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Cable Types

#. Inner Conductor _ _
R » Coaxial Line

1 ™ Dielektric (¢,
Screen = QOuter Conductor

Conductor  Twin-Lead

Ribbon/Insulator
Conductor

Hochschule Ulm
N
D>
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Propagation velocity ¢

|- Length [/ >

pulse moves with
A velocity ¢ > Z E

t=(0 ¢ <c,=vacuum speed of light t=r1
Propagation time: T
Propagation velocity: c=I1/t
Velocity factor: VF =c/ C, Hoc%wm
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Line Impedance Z;

HAM RADIO 2018

Termination with line impedance

Technik
Informatik & Medien

— Hochschule Ulm

| .
"IN
)
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Measuring with Pulse Generator:
Pulse Reflectometry (1)

high impedance scope

sees outgoing and Hochschule Ulm -

returning pulses &}K((C\
I
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Pulse Reflectometry (2)

'l:-.: = l.'i‘,
. o I -‘ I@J.
= et ™

variable termination

Test object:
& 18,3m
RGS8 C/U

- Hochschule UIm

&( R
J)W



Pulse Reflectometry (3)

m[uh|m|m|mmw pPiCcoO
[—vm DC - |E. —m 2' 2I —

-
v |< >| 2’[:—:

c V-G

1,6

| ' generator

1,2

0,8

pulse reflected
at cable ed

0.4

0,0

T—

04

-0.8

no reflection when )
terminated with Z; / termination

49,89 0,11 50,11 100,1 150, 1 200, 250,1 300, 1 350,1 400,1 450,1
M

e pE”ng Automatisch  ~ n‘_‘| A - |*$\| 1|1_32w > | 4 [10% | 2 8




Pulse Reflectometry (4)

AUTO POWER OFF 3 1/2 DMM
— ——
L

Technik
Informatik & Medien

Hochschule Ulm
g&’&—((e:ﬂ A::puwj-e-c‘syc\e*-:es
"IN

D
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Pulse Reflectometry (5)

ﬂ;rldu‘ |-} QH4 20 ns/div - r-|H1 1 MS 'H" PVwvon32 b ) x 1
A_.‘q +1V - P‘AE . ‘B, « [Aus v r‘ ‘N}i ..fﬁﬁx
propagation time forth and back

27 =185ns

s 1= 2 2.18.3 ik

. . m

NS VF = = —=0,659 v/

0,365 2r-¢c, 185ns-3-10"m/s

0,165
0,035
0,235
Z’:z = one way time [r — 92,5ns]
- D,DD 20,0 40,0 60,0 80,0 100,0 120,0 140,0 160,0 180,0 2[::[')',0
T s

Lauft | b W |Trigger Automatisch ar ‘ A - ‘X 4 H 4 (595, 7mV| » H )




More accurate Measurements using a Vector

Network Analyzer

1kHz - 1.3 GHz

TX Out

DGBSAQ Vector Network A

Sll S21

Reflection Transmission

1 2
 — ;’ [ DUT [ —=) ey

Hochschule Ulm

DUT: DEVICE UNDER TEST ;}&((%
= Cable )
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Advantages of Vectorial Network Analysis

e accurate, high dynamic range

 flexible:

Measuring in Time
Frequency TFour;er— Domain t
Domain w ranstorm

| * Pulse Response
 Attenuation « Step Response
 Match
: gp()eu:gmgzgi‘lnce Hochschule UIm

U
"IN
)
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Insertion Loss and Line Impedance of 18.3m
RG58 C/U Antenna Cable

measure
S,,und S,




Time Domain Analysis using Fourier-

Transform (DG8SAQ VNWA Software)
x|[ input data to be

. . . transformed
Source for bime domain transharrmation: |521 |
Time domain responge |Impulze DFT < - Pulse response
Mods Bandpass | windowing function:
Window Type . | ‘f Rectangular
. . . i C A
Irmpulze Response narmalized o impulze hE|ght->arnpfung Hectarjgular S 9 c 0
Low frequency data  |as meazured ablesbar H-Ell'l'll'l_'llr'IEI % 2 5|3
Hanrir 21 a9ols
Start Time Stop Time Lk m ; % 3 £
E 105 [E . Blackmaré £ v
‘ N
Velocity Factar: 0.5 [~ /2 —~_ plOttmg range
- - * Hochschule Ulm

Length: Start = 0 nm T Stop = 20.7 m Propagatlon time |§ gé((p

, doubled for reflect

HAM RADIO 2018 Ve|ocity faktor signals (811) 14



Propagation Delay from Pulse Response of

S,; Measurement

r: 1 (928 =83 m) 7.83dB  -7.94dB
1048/ ™ 2:_600MHz 4 7.74dB 1

"”E'Eaﬂenuation(f) L_—————————T——?—
ok 8dB average attenuation

10dB/
e 18,3m cable length

104/ |
-40dB |
5008 windowing functions: |
0B Hamming |
. o
Nt ‘ @)
A0dB -:'S
r &
-304B . . -304B Q (%

