0O Measurement with the AIM4170

revised 7-22-08

Summary: The AIM4170 can be used to determine the Q of coils ahgned circuits.

A function is included in the program to measure the aés and parallel tuned

circuits. The Q of coils can be determined by notirggrttio of the reactance to the series
resistance at any frequency. Q values up to 200 can lsiredaaccurately. A new
feature of a future update to the AIM program will be anoopto plot Q versus
frequency. This is illustrated in graphs in this applicatiote.

The AIM4170 is primarily an instrument for measuring impedaig addition to its
application to antennas, it can also be used to measmmgonents like resistors, coils,
capacitors, crystals, resonators, and transforméesinipedance characteristics can be
plotted over a wide range to see the effect of frequency.

This application note will show examples of how to theeAIM4170 to measure the Q
of coils and tuned circuits and also how to evaluatestormers. The concept of Q
("Quality Factor”) relates the loss in a componenth® amount of energy stored in the
component. Both coils and capacitors store energy lou sd this is lost during each RF
cycle. The higher the Q, the lower the loss.

There are many different configurations for making owith special properties for
different applications. The AIM makes it possible todstthe effect of frequency on
various designs to see which coll is better for a aei application.

Toroidal coils are especially interesting to measuth thie AIM because they are so
frequency dependent. They are quite useful because theynallotwvhigher inductance

to be obtained in a smaller volume than a plain alr &so, the magnetic field is more
closely confined inside the core so there is legsaction between the coil and nearby
components. The core material used has to be seletttethe/frequency range in mind.
The AIM can show at a glance if a coil will be apprafeifor a particular frequency
band. Small construction details, like the turn spaadingral the toroid can be evaluated
quickly. The AIM can also be used to evaluate large impedatike the common mode
impedance of baluns, which may be several Kohms.

Links:
www.w7zoi.net/coilg.pdf- “Experiments with Coils and Q-Measurements” - bgsV

Hayward.
www.g3ynh.info/zdocs/magnetics/index.httrmtumerous articles on coils

Some key words related to coils that you can look foi @ioogle are:
Brooks coil — maximum inductance for a given wire length
Rooks coil — coils with lower capacitance.
Wheeler’s formula — equations for calculating the indum#taof air core coils.
Litz wire — special wire to reduce coil loss due to gffact.




Wire gauge awg — general information on wire gauges and npiespe

Larry Benko, WOQE, one of the AIM beta testers, lasmgared Q measurements made
with the AIM4170 to the HP4342 Q-meter with good results uptwe200. For Q’s
greater than 200, the AIM is not as accurate, but thergienend in Q is useful for
comparing coils. Larry has found that tuning out the iideiceactance with a high Q
capacitor (air dielectric) gives good correlation wite HP4342 for Q’s over 500. The
AIM’s Q measurement function can be used directly tosomeathe circuit Q at the
resonant frequency.

For more information on the AIM4170, check this websité&p://www.w5big.com/




Two of the coilsused for this experiment:
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Coail A:

#6 wire, 8 turns, diameter=2.65 inches length=2.4 inches
Inductance=3.1 uH (calculated) = 3.0 uH (measured)
Self-resonant freq = 54.4 MHz (calculated) = 48.6 Midegsured)

Coil B:
#12 wire, 15 turns, diameter= 1.45 length=1.50
Inductance=5.5 uH (calculated) = 5.0 uH (measured)
Self-resonant freq = 54.4 MHz (calculated) = 44.9 NiHeasured)
When measuring the self-resonant frequency of coils, the equivalent capacity may be
very small. Placement of the coil and the AIM on the bench with respect to other
objects may affect the resonant frequency by a large percentage.
The inductance was calculated using Wheeler’s formula:

Inductance (uH) = Diameter 2 x NumTurns ? / (18 x Diameter + 40 x Length)
The self-resonant freq is calculated by the formula:

Self-Resonant_Freq(MHz) = 1176x(Length/Diameter)®? / ( NumTurns x Diameter)

(Dimensionsin inches)
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Jul 2,08 D8:26:25

Scan Rescan Recycle | Point Data |

FREQ (1.00 MHz/div)

Coil A, 3 uH

Limits |

Scales | Smith

-200——100

| Comment

AVG= 16
a Trend=3

Freq = 10,113
Freq Step = 0.150
Zo= 50.000

SWR =539.243

fmag = 190.738
Theta = 89.565

Refl Coef = 0.996
% refl power = 99.3

ShortfOpen Circuit:
Cable Loss= -0.02db

Equivalent Circuit:
Rs = 1.448
Xs = 190.732
Q = 131.720
Ls = 3.0016 uH

Rp = 25124722
¥p= 190.743
Lp= 3.0017 uH

FILES:
aim100-bnc-50.acal
aimb56d_config.cfg

Halt Quit

Q of Coil A vsfrequency

Antenna Analyzer - AlM 4170 version BB5
File Functions Calibrate Setup Bands Utilities
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Scan Rescan | Recycle |Point Datal

