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Component characterisation with
the TE Analyser series
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Have you ever gone to measure an inductor, only to find that it has a negative value?
Or have you discovered that the impedance of your large valued capacitor has positive
phase? This article explores the real world behaviour of resistors, inductors and
capacitors using the TE3001 analyser.

Article Contents:
1. Inductors
2. Capacitors
3. Resistors
4. Hints on obtaining accurate results

Equipment Used:
e TM5200 Tweezer attachment
e TE3001 Network Analyser

Foreword:

Details like how to hold components, how to calibrate a measurement fixture and how
to obtain accurate results are all covered in the article ‘Measuring L. and C’. This
article assumes you can do all this and jumps straight into measurements.
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Below is a frequency sweep of the measured inductance of a TOKO 470uH wire
wound inductor shown above.

Measuring Inductance

Inductors - Equivalent RLC circuit
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It starts off as expected with a reasonable inductance value of 432uH.
At 4.4MHz something very strange occurs, and above this frequency it has negative
inductance???

No the analyser is not broken!!!

4.4MHz is known as the self resonant frequency of this inductor where it is
effectively an open circuit. Above their self resonant frequency, inductors appear
capacitive (hence the negative inductance).

What causes this strange behaviour?

This behaviour is caused by the action of unwanted stray reactances inherent in the
physical construction of the component. We can’t make it go away, but we can
characterise it, and we can create an electrical model to better describe its behaviour
in the real world.

First we need to do some theory, and then we’ll show you how to measure all the
parameters in the model using the TE3001 analyser.
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Real world inductor model
Inductors are formed by coils of wire that inherently contain unwanted resistance.
There is also unwanted capacitance between the windings.

When operating at high frequencies, it is necessary to develop an electrical model that
includes these stray elements to accurately describe the inductors behaviour.

There is no limit to how complex these models can be but below is the simplest model
that is sufficient for most LF-VHF purposes.

C stray
||
|
R stray IL
9—4_/\/\/\__/WY\_._9

Low frequency response
At low frequencies (far below the self resonant frequency) the impedance of C is so
high it is effectively an open circuit and the model can be simplified to just R and L:

R stray IL
R stray IL;
@ AN T AV S V.

R and L can be measured by placing the analyser in series RLC mode, or by viewing
the low frequency portion of the series RL chart on the software.

Inductors - Equivalent RLC circuit Inductors - Equivalent RLC circuit
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Reading from the charts;
R=2.96 Ohms is better than the stated specs.
L=432uH is within the 10% manufacturing tolerance.
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High frequency response
Above the resonant frequency the impedance of L approaches an open circuit and C
dominates the response. Again the model can be simplified, but this time to just C.
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Of course this C is real, and can be measured using the equivalent circuit format at a
frequency well above the resonant frequency. Series or parallel format should yield
the same result for C, because R is negligible in either case.

I prefer to measure values directly from the LCD.
Choose a frequency well above the resonant frequency, and change the display format
to RLC to measure C.

Polar
Rectang
Series

Parallel

The screen shows 2.92pF measured at 100MHz.

(See ‘techniques for obtaining accurate values’ at the end of this article if you’re
wondering why I chose to measure C at 100MHz)

Self resonance
At the self resonant frequency f, the measured reactance is zero.
This occurs at 4.42MHz

Inductors - Equivalent RLC circuit
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At this frequency the reactance of the stray capacitance cancels out the reactance of
the inductance.
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Using the formulas for impedance of an inductor and capacitor this means

1
27fL ~
7 27C
Which can be rearranged to give the calculated value of this stray capacitance C as a
function of L and f C~ ;2
Q)L

This formula can be used to test how accurate our model and measurement technique
is.

Plugging in our values of L and £, we get C = ! =3pF

(27r4.42%10°)* *432*10°°

Not far off the measured value of 2.92pF.

So now we have a real world model for this inductor that more accurately describes
its behaviour at high frequency:

@ 3R 432uH
~

To summarise the technique:
Inductors - Equivalent RLC circuit
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Capacitors

Capacitors are subject to the same parasitic issues.
Below is the measured capacitance of a InF 0805 X7R Ceramic chip capacitor
manufactured by AVX.

Capacitors - Equivalent RLC circuit
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Once again, the low frequency response makes sense but around 107MHz the
capacitance sharply rises before becoming negative!

Just like inductors, capacitors have unwanted stray elements inherent in the physical
construction of the component that come into effect at high frequencies.

107MHz is the self resonant frequency for this capacitor and above this frequency it
appears inductive.

Real world capacitor model

Capacitors are constructed by layers of conductors and insulators that inherently
contain resistance and inductance. They can be modelled electrically by the diagram
below.

&+

C R stray L stray
I
|

R stray is often referred to on data sheets as equivalent series resistance or ESR.
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Low Frequency Response

At low frequencies (far below the self resonant frequency) the impedance of L
approaches a short circuit so it can be removed from the model. Further more, the
impedance of C is so large compared to R, R can also be removed.
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The value of C can be read straight from the LCD screen in R-L-C format. I chose to
view it at IMHz.

