration  
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What is calibration?

► Calibration removes systematic errors from 
measurement results 

► Steps in calibration:
− Select a calibration type based on 

measurement setup and desired results
− Connect calibration standards at the 

appropriate points
− Run calibration routine and measure response
− Usually requires multiple steps

− Calibration data is used to correct results 
when measuring the DUT
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[1] Calibration can be defined as the process by which we remove systematic errors from our measurement results.  In order to perform [2] a calibration, we first [3] select a *type* of calibration based on the measurement setup and desired results.  There are numerous types of calibration, which we’ll cover shortly.   We then connect special devices [4] called *calibration standards* to different points in our test setup, usually where the DUT, or device under test, will eventually be connected.  The VNA calibration routine is started, and the [5] response is measured.  Note that many types of calibration require [6] different standards to be connected and disconnected multiple times and/or at different places.  The resulting [7] calibration data is then used to correct our results when measuring the device under test.  
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Measurement calibration vs. instrument calibration

► Measurement calibration is not the same as 
instrument calibration 

► Measurement calibration
− Removes systematic errors
− Performed by the user
− Usually repeated frequently

► Instrument calibration
− Verifies instrument performance is within spec
− Performed by a service or calibration center
− Usually repeated every few years
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It’s important not to confuse [1] *measurement* calibration with *instrument* calibration.  A measurement [2] calibration [3] removes systematic errors in VNA measurements.  It’s [4] performed by the user, and is repeated rather [5] frequently – often before each measurement session or at least before “important” measurements.  [6] Instrument calibration, on the other hand, is used to [7] verify that the instrument is functioning within specifications – for example, that a generator is really outputting -10 dBm of power when output power is set to -10 dBm.  Instrument calibration [8] is performed by a service or calibration center, not by the user, and instruments are usually calibrated on a fixed time cycle, [9] commonly every few years. A VNA has a valid measurement calibration [10] when it displays “Cal” [11] somewhere on the GUI.  A VNA has a valid instrument calibration when [12] its calibration stickers are intact and the instrument has been “in for a cal” sometime during the last few years.
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VNA
Port 1

Calibration or reference plane

► The calibration (or “reference”) plane is where calibration occurs
► Device under test is usually not connected directly to the VNA ports
► Calibration removes the influence of everything up to the calibration or reference plane
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DUT
VNA

Port 2

Presenter-Notizen
Präsentationsnotizen
Another important concept in calibration is the [1] calibration plane or reference plane, which is where calibration occurs.  In most cases, the [2] device under test is not directly connected to the VNA ports.  In addition to cables [3], other devices, such as attenuators [4] may be between the DUT ports and the VNA ports.  By defining our calibration or reference planes [5] where the DUT will be attached, the influence [6] of everything between the DUT and the analyzer ports will be removed or “calibrated out”.  
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What is a calibration standard / kit?

► Calibration standards are often collected into a 
calibration kit

► Calibration standards are terminations or couplers with 
a precisely known magnitude and phase response 
− Data contained in a cal kit definition file
− Definitions are often preloaded on instruments or can 

be imported (USB or similar)
► Connected and measured at the calibration / reference 

plane and measured during calibration
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In order to perform a calibration, we need calibration standards.  Calibration standards are usually delivered [1] in the form of a calibration *kit* [2].  The calibration standards in a kit [3] are terminations or couplers with very precisely known magnitude and phase responses – in other words, we know what results we should get when we measure them.  This well-known response data is [4] recorded in a so-called calibration kit definition files, which are often [5] preloaded on the instrument or can be imported, e.g. via USB.  If we compare our measurements [6] of these standards to their very precisely KNOWN values, we can quantify the magnitude and phase errors introduced by our VNA and our measurement setup. 
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Calibration standards

► Most common calibration standards are:
− Through (T)
− Open (O)
− Short (S)
− Match (M) (or “Load”)

► Real-world standards are not ideal
− Especially over a wide frequency range

► Must have data describing the specific standards in use
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Through (T)

Open (O)

Short (S)

