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THE AMERICAN RADIO
RELAY LEAGUE
The American Radio Relay League, Inc, is a
noncommercial association of radio amateurs,
organized for the promotion of interests in Amateur
Radio communication and experimentation, for
the establishment of networks to provide
communications in the event of disasters or other
emergencies, for the advancement of radio art
and of the public welfare, for the representation
of the radio amateur in legislative matters, and
for the maintenance of fraternalism and a high
standard of conduct .

ARRL is an incorporated association without
capital stock chartered under the laws of the
state of Connecticut, and is an exempt organiza-
tion under Section 501 (c)(3) of the Internal
Revenue Code of 1986 . Its affairs are governed
by a Board of Directors, whose voting members
are elected every two years by the general
membership . The officers are elected or
appointed by the Directors . The League is
noncommercial, and no one who could gain
financially from the shaping of its affairs is
eligible for membership on its Board .

"Of, by, and for the radio amateur, "ARRL
numbers within its ranks the vast majority of
active amateurs in the nation and has a proud
history of achievement as the standard-bearer in
amateur affairs .

A bona fide interest in Amateur Radio is the
only essential qualification of membership ; an
Amateur Radio license is not a prerequisite,
although full voting membership is granted only
to licensed amateurs in the US .

Membership inquiries and general corres-
pondence should be addressed to the
administrative headquarters at 225 Main Street,
Newington, CT 06111 USA .

Telephone : 860-594-0200
Telex : 650215-5052 MCI
MCIMAIL (electronic mail system) ID : 215-5052
FAX : 860-594-0259 (24-hour direct line)

Officers
President: RODNEY STAFFORD, KB6ZV

5155 Shadow Estates, San Jose, CA 95135

Executive Vice President: DAVID SUMNER, K1ZZ

Purpose of OEX :
1) provide a medium for the exchange of ideas

and information between Amateur Radio
experimenters

2) document advanced technical work in the
Amateur Radio field

3) support efforts to advance the state of the
Amateur Radio art

All correspondence concerning QEX should be
addressed to the American Radio Relay League,
225 Main Street, Newington, CT 06111 USA .
Envelopes containing manuscripts and corre-
spondence for publication in QEX should be
marked : Editor, QEX.

Both theoretical and practical technical articles
are welcomed . Manuscripts should be typed and
doubled spaced . Please use the standard ARRL
abbreviations found in recent editions of The
ARRL Handbook . Photos should be glossy, black
and white positive prints of good definition and
contrast, and should be the same size or larger
than the size that is to appear in QEX .

Any opinions expressed in QEX are those of
the authors, not necessarily those of the editor or
the League . While we attempt to ensure that all
articles are technically valid, authors are
expected to defend their own material . Products
mentioned in the text are included for your
information ; no endorsement is implied . The
information is believed to be correct, but readers
are cautioned to verify availability of the product
before sending money to the vendor .
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Empirically Speaking
Even Paranoids Have Enemies

Recently, we at ARRL established a
form-based interface on our Web
server that allows you to join ARRL
or renew your membership via the
World Wide Web . (It's at http :
//www .arrl .org/forms/member_
general.html, in case you've been
putting off that renewal .) One of the
issues we had to resolve was whether
we could usefully do that without hav-
ing a Web server capable of secure
transfers, seeing as how we wanted to
accept credit-card numbers via the
form. In the end, we decided to go
ahead with the form, offering the user
the option of supplying a credit-card
number or supplying a telephone num-
ber that we could use to call back to get
the credit-card information .
We had no idea whether most

people would be willing to have their
credit-card information transmitted
unencrypted across the Internet .
Interestingly, it turns out that most
people are willing to do so .
This really makes perfect sense .

While it is possible under the right
circumstances for a third party to in-
tercept information of that sort, it
isn't common . To put the risk in per-
spective, we note that the local news
here in Connecticut recently reported
that a number of credit-card transac-
tion slips were found in a dumpster
behind a local business. Anyone care
to speculate on how often that hap-
pens compared to interception of
unencrypted credit-card numbers on
the Internet?