Zmag
Thet
20000 100

FREQ (5.00 MHz/div)

Limits |

Coil A, 3 uH, self-resonant freq = 48.6 MHz

Scales | Smith

-20088-100

| Comment

AVG= 16
a

Freq = 56.640
Freq Step = 0.250
Zo= 50.000

SWR = 423 464

Zmag = 2811.363
Theta = -82.365

Refl Coef =0.995
% refl power = 99.1

ShortfOpen Circuit:
Cable Loss= -0.02db

Equivalent Circuit:
Rs = 373.529

Xs = -2786.438

Q = 7.460
Cs= 1.008 pF
Rp = 21159.694
Xp = -2836.511
Cp= 0991 pF

FILES:
AIM100-BNC-50.acal
aimb56d_config.cfg

Halt Quit

Coil A sef-resonant frequency is48.6 MHz
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Jul 2,06 D8:35:00 Coil B, 5 uH

Scan Rescan Recycle | Point Data | Limits Scales Smith

| Comment

AVG= 16
a Trend=3

Freq = 10.855
Freq Step = 0.200
Zo= 50.000

SWR = 855972
fmag = 342.325
Theta = 89.531

Refl Coef =0.998
% refl power = 99.5

ShortfOpen Circuit:
Cable Loss= -0.01db

Equivalent Circuit:
Rs = 2807
Xs = 342.314
Q 121.970
Ls= 5.0191 uH

Rp = 41754 927
¥p= 342337
Lp= 5.0195 uH

FILES:
AIM100-BNC-50.acal
aimb56d_config.cfg

Halt Quit

Plot of Q vsfrequency for Coil B
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Zmag
Thet
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Resonant freq: 44.8937
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Zmag

AVG= 16
a

Freq = 56901

Freq Step = 0.250
Zo= 50.000

SWR = 999.000
Zmag = 2754.021
Theta = -87.334

Refl Coef =0.998

% refl power = 99.6
ShortfOpen Circuit:

Cable Loss= -0.01db

Equivalent Circuit:
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-20088-100

Jul 2,08 10:24:34 Coil B, 5 uH, selfresonant freq = 44.9 MHz

Smith

Scan Rescan | Recycle |Point Datal Limits Scales | Comment |

Rs= 128.129
Xs = -2751.039
Q = 21.471
Ce= 1.017 pF
Rp = 59195.243
Xp = -2757.006
Cp= 1.015 pF

FILES:
AIM100-BNC-50.acal
aimb56d_config.cfg

Halt Quit

Coil B self-resonant frequency is44.9 MHz




In actual practice, the stray capacity tends to lowemteasured resonant freq. For Coll
A, the effective self-capacity at the parallel resarieequency of 54.4 MHz .85 pF
(assuming the inductance=3 uH).

At 44.9 MHz, the total effective capacity in parallettwihe coil is4.19 pF, a difference
of 1.34 pF which is due to the connector and wires. When rgakimeasurement like
this, the coil should be spaced several coil-dimensiara/ from any metal object.

For Coll B, the effective self-capacity at 54.4 MH4.i81 pF (assuming the
inductance=5 uH).

At 44.9 MHz, the total capacity is 2.51 pF, a differencéd pF due to the connector
and wires.

Notice how theghase angle passes quickly through zero at the resonant point and the
reactance, Xs, changes from a positive value (indudiiva)negative value (capacitive).
At the cursor position of 56.9 MHz (Coll B) the companenks like a 1 pF capacitor.
The maximum impedance of both coils is greater than 20#saat the frequency of
parallel resonance.



Tuned Circuits

Larry Benko, WOQE, has found that large Q measuremehiglatrequencies are more
accurate when the reactance of the coil is caneatbda high Q capacitor. This reduces
the error caused by trying to measure a small resesiargeries with a large inductive
reactance. At the resonant frequency, the positaetaace of the coil is canceled by the
negative reactance of the capacitor and the residustlrese and the phase angle can be
determined more accurately. The Q measurement funciothen be used to directly
read the Q at the resonant frequency. Note that ghengld be at least 10 or 20 scan
points in the transition region where the phase anigétg) changes from -90 to +90 for
a series (or parallel) tuned circuit.

For measuring the Q of a tuned circuit, an air coreveadd made with 38 turns of 24
gauge magnet wire (enamel) on a %z inch polystyrene Tifgeinductance measures 7.8
uH at 3.0 MHz and the coil Q peaks there at 155.

A tuned circuit was made by putting a 1000 pF NPO ceramic ibapecseries with the
coil.

