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Suggested measurements – overview
Spectrum Analyzer test stand 1
Measurements of several types of modulation (AM FM PM) in the time and
frequency domain.
Superposition of AM and FM spectrum (unequal carrier side bands).
Concept of a spectrum analyzer: the superheterodyne method. Practice all the
different settings (video bandwidth, resolution bandwidth etc.). Advantage of FFT
spectrum analyzers.

Spectrum Analyzer test stand 2
Measurement of the TOI point of some amplifier (intermodulation tests).
Concept of noise figure and noise temperature measurements, testing a noise
diode, the basics of thermal noise.
EMC measurements (e.g.: analyze your cell phone spectrum).
Nonlinear distortion in general concept and application of vector spectrum
analyzers, spectrogram mode.
Measurement of the RF characteristic of a microwave detector diode (output
voltage versus input power... transition between regime output voltage
proportional input power and output voltage proportional input voltage).

Spectrum Analyzer test stand 3
Concept of noise figure and noise temperature measurements, testing a noise
diode, the basics of thermal noise.
Noise figure measurements on amplifiers and also attenuators.
The concept and meaning of ENR numbers.
Noise temperature of the fluorescent tubes in the room using a satellite receiver

Network Analyzer test stand 1
Calibration of the Vector Network Analyzer.
Navigation in the Smith Chart.
Application of the triple stub tuner for matching.
Measurements of the light velocity using a trombone (constant impedance
adjustable coax line) in the frequency domain.
N-port (N=1…4) S-parameter measurements for different reciprocal and nonreciprocal RF-components.
Self made RF-components: Calculate build and test your own attenuator in a
SUCO box (and take it back home then).
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Network Analyzer test stand 2
Time Domain Reflectomentry using synthetic pulse: direct measurement of
coaxial line characteristic impedance.
Measurements of the light velocity using a trombone (constant impedance
adjustable coax line) in the time domain.
2-port measurements for active RF-components (amplifiers):
1 dB compression point (power sweep).
Beam transfer impedance measurements with the wire (button PU, stripline PU.)

Network Analyzer test stand 3
Measurements of the characteristic cavity features (Smith Chart analysis).
Cavity perturbation measurements (bead pull).
Perturbation measurements using rectangular wave quides.

Invent your own experiment!
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Measurements with Spectrum Analyzer test stand 1
Suggested topics:
– Becoming familiar with the spectrum-analyzer
– Measurements of several types of modulation (AM FM) in the time
and frequency domain.
– Superposition of AM and FM spectrum (unequal carrier side bands).
– Concept of a spectrum analyzer: the superheterodyne method. Practice
all the different settings (video bandwidth, resolution bandwidth etc.).
Advantage of FFT spectrum analyzers
Equipment:
SPA, 2 HP 8657B and HP 8656B signal generators (G.1.1.007 and
G.1.1.006), oscilloscope (1.1.001), mixer (2.3.011), combiner (2.2.008), DCblock
Set the analyzer to the Spectrum Analyzer mode and enable the spectrum analyzer
measurements: Press Mode, Spectrum Analyzer.
Display the spectrum of RF signals present in the classroom (using a short wire as an
antenna).
Measure the spectrum of an output signal from a signal generator (CW mode, no
modulation) and
look for second and third harmonics. How can you discriminate against SPA input mixerrelated
harmonics? (Do not exceed 0 dBm generator output power.)

Amplitude Modulation (AM) and Frequency Modulation (FM) in
the time domain

Connect output of HP8656B signal generator to the oscilloscope (set proper input
termination, proper scale, and trigger mode to normal and proper trigger level).
On generator set the carrier frequency to 0.1 MHz and amplitude to 0dBm. Set
oscilloscope to see sine wave.
Play with AM modulation using internal 1 kHz and 400 Hz oscillator changing the
modulation dept from 0% to 100%.
At 100% modulation depth change time bas of oscilloscope to 1ms/div to see nice AM
envelopes (in Acquire menu set peak detection).
Change the modulation depth for 400 Hz and 1 kHz AM and observe the results.
Change time base back to resolve carrier frequency and repeat last four points for FM
modulation changing the maximal peak deviation in the range 0-200kHz.
Switch on AM and FM simultaneously and observe the results.
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Measurements of AM and FM in frequency domain
Set carrier frequency to 10 MHz (do not exceed 0 dBm generator output power).
Connect HP 8657 to SPA via DC-Block
Set the analyzer to the Spectrum Analyzer mode and enable the spectrum analyzer
measurements: Press Mode, Spectrum Analyzer.
Preset the analyzer: Press Mode Preset.
Set the analyzer center frequency and span to adequate values.
Change RBW and observe behaviour of the signal width and noise floor (what is an
influence on the measurement time? What is advantageous in FFT analyzers).
Measure AM and FM with 1 kHz internal source changing AM modulation depth and
peak deviation for FM same way as before in time domain tests. (Set proper frequency
span and RBW).
Change the carrier frequency to 100 MHz (do not forget to change center frequency on
SPA). Compare the results with previous point.
Let us try to measure modulation at higher frequencies using external mixer (2.3.011)
First synchronize both signal generators: Switch off all modulations, set signal carrier
frequency to 10 MHz and connect them to the oscilloscope. Synchronize both generators
using BNC time base I/O on the generators back plane.
Set one generator to 1 GHz and the other one to 1 MHz (do not exceed 0 dBm generator
output power).
Connect both generators to SPA via mixer connecting signals to appropriate mixer ports:
what is your Local Oscillator, what is the signal you want to send and what is the
resulting RF?
Set properly the analyzer center frequency, span and RBW.
Change amplitude of modulation (do not exceed 0 dBm generator output power), change
the carrier frequency, change modulation frequency and observe the results on SPA.
What might be a reason for the changes of the sidebands high when changing modulation
frequency below 100 kHz?
Lest us see how different frequencies can be sent in the same AM channel: On the
generator that is used to send modulating signal switch FM modulation with internal
1kHz source. Changing peak deviation in the range 0-200 kHz observe modulated side
bands.
Now you can send your 1 GHz radio signal over 10 cm of air using two short wires as an
antennas.