Even so, there are plenty of people
who report that they will never send
their credit-card information via
unencrypted Internet transfers . It's
hard to avoid thinking that the con-
cern about this subject is largely a
result of media frenzy . A lot of
articles have appeared in the general
media about Internet security, and
some have been worthy of appearance
in the weekly supermarket tabloids .
Still, from the perspective of an orga-
nization wishing to provide credit-
card ordering of services, it's not
what we think that matters, it's what
the users think .

So, we'll soon be running a secure
Web server at ARRL HQ. There are
enough people who want to see it

done that way to make it worth the
doing, so we will . It's a funny place,
the Web .

CyberHam Caters to
the Computerized Ham
We recently saw the premiere issue

of CyberHam magazine, published by
Harlan Technologies, 5931 Alma
Drive, Rockford, IL 61108 ( gharlan@
cris .com) . CyberHam promises to com-
bine computers and Amateur Radio .
The initial issue includes articles cov-
ering aspects of Amateur Radio and
the Internet and Compuserve, Linux,
packet radio, satellites and other top-
ics . Publisher Gene Harlan promises
great things to come ; we'll be watch-
ing with interest!

This Month in QEX
It's one thing to toss a chunk of coax

between your transmitter and an-
tenna and get the watts where you
want them to go . It's quite another to
actually understand how that hap-
pens and to apply that understanding
to more critical applications . The lat-
ter approach can be helped by "Com-
puter Modeling of Coax Cable
Circuits," as described by William E .
Sabin, WOIYH .

Packet voice : it's an idea that has
been discussed and dreamed about for
quite a while . If you'd like to experi-
mentt with a simple, inexpensive
project, try "A Packet Voice Communi-
cation System," by Dirench Dogruoz,
Carlos Lopez, Harvind Samra,
KBOPRP, and Brett Weldy .
You've seen those HF mobile anten-

nas with the big capacitance hats atop
them. Maybe you've even built one or
two . But did you ever try to design an
antenna using one? If so, you probably
performed a lot of cut-and-try . An-
drew S . Griffith, W4ULD, can help
you reduce the cut-and-try in "Capaci-
tance Hats for HF Mobile Antennas ."
Peter Traneus Anderson, KC1HR,

keeps finding better analog-to-digital
converters to use with his direct-
digital-conversion receiver . Catch the
latest in "A Better and Simpler A/D
for the DDC-Based Receiver ."

Lastly, we provide a list of 1996
conference proceedinmgs available
through ARRL.-KE3Z, email: jbloom
ra arrl . org .



Computer Modeling of
Coax Cable Circuits

Why fool around with approximations and guesses? You
can know exactly what's happening on your coaxial cable .

T his article will try to bring
under one roof the information
that is needed to understand the

behavior of, and calculate the perfor-
mance of, ordinary types of coax cable
that we commonly use in amateur-
radio work. It's been my experience that
this information resides in bits and
pieces in numerous articles, handbooks
and textbooks, but is somewhat tedious
and confusing to pull together into a
clear and simple overview that's easy to
use to understand and design RF sys-
tems. The approach is to put you in di-
rect contact with mathematical formu-
las that can be easily evaluated on a
personal computer, for example in a
Mathcad worksheet . I The results of the
'Notes appear on page 10 .

1400 Harold Dr SE
Cedar Rapids, IA 53403
e-mail: sabinw@crpl .cedar-rapids .lib .ia .u s

By William E . Sabin WOIYH

calculations can then often be used by
the ARRL Radio Designer program and
other software to perform simulations
and optimizations of various kinds . I'll
try to keep the mathematics fairly, but
not perfectly, painless . For many, much
of this material will be a review .

The Basic Idea of Coax
A length of coax conveys RF power . A

step voltage applied to one end creates
a power wave that reaches the load at
some later time . Some of this power
may return back to the sending end at
a still later time . The two conductors
(the center lead and the braid) are said
to act as guides for this power wave,
and that the electromagnetic energy is
actually conveyed, in a mathematical
sense, by the electric and magnetic
fields that exist within the dielectric
material . After the initial, or transient
conditions, have all been resolved, this

traveling wave viewpoint is no longer
mandatory and we find that in the
steady state a length 1 of coax is a de-
vice that transforms impedances, volt-
ages and currents in a way that is simi-
lar to, but not exactly like, a conven-
tional transformer . We will focus on
these steady-state conditions .
The key to understanding coax

