More on Transmission Lines and SWR — Part V
By Don Steinbach, AEGPM

The first four articles in this series were des@jteprovide some background definitions
and equations as they apply specifically to trassiman lines and SWR. There aren’t any
scientific breakthroughs there — it's all basedrdarmation that’s been around for years.
The remainder of this series will focus on applyinig information to real world
situations.

Practical Consider ations

The effort expended working on an antenna tryingriee the SWR down could often be
better spent just making contacts instead. Bearimal that a 1 dB change in signal level
is, by definition, the minimum perceptible change -ether words, the smallest change
that your ear can detect. Your receiver S-metdesgned so that a 6 dB change is one
S-unit (more or less) or a 4x change in power, 3aB increase or decrease (2x in signal
power) is one-half of one S-unit. That’s not ty #aat an extra dB or two wouldn’t help
to snag that rare station, but let reality and comisense be your guide.

The total loss in dB for a mismatched transmis$iiomis:
TMLL = 10 log [(& - p*) / (@(14]))]
Where:

a=10"° = 10 ~ (ML/10)

Ip] = (SWR - 1)/(SWR + 1)

TMLL = Total mismatched line loss

ML = Matched-line loss of the transmission linedid

SWR = SWR at the load (antenna)

(Ref: ARRL Handbook for Radio Communications, 8Bttition, page 20.5)

The additional transmission line loss for variousteched-line loss and SWR at the
antenna is shown in Table 1. The format is theesasTable 1 in Part 4, so the two can
be used together to relate matched-line loss, SWkeaantenna, SWR at the transmitter,
and additional transmission line loss. Addingrieched-line loss to the additional
transmission line loss in Table 1 below yieldstthtal transmission line loss. For
example, if the matched-line loss is 2 dB and &St the antenna is 4, the additional
line loss due to SWR is 1.27 dB and the total trassion line loss is 3.27 dB. Looking
back at Table 1 in Part 4, the same 2 dB matchmelidiss and SWR at the antenna of 4
shows a SWR of 2.22 at the transmitter. Finakyoan see all of the effects of loss in
the transmission line.

Table 1 — Additional transmission line loss forisas matched-line loss and SWR at the
antenna.



Matched -Line Loss
05d8 | 1dB | 2dB | 3dB | 4dB | 5dB | 6dB
SWR at

Antenna Additional Line Loss Due to SWR
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1.5 0.04 0.07 0.11 0.13 0.15 0.16 0.17
2 0.11 0.20 0.32 0.39 0.43 0.46 0.48
2.5 0.20 0.35 0.55 0.68 0.75 0.80 0.83
3 0.29 0.50 0.79 0.97 1.07 1.14 1.18
4 0.48 0.82 1.27 1.53 1.68 1.78 1.84
5 0.66 1.12 1.71 2.04 2.24 2.36 2.43
6 0.84 1.41 2.11 2.50 2.73 2.87 2.95
7 1.02 1.69 2.49 2.93 3.18 3.34 3.43
8 1.19 1.95 2.84 3.32 3.60 3.76 3.86
9 1.35 2.19 3.16 3.68 3.97 4.15 4.26
10 1.51 2.42 3.46 4.01 4.32 4,51 4.62

Sanity Check

SWR readings can be counterintuitive. Considectse of a ground-mounted ¥%-wave
vertical antenna. Here a 50-ohm SWR of 1 isn’iessarily a good thing. You start with
the vertical radiator and add a few radials andékd point impedance is about 50 ohms
and the SWR is 1. Allis well, or is it? You kndlat as you add more radials the effect
of the lossy ground under the antenna is redubedaritenna efficiency is improved and
the take-off angle becomes lower — all good thingat, as you add more radials, the
SWR increases until with 120 radials the SWR isualiod because the feed-point
impedance is now about 35 ohms instead of 50 olsrtiseaantenna configuration
approaches its theoretical best (over an infiniteigd plane). In this instance, the lowest
SWR occurred with the worst-case ground systemusectne 15-ohm loss in the ground
system when added to the 35-ohm radiation resistahthe antenna makes the total
feed-point impedance 50 ohms, but 30% of the trétempower was wasted on the
earthworms.