Superposition of AM and FM spectrum
In this exercise we will use HP 8656B as an external generator and we will do AM and FM
modulation using internal mixer of HP 8657B.
Set carrier frequency of HP 8656B to 0.1 MHz and amplitude to 0 dBm.
Connect RF signal to MOD input (front panel) of 8657B.
Set carrier frequency of HP 8657B to 1GHz and connect its output to SPA.
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Switch AM modulation with external source: ext AM. Vary the modulation depth from
0-100% and observe results.
Switch off AM ext AM off and switch on ext FM. Vary peak deviation from 0-200kHz
and observe results.
Switch on simultaneously AM and FM modulations with external source. Vary AM
modulation depth and FM peak deviation to reach maximal difference between left and
right side bands. You should obtain similar picture to that presented bellow.
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In the linear representation it looks like that:

Build you own superheterodyne
Let us assume we have a system that allows us to measure only up to 100 MHz. But we want to
measure signal with a frequency of 1 GHz . This expansion of our measurement bandwidth can
be reached by applying superheterodyne principle.
Preset SPA and set stop frequency to 100 MHz (let us assume it for a while as an upper
limit for our system) .
Set one HP generator to 1 GHz and an the other to 950 MHz (do not exceed 0 dBm
generators output power)
Connect generators via mixer to SPA. What is now yor LO, RF and IF? (You can use
lecture printouts).
Tune LO to get your peak in the position you want.
In the spectrum you see some higher harmonics. What can be a reason for that?
Measure AM and FM modulation using internal source in HP 8657B (set proper span and
RBW to be able to resolve close laying side bands for 1 kHz modulation.

F. Caspers, P. Kowina, M. Wendt, RF-Lab, CAS 2015, Warsaw

Page 6

Measurements with Spectrum Analyzer test stand 2
Suggested topics:
– Becoming familiar with the spectrum-analyzer
– Measurement of the SOI and TOI point of some amplifier
(intermodulation tests).
– EMC measurements (e.g.: analyze your cell phone spectrum).
– Nonlinear distortion in general concept and application of vector
spectrum analyzers, spectrogramm mode.
– Measurement of the RF characteristic of a microwave detector diode
(output voltage versus input power... transition between regime output
voltage proportional input power and output voltage proportional input
voltage).
Equipment:
SPA, 2 HAMEG synthesizers (G.1.1.017 and G.1.1.018), power supplier
(G.1.010), multimeter, adjustable attenuator (2.2.004), anzac combiner
(2.2.008), amplifiers (DUT) (3.1.003 and others)
Set the analyzer to the Spectrum Analyzer mode and enable the spectrum analyzer
measurements: Press Mode, Spectrum Analyzer.
Display the spectrum of RF signals present in the classroom (using a short wire as an
antenna).
Measure the spectrum of an output signal from a signal generator (CW mode, no
modulation) and
look for second and third harmonics. How can you discriminate against SPA input mixerrelated
harmonics? (Do not exceed 0 dBm generator output power.)
Measure 10 frequency points (100 MHz – 1 GHz) manually. Measure the frequency
response of an amplifier (scalar network analyser mode) using sweep function in the
generator.
Measure the 1 dB compression point (i.e. small signal gain reduction by 1 dB due to the
beginning of saturation effects of the amplifier under test) at three different frequencies
(low, mid-band, and high).
Measure the second-order intercept point (non-linear products at sum and difference
frequency of the two input signals; both input signals (= tones) should have equal
amplitude. To increase measurement accuracy balance both generators using adjustable
attenuator (select suitable frequencies for input signals in order to be able to display the
sum and difference frequencies). Plot the results on the graph.
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Measure at three different amplitude levels; watch out for second and third order
generator harmonics; you may use low-pass filters at the input.
Measure the Third-Order Intercept (TOI) point (use two frequencies about 50 MHz apart
but both within the amplifier bandwidth). The IM3 products appear separated by the
frequency difference from each tone.

Third-Order Intermodulation Distortion
Two-tone, third-order intermodulation distortion is a common test in communication systems.
When two signals are present in a non-linear system, they can interact and create third-order
intermodulation distortion products that are located close to the original signals. These
distortion products are generated by system components such as amplifiers and mixers. This
procedure tests a device for third-order intermodulation using markers. Two sources are used,
one set to 325 MHz and the other to 375 MHz. The distortion from this setup may be better
than the specified performance of the analyzer; however, it is useful for determining the TOI
performance of the source/analyzer combination. In some cases the two sources may interact
and produce intermodulation distortion. The separation between sources can be improved by
inserting of the fixed attenuators at the outputs of the sources. After the performance of the
source/analyzer combination has been verified, the device-under-test (DUT) (for example, an
amplifier) should be inserted between the combiner output and the analyzer input.
Third Order Intercept (TOI) is defined as the absolute power level at which the third-order
distortion products intercept the level of two equal level test signals.