Blackman |  Propagation time 92,8ns L

Cal  -1004dB v | -100dE
gtart ;1 MHE.IE ESenter =153395£4HH2 5St|:||:|_|__= HD‘II:IDthE Hochschule Ulm
tart Time= U ns pan=1. z top Time= hz

?;: At =0 dB V¥ 521 dB v tm3 dB Continuous ‘é((@“

-
IIS_IEIIM "" I ”W "’I V¥ timd dB Single Sweep ))) "

For Trace 1 get scales from Trace 3 i




S., of open ended Cable in Time Domain:

Time Domain Reflectometry = TDR

ﬂ 2| DGBSAQ - Vector Network Analyzer Software - DGESAQ licensed to DG
ile Measure Settings Tools Options  Help .
1ain transfarmation: I‘-.-1E:r|'||:|r|r|'| 1: 600MHz -15.13dB agaln 1 8,3m Iength
24 185.5ns =|18.3 m -15.63dB
e |Impulze DFT j " 0de "DFQ'EF“
Eandpass j Open ab’e 2 104E
Blackman j Y :
niormalized to impulze height j refleCtlonS at bOth ends
3 extrapolated below 25 kHz j « I n pUt OUtpUt | 0B
Stop Time [t S04
300 [ |
FOdB
066 v 42
0 nm Stop =296 m 0d
Signal travels " Start = 0 i Center = 650 MHz SSmpT;m;gD%dli
tart Time= U nz pan=1. i top [ime= ns
forth and back 3. : e |
= In contrast to pulse generator experiment, -
AN RADIO 2018 — here we only see reflected signals. -



TDR sees more:

Cable Extension + Antenna (S,,)

11 231.3ns =/22.8 m -25.05dB i
27 2: 186.0ns =(18.3 m -42.52dB antenna — P
PR L &
cable extended by 1 =@
1048/ 22.8m-18,3m = 4,5m adapter oy
) y b g'
0B (0 O
S &
5 é} <G
S8
N
A .\AQ) ?OQ
L @
2 F,
&4
MC reflection of adapter & ;z?\lnnda
Shat T e O e 4 ,@ O Hochschule Ulm
?;iﬁtt =0 4B R ey &S((ﬁ‘
= B N - N
||__,_._._‘j"wg.’:}gulhglllem-l "I [V tm4 dB Single Sweep "J))W 17
v




RG58 C/U in Frequency Domain:

Open Questions:

o <Fefl
i Wh 1: OMHz -0.07dB 97.31ns  -40.69dB 92.85ns 0dB
Tnsf al‘ C 2: 145MHz -3.48dB 92.92ns  -32.42dB 02.85ns
10dB/ aUSeS f 3. 435MHz -6.40dB 92.83ns -31.94dB 02.85ns
1ns,."1 Of rGQUen
: Qlttop, 1OV gg We need a
Yation 5 Pengg

Nee mathematical
Propagation delay and VF model! g

depend on frequency, i.e. dispersion!?

1 :
L ] ] . =S :
Oscillations in S;,7

Wi Y

[N

<Fefd
Start = 0.03 kHz Center = 250.015 kHz Stop =500 MHz qp,-
L Span = 49997 MHz
[v 521 dB [+ 511 dB Continuous
| = | Imem 1 vI [v 321 Delay [¥ canstDelay Single Sweep

2



Modelling (1)

Relevant properties

« Capacitance
* Resistance

 |nductance

HAM RADIO 2018

0

0

Side effects

dielectric loss
dc, skin effekt
skin effekt

Informatik & Medien

Hochschule Ulm
\%5’&,((% Applied Sciences
IHY

19



Modelling (2)

A Coax is a Rod Capacitor

Cr C _ 27,
| In(r,/r1) g. ’
r, = 0.45mm } Data of RG58 C/U

r2 =1.5mm From LAPP GROUP Wikipedia

8[’ - 225 POlyethylen http://hyperphysics.phy-astr.gsu.edu/hbase/Tables/diel.html

= C's % - 104 pF/m

Informatik & Medien

Hochschule Ulm
U
"IN

)

can be measured...
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Modelling (3)