Similarily, the feed point impedance of a half-walipole antenna varies with its height
above ground and its proximity to other conductdtsanges from a low of about 10
ohms (over a perfectly conducting ground) or 45 slfaver average real earth) to a
maximum of nearly 100 ohms (Ref: ARRL HandbookRadio Communications, 88th
Edition, page 21.3). So, a SWR of 2 referred t@bs for a half-wave dipole is within
normal bounds.

Extremely short antennas, compared to the wavdengch as car antennas for HF
mobile can have very low radiation resistance henarder of a few ohms, so the SWR
referenced to 50 ohms and measured at the anteadadint will be very high (maybe
10 to 50 or more) and if it isn’t, there is reasomelieve that there is a large loss
somewhere in the system, probably in the grounk. pat



It's always best to know what you're trying to mesesand what to expect in order to
avoid reaching erroneous conclusions.

SWR Facts

There are misconceptions about the effects of stgiwdaves on the transmission line.
Here are some facts:

1. High SWR doesn’t cause interference to othestedaic devices because SWR by
itself doesn’t generate new signals.

2. High SWR doesn’t cause the transmission linadate.

3. High SWR doesn’t cause RF in the shack.

4. High SWR can result in component damage caugéatde voltages or currents.

5. High SWR isn’t necessarily bad if loss in thengmission line isn’t eating up your
power.

6. A SWR of 2:1 at the antenna can be cause farezaron VHF and UHF because of
the typically high transmission line loss at th&sguencies.

7. A SWR of over 3:1 at the antenna on HF is uguadt a cause for concern if quality
coax 100 feet or less in length is used, sincerimsmission line loss is usually low.
8. A SWR of 100:1 or more at the antenna on HFsislly not a cause for concern if
open-wire transmission line is used because tleifothe transmission line is so low.
There may be high voltages present, however.

9. SWR is a measure of reflected power, not logtquo

10. SWR can be measured with simple equipmentydasilt by the average person.
11. Most solid-state transceivers will begin redgdheir output power when the SWR
exceeds 2:1.

12. Most automatic antenna tuners can only accoratealimited range of SWR due to
practical voltage and current limitations.

13. Reflections, the very nature of standing wagen,adversely affect signal quality
since the receiver will receive the same signatipiel times at ever decreasing
amplitudes. This could be an issue with some digitades, causing intersymbol
interference.

The SWR Meter

Since you've read many words about SWR to thistpsome insight into how to
measure SWR is in order. SWR meters are oftenaesmap meets priced at $10 to
$25. Older manufacturers include Heath, KnightaBwWEF Johnson, Calrad and
RadioShack. See Fig. 1 for some examples. You lsarbaild your own.



Yaesu YS-500

Swan SWR-14

Micronta 21-5204 Heathkit HW2140A

Heathkit Ahd-2

Fig.1. Typical SWR Meters Found at Swap Meetsckilase from left, the Heathkit
AM-2, Swan SWR-1A Yaesu YS-500, Heathkit HM2140Aldhe Micronta 21-520A.

The basic SWR meter consists of a sampling lina ¢alectional coupler) that provides a
sample of the forward and reflected power fromrttzen transmission line. That and a rf
wattmeter to measure the sampled forward and teflgmower is all that you need. The
parts to build the directional coupler will onlysta couple of dollars. The only problem
with this approach is that the rf wattmeter will geu back a few hundred dollars. The
solution to the rf wattmeter issue is to conveet thpower measurement to a dc voltage
that can be measured with an inexpensive panermetemultimeter that you probably
already own. This takes two diodes, two resisaoid two capacitors for a total cost of
less than a dollar.

The sampling line (directional coupler) can be tartded several different ways: (1) two
parallel lines in a 3-sided trough approximatirgeation of coax cable, (2) a section of
coaxial cable with a small insulated wire threadader the cable shield, (3) stripline
constructed on a etched circuit board, and (4j@dal core — usually ferrite - with a few
turns of wire wound on it with the transmissiorelicenter conductor passing through it.
The latter is the simplest to build mechanicallg awidely used. See Figures 2A
through 2C for a view of some different constructioethods.