behavior lies in understanding the
electric and magnetic fields . For ex-
ample, the current flow in the center
lead creates a magnetic field that en-
closes the current . The return current
in the braid also creates a magnetic
field that lies entirely outside the re-
gion of its current flow . These two flux
fields cancel each other on the outside
of the coax . The electric field exists
only between the conductors . These are
the principal shielding mechanisms
that keep the signal inside the coax .
Various imperfections detract from
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this goal, and the coax braid is not a perfect shield . An excel-
lent reference on coax leakage is listed in Note 3 . The braid
also protects, to a large extent, the inside of the coax from
external electric and magnetic fields . The exact electromag-
netic theory principles by which these and many other
effects occur are complicated and are beyond the scope of this
article .

At radio frequencies, a segment of coax can function as a
conventional transformer and is often used this way . The
center lead can be a primary and the braid a secondary (and
vice versa) . The turns ratio in this mode is 1 :1 .

Characteristic Impedance
Fig 1 shows a length of coax connected to an impedance

Zo (the reason for this will become apparent later) that
equals the complex conjugate ofZ 0 , the dynamic character-
istic impedance of the cable. This means that as a power
wave travels toward the load, the ratio of the voltage V+ to
the current 1+ is Z o . At any frequency this ratio is :

V+ R+ jwL
I+

	

G+ jwC
where R is the series resistance (Q) per meter and L is the
series inductance (H) per meter . G is the shunt conductance
(S) per meter and C is the shunt capacitance (F) per meter
of the polyethylene dielectric material . R and G are respon-
sible for the power losses (attenuation) in the cable and also
for a reactive component to Zo .

This formula is meaningful to us only at radio frequen-
cies where :
(oL>>R and wC>>G Eq2
and as frequency w(=2nf) increases, Z o would seem to be
getting closer and closer to the simple approximate pure
resistance value, which is nearly always used in most or-
dinary low-loss applications :

Zo =

L
zo =

C
= Ro

	

Eq 3

but it turns out that R increases as the square root of fre-
quency and G increases directly with frequency (more about
this later), so that this ideal value is somewhat elusive .

In some situations, when the attenuation is not negli-
gible but also not large, we would like to have a more accu-
rate value of Zo :

Zo = Ro
i

1

	

R

	

G
J2wL 2wC

Ein

	 L

X

zo

Eq 1

Eq 4

'l 41

and we see more clearly how the cable losses R and G cause
Zo to be slightly reactive, which is a rather peculiar result .
At mid frequencies the term G/2wC is usually much less
than R/2wL (dielectric losses are small) and Eq 4 further
simplifies to :

R
.1

1

2wL
but at the highest UHF frequencies, because G increases
more rapidly than R, greater accuracy results if we use
Eq 4. At some microwave frequency, coax (especially thick
coax) starts to behave somewhat like a complicated
waveguide, but we will not be concerned with that .

Zo = R(

In this article meters and centimeters will be used, to be
consistent with the prevailing literature . To convert feet
and inches to meters and centimeters :

in = cm x 0.3937

	

cm_1 = in -1 x O.3937

Fig 2-A graphical
definition of loss
tangent and power
factor .

D

Fig 1 -A coaxial cable of characteristic impedance Zo and length L, terminated in Z o . The currents and H-fields are shown .

4 QEX

Eq 5

m= f x 0 .30480 f -1 = m-1 x 0.30480
f = m x 3 .2808 m -1 = f -1 x 3.2808
cm = in x 2 .540 in -1 = cm -1 x 2.540



Later, we will revisit and improve these formulas as we
develop additional information (see Eq 20) . First, we will give
some details regarding Zo , R, L, G and C that are interesting
and useful .