Capacitance can be measured

File Graph

Settings Graphl
ClpF Capacitance per meter
1207+

R : T QK
115T“_;_;M;JH;L_LJ_L¢]_¢”¢_;;muf_j_f_i ! I :; ;i

o o 5 o o o o o o = 1
5o ooflooooolbooodaooloodoodooloonaoonooooooaonnoaoooaolonaooooooaoalaooaoonhd R bodooolaooad [Zfdaol
o o 1 o 1 1 1 1 1 1 5 o o o 1 o 1 1 1 1 L= 1
— . 1 1 . 1
110 o 1 o 1 o 1 1 1 1 1 1 5 o o o 1 o 1 5 1 1 1 1 |l- 1 1
o 1 o 1 o 1 1 1 1 1 1 5 o o o 1 o o 1 1 L= 1 1
—| 2 6 00000 oooloooooodoocoalbooodaooolooadoodooboooaoooooooaosnaoisaloanaoaonn(OKUNSaooo 1 1 I_L 1 1 1
o 1 o 1 o 1 1 1 1 1 1 5 o o o 1 o o 1 1 Ill- 1 1 1
| 2 0 0 0 0oo nooloooooodooocoabooodonoloodoodooloooaonoooanaooaosnoaoioolooaaoonaooXlooaog 1 1 | 1 1 1
1 1 1 1 1 ||— 1 1

. 1 . 1 . 1 1 1 1 1 . . . . . . ik 1

— [ BT T T L P e S L T L= 1
. 1 . . 1 1 . . £ . 1 . 1 1 . 1 |Ill_ 1 1 1 1
— - . Y B ) T e D Y e 1 1 1 1 1
. 1 . 1 [ 1 1 . . . 1 . 1 g 1 1 1 1 1 1

— - AY 4N
. 1 . o 1 1 1 1 1 . . . 1 . 1 . 1 1 1 1 1 1
L T o L T 1 | 1 1 | 1
1 1 1 1 1 1 1 1 | 1 1 1 1 1 1
1 1 1 1 1 1 L 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 ..I. 1 1 1 1

A | f{”f?{“fwufT{mf”f}fﬁ“mf“{{”f?{”fwufT}
20 50 100 200 500 1000
Frequency/kHz
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Modelling (4)

Dielektrikum ist komplex, d.h. verlustbehaftet

g =¢'-]¢"=¢'(1-]-tan(3))) 6=loss angle
YC — J .a).CO - &, C, = capacitance
_ _ without dielectric
=]-w-C,-&"(1-]-tan(0,))
=]-o-C+w-C-tan(o,)

Loss~w =2 f

= C=¢C,

possibly additional dc conductivity G,:

Y.=]-w-C+f-27-C-tan(5,) +G,

ik & Medien

Hochschule Ulm

University of
\%5'&,(((;; Applied Sciences

DN




Modelling (5)

A few Dielectrics

Material &' tgd tgd

f = IMHz f = 10GHz
Polyithylen (PE) 2.25
Polytetrafluortihylen 2.1 1074 25.107%
(PTFE, Teflon)
Duroid (Teflon mit 2.2 1073
Glasfasereinlage)

aus ,Lineare Elemente der Hochstfrequenztechnik®, Prof. Bachthold, ETH Zirich

S o 42.1075 S

HZ . m HZ . m Informatik & Medien
Hochschule Ulm

M v
I
DY

HAM RADIO 2018 23
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PE is an excellent insulator =G, =0



Modelling (6)
Resistance and Inductance per Length

2
O-Cu'ﬂ-°r1

=25mQ/m
(center conductor only) M, = —
QM
L
L'=—=20In(r, /1) L R
| 27 -
=241nH/m e
(high frequency limit, no B-field inside conductors) Hochschule UIm

can also be measured...

HAM RADIO 2018

J))“

24



Shorted Coax is a Resistor at low Frequency

(=1 Custom Plotting Tool - |I:I|ﬂ
File Graph

‘Settings Graph |

R/mOhm loss resistance per meter "
7 B e S T S I e
-5zcazrcuzl.zatedz52;5m/mzzaz55‘55z‘z55595;55555555555555zzzzzzzézzzzz‘z"'
150__'7777777b-ra-|-ded inner cond
e Snl : .
100— --------------- P ------------------ e il
50%fﬁfﬁﬁfffﬁﬁﬁﬁfﬁfffﬁf.’fﬁfﬁffﬁffﬁﬁﬁﬁffffffﬁ ________________________________________________
1-49mQ/m, - also; measured with _th_ .me_.tﬁr .at.d._c: SRR
0" ?I>5Im|£|)/|m |nnerlconqucForl+l1flfn|£? /m: o-u-tel*er Colndtfctcl)r-l- Sk |
5 10 20 50 100 200 500 1000

frequency/kHz
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Skin Effect

low frequency high frequency

current confined
fo surface

-------
ffffff
‘f L

5_J 2 1
O¢, " @ I, \/?