Match (M)
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The four most common [1] calibration standards are [2] through, [3] open, [4] short, and [5] match. You’ll sometimes hear “match” also referred [6] to as “load”.  The names and electrical properties of these standards should be fairly self-explanatory.  It is however important to keep in mind that even these rather straightforward standards are [7] not ideal, especially [8] over a wide frequency range.  For example, at frequencies above 100 MHz, many “open’s” start to develop capacitance.  This is the reason why we need [9] to provide our VNA with definitions for the standards that we are using.  All opens are not created equal, so we can’t use any random “open” during calibration and still expect accurate results.
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Automatic calibration unit
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► Contain calibration standards that are 
electronically switched during calibration
− Controlled by the VNA (usually over USB)

► The calibration data for the internal standards 
is stored in the calibration unit and is 
automatically read by the analyzer

► Minimizes operator intervention
− Much faster than manual calibration
− Lower chance of operator error
− Less wear on the standards
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Often, calibration standards come either as discrete components or in the form of a [1] calibration “tee” which combines the four most common standards – through, open, short, and match.  In this case, calibration standards are manually connected and disconnected at appropriate points in the calibration routine.  An increasingly popular alternative to this is an [2] automatic calibration unit, or autocal.  These units contain [3] the same calibration standards – through, open, short, and match – but they are *automatically* switched in and out at the proper point in the calibration routine.  The autocal [4] unit is controlled by the VNA, usually over USB.  Calibration data for these internal standards [5] is stored within the autocal unit itself and therefore can be automatically read and used by the analyzer.  Autocal units [6] minimize operator invention, which is important for several reasons.  The first, and by far the most important of these reasons is that using an autocal unit is [7] MUCH faster than performing a manual calibration, especially as the number of ports increases.  Autocal [8] lowers the risk of an operator error, such as connecting the wrong standard or choosing the wrong cal standard data.  And lastly, because the standards are electronically switched, autocal units [9] place much less stress and wear on the standards compared to a manual calibration.
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What are calibration types?

► Calibration type defines which calibration 
standards we use and how we connect them

► Calibration type is selected based on:
− Number of ports
− Direction of measurements
− Degree of accuracy required
− Time required
− Available calibration standards
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 Reflection Normalization

 Full One Port Calibration (OSM)

 Transmission Normalization

 One Path Two Port Calibration

 Full Two Port Calibration (TOSM)

 Full Two Port Calibration (UOSM)
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A calibration type [1] essentially defines which calibration standards – our through, open, short, and/or match – are used, as well as when and where they are connected during the calibration routine.  We select our calibration type [2] based on various criteria.  For example, [3] are we making one port or two port measurements? Are we [4] measuring in only one direction between two ports or in both directions?  How [5] much accuracy do we need and how [6] much time do we have for calibration?  And which [7] calibration standards, if any, are available to us?  In the remainder of this presentation, we’ll provide a brief introduction to the most common types of calibration used in one and two port measurements, [8] namely, [9] reflection normalization, [10] full one port calibration, [11] transmission normalization, [12] one path, two port calibration, and two types [13] [14] of two port full calibrations.
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One Port Calibration

► Used for reflection measurements
► Full one-port calibration (OSM)

− Slower, more accurate
− Requires an open, short, and match

► Normalization
− Faster, less accurate
− Open – only requires an open
− Short – only requires a short
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calibration 
plane
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Let’s start with the one port calibration types, that is, calibrations used [1] when making reflection measurements.  There are really two categories of one port calibration.  The first of these is a [2] full one port calibration, which is [3] the slowest one port calibration, but provides the highest accuracy.  It’s the – relatively -- slowest calibration because it requires [4] an [5] open, [6] short, and [7] match to be sequentially connected at the calibration plane.  Normalization [8], on the other hand, is [9] faster but less accurate, primarily because only one calibration standard is connected, either an [10] open or a [11] short.  
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Two port calibration

► Used for transmission measurements
► Normalization

− Requires only a through
− Can be done in one or both directions

► One path two ports 
− Full one-port OSM + transmission normalization

► Full two port calibration
− TOSM
− UOSM
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Two port calibrations are [1] used for transmission measurements.  Just like one-port calibration, we can make the distinction between the faster, less accurate normalization and the slower, but more accurate “full” calibration.  As before, [2] normalization for transmission measurements only requires [3] a single calibration standard, in this [4] case, a through.  The [5] calibration can be done in one or both directions.  Halfway between normalization and full calibration is something called [6] one path, two ports, which is basically a [7] combination of our full one port open-short-match plus a transmission normalization.  Because we’re doing the full calibration on one port, this only improves our results in one direction.  If we do the full calibration on both ports, this is a [8] full two port calibration. There are two variants of this:  the [9] through open short match and the [10] unknown open short match.  Let’s look at these last two more closely.
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TOSM and UOSM