¥ Antenna Analyzer - AlM 4170 version 660 H=1E3
File Functions Calibrate Setup Bands Utilities Help
Zmag AVYG= 16
Resonant freq: 1.7963 Theta
100

Freq = 1.79651
Freq Step = 0.00200
fo = 50.000

SWR = 46.869
Imag = 1.071
60 Theta= 0.976
Refl Coef = 0.958
% refl power = 91.8

Short/Open Circuit:
Cable Loss= -0.19db

] T Equivalent Circuit:
I 1 1 1 10 Rs= 1.070
1.600 1.700 600 1.900 2.000 Xs= 0.018
FREQAD.G20 MHz/div) 1 Ls = 0.0016 uH
Rp= 1.071
Xp= 62.830
Lp= 5.5661 uH
5 —1~50
7 FILES:
ped aim100-50.acal
. ¥s aimB60_config.cfg
Theta

-10 100
Jul 7,08 13:41:08 Series LC: 7.85 uH, 1000 pf no extra series resistance Q function reads 82.6

Scan | Rescan | Recycle |Point Dalal Limits | Scales | Smith | Comment | Halt | Quit

The purple trace is thehase angle. This starts off negative because at low
frequencies the circuit looks like a capacitor (the aam of the coll is relatively
low and the reactance of the cap is relatively higb)the frequency approaches
resonance, the phase angle changes to a positive madicegting the circuit is
now inductive (the reactance of the capacitor is remel than the reactance of
the coll).



The Q measurement function included with the AIM4170 prograamsores the
frequencies at which the phase angle is + and — 45 dedrees.call these
frequencies F1 and F2. These correspond to the tradi8dBgboints. Then the
Q of the tuned circuit is calculated as:

Q = FResonance / Bandwidth = Resonance/ (F2 — F1)
This is the neQ of the circuit and includesthe capacitor aswell asthe coil.
For this tuned circuit the Q function res®6.

Note the heavy orange line in the above graph. I€sstries resistance, Rs, of the
tuned circuit. It’s relatively flat between 1.6 and 2.0 Mbéxause the loss in the
circuit is relatively constant. The cursor data anright side of the graph shows
that Rs= 1.07 ohm.

At 1.8 MHz, the coil has a reactance of 88.6 ohms.

If we calculate Q= X/Rs = 88.6/1.07 82.8, this is very close to the value
obtained by dividing the resonant frequency by the bantwié2.6 shown
above).

To verify that the value of Rs is reasonable, weatamect an extra 1 ohm
resistor in series with the coil. The trace beghows that Rs now has increased
from 1.07 to 2.04 ohms, an increase of 0.97 ohm, as expacithe software Q
function readgl3.4 :
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Resonant freq: 1.7950

Zmag

AVG= 16
Theta

,_/

100

Freq = 1.82093
3 Freq Step = 0.00200

fo=

50.000

SWR =
Imag =
Theta =
3 Refl Coef

24.587
3.254
51.175

=0.922

% refl power = B5.0

Short/Open Circuit:
Cable Loss= -0.35db

Equivalent Circuit:

| I
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FREQ/{0/020 MHz/div)
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Rs s
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Theta

/

Jul 7,08 13:44:27 Series LC: 7.85 uH, 1000 pf extra 1 ohm series resistor,

Scan | Rescan | Recycle |PointDala| Limits | Scales | Smith

0 Rs= 2040
Xs= 2535
Ls= 0.2216 uH
Rp= 5191
Xp= 4177
| Lp= 03651 uH

| FILES:
aim100-50_acal
aim660_config.cfg

-10

| Comment

—100

Q function reads 43.4

[ Ha | quit |

Calculating Q using X/Rs = 88.6/2.04 we get QB.5. Again, the two methods

agree closely.




The same L and C were rearranged to foiparallel resonant circuit. The
graph below shows the results:

i Antenna Analyzer - AIM 4170 version 660 M[=1E3
File Functions Calibrete Setup Bands Utilities Help
Zmag AVG= 16
Resonant freq: 1.7908 Theta

10000 100
T Freq = 1.78023

+ Freq Step = 0.00200
P 1 Zo = 50.000

| swr =1a5658
Zmag = 5144.776

5000450 Theta= 45.009
1 Refl Coef = 0.986
% refl power = 97.3

\ Short/Open Circuit:
| T Cable Loss= -0.06db

Equivalent Circuit:
[ i i T 1 1 i i ===r0 Rs=3637.374
1.600 1.700 11.800 500 2.000 Xs = 3636.438
FREQ {0.020 MHz/div) 1 Ls = 325.2807 uH
Rp = 7276.975
Xp = 7274.748

Lp = 650.3713 uH

FILES:
aim100-50_acal
aim660_config.cfg

-10086~100
Jul 7,08 23:20:22 Parallel LC circuit using same L & C. Q function reads 84.4 Max 7= 7299 ohm

Scan | Rescan | Recycle |Point Dalal Limits | Scales | Smith | Comment | Halt | Quit |

The maximum impedance is 7299 ohms. The 3 dB bandwidth is 0.02%2 MH
This gives us:

Q = Fresonance/ Bandwidth = 1.79080.0212 =84.5

The software Q function rea@4.4 based on the points where the phase shift is
+/-45 degrees.