0 = penetration depth

= skin depth
R' — R — 1 R' — 1 Irwfo:'maw&I‘TjeCZl:f
| aCuﬂrf O¢, 27[[‘15 Hochschule Ulm
1 (P
[T S A
r D
HAM RADIO 2018 1 26



Skin Effect in round homogeneous Wire

Result of Maxwells Equations ... \”\)

iy — (1=i)a/8 Tol(1=1i)a/s] W.e‘II work with
@) = ro { 2 Tl +=1)a/8) this formula!

¢,

Impedance per Length (Theory) § = J :
wogo
skin depth

| [VIp=a]l Ro |

'n = — — —

L / L nma*o
dc resistance per length
Hocll;&\;éiulm

I»

HAM RADIO 2018 G. S. Smith, Eur. J. Phys. 35, pp.1-13 (2014) 27



Measurement in Shunt Configuration

DUT: Piece of Copper Wire

any kind of T'adapterwfm

to T
VNWA RX

VNWA TX &

" DUT = 10cm

b e 0.35mm CulL-
V2L, wire
Shunt configuration AR N
for high sensitivity at & A
low impedance levels! meander
i to keep Hochschule Ulm
|| induct $&
Inauctance \-;)))\gw

HAM RADIO 2018 low 28



VNWA Optimizer Tool

Simulation vs. Measurement

(= DGBSAQ - Vector Hetwork Analyzer Software - DGESAQ licensed to DGESAL - ||:|Iﬂ

File Measure Settings Tools Options Help

20makim,

optimizer result:
20 L=10.9cm

d=0.29mm R &
1: 10kHz 30.00mohm 30.23m %\'@ @é\

2: 100kHz 30.17mohm 30.35m
3: 1000kHz 40.49mohm 39.95m
4: 1E4kHz 107.82mohm 109.73m

1 &
<Refd
Start =1 kHz Log Frequency Swesp Stop = 19952 623 kHz [k
;i{ At =0 dB ¥ 511 RealZ W :_11 Real Cantinuous

IMI}IEJ;W Single Sweep

Trace 1/Marker 4: 1E4kHz  107.82mohm A

Hochschule Ulm
N
Iy

29



Inductance vs. Magnetic Field Energie

energy stored in inductance = E = energy stored in magnetic field

| |
L7 =E-= T%iniBZdv
|
= L= Izﬂoﬂiswv
= L'= I|_ — |21 -” BdF (cylinder symmetry)

lu 0 cross section

Informatik & Medien

: : Hochschule Ul
Every space segment carrying B-field adds o :{'((;e ¥ m
to inductance value! S A
)Y

HAM RADIO 2018 30



Inductance

low frequency high frequency /

\
L,'= L _ A ln(ri]
| 2z

= 241 nH/m (RG58)
For both cases

\ identical! /

nH 1 decreases

T8 m 220 Yo [T L

increasing
frequency f

L ~6™L (Ress) LS"“

L'=L,'+L,'+L," decreases with increasing frequency f!




Induktivitatsmessung am kurzgeschlossenen

Koaxkabel

= o calculated L,* = (241+ 50 +6)nH/m=298nH/m

Settings Graph |

L/nH Inductance per meter
320_ ______ : ""_"_"_:"_"__"__"_"__"_"_"_"";_"_-"_:":_""'""T'":"'""““""":'"-:---:-

310

3005””m”i”mf”“f”t' ¢”?E

T T T T
50 100 200
Frequency/kHz
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Simple Skin Effect Modell for inner

Impedance: Round Wire with Radius r

1
SHEU Il 1: 0.002MHz 0.04ohm  50.00nH 0.04ohm  49.99nH  373.25nH ™
100H g 2: 0.1MHz 0.04ohm  44.54nH 0.04ohm  40.45nH 52.78nH s
el 3: 100MHz 1.050hm 1.67nH 1.050hm 1.67nH 1.67nH
10nH;  80nH . 0
” R asymptotic solution,
Ty T Hasy = / poor at low frequencies
exact solution
EOnH . 2. dahm
(complicated) ,
50rH \l; ZI . \/R’2 + J R f 2ohm
(0]
40nH X > 1.6ohm
!
2 _r.X =JRE+i-2:R’ 1 (Ry/)
30rH I,exact 0 2 ] (X) e
I Excellent compromise, 3
20rH LUy | lu Si mplel 0.8k
T _ 0
X=(1-j—==0-]),|=>-f
10nH 5 RO 0. 4ckm
3
e ¢ i fobm - -
Start = 0.001 kHz Log Frequency Sweep Stop =1000 MHz {54
= ¥ Ex FealZ [ Joh Peal2 Johnson, ,High Speed Signal Propagation®, Prentice Hall, 2011 _ Continuous_|
|5F-1AM_E|AD]_C|)|%@218 ~| MEx L- v Joh L— [ asy L- Single Gweep |
A




Now we know all individual Effects!