► TOSM:  through, open, short, match
− Most common calibration for two port measurements

► Calibrates for:
− Reflection measurements at both ports
− Transmission measurements in both directions

► Requires 8 sweeps
− Three one-port standards (O, S, M) at each port 
− Through between the two ports

► UOSM replaces the through with an “Unknown”
− Usually a generic coupler (but S21 must equal S12)
− Helpful when attaching different connector types
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[1] through-short-open-match is, [2] by far, the most common calibration type for two port measurements.  Running a through open short match calibration provides [3] calibration for [4] reflection measurements at both ports as well as [5] transmission measurements in either direction between these ports.  So after running this calibration, we’re ready to make *ANY* S-parameter measurements.  The only downside of the through-open-short-match calibration is that it can be somewhat time consuming and labor intensive.  Eight [6] sweeps are required: [7] the three one port standards have to be connected one at a time to each port, and then the [8] through has to be connected between the two ports and swept in both directions.  Part of the appeal of autocalibration units is that the TOSM can be run in a few seconds without having to manually connect and disconnect the calibration standards.  In a unknown-open-short-match, [9] the known through calibration standard is replaced with an “unknown” – this is [10] usually a generic RF coupler.  The only real requirement on the unknown is [11] that it have the same characteristics in both directions.  This calibration method is [12] helpful when our DUT has different connector types, such as an SMA on one end and an N connector on the other.
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What is an isolation measurement?

► A Through calibration can be complemented by an Isolation measurement.
► Measures crosstalk between the test ports
► No physical calibration standard for isolation measurement

− Usually the test ports are terminated with 50 Ω loads
► Not an significant source of error in most network analyzer measurements
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Port 1 Port 2
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There’s one last type of “calibration” procedure, called an isolation measurement, which [1] usually complements a through measurement.  Remember that a though calibration measures the signal passing between the ports via the attached cables and connected devices.  An isolation measurement [2] is used to determine how much internal leakage [3]  or crosstalk there is between the test ports. As you might imagine, [4] there is no physical calibration standard for an isolation measurement.  The [5] normal procedure is to simply terminate the test ports with 50 ohm loads.  In most modern network analyzer measurements, [6] isolation, or rather the lack of isolation, is not a significant source of error.



► Calibration
► Antenna measurements

− VSWR
− Return loss

DEMO

40

Presenter-Notizen
Präsentationsnotizen
Having said the theory of Calibration Basics, let’s start the demo by performing a calibration. You can use either a manual cal kit or an automatic calibration unit. In this demo, we will use an automatic calibration unit as you can see later it helps to save time and effort by just connecting 1 time to the cal unit instead of 3 times. The one-port OSM calibration is done in just 3 second.After calibrating the effect of the cable, we can now start measuring our DUT. The DUT we use today is a 2.4 GHz WiFI LAN antenna. We will measure the return loss and VSWR of the antenna.  Return loss indicates how much of the incident power is reflected by the antenna due to mismatch. An ideal antenna when perfectly matched will radiate the entire energy without any reflection. Typically a return loss of more than 10 dB is considered sufficient as it signifies that 90% of the incident power goes into the antenna for radiation. From the return loss result you can see that the we have a return loss of 12 dB and more from frequency range 2.4 GHz to 2.65 GHz. This brings us to the point where we mentioned before that most antennas have a specified frequency range over which they can or should be used. Hence, for this antenna effective frequency range is from 2.4 GHz to 2.65 GHz. Next, we will look at VSWR of this antenna. Most antennas only have a low VSWR over small frequency ranges – when we say that an antenna is “resonant” at a certain frequency, this means that it has a low SWR at that frequency. Antennas can be strongly affected by their environment.  For example, many antennas require [5] some type of ground plane to function properly at their specified frequencies.  The impedance of an antenna is also affected by nearby objects, even when these objects aren’t directly touching the antenna. Our mini WLAN antenna in this example is supposed to be resonant at around 2.45 GHz. Ideal VSWR should be 1 to 1.5. In our measurement here the VSWR is …… which is consider ok. 



Find out more

https://www.rohde-schwarz.com/us/products/test-
and-measurement/network-analyzers_64043.html
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