The frequency of distortion product A is

Procedure for the measurement is the following (copied form Agilent N9020A/N9010A
Spectrum Analyzer Mode Measurement Guide):
Set the sources as follows: Set one signal generator to 325 MHz. Set the other source to
375 MHz. This produces a frequency separation of 50 MHz. Set the sources equal in
amplitude as measured by the analyzer (you can increase the balancing using adjustable
attenuator applied to on of source). You can also increase measurements quality by
keeping the signals as close as possible to the top of the screen.
Set the analyzer to the Spectrum Analyzer mode and enable the spectrum analyzer
measurements: Press Mode, Spectrum Analyzer.
Preset the analyzer: Press Mode Preset.
Set the analyzer center frequency and span: Press FREQ Channel, Center Freq,
350, MHz.
Press SPAN X Scale, Span, 100, MHz.
Set the analyzer detector to Peak:
Press Trace/Detector, Detector, Peak.
Set the mixer level to improve dynamic range:
Press AMPTD Y Scale, Attenuation, Max Mixer Lvl, –10, dBm. The analyzer
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automatically sets the attenuation so that a signal at the reference level has a maximum
value of −10 dBm at the input mixer.
Move the signal to the reference level: Press Peak Search, Mkr →, Mkr → Ref
Lvl.
Reduce the RBW until the distortion products are visible: Press BW, Res BW, ↓. You
should obtain similar plot as bellow (note: frequency, span RBW etc. differ from yours).
Activate the second marker and place it on the peak of the distortion product closest to
the marker test signal using the Next Right key (if the first marker is on the right-hand
test signal) or Next Left key (if the first marker is on the left-hand test signal): Press
Peak Search, Marker Delta, Next Left or Next Right (as appropriate).
Measure the other distortion product: Press Marker, Normal, Peak Search, Next
Peak.
Activate the second marker and place it on the peak of the distortion product closest to
the marked test signal using the Next Right key (if the first marker is on the right-hand
test signal) or the Next Left key (if the first marker is on the left-hand test signal) (see
Figure below): Press Marker, Normal, Marker Delta, Next Left or Next Right
(as appropriate).
Repeat measurements at three different amplitude levels. Present your results in the
graph.
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There is and additional method to check if distortion origin is DUT or spectrum analyzer itself.
An easy way is an increase of the input attenuation. If the displayed results of TOI measurements
remains constant then the value is the result of the device under test. If not – the measured value
is dominated by internal imperfection of spectrum analyzer. In this case continue to increase
attenuation until the measurement result become independent on the attenuator settings.
For further reading see printouts: “Network Analysis” , p.19. and Signal receiving
techniques”, p. 6.
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EMC measurements
Equipment:
SPA, HP 11940A and HP11941 close field probes (1.2.001 and 1.2.002),
HP 8747F dual gain probe amplifier (1.1.002), Kethley multimeter
Analyze your cell phone spectrum.
Try to find other signal of distortion in the environment.
Build you own antenna and try to receive any signal

Measurement of the RF characteristic of a microwave detector
diode
Equipment:
SPA, HAMEG synthesizer (G.1.1.017), RF-detector (1.2.007), Tektronix
oscilloscope TDS3014 (G.1.1.002)
Measure power of you signal generators using a scope (below 100 MHz). Read the value
from scope for 50 Ω and 1 MΩ. Explain the difference.
Measure DC response of a diode detector between -10dBm and +10dBm for 50 MHz and
500 MHz: are you in the linear or square law region?
For more information see printouts: Signal receiving techniques”, p. 2.
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Measurements with Spectrum Analyzer test stand 3
Suggested topics:
– Becoming familiar with the spectrum-analyzer
– Concept of noise figure and noise temperature measurements, testing a
noise diode, the basics of thermal noise.
– Noise figure measurements on amplifiers and also attenuators.
– The concept and meaning of ENR numbers.
– Noise temperature of the fluorescent tubes in the room using a satellite
receiver.
Becoming familiar with the spectrum-analyzer
Equipment:
SPA, Tektronix AFG 3102 generator (G.1.1.019)
Set the analyzer to the Spectrum Analyzer mode and enable the spectrum analyzer
measurements: Press Mode, Spectrum Analyzer.
Display the spectrum of RF signals present in the classroom (using a short wire as an
antenna).
Measure the spectrum of an output signal from a signal generator (CW mode, no
modulation) and
look for second and third harmonics. How can you discriminate against SPA input mixerrelated
harmonics? (Do not exceed 0 dBm generator output power.)

Noise and noise figure measurements
Equipment:
SPA, noise diode, power supplier (G.1.011), multimeter, (DUT): amplifiers
(3.1.004, 3.1.009 etc.)
Make sure to be familiar with the most important functions of the spectrum analyzer
(frequency setting, resolution bandwidth (RBW), video bandwidth (VBW), amplitude
scale)
With resolution BW = 1 MHz, Start = 10 MHz, Stop = 1000 MHz, Video BW = 100 Hz,
input attenuator = 0 dB display the baseline and read the power. How many dB is it above
the thermal noise floor (thermal noise at 290 K = -174 dBm/Hz)?
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For the same settings as in point 2, now connect the solid state noise source (to be
powered with +28Volt DC via rear BNC connector) to the SPA input. The ENR (excess

noise ratio) of this device is close to 16dB or a factor of 40 in spectral power
density
as
compared
to
thermal
noise
of
a
common
50 Ohm load. Use the table below to correct for absolute power reading. Note that for
absolute power measurements with the spectrum analyzer close to the noise floor the
reading is too high by the amount indicated in the right column. The analyzer should be
set for this measurement in “sample” mode and not be in “peak hold” mode, which may
be a default setting.
Error due to analyzer internal noise
Measured noise level in dB relative to
Error in measured noise
internal noise
[dB]
20
0.04
15
0.14
10
0.46
9
0.58
8
0.75
7
0.97
6
1.26
5
1.65
4
2.20
3
3.02
2
4.33
1
6.87
From R. A. Witte Spectrum & Network Analyzer Measurements