« Capacitance

« Resistance

 |nductance

[ — Effect in Cable? ]
Hochschule Ulm
D

HAM RADIO 2018 y



Some RF Transmission Line Theory:

Infinitely short Line with Length dx

A, rrax rrac I+al
L & 5
U Gr.dxl:] = C"dx lﬂ +dU A
o—+—— B
Tx x+ﬂxT
http://www.Intwww.de/Lineare_zeitinvariante_Systeme/Seite2433.html
L* = Inductance per Length [H/m] AU (x) =—(R'+ joL")- 1 (X)
R* = Wire Resistance per Length [QQ/m] dx
C* = Capacitance per Length [F/m] di(x) _ Gt iCh-Ulx
G’ = Isolator Conductance per Length [S/m] dx ( Jl)-U(x)

Technik
Informatik & Medien

Hochschule UIm
&(r
Z- and S-Matrix J))‘\

of Line

mit y =./(R'+ joL")(G'+ jaC")

R'+ jowlL'
Z, = _
G'+ JoC'

= U (X) =a-cosh(yX)+Db-sinh(yx)

35




Useful Results:

High Frequency Limit (i.e. w is large)

R‘and G’ may be neglected with respect to wC and wL":

y=yjoL' joC' = joJL'-C' = 1

cCVF

- D
] Aisoin | L'
C,-VF this limit: C'

Z = const
J

Thus, L*and C’ can be expressed by Z; and VF:

cLnl
Informatik & Medien

|/ = Z|_ C' = 1 Hojc.:or-:l;chule Ulm
— -_— ((' \Q:S ty O;“
CO .VF ZL . CO .VF é (P‘ Applied Sciences
J)W

HAM RADIO 2018



L and C"may be computed from Z, and VF!

Example RG38: Z, =500
VF =0,66
(- )
JR 18 —10122 v
Z -C,-VF 50Q-3-10°m/s-0,66 m
U J
Z 500  nH
L'=——L = . =|253—| high freq. limit! v
Co ‘VF 3-10 In/S-O,66 m — .
- o Hochschule Ulm |
U
I

HAM RADIO 2018



High frequengy limit:

L':ﬂlnﬁ ; L' 600 : \ \
SRR Z = = -In L & ‘
o ma Ve =z j 4

In(r, /1) - Y,

/

Voltage drop on outer and inner conductor: Voltage divider
R'+R, Un+l/r, 1 r/r+l

Z, In(r,/r) () In(r/r)
Thicker cables have — v /
lower loss! attenuation function

AU ~

Line impedance and attenuation function only depend on r,/r, radius ratio!

HAM RADIO 2018 38



This is why 50Q: Minimum Loss!

attenuation function ZL/Ohm
4.4- —30
422 Lowest loss for I

] r,/r;=3.59 L

] ) —60
4.0— ! 0> 51.3Q fiir £=2.25 |
3.8— F

i —40
3.6 I
3.4 ] | | | | | | | II | | | | | | | | | | | 20

2 3 4 5 6

radius ratio r.,/r,

HAM RADIO 2018 39




Model Summary

R'+ joL' =R+ j-2RZ, - f + joL!
G'+ jaC'=G+ f -Gl + j-w-C|

7 =R+ joL')(G'+ joC")

/R'+ joL'
Z = _
G'+ JaC'

Technik

U h I 1 I Informatik & Medien
(Ulj - IZI(L ) (COS 1(7/ ) h( I)](Ilj Hochschule Ulm
Sln 7/ COS }/ University of
2 ] 2 g&’&_((rﬂ Applied Sciences

\ P>

Y

Z-matrix , may be converted to S-matrix

HAM RADIO 2018 40



Conversion to S-Matrix

R T
S)) = X Sy = X
2, =Z2,/Z, with Z,=reference impedance,i.e. 50Q
A=e" (22 +2z, +1)-2,>+2z, -1
R = (ZL2 ~1)- (ezyl ~1) Hochs&c(h(ule tJIm
)N

HAM RADIO 2018 41



Special Case Example Z, =Z, i.e. z,=1

Z :ZL/ZO =1

A=e”-(z2+2z, +1)-2+2z, —-1=¢e"" -4
R=(z>-1)-("" -1)=0

T=4z¢" =4-¢"

R T 4"
:>S”:X:O S21:X:4627|:e}/|
N
e matched * |oss

HAM RADIO 2018 42



Useful Equation to calculate Line Impedance

from measured S,-j

5 _5 S 2—S,2+1+2S,
- " \S.2-S,2+1-2S,

Z, = reference impedance (i.g. 50Q)

D

N

What do we do now
with all that math?

Informatik & Medien

Hochschule Ulm
"IN
)
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Zplots-Software by Dan Maguire AC6LA:

Transmission Line Theory and Modell built-in.