Coax Cable Parameters
The inductance L per meter is determined by finding the

magnetic flux 0 per meter of length, between the center lead
and the braid, that is generated by a current I in the center
lead, according to Ampere's law . (Note : the return current
through the braid does not generate flux in the dielectric
region between the center wire and the braid .) The ratio of
flux to current is, by definition, the inductance per meter
(N=1, one single turn, is assumed) :

L = 0.2 In b = 0.00333 R o Vv, = 0.00333 R oO 1LH/m Eq 6
~ a

	

VF
where In is the natural logarithm . In this equation, b and
a are shown in Fig 1, E,, is the relative dielectric constant
and VF, the velocity factor, is the ratio of the wave's phase
velocity to the speed of light (in air or vacuum) . This num-
ber, for many types of 50-Q coax, is VF = 0.64 to 0 .67, with
0.66 as typical . It follows from Eq 6 that :

1
JE r VF
which makes E r _ ( 1/0 .66) 2 or about 2 .3 for the commonly
used polyethylene dielectric material . For a 50-52 coax,
Eq 6 finds the b / a ratio to be :

Eq 7

From Eq 6, a typical value for L is 0 .00333 x 50 = 0.66 =
0.252 pH per meter .

The capacitance C per meter is found by relating a charge
in coulombs per meter on the center wire to the voltage
difference between center lead and braid, according to
Gauss's law . The result for coax is :

C =	C r	 010'3 =
	 JE' 0104 pF/m

18ln( b

	

3Ro

	

Eq 9
la)

Atypical value of C for 50-52 coax is approximately 101 pF
per meter . Using these typical L and C values, the square
root of 0.2525 pH / 101.1 pF gives a Zo of 50 .0 S2. Combining
Eqs 6 and 9, we can now rewrite Eq 3 as follows :

Zo

	

L	60
In

b
l

138 to

	

b = Ro S2=

	

g to - -C

	

a Jr,.

	

a , Eq 10

The dielectric material of the cable has a capacitive
susceptance jw C per meter and is in parallel with a conduc-
tance G per meter . In Fig 2 the very small angle 0between Y
and w C is the loss angle and the tangent of that angle,
G/w C, is the loss tangent TL . A small angle implies a low value
of 'G and for this small angle the loss tangent is practically
the same as the power factor Fp, which is cos(q) = G/Y, which
is also used . These are specified for various dielectric mate-
rials (for polyethylene - 5 x 10 -4 ) and so :
G=TL •wC=FF, •w C

	

Eq 11
As an example, for 1 meter of 50-52 cable at 100 MHz

G = 3 x 10-5 S . The dielectric losses are due mostly to hys-
teresis effects in the dielectric molecules as the electric field
oscillates .

The resistance per meter, R, involves the center lead and
the braid, with the resistance of the center lead being typi-

cally four times greater . 4 The basic resistivity of copper is
1.75 x 10 -g 52-meter, which means that a cube of copper, one
meter to a side, would have that value of resistance between
two opposite faces of the cube . The formula for the resis-
tance of any cube is :

Reube P= j

	

Eq 12

where p is resistivity and l is the length of one side . A cube
of 1 cm per side has 100 times as much resistance as a
1-meter cube .
As frequency increases the resistance increases due to

skin effect . That is, the current in the center conductor
flows mostly along the outer surface . If the wire is tin-
plated, a significant part of the current flows in the tin,
whose resistivity is 6.7 times greater than copper . So low-
loss coax avoids tin plating, despite its presumably easier
soldering property (RG-11 i s an example) . If the center lead
is stranded the resistance is about 1 .3 times higher because
of the spiraling of the strands and the contact resistance
between adjacent strands, so a solid wire is preferred, but
stranded is often used anyway because it is more flexible .
Increasing the size of the center lead reduces its loss sig-
nificantly but also reduces Z o , according to Eq 10 . To main-
tain the same Zo the cable diameter must be increased . If,
instead, a foam dielectric with a lower E, . =1 .56 is combined
with a larger conductor, Z o and the cable diameter can be
maintained at the same size, but with lower copper loss .
RG-8 foam (VF=0.80) is an example .