Transformer Evaluation

To illustrate how the AIM can be used to evaluate iastcamer, an FT50-43 core
was used to make a 2:1 transformer. The primary has 10andnthe secondary

has 20 turns.

Each winding can be evaluate separately, as showrehettt two graphs:
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File Functions Calibrate Setup Bands Utilities Help
ZImag AVG= 16
Resonant freq: 14.2704 Theta
5000 [ 100
T Freq = 2.0314
Freq Step = 0.0496
Zo= 50.000

50

|
10.20 30.20
FREQ (2.00 MHZAi

-2508—50

Jul 3,08 14:26:03 10 turn primary FT50-43 core

Scan Rescan Recycle | Point Data | Limits | Scales | Smith Comment

-5008—100

SWR = 23.638
fmag = 438.883
Theta = B7.946

Refl Coef =0.919
% refl power = 84.4

ShortfOpen Circuit:
Cable Loss= -0.37db

Equivalent Circuit:
Rs = 164.793
Xs = 406.770
Q = 2.468
Ls = 31.8695 uH
Rp = 1168.854
Xp= 473532
Lp= 37.1001 uH

FILES:
AlM100-banana-200._acal
aimb56d_config.cfg

Halt Quit

Transformer Primary

The primary inductance is about 32 uH at low frequenciekedteases steadily

with frequency.

This basic measurement technique can be used to measandirary coil made
with a core. In this case, we see the phase angleadss steadily from 200KHz,
so this coil is not a very good approximation to anlisheructor (ideally, the

phase shift would be 90 degrees). Other core materalse#ter at high

frequencies. With the AIM4170, it’'s possible to quickly eadé different core
materials and different windings to find what is mostahle for the desired
frequency range. The AIM can also be used to help smoliextion of cores that

are not marked.
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ZImag AVG= 16
Resonant freq: 13.4534 Theta

5000 [ 100
[ Freq = 2.0314

+ Freq Step = 0.0496
Zo= 50.000

SWR = 90.468
Zmag = 1721.469
2500150 Theia = 67.626

+ Refl Coef =0.978
% refl power = 95.7

ShortfOpen Circuit:
Cable Loss= -0.10db

Equivalent Circuit:
1 0 Rs= 655294
20.20 30.20 Xs = 1591.868

Q = 2429

|
10.20

FREQ (2,00 |
Ls= 124.7191 uH

- Rp=4522.328

| Xp=1861.621

Lp= 1458535 uH

FILES:
AlM100-banana-200._acal
aimb56d_config.cfg

-5008—100 -
Jul 3,08 14:29:04 20 turn secondary FT50-43 core

Scan Rescan Recycle | Point Data | Limits | Scales | Smith Comment Halt Quit

Transformer Secondary

The inductance of the secondary is about 125 uH at low fnetase As
expected, this is about four times the primary inductamze the turns ratio is 2
to 1.
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ZImag AVG= 16
Theta
100 [ 100
T Freq = 2.031
Freq Step = 0.248
Zo= 50.000
SWR = 1.163

1 Fmag = 47 912
50 —a0 Theta= 8.248

ﬁ 1 Refl Coef =0.075

| % refl power= 0.6
ShortfOpen Circuit:
T Cable Loss= -11.24db

Equivalent Circuit:
0 Rs= 47416

1 I
0.20 10.20 20.20 3020 Xs= 6.873
FREQ (2.00 MHz/div) | @= ous
Ls= 0.5385 uH
Rp= 4B.413
Xp = 333.989

50 g LP= 26.1673 uH

FILES:
AlM100-banana-200._acal
aimb56d_config.cfg

-100——100
Jul 3,08 14:34:53 2:1 transformer. 200 ohms connected to secondary FT50-43 core

Scan | Rescan | Recycle |Point Datal Limits | Scales | Smith | Comment | Halt Quit

200 ohmstransformed to approximately 50 ohms

When the secondary is connected to a 200 ohm resiséoimpedance seen at the
primary side would ideally be 50 ohms and the phase shiftdAse zero. The
actual result is about 47.4 ohms and there is some lessa¢\2 MHz. The
impedance transformation is reasonably flat up to 30 RiiHzhe loss increases
steadily, as indicated by the increasing phase shift @trate) and reactive
component (yellow trace).