E= Microsoft Excel - Zplots, xls o)
4] B Edt Vew [met Fomat Toos [sta Window Hep bk bl |
D4 o

-

_Losdpata | mmmmﬂﬂ- Manfis Tiles | Legend | Copy | oF | Prirk Preview | Dots Orjcet | re weight | | Gererstepata | A

Lafe WI_E-\ . i T )
I E u Rs & Xs ws Frequeney Bk |5 i
Aegt 5200 — 202,23
(1] M2
300 S0
[ ]
| 1 i
1 ,_,.r"'.-'f | ‘\._",.-"'F.r |
f"-"'\-_- |
‘,’ Freaqe 13950 ] U [Freqe 21400 I
200 Hewm 108 owm  1as 150
: Rs: 844 \ / : Rz .78
p Xe: 1422 / Xs: 1530 -
= 150 : Imnag: 9102 : L 3:.~Iﬂ|— 100 = o
| | Theta: -22.08 | |Theta 2748 B Sy - o
| |Rho: 3278 i |PRer 0302 b o
100 {RL: .63 j— PL: SE2L sy Data currently loaded is from
\dl._- Phase: 32,53 |IF : Phase: 134,85 20_15_TrapDipole.csv
i i Modified; 1102006 5:57:38 PM
50 . ‘:/_\ 20
]
! L — | | Save as 51P_|
o -250
13 14 15 % 17 18 14 20 2 2 Pe) ":;'””“‘:f ;‘;T;f::
Frequency (MHz) Zoom M1 ko M2 ML. chart o change marker.
Luft]. Click mew point or use ik M Lise bhe Snapabots holion
I npml to @it oisplay of
ot press ESC 1o remove TV ettt D g8 V08

l Warker1 13950 198 Eu 34 n 22 91 0z -zz08] 03379] -968] -3253] B Text onsoeen
B Marker? 31100 1.99 29.79 15.30 3349] 2718 03302] -963] 134.65] B Test onsoeen
Dt MW 7.150 0.01 -54 56 49 53 -57.53 48.27] 00024 .06 167.37
Lise faft mouse buttan (or spinned) 80 move Markerd, nght maouse bution (or spinner) to move Marker2. .
-
M o4 ¢ ¥ Dats ' Custom / Smit / |« » | 44

Macker(z) in uss




Analysis of RG58 C/U using ZPlots

D4 - i Jr v
Load Data | Refresh | (] Emﬂe Main/Axis Titles | Legend | Copy | GIF | Print Preview | Dots On/Off | Line Weight Generate Data | |~
Polling
é Left Right )
VF | o B VF & |Zo| vs Frequency L = IIZOI -]
— Max 0,6545 — ax 62,044
0.7 70 TL Parameters Mode
7 To return to normal
0.6 60 mode with Smith chart and
all buttons, load a standard
data file or click this text box
05 %WWM 50
to load a dummy file.
0.4 40
w —
* Ime t and deduced model ¢
N easyrement an educe oael |
Data currently loaded is from:
0.2 20 $TL Parms Measured$.csv
[RG58.52P]
0,1 10
0 0 :
0 20 40 &0 80 100 120 140 160 180 200 Parms derived from measurements:
Zo(nom.): 49,98 KO: 0,103567
| _Set/Lock Scales | Frequency (MHz) Snapshots | JBI\/F(nom ) 06571  K1: 0424256
[~ Reference Lines VF (left scale) Len(m): 18,3 K2: 0,004957

Left 1 Right 1 M To see frequency and data values
| giEd] Tf?:t'rfs| first click the chart border then
Left 2 I Right 2 | hover mouse over any plot point.

|Zo]| (right scale)

Activate Marker by clicking on primary or secondary (if any) trace with left mouse button. m O d e I p a ra m ete rr‘
4 » | Data | Custom @ i |4 »




Model Parameter from ZPlots

Zo(nom.): 49 98 «line Impedance (RF limit)
VF(nom.): 0,657 1« velocity faktor (RF limit)

Len(m): 18,3 «<length
R! =k, - X- Z,(nom) _ 39,104 152
m
Rain =K, * X< Z,(nom) =0.16019 me)
1000+ Hz m~/ Hz
6
ok 949040102
Z,(nom)-Hz m- Hz
using X= 2-In(10) =7.5544-10_3i
100 ft - 20 m

HAM RADIO 2018

KO: 0,103567
K1: 0,424256
{HE: 0,004957

VNWA can
simulate
this...