The braided shield also contributes to resistance . The cur-
rent flows on the inner surface, also because of skin effect .
The manner in which the wire is braided is important, and
the outer jacket presses tightly against the braid to reduce
resistance and improve stability under flexure . Manufactur-
ers use braid factors to characterize their products .
Skin effect is a consequence of Ampere's law and

Faraday's law . Fig 3 illustrates the action . The rapidly
changing magnetic flux within the loop a-b-c-d-a, due to
current inside the wire (Ampere's law), induces an electric
field (Faraday's law) within this loop . This electric field is
in such a direction that the current in path a-to-b is re-
tarded and the current in path d-to-c is enhanced . The
induced electric field strength increases directly with fre-
quency, forcing the current ever closer to the surface at path
d-to-c . The result is that the interior of the wire is very
nearly an insulator for the current in Fig 3 . Fig 3 al so shows
E-field components from a-to-d and from c-to-b, but these
are canceled out by opposing E-fields in adjacent segments
to the left and right . The same action occurs on the braid,

Current

Fig 3-The actions of the E- and H-fields are responsible for
skin effect .
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forcing the current toward the inside surface of the braid .
At a distance 8(the skin depth) from the surface the cur-

rent density has reduced to the factor e-1 = 0 .37 (37%) and
at 5Sit ise 5 = 0.0067 (0 .67%), where e = 2 .7183. The value
of 6 for copper is :

8

	

p

	

6.64 cm
nfp Jf

where p is the magnetic permeability of copper (4n x 10 -7
H/m), the same as free space . At 1 .8 MHz, 5=0.049 mm or
0 .0019 in .

Because of the magnetically induced electric field inside
the wire, there is a phase lag in the internal current in the
amount of 1 .0 radian at a depth of 3 . This is called the inter-
nal inductance effect . This inductance is not the same as the
L in Eq 1, but at low frequencies it makes a small contribu-
tion to it and it almost disappears at high frequency . For
copper coax, the total resistance of the center wire plus braid.
i s approximately (the vendor's correction factors are needed) :

R-1
pfptI + 1 -4 .17 •10-6 f 7

b+1 S2/m Eg142

	

n a b1

	

b

	

a
where a and b are in centimeters (see Fig 1) and the resis-
tance increases as the square root of p and f. The internal
inductance decreases at the same rate . The ratio b/a deter-
mines Z o (see Eq 10) so for a given Z o a greater coax diam-
eter b reduces R.

Wave Propagation (No Reflections)
Let's look at the behavior of the wave as it travels from

the generator to the load . For starters, assume that the load
impedance ZL = Zp and both are almost resistive . In other
words (see Eqs 4 and 5), the attenuation of the cable is very
small . We are looking for the matched performance and
there are negligible reflections from the load, as mentioned
earlier .

If an ac voltage with rms value E, is applied (Fig 1) the
voltage E at point x is :

E(x) = Es, e yx = Es e-J(R+j(oL)((;+jc°C)
x - E,, x ee a

	

-.)(ix .

A

	

B

	

C D

I(x)=
E(x)

Zo

This is the steady-state solution to a differential wave
equation for a sine-wave signal that is traveling in one
direction-toward the load . Term A contains y, the propa-
gation constant per meter. Term B shows that y2 is the
product of the series impedance, in Q/m, and the shunt
admittance, in S/m . Term C contains a, the attenuation.
constant, in nepers per meter, and term D contains (3, the
phase constant, in radians per meter . Comparing A with C
and D, we see that :
y=a+j(3

	

Eq 16
In term C, when ax = 1 .0, the voltage E has attenuated

by 1.0 neper to the factor e 1 0 = 0.37. In other words, the
exponent has the unit nepers . For example, if a= .0001
nepers per meter, then in 100 meters the attenuation is
0.01 neper . One neper is equivalent to 201og 10 e = 8 .686 dB,
so in this example the voltage attenuates 0 .08686 dB . That
is, in length x meters the reduction in voltage is :
a(nepers/m) •x(m)= ax(nepers)=8.686 •log jo(ax) (dB)

Eq 17
Since Z o is constant, this is also the reduction in power . In

6 QEX

Eq 13

Eq 15

coax tables, the matched-line attenuation at some frequency
is very often stated in dB per 100 feet . Multiplying this value
by 0.032808 gives the dB per meter . Dividing this by 8 .686
gives nepers per meter . So in x meters the attenuation is ax
nepers . This is called the matched loss, ML, if the load is the
same as Zo (no reflections and therefore no standing waves) .