Load the noise measurement option software to the SPA (if available). Otherwise skip the
next 5 points
Calibrate the SPA with preamplifier. Record the measured noise figure of the system
(SPA + preamplifier) from the reading on the CRT after calibration.
Measure the gain and noise figure of some amplifiers. Convert noise figure into noise
measure.
Measure the gain and noise figure of some attenuators.
Measure the noise figure of two amplifiers in cascade by the method described in point 5.
Measure the noise figure of an attenuator the same way.
Connect to the input of the preamplifier with a coax cable of 1-2 meter length terminated
by a short or open. Discuss the results observed (frequency range 10 MHz - 1 GHz). Also
use a 50 Ohm load or a triple stub tuner. Try to tune the 50 Ohm input termination into
optimum noise source match using the triple stub tuner.
If the noise measurement option is not available, connect a preamplifier to the SPA (input
attenuator = 0dB) and record the two traces "noise source on" and noise source off".
Calculate from those traces the NF of the DUT. Convert noise figure into noise measure.
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Noise temperature of the fluorescent tubes in the room using a
satellite receiver.
WARNING! Use DC-Block to protect SPA from DC !

Equipment:
SPA, LNB, satellite receiver, satellite signal splitter, eventually Sonoma
instruments signal amplifier (1.1.001), N-type DC-block, 75Ω BNC cable,
matching fad 75Ω/50Ω, multimeter (G.1.1.003)
(as a 18/16V power supplier),
Connect LNB to a satellite receiver via signal splitter. Satellite receiver will be used as a
16/18V power supplier (LNB splitters and receivers were tested in different
configurations; recommended sets are marked with labels “sat1” and “sat2”).
Second output of the splitter connect using 75Ω cable, matching pad and DC-block to
SPA.

WARNING! Do not forget about DC-Block to protect SPA from DC !

Some useful equations for noise figure evaluation
There is frequently confusion how to handle the dB (deci-Bel). The dB are used to describe some
power ratio and thus it is a dimensionless unit. As the power dissipated in some resistor is
proportional to the square of the voltage or square of the current one may also take the ratio of
these quantities into account. The dB are also used to describe absolute signal levels, but then
there must be an additional letter to indicate which reference one refers to e.g. + 10 dBm (=10
milliWatt) is a power level of 10 dB above 1 milli-Watt (+20 dBm=100milliWatt).

P 
V 
α[dB] = 10 ⋅ log 1  = 20 ⋅ log 1 
 P2 
 V2 
α[ dB]
P1
10 10 =
P2

α[ dB]
V1
10 20 =
V2

The term “noise-figure” and “noise-factor” are used to describe the poise properties of
amplifiers. F is defined as signal to noise (power) ratio and the input of the DUT versus
signal to noise power ratio at the output. F is always >1 for linear networks i.e. the signal
to noise ratio at the output of some 2-port or 4- pole is always more or less degraded. In
other words, the DUT (which may be also an amplifier with a gain smaller than unity i.e.
an attenuator) is always adding some of its own noise to the signal.
F[dB] is called “noise figure”
F[linear units of power ratio] sometimes noise factor
F[dB] = 10 log F[linear units]
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F [linearunit ] =

Tex
ENR[linearunit ]
with Tex = TH − T0
=
Y [linearunit ] − 1 To ⋅ (Y − 1)

ENR stand for excess noise ratio delivered by the noise diode and tells us how much
“warmer” than room temperature the noise diode appears. For an ENR of 16 dB this
amounts roughly a factor of 40 in power or 40 times 300 K which is 12000 K.
The quantity “Y “is the ratio of noise power densities measured on the SPA between the
settings: noise source on and noise source off.
As shown in the equations below, also the gain of the DUT can be found from the two
readings on the SPA. Thus one can measure simultaneously gain and noise figure.

Y=

measured DUT output power(density)withnoisesource = hot
measured DUT output power( density)withnoisesource = cold

ENR[linearunit ] =

(TH − T0 )
T0

 (T − T0 ) 

ENR[dB] = 10 ⋅ log H
T
0



G( DUT ) [lin] =

N ( SPA + DUT , Diodeon)[lin] − N ( SPA + DUT ,Diodeoff )[lin]
N ( SPA,Diodeon)[lin] − N ( SPA,Diodeoff )[lin]

N = noise power measured on the SPA for e.g.1 MHz resolution bandwidth

Ftotal [linearunits ] = F1[linearunits ] +

F2 [linearunits] − 1
+ LL
G1[linearunits ]
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Measurements with Network Analyzer test stand 1
Suggested topics:
– Calibration of the Vector Network Analyzer.
– Navigation in the Smith Chart using 3-stub tuner and trombone
(constant impedance adjustable coax line)
– Application of the triple stub tuner for matching.
– Measurements of the velocity of light in the frequency domain using a
trombone.
– N-port (N=1…4) S-parameter measurements for different reciprocal
and non-reciprocal RF-components.
– Self made RF-components: Calculate build and test your own
attenuator in a SUCO box (and take it back home then).
Equipment:
VNA, N-type calibration kit, 3-stub tuner (2.2.002), different Tees, 3x
trombone (constant impedance adjustable coax line) (2.2.001), SUCO boxes
with different lamped elements.
Calibration of the network analyzer
Now lets start. PRESET the instrument with the green button. The VNA starts with full
range sweep, CH1 active in S11 mode with logarithmic magnitude (log mag) and
reference level at 0dB (REF).
Dial a frequency span from 0.5 to 50 MHz using the Start and Stop controls.
Set start frequency to 0.5 MHz: START; 0.5; M/u
Set stop frequency to 50 MHz:

STOP; 50; M/u

Define the calibration kit (it has to be redone each time you press PRESET)
In sweep menu select the number of point to 1601.
Calibrate S11 and S21 using enhanced response calibration (not full two port) in the CAL
menu with the reference plane at the end of the cable. Typical RF cables are equipped
with N-connectors type M (male) on either side. Thus the calibration kit elements to be
attached at the end of such a cable are N-connectors type F (female). At the screen of the
instrument during the calibration procedure you will be asked, which type of calibration
kit element you are using. Keep in mind that the type of calibration is defined for the type
of connector you are doing the calibration on (i.e. the end of the cable), but NOT for the
calibration kit element itself!
By the way: The term N for the type of cable connector we are using here has its historical roots
in the word Navy since this kind of connector was first used by the US–Navy more than 50 years
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ago. The frequently applied competitor, the BNC connector comes from the same shop (Bajonnet
Navy Connector). But the BNC has much lower performance as compared to the N-connector.
Now follow the menu on the calibration page and attach the open, short load as requested
by the system. For the through use I-connector. Don’t forget to confirm that the
calibration is done –otherwise it will be not stored and whole procedure has to be
repeated.
For very critical and accurate measurements you may calibrate the system using the trace
average function, but this rather time–consuming. However, you may reduce the IF
bandwidth from 3 KHz (standard setting) to 100 Hz and watch the difference.
As a next step select in the display menu select the number of traces 2. For trace 2 we are
measuring now in transmission from part 1 to port 2 i.e. S21.
Connect the end of the cable where you just did the S11 calibration to port 2 of the VNA
Now you are well prepared to measure simultaneously some DUT in reflection and transmission
with a calibrated system. As DUT you can use the 10 Ohm resistor in a SUCO box (blue box).
This DUT contains a simple 10 Ohm carbon resistor between the inner conductors of the input
and output connector. You can check now up to which frequency this test-object looks like a pure
resistor and what kind of parasitic effects show up. Despite the fact that the geometrical length of
the DUT is just a few cm you will see already at 50 MHz a considerable inductive component.
The free space wavelength of 50 MHz amounts to 6 meter!
At the end of the cable from port 1, attach the DUT and terminate the open connector of
the DUT with a short (from the cal kit).
For Trace 1 select as display format the Smith Chart (R+jX as you want to observe
impedance) and look at the readout of the marker on top of the screen and you get a
reading of the resistance and inductance of the lumped resistor. Which readout changes
significantly versus frequency? Discuss the results.
Exchange the blue test box against anther one, look to the results in different formats,
operate the round dial button to measure at different frequencies.
Now you may try a further method to measure frequency dependent complex impedance of the 10
Ω test box (leaving the DUT connected to the cable to port 1 with a short at its end). The
instrument provides a conversion menu that allows to display directly from the S11 measurement
the real and imaginary part of the DUTs complex impedance as a function of frequency. This
kind of conversion is not only possible from the reflection but also the transmission measurement.
Try both techniques and discuss the reason for possible discrepancies. Play with the electrical
delay correction in the transmission type test. How can you explain the (of course unphysical)
negative real parts for certain electrical delay settings?

Demonstration of calibration effectiveness
Display the locus of S11 of a 25 Ohm DUT the Smith-Chart for the frequency
range 600-1200 MHz after having done a reflection calibration .This 25 Ohm
DUT may be realised by using two 50 Ohm terminations and a coaxial T-piece
(2.2.005) to connect them “ in parallel ”.
Now produce a severe generator mismatch with another coaxial T-piece inserted at port 1
between port 1 and the coax cable. The open port of this T-piece will be terminated with
another 50 Ohm load. In this configuration we have artificially modified the generator
impedance from about 50 Ohm to a value around 25 Ohm.
As a next step perform the usual open, short , load calibration at the end of your (say 1
meter long) test cable. Reconnect the 25 Ohm DUT at the end and display its
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characteristic in the Smith Chart. You should not be able now to see any significant
different to the result found in step 1.
Sometimes one is not really sure that having done a certain calibration procedure in particular in
reflection has really been done well. There are many possible ways to make a mistake and an
independent cross-check is desirable. A rather sensitive test consists in connecting a short piece
of coaxial cable with its end left open or shorted and then display the reflection coefficient in the
Smith-Chart. In case of a poor calibration you may find the locus of S11 exceeding the boundary
of the Smith-Chart which would only be valid for an active element with a reflection coefficient
larger than unity. For a passive device this kind of negative resistance response is impossible and
indicates a calibration or display error. However in the past reflection amplifiers were in use for
special applications (certain parametric amplifiers or negative resistance devices containing
tunnel diodes).

Navigation in the Smith Chart using 3-stub tuner and trombone
Activate 2nd trace for S11 and display it in Smith Chart G+jY format. You will see
absolutely the same locus as for 1st trace. However the grid consist now superimposed
conductance circles.
Then insert the triple stub tuner (2.2.002), between the end of the calibrated test cable and
the 25 Ohm load. Set marker to 1 GHz (You may also change centre frequency to 1GHz
and span to 20 MHz to show only a small part of the locus on the Smith Chart. In this
case carry out full 1-port calibration).
By (cut and try method) adjusting the length of the three stubs try to achieve an
impedance match (S11 =0) around 1 GHz.
Exchange 3-stub tuner with trombone (2.2.001). Change the length of the trombone and
observe the results.
See also printouts: “RF Engineering Basic Concepts: The Smith Chart”, p. 4.

Measurements of the light velocity in the frequency domain using a
trombone
Short the end of trombone using short standard from calibration kit.
Adjust the length of trombone to reach short (ρ= -1) at 1 GHz. (You might also use port
extension function). Measure the length of trombone.
Now change the length of trombone by λ/4 i.e. such, that the short is transformed to open.
Measure again the length of the trombone and calculate the velocity of light.
In a free space: c = λ / T = λ * f .