46



VNWA Virtual =

Demo Device

Setup
[H Instrument related Setup X
. _ B Setup
General Settings |
|
simulated DUIT ITranamissiDn line two par) hd
Length 18.3 m [
nom. Characteristic Impedance 49,94 Cihim Zo(nom)
velocity Factar 06571 VF (nom)
dc Hesistance R(’) 0.034104 Cthimym
Skin Resistance s'kin 0.000160149 Ohrnfm sgrtiHz) jule Ulm
dI:.-"l"-.drT'liﬁEtr'lI:E G / |:| S,l'lm ()\A Applied Sciences
O Q
Dielectric Loss Admittance GIIDO 0.74924E-12| =im Hz D 4




Parameter Extraktion and Model works fine!

v \S,; 0,5dB/  measurement (Mem*) here cable not ideal,
05dBY VS. but match > 30dB, SO F
N simulation (Sij) v no practical problem

o [\S,, 5dB

ﬁ il ¥ “ﬁy‘ ﬁ"'

I |
. \

|

Ty

g Coe | = e ey j e e e
Gruppenlaufzeit (S,,) 2ns/ Stop 200 M g5
’ [v teml dB [V 521 dB [v Mem?2 dB Cantinuous

|511 L| =}||P|Dt‘| ﬂ [v Meml Delay [V 521 Delay [V 511 dB Single Sweep

A



So far so good 1777

Hochschule Ulm
t&’&—((% Applied Sciences
IHY

HAM RADIO 2018 .



The Twin-Lead actually is a 4-Port Device...

Port 1 ‘

Port 2

Port 1< ~Port2

/ Hochschule Ulm

HAM RADIO 2018



Scattering Parameters do possess

Symmetries
cable mirror symmetric w.r.t. half length = 822 = 811
cable reciprocal device — S21 = 812

I:> just two independent S-parameters S,, and S,
IZ:) can be determined with two reflection measurements I',, ', using
two different cable terminations (x, y e.g. Short, Load)
s - LySehs,
(I,-T,)-S,:S,+S, -8,

J@T=T,)(8,=S,)-([,-S,-1)-(T, -S,-1)
(T, -T,)-S,-S,+S,-S,

Joys

S, =%

with S,,S, reflection coefficient termination x or y

X2y

-

I' .I". reflection coefficient cable with -
x>ty =)
termination x or y \/))W

HAM RADIO 2018 51



How to measure a balanced Load using a

single-ended VNA?

via 2-port measurement! Port 10—
L=L,+L,,-L, -1,

s

measured Z-Matrix elements H‘“

If both ports are identical:

VA :2'(211 _221)

Port 20—
can be computed from measured
S;with VNWA custom functions Hochschule Ulm
S dmors dm sym
- _am_sy. g(a
TN
N
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6,2m Twin-Lead from g 5 s53 450 o

2-Port Measurement

1: 100.0MHz -0.54dB 0.92-i0.19 -10.16dB 0.16-i 0.73 0.81-i 0.04 1
2EFefh

108/ _ Y 0de
10dB/ o e
Sy Y l N

==

[ symmetric
load of 470Q

W Z 7 Z L :

Marking says 450Q)
Measurement 380Q)

S,, renormalized
to 380Q ——

Interference caused
by unsymmetric
operation

Start = 0.03 MHz Center = 50.015 MHz Fen. Reflect Data: Stop = 100 MHz
N Span = 0.09997 GHz Z0= 380.0Chm+ 0.0 0Ohm
[ ell dB [v e21 dB [ Ld Smith Continuous
[cuse w| = ||522 ~| ¥ &1 Smith [+ el1 Smith ren. I Aad AL Single Sweep
— oau Ui Y

[Trace 5/ Marker 1: 100.0MHz 0.81-10.04 => Z = 444.97- 108.63 Ohm = 471.50 Ohm || 824.09 fF <+




Better: Reflection Measurement using

BALUN and symmetric Calibration

Symmetric SOL-Standards
must have been
characterized beforehand
via 2-port measurements!

alRat e H

2 g
~ E
% b
\ . - —_

Symmetric
Short standard

calibration plane
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Simulation Model identical with Coax Model!

<Feff
BdB/ 0dB
BdB/ b
EdB/ -
EdB/

measurement | .
VS.
simulation

VNWA optimizer:

Yariahle Alias Feal Walue Delta Optimize

xl= RO = | 9.202397577933E-002 [1.0E-003 [v Sa|eS Brochure:

x2= GO = | 0.000000000OOOE -0 [1.0E-003 -

3= |Geo - [1.048915732899E-013 [1.0E-014 v ,,TW|n-Lead" ... 450 Ohm

= [ - | 8.871496985375E-001 [1.0E-003 v VF—O y 887 Version’ b|ack, UV_resistant,

5 = |zn_ - |3.822690?089?DE+DDZ |1.DE—DEI1 [ Z _3SZQ . _ “

b= | = | 6. 200000000000E +000 [1.0E-004 i L~ '” VGlOCIty faktor v/c 0’905 o

Start= 2 MHz Center = 51 MHz Stop =100 MHz
L Span = 98 MHz
[v 521 dB [+ c21 dB [+ 511 dB Continuous

|521 Ll =3 ||Mem1 Ll [¥ 511 Srith [* c11 Smith [« cll dB Single Sweep

#



Huge Collection of Cable Parameters:

TLDetails by Dan AC6LA

Transmission Line Details - v2.0.1 — |I:I|&
— Enterwalues directhy. ar click spinners. ar click and hald spinners.
Freq-*%F -Len-'W_L Conversions | Printl
1. Choose Transmission Line, Modify Farameters if Desired. T-Line Model
Type Nclm 70 MNam. WE Internal Warakles
|wireman 853 Lodider Line 7| 5 || 0wz [ oo777es = [ oo7ssez = [ 0000800 = F’i 273,089 rt
........ I r;-.rr.l-'I:I':I.E-I.L._I-ii-iE.rl_.irI'.El.... 448{229 nHI.llﬂ
Wweman L54 Ladder Line G 0,073 psi
Wireman 551 LL {ice/snow) [ 2854 pFit
YWireman 552 LL (ice/snow) ot p Fand x

Matched Loss  0.312 dB/00f
|—F"referred LInits

(" Atlnput

(
Wiireman 553 LL {ice/snow)
( @ AtLoad

Wireman B54 LL (ice/snow)
Generic 300 obm Tubular
Generic 450 ohm Windn:ulw

s L R K B~

® Feet  Meters

Length LInits l-ﬂ%th bdodulo 1/2 Wawelength 16833 & Input vwafts Flot
2 570,00 ° - Matched
100 = [Fest > = .
| - \n\ / 14 1o 11309 ns - Line Loss
A 4

V F . O 9 O 2 https://ac6la.com/tldetails.html
Z, =3950)

Hochschule Ulm

&(r
B = T —r sTRE_Ea J N
HAM RADIO 2018 FK | 2 553 450G GHr )

o6



Insertion Loss from simulated Impedance

Match to Z, = 38207

1: 100.0MHz ~ -0B4dBE -0.06-10.06  -0.23dE 0.00-10.00

matched measurement vs. matched model

0.1dB/

01dE/

measurements not perfect!

(1 Recalculate to new source and load conditio - |I:I| X
Part 1 Part 2
Fart 1 Impedance |332 I Ok ;I Port 2 Impedance |382 I Ohm ;I m Od e I %
e sibl] n FE s E ESEA reliable?
otart = 2 MHz Qenter =7571 MHZ Stop =100 kHz

measurement with BALUN, simulation with parameters from VNWA optimizer/ZPlots



2dBf

Alternate Method to obtain Insertion Loss

from Reflection Measurements (RG58)

<Fefd

2dB 6dBvs. 12dB
EdEl:: I ‘821‘ \/\/ open : short s
2dB/
[ et | €Xample RGS8 N
N oszillations in g m
Counter-phase = W) Wy
FShOFt -~ HHHHH'HHH*H | ' H"'] I
I 'j.g..
: il
VNWA 222 cable ] Open or Short i
————]
DOUbIe prOpagathn path 1: 200MHz -4.15dB -4.17dB -8.89dB -7.78dB
means double loss 2: 400MHz 6.11dB  6.16dB  -13.14dB  -11.50dB

Start = 0.03 MHz Center = 250.015 MHz Stop =500 MHz

S,, from transmission measurement
reflection coefficients I from reflection measurements (S,,)



Also works for Twin-Lead!

01de; ‘821
0.1dB/ 091 dB \/‘Fopen i Fshort simulation model
0.1dB/
0.1dB/
0.1dB/
3 /\ <Feff
0dB
~——\__7 i —— 1
FO en . .
PEN ™ oszillations '
F P counter-phase ‘ ‘
short measured
i i 1: 5.0MH -0.04dB -0.03dB -0.03dB -0.16dB -0.05dB
Model simulation not bad at all! 2: SD.DMsz -0.51dB -0.19dB -0.36dB -0.26dB -0.16dB
Start = 2 MHz Center = 51 MHz Stop =100 MHz
LS Span = 98 MHz
[v =21 dB [ teml dB [ Cusk dB Continuous

|521 L| =>||Mem1 L| [v kem3 dB [ Mem? dB Single Sweep

v




RF-Cables:

Our Achievements

A

-

Y
U4

-

* Underlying physics understood
 Realistic cable models for simulations

» Measurement methods for coaxial cables
* Measurement methods for twin-leads

* Analysis methods (Zplots, Optimizer)

Hochschule Ulm
N
D>
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Vielen Dank fur lhr Interesse!

I

Do | get this right? You tell your wife:
“Sorry dear, not tonight. | have a head-
ache” and then you can sit all night and
work with your Vector Network Analyzerl?! &

Py

N-Lab.

RF Geeks go to OMICRO