The D term is a unit vector that rotates clockwise as x
increases. The phase atx lags the phase atx=0 . When /3x=1 .0
the phase has shifted -1 .0 radians (-57 .3 degrees) and one
complete revolution is -2n radians (-360 degrees) . The total
phase shift in radians is the radians per meter times the
length in meters . The conversion from radians to degrees, or
degrees to radians, is :

degrees = radians • 360

	

Eq 182n
A further comparison between part B and parts C and D

leads to the following close approximation equations for a
and /3, for a low loss coax cable :

a =	Z	 + G2 O nepers per meter
2 0

R = w JLC =	- 2 .092- 10-8 radians per meter
VF
2n

	

2n f (MHz)
wavelength (meters) VF • 299 .79

Eq 19
If G is negligible, we can find R, in Q/m, if the attenua-

tion in nepers per meter is known . The formula for /3, in
radians per meter, is obtained by combining Eq 19 with
Eqs 7, 9 and 21, and we see that f3 increases as frequency
f (Hz) increases, and also as VF gets smaller .

Using the easily determined values of a and /3, we can
restate the low loss value for Z o that was given in Eq 5 .

Zo = R o 1-	
wL

	

2pR o

	

p
Eq 20

Another frequently needed number is the wavelength, /1,
in meters or feet, of a length of coax, which is the free space
wavelength times the velocity factor .

-R o

k (meters)

	

2.998 • lO s (m/s)

	

• VF
f (Hz)

free space wavelength X o

Eq 21
(feet) = 983.6

f (MHz) •
VF

ARRL Radio Designer Program
Various handbooks such as theARRLAntenna Book, the

ARRL Handbook and the ITT Reference Data for Radio
Engineers contain graphs of a, in dB per 100 feet, on a loga-
rithmic vertical axis, versus frequency on a logarithmic
horizontal axis, for a large number of coax types . On this
kind of log-log graph the plots are approximately straight-
line . Also, the transmission line models in simulation
programs such as ARRL's Radio Designer (related to
Compact's Harmonica) and others have options to include
the frequency variation of a per unit length over a fre-
quency range . In the two examples cited the form is :

radians per meter

1- j 2aRo -Ro 1 j a



a (dB/unit length) = P (C 1 • j f +C2-f)

	

Eq 22
where P is the number of unit lengths (meters, hundreds of
feet, etc), C1 relates to resistance loss and C2 relates to
dielectric loss . The values of Cl and C2 for a particular coax
can be closely approximated by curve-fitting a line to the
graph. The Mathcad graph plotting feature is very useful for
this task . We advise the consistent use of meters of length .
The ARRL Radio Designer software is a valuable resource

for analyzing transmission line circuits . It can be used to
get frequency sweeps of complete systems, for
example a transmatch, transmission line and a set of an-
tenna impedance values . It can perform optimization and
tuning operations of many kinds .' This program collabo-
rates with Mathcad-type programs to give us some very
powerful capabilities .

Wave Propagation (With Reflections)
If the load impedance ZL is not equal to the complex con-

jugate of the complex Z o, a portion of the forward power
wave (V+)2 /Zo is said to be reflected from the load back
toward the generator . An equivalent statement is that if
the load impedance Z L is not the complex conjugate of the
complex Z o , an impedance mismatch occurs and there is a
mismatch loss, exactly the same as in lumped circuit
theory, and the power that is accepted by the load is less
than the power that is available . For the power wave, the
difference between the forward power wave arriving at the
load and the reflected power wave that is returned from the
load is the power that is dissipated in the load, and it, plus
the power that is lost in the line itself, is equal to the power
that is delivered to the line by the generator . That is :

in the load
'generator = forward - 'reflected + Pline loss

at the load from the load
The phases of the forward and reflected voltage and

current waves interact, either to enhance or diminish each
other in a repetitive manner along the line . In order to limit
the size of this article, we will deal mainly with the math-
ematical descriptions of this behavior, and avoid the
lengthy word descriptions that are often used . The justifi-
cation for this is that, these days, sophisticated and
inexpensive math software, such as Mathcad, removes all
of the pain from solving and plotting the difficult complex
algebra equations so that the visual results are immedi-
ately available . Also, we will deal only with the rms values
of steady-state sine-wave signals . With this approach, the
discussion will be very clear and simple .
We are concerned with low-loss cable and mostly with

voltage standing wave ratios (VSWR) that are not greater
than, say 30 or so (VSWR will be discussed). The reasons
for this will come later and this situation describes nearly
all of the practical applications that we radio amateurs
encounter in well-designed systems . In certain applica-
tions, though, such as short-circuit and open-circuit stubs
or highly reactive loads, extremely high VSWRs are
encountered and in fact the VSWR concept itself becomes
impractical, especially when Z o becomes complex (see later
discussion) .