Build you own 3-stub tuner.
Use 3 trombones and connect them with N-type tees. Leave ends of trombone opened and
changing the length of trombones try to reach matching at 1GHz. Do the same with
trombones shorted on its ends.
Note: not all T-like components are just normal tees. Some of them consist resistors or
are build such that they are rather impedance transformers.
You may also build a 3-stub tuner in the micro strip technology.
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N-port (N=1…4) S-parameter measurements for different
reciprocal and non-reciprocal RF-components.
Equipment:
VNA, N-type calibration kit, different reciprocal and non reciprocal N-ports,
soldering iron, multimeter
Set a frequency range from 10 MHz to 15 GHz. Set sweep mode to log.Freq. Carry out
full 4-port calibration. Though it is time consuming, it will be helpful during
measurements of 4-port components.
Measure remaining 2-ports, 3-ports, and 4-port. (Be aware that all component output
should be properly terminated). What is special about circulator?
Try to recognize the elements marked as UCO

Calculate build and test your own attenuator in a SUCO box (and take
it back home then).
Calculate a T attenuator using a calculator program installed on the laptop and verify
results using a multimeter
Build your attenuator in SUCO box and test it.
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Measurements with Network Analyzer test stand 2
Suggested topics:
– 2-port measurements for active RF-components (amplifiers):
1 dB compression point (power sweep).
– Time Domain Reflectometry using synthetic pulse: direct
measurement of coaxial line characteristic impedance.
– Measurements of the light velocity using a trombone (constant
impedance adjustable coax line) in the time domain.
– Beam transfer impedance measurements with the wire (button PU,
stripline PU.)
Amplifier measurements
Equipment:
VNA, 3.5mm - type calibration kit, power supplier (G.1.1.008), 20dB NType attenuator, 30 dB SMA attenuator, Amplifier (DUT) (3.1.006)
If you use another amplifier you may have to adapt certain measurement parameters.
For background material see printouts: “Network Analysis” , p.19.
Whenever you measure medium or high power amplifiers, be sure that the power level
cannot destroy the input of the VNA. For example, even measuring the input impedance of
an amplifier may destroy the VNA, when the amplifier produces parasitic (self) oscillations.
Preset the Vector Network Analyzer (VNA)
To protect the vector network analyser (VNA) against overload from the amplifier
output, start with the following set-ups:
Output Power: -10dBm
Attenuator port 1: external 20 dB; this leads to an input power of –30 dBm for the
amplifier
Never remove the fixed 30 dB attenuator from the output of the amplifier. Assume that its
attenuation is exactly 30.0 dB, constant over the complete frequency range.
Set the start frequency to 400kHz, the stop frequency to 2.5 GHz. Carry out a extended
response calibration for S21 and S11 using the cables with SMA connectors and SMA
calibration kit. (You have to specify which calibration kit type are you presently using).
Insert amplifier without DC supply. IN to port 1 and OUT to port 2.
Measure the transmission-coefficient from port1 to port2 ==> S21 not S12!! Display the
response using the auto scale function; Select trace averaging with an averaging factor of
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10; Measure the response (in this case the isolation) at 1 GHz; produce a hard copy
(plotter) of the screen.
Reduce the IF bandwidth (IF-BW) to 100Hz; compare the result with the copy done
before
Go back to IF-BW=3000Hz and connect or turn on the DC voltage of 15V to the
amplifier. Use the full screen display for a single channel; determine the small signal gain
of the amplifier at 1 GHz with marker1. Produce a hardcopy
Measure the 3 dB bandwidth (and also 1 dB BW) of the amplifier (determine the
frequencies, where the gain is 3dB/1dB lower than at 1 GHz) using marker functions. Use
bandwidth function in search marker menu. Hardcopy!
Test other possibilities to determine the 1 dB and 3 dB bandwidth of this amplifier
Determine the 1 dB compression point of the amplifier at 1 GHz. Go via SWEEP to CW
frequency and power sweep. Use marker functions. Hardcopy !
Measure the frequency range over which the gain compression of 1 dB occurs, first in the
specified frequency range of the amplifier using the CW mode at the lower, mid-band
and upper frequency of the amplifier. Apply the display features of the for this
measurement and the marker search function. Hardcopy!
Now return to the frequency sweep display , set a suitable range (response calibration) to
cover the 3 dB bandwidth of the amplifier and store the response trace for a small input
signal (small enough that the output power is well below the 1 dB compression point).
Select a vertical resolution of 1 dB/div and an adequate reference level to position the
trace approximately in the middle of the screen.
Now increase the input power until the readout is approximately -1dB below the previous
trace. Note, that the 1 dB compression level is frequency dependent. Copy the result.
Preset the VNA, set the frequency range and carry out a S11 one PORT calibration.
Measure the SWR (standing wave ratio) of the input of the amplifier in the specified
frequency range. Determine the maximum SWR (or VSWR-voltage standing wave ratio)
Measure the deviation from linear phase and the group delay in transmission.