Fig. 2A. The Heathkit AM-2 uses a brass tube aerdaductor with two parallel
sampling lines in a u-shaped trough. See Fig. &@ischematic diagram.
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Fig. 2B. The Heathkit HM2140A uses a toroid wirglwith a single wire through the
center as a sampling circuit. See L101 in the @hbhe vertical white wire connects the
input and output coax connectors and the toroidlimo senses the forward and reflected
power.
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Elecraft CP1 Dual Directional Coupler

Fig. 2C. The Elecraft CP1 is a true directionalgleuwith sense windings for the
forward and reverse directions. This is availablkit form. See the “Transmission Line
Signal Sampling” article in the December 2009 SCBABRAM for information on the
design of the toroidal transformers.

A typical SWR meter circuit is shown in Figure Bhe SPDT switch selects the dc
voltage to the meter from the diodes connectetiédawo sampling lines, one for the
forward (incident) wave and the other for the retel wave. Some units use two meters,
eliminating the switch. The crossed-needle duaken@ent single meter approach is also
popular, although I find it difficult to read widny accuracy. Regardless of any
enhancements or bells and whistles, all SWR materbased on the concept in Fig. 3.
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Fig. 3. Schematic diagram of the Heathkit AM-2 SWiRter.

The Antenna Analyzer

The antenna analyzer is a useful instrument foragiterizing a transmission line. Many
purchasers of an analyzer use it simply to meaber&WR (at the transmitter) of an
antenna + transmission line system. This coultdgasvell be accomplished with a $15
flea-market SWR meter (or building one) and ushegéxisting transceiver as a signal
source. Many transceivers have SWR meters alteaittyin, so even the $15 could have
been saved. Admittedly, the handheld analyzeoimseniently portable and that’s
certainly one of the reasons that we do what we do.

On the up-side, the analyzer is ideally suiteddfming many other tasks, other than
simply reporting SWR, if one elects to read the n@nOne of those tasks is making
measurements to characterize a transmission linsdd§, which is the subject of the
remainder of this article.

Basically, all analyzers generate a rf waveforrhésent down the transmission line (the
incident wave). The returned signal (reflected &)as analyzed for amplitude and phase
as compared to the transmitted (incident) waveadinof the displayed parameters are
derived from this information. Simple enough impipal.

The major discriminators between the presentlylalvld analyzers have to do with their
immunity to strong extraneous signals in the presaf the desired (generated) signal
and the accuracy of their computational algorittamg the limitations of their rf
detectors. QST has published reviews and comperisbmost, if not all, of the
analyzers available to the hobbyist, but that'speot of this article. The more
sophisticated analyzers may also be able to ‘batklwe effects of the transmission line.
The importance of that was illustrated in Figuremndl 2 of Part 3 of this series.



The AIM4170 analyzer designed by W5BIG and sold\nay Solutions is used for the
examples in the remainder of this article. The AIMO is a small “black box” that
connects to a PC. The test specimen is a 20-fecemf RG8X coaxial cable with
factory-installed PL259 connectors on each end;haged at a DeAnza swap meet. The
analyzer can compute and display a multitude of sigecified parameters as shown in
Fig. 4.
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Fig. 4. A graphical display of some measured patars®f a coaxial cable as a function
of frequency. See the text.

Figure 4 is a plot of four parameters looking itite open end of my 20’ coax cable
terminated in a short circuit. The parameters are:

1. Zmag, the magnitude of the impedance (the greer).

2. Theta, the phase angle of the impedance (themtedrace).

3. Rho orp , the reflection coefficient (the red trace).

4. RL, return loss (the blue trace).

Note that the reflection coefficient (rho, the teste near the top of the graph) and the
return loss (the blue trace just below the horiabffl” axis) remain fairly constant since
they are relatively independent of frequency, hatease slightly as the frequency
increases. On the other hand, Zmag, the green aadeTheta (the magenta trace) are
very frequency-dependent. We'll look at those abtearistics in more detail shortly.
Note also how the plotted data repeats every halfelength A/2) as the frequency is
varied from 1 to 50 MHz.



Turning off all of the traces except for Zmag arieed and re-plotting for 1 to 20 MHz
results in the impedance-only plots in Fig. 5 (vl far end of the cable short-circuited)
and Fig. 6 (with the far end of the cable opentstexl). In both cases the lowest
frequency where the phase angle (Theta) is zeh®ifrequency where the transmission
line is ¥2 wavelength long44) and the next higher frequency where the phagkeas

zero is the frequency where the line is %2 waveletgig (/2). The impedance (Zmag)
continually changes with frequency, repeating argi/2 frequency.