C=1.04nF

High frequency response

Above the resonant frequency the impedance of C approaches a short circuit so it can
be removed from the model. Further more, the impedance of L is so large compared
to R, R can also be removed.

|/|/ R glray L stray
L stray
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Now L can be measured using the equivalent circuit format at a frequency well above
the resonant frequency. I had to go all the way to 300MHz to get a reasonable
impedance to measure. (See the section at the end of this article for hints on where
and how to take these measurements successfully)

L=1.86nH
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Self resonance

At the self resonant frequency f, the measured reactance is zero because the reactance
of the stray inductance L cancels out the reactance of the capacitance C. With L and C
gone, this leaves only R.

C / R stray L stray
| R stray

7 e

Viewed in the parallel equivalent RC chart the resistance will reach a minimum value
at self resonance, and this value is R stray.

Capacitors - Equivalent RLC circuit

Min value of R occurs
at self resonance

l

Frequency (MHz): 106.680672, Resistance: 52.670mQ),

Resistance (Q)

a8 a8 100 101 102 103 104 105 106 107 108 108 110 111 112 113 114 115 116 117 118 118
Frequency (MHz)

Reading from the chart, R ~0.05 Ohms.

The value of f can be taken from the location of this minimum or the zero crossing of
reactance as we did before. Both ways of finding f'should yield similar values.

Capacitors - Equivalent RLC circuit
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Reading from the chart, /'~ 107MHz.
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The same formula for self resonance that we used for the inductor model can be to test
the validity of our capacitor model.

1
Q) C

This time, we rearrange the formula to get L in terms of Cand /1 L~

Plugging in our values of C and f, we get L = 1 =2.1nH

(27107*10°)* *1.04*10~°

Not perfect, but for our simple model it’s not far off the measured 1.86nH.

So now we have a real world model that more accurately describes the high frequency
behaviour of this capacitor.

1.04nF
0.05R 1.86nH

.,_|,\N__m—m_,

To summarise the technique:

Capacitors - Equivalent RLC circuit
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Resistors

Resistors have electrical length which translates to inductance. They also have some
unwanted capacitance. The resistor can be modelled by the diagram below including
these unwanted stray elements.

C stray
||
I
R L stray
——ANAN—— Y Y Y

A typical metal film axial resistor might have: Lgyay=5nH and Cstray=0.5pF

Unlike the inductor and capacitor, it is the magnitude of R, not the frequency that
tends to determine which parasitic takes effect;

Small valued resistors appear inductive.

Large valued resistors appear capacitive.

The tipping point for surface mount resistors is somewhere between 50 and 100 Ohms
depending on the size and brand.

On the smith chart below is a plot of 6 different Vishay 0805 surface mount resistors
illustrating this shift from inductive to capacitive behaviour.
Resistor values are OR, 10R, 50R, 100R, 1K and 1M.



TREWMAC SYSTEMS PTY LTD

www.impedanceanalyzer.com.au

Resistors - SmithChart

Inductive Region

Inductive small values

Capacitive large values

Capacitive Region

[—oR—10R —sR 1R — 1k 1m]

For those small values of R with inductive reactance, the stray capacitance has a
negligible effect and can be ignored. This simplifies the real world model to just R
and L in series which can easily be measured using the series RL format.

R stray 1L

R stray IL;
™ ANAN SNV

Below is a plot of the OR, 10R and 50R resistors in series RLC format showing their
parasitic inductor value.
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Resistors - Equivalent RLC circuit

Inductance (nH)

80 20 100 110 120 130 140 150 180 170 180 180 200 210 220 230 240 250 260

Freguency (MHz)

For OR, stray L=2.2nH,
For 10R, stray L=2.3nH.
For 50R, stray L=1.35nH.
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The larger values of R have capacitive reactance. If we ignore the stray inductance

(because its effect is negligible) the model simplifies to the parallel combination of R
and C.

I C stray
| |

R stray I

C stray
I
I

This is best viewed with the parallel RC format.

Resistors - Equivalent RLC circuit
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— 100R — 1K M

For 100R, stray C=0.15pF
For 1k, stray C=0.47pF
For 1M, stray C=0.45pF

So a better model of the 10R 0805 resistor at 100MHz would be:

10R 2.4nH
Q_WMQ

Similarly, a better model for the 1K 0805 resistor at 100MHz would be:
0.5pF
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Hints on obtaining accurate values

The TE3001 works by sampling the voltage and current signals on the device under

test. In order to obtain accurate results, the magnitude of the impedance presented to
the analyser must be within a reasonable range to ensure there is enough voltage and
current signal to measure. I suggest 1-1000 Ohms is a workable range.

For example, when measuring the high frequency response of the 470uH inductor in
this article, I searched above the resonant frequency until the impedance dropped to
under 1000 ohms. This occurred at 100MHz as seen in polar impedance format.

Polar

Rectang

Series

Parallel

The impedance magnitude is 545 Ohms.
Then I changed the display format to parallel RLC to measure C.

Polar
Rectang
Series

Parallel

Similarly when measuring the stray inductance of the 1nF capacitor I searched above
the resonant frequency until the polar impedance magnitude rose above 1 Ohm. This
did not occur until 300MHz.

This technique is demonstrated further in the article ‘Measuring L and C’.

read our other articles here