Time domain measurements
Equipment:
VNA, N - type calibration kit, blue boxes with different lumped elements
Bor background material see printouts: “Network Analysis”, p. 10.
When using the time domain option of the vector-network-analyser we have the "lowpass" mode available or the "band-pass" mode. The low-pass mode can only be used for
equidistant sampling in the frequency domain (equidistant with respect to DC), since the
Fourier Transform of a repetitive sequence of pulses has a line spectrum with equidistant
spacing of the lines including the frequency zero. This implies that for a given frequency
range and number of data points the instrument must first work out the exact frequencies
for the low-pass-mode (done by using the soft-key: set frequency Low-pass). Once these
frequencies are defined, calibration can be applied. For a linear time-invariant system
frequency and time domain measurements are basically completely equivalent (except for
signal to noise ratio issues) and may be translated mutually via the Fourier transform.
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Note that the Fourier transform of a spectrum with constant density over a given
frequency range (rectangular spectrum) has a sin(f)/f characteristic in the time domain.
This characteristic shows undesired "side-lobes" and thus an (amplitude) weighting
function [=window] is applied in the frequency domain before entering the FFT. This
weighting function is typically sin2 or Gaussian and helps to suppress strongly side-lobes
in the time-domain. Within the low-pass mode we can use the pulse and step function
respectively. The step function is nothing else than the integral over the pulse response.
When using the gating function, keep in mind that gating is a non-linear operation and
thus gating may generate artificially frequency components which were not present
before gating. In the band-pass mode the spectral lines (frequency domain data points)
need no longer be equidistant to DC but just within the frequency range of interest. The
corresponding time-domain response for the same bandwidth is twice as long as in the
low-pass mode and we get in general complex signals in the time domain. These complex
signals are equivalent to the I and Q signals (I = in phase and Q = quadrature) often found
in complex mixer terminology. They can be directly displayed using soft-keys "real" or
"imaginary" in the format menu. The real part is equivalent to what one would see on a
fast scope i.e. an RF signal with a Gaussian envelope. The meaning of the time-domain
band-pass mode response in linear magnitude format is the "modulus of the complex
envelope [SQRT{(re2(t)+imag2(t)}] of a carrier modulated signal". Note that the time
domain mode can also be applied for CW excitation from the VNA but then to analyse a
slowly time variant response of the DUT (up to the IF bandwidth of 3 KHz).
To start with the time-domain option, follow the next instructions:
Preset the instrument, dial a frequency range of 300 KHz to 3 GHz, 801 data
points) and go into the time-domain, low-pass mode, step function
The VNA sets by this operation a frequency range, which is required for the lowpass mode Fourier -transform-calculation. Check the frequency reading.
Now you have to calibrate S11 as you did before, with the only difference, that
you have to use the "OPEN" from the cal-kit, as you are now measuring up to
about 3GHz.
(Refer to the above descriptions of calibrating S11 in case you do not remember)
Read out the pulse amplitude with the end connector of the cable open.
Now connect a SHORT and read the signal.
Discuss the meaning of the sign from the readout for the reflected wave.
Connect the 10Ω test box with a SHORT at the end to the THRU.
Can you calculate the resistance from the readout?
Remember the definition of S11 and which simple formula you have to apply:

ρ = (Z-ZC )/ (Z+ZC); this is the reflection coefficient as seen in the reference plane
of the DUT ZC stands for the characteristic impedance of the cable and usually
amounts to 50Ω
Note that the reflection coefficient is often denoted as Γ, r and also ρ.
Repeat the experiment with the 100Ω blue box using a SHORT at the end.
Look at the 12(18)pF and 100pF capacitor boxes (end=open). Discuss the traces
and remember that it is a single step response. The two numbers (12 and 18) for
the capacitance indicate that a 12 pF capacitor mounted inside the test box returns
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a total capacity of 18 pF due to the connector feed-throughs and other parasitic
capacitances.
Apply now in the calibrated reference plane instead of the capacitor a 25Ω DUT,
using two 50Ω loads connected in parallel via a coaxial T-piece
Use an appropriate vertical scale factor to obtain a good resolution on the screen
Store the result to the memory and display memory and data.
Put a SHORT on the end of the calibrated cable (instead of the previously used
25Ω) and compare the data- with the memory- trace. Plot the results and discuss
them.
You may also try building a simple notch filter by attaching the T-piece to your
calibrated reference plane and a 50Ω load at one connector of the T-piece and an
open [or shorted] stub (say about 1 meter of cable) at the other connector.
If you are interested to go further repeat all the time domain measurements
mentioned above also in the pulse-mode (low-pass) instead of the step-mode.
You can also measure velocity of light in time domain using trombone.
There is a wide range of application for this synthetic pulse time-domain technique. A
VNA in the time-domain low-pass step mode has a very similar range of applications as a
sampling scope (Fig.1 and Fig.2). However it must always be kept in mind, that carrying
out a measurement in the frequency domain and then going via FFT or similar into the
time-domain implies strict linearity of the DUT. Thus a transient on a non-linear system
such as the onset of oscillations on some microwave oscillator with active elements after
turn-on of the supply voltage would not return meaningful results when using the
technique mentioned above. The dynamic range of a typical sampling scope is limited at
about 60 dB with a maximum input signal of 1 Volt and a noise floor around 1 mV. The
VNA can easily go beyond 100 dB for the same maximum level of the input signal of
about +10 dBm. Both instruments are using basically the same kind of detector, either a
balanced mixer (4 diodes) or the sampling head (2 or 4 diodes), but the essential
difference is the noise floor and the average power arriving at the receiver. In the case of
the VNA we have a CW signal with bandwidth of a few Hz and thus can obtain with
appropriate filtering a very good signal to noise ratio since the thermal noise floor is a –
174 dBm/Hz. For the sampling scope we get a short pulse with a rather low repetition
rate (typically around 100 KHz) and all the energy is spread over the full frequency range
(typically 20 GHz bandwidth). With this low average power (around a micro-Watt) the
spectral density is orders of magnitude lower than in the case of the VNA and this finally
makes the large difference in dynamic range (even without gain switching). Also the
VNA permits in the band-pass to tailor a wide range of band-limited RF-pulses, which
would be very tedious with a sampling scope.