The input impedance of the cable repeats the tatmip (load) impedance at every2
frequency, and the inverse of the terminating inapee at every/4 frequency.

The cable appears inductive if the phase anglesgive, as it is below 8.97 MHz in Fig.
5, and capacitive if the phase angle is negativeiasrom 8.97 MHz to 17.96 MHz in
the Figure. At 8.97 MHz the phase angle is zedicating a resonant condition (since
inductive and capacitive reactances cancel) anchtgnitude of the impedance (Zmag)
is a maximum, which would be infinite if not limddoy shunt impedances in the cable
and the connectors. The high value of Zmag indg#iat this a parallel-resonant circuit
and that it is electricallj/4 long since the measured impedance (very higineisnverse
of the load impedance (a short circuit).

At 17.96 MHz, the cable is an electrical half-wargjth long and repeats the impedance
seen at its far end, which is a short circuit ogpzghms. At this frequency the cable is
again a resonant circuit (since inductive and cipaaeactances cancel), but series-
resonant this time as evidenced by its low (nesr)Zenpedance in series with the load.
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Fig. 5. Expanded view (1 to 20 MHz) of coax caldegmeters when terminated in a
short circuit.
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Fig. 6. Expanded view (1 to 20 MHz) of coax caldegmeters when terminated in an
open circuit.

In Fig. 5, where the line is terminated in a shintuit, we observed that thé4

frequency is 8.97 MHz. Likewise, in Fig. 6 whehe tine is terminated in an open
circuit, thed/4 frequency is 8.95 MHz. It's much easier to deiae these frequencies
by finding where the phase angle passes throughtkan it is to find the minimum or
maximum impedance value (Zmag). The differencevben the short- and open-circuit
readings is probably due to some reactance iretin@nations — possibly slightly
inductive in the short circuit and slightly capaetin the open circuit — and the fact that
the analyzer algorithm interpolates between dati@tp@l0 kHz in this case). Averaging
the two readings yields 8.97 Mhz.

The analysis of Fig. 6 is the same as for Fig.&epkthat the far end is terminated in an
open circuit instead of a short circuit. Table thawarizes the results of our analysis of
the plots in Figs. 5 and 6.

Table 2 - Summary of open- and shorted-circuitaddmission line characteristics.

Transmission Line Length Short-Circuited Line Open-Circuited Line
(Fig. 5) (Fig. 6)

Less thai/4 Inductive Capacitive

M4 Parallel resonant Series resonant

Between\/4 and\/2 Capacitive Inductive

M2 Series resonant Parallel resonant

Short sections (stubs) of transmission lines candeel as capacitors or inductors in
impedance matching networks, and as traps at tlesgesonant frequencies. Looking
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at Fig. 6, for example, that piece of coax “hanyioifj of your main transmission line (as
with a T connector) would act as a trap at 8.95 N odd multiples thereof) where
it's almost a short-circuit, but have no effectwaice those frequencies where it's almost
an open circuit. Obviously those frequencies dbatte any application in the ham
bands, but changing the length of this “stub” raite series-resonant frequency if
shortened and lowers it if lengthened. Also, fgneen series-resonant frequency, a
short-circuited stub needs to be about half as &gn open-circuited stub. My
experience based on this 20’ test specimen idhleat is no difference whether the coax
cable stub is coiled up or stretched out in agittdine.

Char acterizing the Coax Cable

Given a length of coax cable of unknown ancesthatwean we learn about it? If the
manufacturer and part number are still visible,cae probably find out enough by
visiting the manufacturers’ web site. If the caislenidentifiable we can still find out all
we need to know: specifically (1) the charactesigstipedance, (2) the velocity factor and
(3) the loss.

We sometimes need to know the velocity factor giemater accuracy even if the cable is
identifiable, especially if the coax will be usexlaastub for impedance matching or
filtering. The velocity factor can vary considesafsom the published value, and also
within the same roll of coax. We also might wamkhow the cable loss around some
particular frequency. The published charactessticsome typical transmission lines are
shown in Tables 3 and 4.