Beam transfer impedance measurements with the wire (button
PU, stripline PU.)
use instruction by J.Byrd et al. reprinted below.
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Fig 1 Step-function response for different terminations on a VNA.
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Fig 2 Step-function response for different terminations on a sampling scope (through
sampler)
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Fig 3 Pickup impedance of a matched stripline (blue trace). Other two traces depict
corresponding time domain signals measured in up-stream port (yellow trace) and downstream port (magenta trace). Try to obtain similar spectra.
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Measurements with Network Analyzer test stand 3
Suggested topics:
– Measurements of the characteristic cavity features (Smith Chart
analysis).
– Cavity perturbation measurements (bead pull).
– Perturbation measurements using rectangular wave quides
Equipment:
VNA, N-type calibration kit, three cavities: two pillbox cavities and one
coaxial cavity. The first pillbox cavity (2.7.001) has a diameter of 30 cm.
The second one (G.2.7.001) has a diameter of 31.5 cm, and its length is
variable. The coaxial resonator (G.2.7.002) is short-circuited at one end,
while the capacitively loaded open end is variable at the location of the
capacitor plates. This resonator was built to determine the dielectric losses of
isolators. You will need in addition an set of different inductive and
capacitive couplers and two ~2m long N-type cables.

Pillbox measurements
PRESET the instrument. Set the frequency to between 500 MHz and 1.2 GHz. (There is
no resonance below 500 MHz and there is no time available here to look for higher
modes above 1.2 GHz.)
Set the number of points to 1601 (to have enough data points at a high Q-resonance).
Choose two small inductive probes with N-connectors, look at how they are constructed.
Activate two traces Display, Number of Traces, 2
Define S11 and S21 measurements (menu Measure)
Perform extended response calibration SOL on port 1 and Through for port 2
Set the reference position of both channels to 9 vertical units.
Connect the cables to the two installed inductive or capacitive probes and determine the
frequency of all resonances you can find at S21 in the selected frequency range. Display
only Trace 2.
Calculate the length (actual length for pillbox 2) using the given mode patterns in your
handouts and determine the type of the modes. Compare with results obtained using Figs.
4 and 5.
Set the marker on the peak of the E010 mode (TM010) and adjust it to the centre of the
screen (MARKER => CENTER). For pillbox 2 (with variable length), the E010 mode is
that which does not change its frequency if the length of the cavity is altered.
Reduce the SCALE/DIV stepwise to 0.5 dB/DIV and the SPAN to fill the screen with the
resonance curve. You may use also Autoscale function in the menu.
Now use the width function to automatically get the –3 dB points. (Marker search,
Bandwidth ON, width value –3 dB. You measure the nearly unloaded Q if both of the
used probes are so small [noise level] that you get the result only by setting the following
values: output power to
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20 dBm, IF bandwidth to about 300 Hz, and the averaging on. It is also useful to insert a
low-noise amplifier in front of port 2.
Write down the centre frequency, 3 dB andwidth and the measured Q.
Now try to reach a critical coupling with a bigger loop or a capacitive pick-up. Use
channel 1 with increased bandwidth (as the new loop may shift the resonance frequency).
Go to 10 dB/DIV and display S11 in the formats LOG MAG and Smith Chart. Adjust a
circle that goes through point 1 (50 Ω). Turn the circle with the function PHASE
OFFSET to the left side of the screen until it is symmetric to the locus of real impedance
(de-tuned short position). Measure the loaded and unloaded Q using the markers. The
points where the real and imaginary parts are equal give the bandwidth for the unloaded
Q. You can find these points in the de-tuned short position looking at the real and
imaginary parts of the marker. The loaded Q can be found at the crossing point of the
circle with ±45 degree lines starting at the zero point. This can be easily done on paper
but not on the analyser screen. It helps to know that the loaded points are always (not
only at critical coupling) the highest and the lowest points of the circle, if this is brought
to the de-tuned short position. For critical coupling you will find the points 10 Ω (or 0.2
when normalized to 50 Ω) for the real part and ±20 Ω for the imaginary part.
But there is an even easier method for reading out the loaded and unloaded Q, if you turn
the circle with the phase offset (do not use the electrical delay as it would deform the
circle) to the detuned open position. For critical coupling the circle lies directly on the
circle of the Smith Chart, where the (normalized) real part is 1. Therefore you find the
points of the unloaded Q at the crossing to the lines where the (normalized) imaginary
part is 1 too (X = R) and the loaded Q at the crossing to the lines where the (normalized)
imaginary part is 2 (X = R + 1). You find more precise description in printouts: “RF
Engineering Basic Concepts: The Smith Chart”, p. 15.
Make sure that the de-tuned short and de-tuned open positions are well adjusted by
checking for symmetry of the maxima of the imaginary parts using appropriate marker
functions.
Determine the loaded Q also by the –3 dB points of S11 for the critical coupling in the
format LOG MAG.
Determine the loaded Q in transmission by the 3 dB points of S21 with one probe in
critical coupling and the other very small.
Move your coupling loop to over-critical and under-critical coupling and calculate the
coupling coefficient from the formula k = 1/(2/D – 1). D is the diameter of the circle; its
unit is the radius of the Smith Chart. If D = 1, then the coupling is 1 and you have critical
coupling with the centre frequency point at the centre of the Smith Chart. Weakly
coupled resonators have small Q-circles, strongly coupled have large ones.
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Fig. 4: Mode chart for a pillbox-type cavity (reprinted from Microwave engineers
handbook, Vol. 1).

F. Caspers, P. Kowina, M. Wendt, RF-Lab, CAS 2015, Warsaw

Page 41

Fig. 5: Mode lattice for cylindrical resonators (reprinted from R.N. Bracewell, ‘Charts for
resonant
frequencies of cavities’, Proc. IRE, August 1947).
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Cavity perturbation measurements (bead pull): determination of
the cavity modes.
Equipment:
VNA , pillbox cavity (2.7.001) with a diameter of 30 cm, set of different
inductive and capacitive couplers, bead-pull apparatus, set of different
beads. Install bead-pull set should on the cavity as it is shown below.

As a background material use script of Microwave Measurements
Laboratory by J. Byrd and R. Rimmer reprinted below.
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