Table 3 — Nominal Velocity Factors for Common Trawssion Lines (ref: ARRL
Handbook for Radio Communications,"8Bdition, page 22.48)

Transmission Line Typg Velocity Factor Description

None (vacuum) 1.00 No dielectric loss, no coppss lo

600 ohm open wire 0.95-0.99 #12 bare copper, Viesavith
spacer material

450 ohm twinlead 0.91 WM CQ 553 (#18 flex)

300 ohm twinlead 0.80 Belden 8225 (#20 flex)

Coax, foam dielectric 0.83 RG-8 Belden 9913F

Coax, foam dielectric 0.82 RG-8X Belden 9258

Coax, solid dielectric 0.66 RG-58A Belden 8259

Coax, solid dielectric 0.66 RG-213 Belden 8267

Table 4 — Nominal Matched Loss for Common Transimiskines at 10 MHz, 100 MHz
and 1000 MHz (ref: ARRL Handbook for Radio Commuatiicns, 88 Edition, page
22.48)

Transmission Line Matched Loss (dB/1007)
Type 10M | 100M | 1000M Description

None (vacuum) N/A N/A N/A No dielectric loss, nopger loss
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600 ohm open wire 0.06 0.2 Not | #12 bare copper, VF varies with
used | spacer material

450 ohm twinlead 0.2 0.7 2.9 WM CQ 553 (#18 flex)

300 ohm twinlead 0.2 1.1 4.8 Belden 8225 (#20 flex)

Coax, foam dielectric 0.6 1.5 4.8 RG-8 Belden 9913F

Coax, foam dielectric 0.9 3.2 11.2 RG-8X Belden®25

Coax, solid dielectric 15 54 22.8 RG-58A Beld&®»8

Coax, solid dielectric 0.6 2.1 8.0 RG-213 Beldef®B2

Char acterizing the Coax Cable: Characteristic | mpedance

The simplest method is to terminate the transmislie with a known resistance and
measure the SWR over a wide range of frequencigs &to 30 MHz).

SWR = Zo/R or R/Zo
Note: The smaller quantity is always used in theodenator so the SWR will be greater
than or equal to 1.

Z0 =R x SWR or R/ISWR
Where:

R = the resistance of the termination
Zo = the characteristic impedance of the transiiskne

Characterizing the Coax Cable: Veocity Factor

The physical length of a transmission line is kss the electrical length because the
electromagnetic wave travels slower through théectitan in free space. With the far
end of the line open-circuited, vary the frequeotthe analyzer until the lowest
frequency at which the phase angle is zero is fodrtds will be the frequency at which
the line is 1/4-wavelength long. Repeat the meamsant with the line short-circuited and
average the two. For the 20’ piece of RG8X in trigcle, we measured 8.95 MHz and
8.97 MHz respectively for an average of 8.96 MiAn electrical wave in free space
travels at 983,569,082 ft/sec.

The wavelength in a physical transmission line bezsi
A = (983.6/f)VF

where:

A = wavelength in feet

f = frequency in MHz
VF = velocity factor
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For our 20’ cable with a/4 frequency of 8.96 MHz
VF =20 x (8.97 x 4)/983.6 = 0.73

Characterizing the Coax Cable: L oss

The simplest method is to use an analyzer to medBarreturn loss (RL) with the far
end of the line open-circuited and again with @reeind short-circuited at the frequency
of interest. Add the two values obtained and diag 2 to obtain the average value of
the RL

The transmission line loss in dB = RL/2 (assumhegdnalyzer reports the RL as the
total measured loss in dB from the analyzer ta¢hmination and back).

A second method is to measure the SWR at the fregus interest.
The transmission line loss in dB = 10 log [(SWR)ASWR — 1)].

A third method, described on page 6 of the Autekdech Instructions for the Vector
RX Antenna Analyst Model VAL, is to either openetiit or short-circuit the
transmission line and find the minimum Zmag neattesfrequency of interest.

The transmission line loss (matched line losshait frequency is:

ML (dB) = 8.69 x minimum Zmag / Transmission lingacacteristic impedance.
TheEnd

This concludes this series of articles. If youdhany comments, corrections or
guestions, feel free to contact meaabpm@arrl.nedr send them to the Editor (Gary,
WBG6YRU) for publication. The original Word versiah these articles can be
downloaded froninttp://ae6pm.com/SCCARA-GRAM_Articles/There is an underscore
between SCCARA-GRAM and Atrticles.

Don — AEGPM
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