Standing Waves
Fig 4 shows a cable with length l and certain values of Z 0 ,

a and F , connected between a generator and a complex load
ZL which is different fromZ o . The valuex is the distance from
the generator and d is distance from the load . Waves of volt-

Eq 23

age and current are traveling in both directions . Eqs 24
through 27 are the steady-state solutions to the wave equa-
tion for these bidirectional waves . We want to find the volt-
age, current, power level, impedance (or admittance) and
VSWR at every point on the cable, over some frequency range
and (often simultaneously) over some range of load values .
We also want the power into the cable, the power into the
load and the total cable loss . The procedure is to let the math
program do the grunt work, solving and plotting the stan-
dard equations that we present. Our goal is to show a general
approach that can be applied to many specific situations .
To find the complex impedance at any distance d from

the load, looking toward the load :

Zd = Z
ZL +Z o tanhyd

o Z 0+ ZL tanh y d
where y is found from previous equations, Zo and tanh yd
are complex, and if d=l, the length of the coax, then Zd =
Zin , the input impedance . If ZL is a short- or open-circuit,
then from Eq 24 :

Zs , = Z 0 tanhyd (short ckt) or Z Oe = - Z o 	(open ckt)
t.anh yd

Eq 25
If some reference value of input voltage Ein (eg, 1 .0) is

assumed, the voltage at some distance x (possibly l ) from
the generator is :

Ex = Ein cosh yx - Z o sinh yx

and the current is :

EIx = `° cosh yx - Z'n sinh yx A

	

Eq 27Zin \

	

Z 0
Computer-generated plots of the magnitudes

Ex I and IIx I of Eqs 26 and 27 display the exact standing-
wave patterns for voltage and current . The power in the
load is :

P L=E L •E

where Re means the real part, E z is the complex conju-
gate of E',. , Z L is complex, 1/ZL is the admittance G+jB and
the input power is :

Pin = Ein*Ell, •Re 1
Zin

= IEinI 2 Gin W

	

Eg29
/

where Ein and Zin are also complex . The cable loss in dB is :

•

	

Re

Zin

I

2GL W

V

	

Eq 26

Eq 24

Eq 28

Fig 4-Diagram of a cable and load showing the various
parameters of the system .
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Pi n
I'L ,

The voltage reflection coefficient, return loss and stand-
ing-wave ratio at the coax input are found as follows, with
certain limitations that are discussed next :

1-i I,
= Z 1n-	Z 0

	

complex voltage reflection coefficient
Zin+ZO

VSWR,n
1+

fin
1- IrinI

RL = -20 • log, O IFin l return loss, dB

Eq 31
Eqs 24 through 31 tell us the important things about the

system, namely the input admittance of the coax (the
transmatch has to deal with this), the power loss and volt-
ages in the coax and, with some further analysis (beyond
the scope of this article, but see Note 6), the voltage, cur-
rent and power stresses in the transmatch (including any
iron or ferrite transformers or inductors) . The input VSWR
is involved in interfacing the transmitter with the coax and
must be reduced to a low number by a transmatch . 7 VSWR
meters are usually calibrated to read values up to 3 :1 or
perhaps 10 :1 .
These numbers are also found for the open-circuit and

short-circuit stubs and for pure reactance loads . For these
situations the concepts of reflection coefficient and stand-
ing wave ratio are totally irrelevant but the real part of the
input admittance enables us to find the power dissipated in
the stub or line and the value of stub Q .

To explore this a little further, the concepts of reflection
coefficient and VSWR, which are based on traveling waves
of voltage or current, run into difficulty when Z0 is not a
pure resistance, in other words when the cable is lossy (see
Eq 4) . 8 For example, suppose that Z 0 = 50 -j1 .0 and ZL =
50 +j1 .0 . The line and load are then conjugately matched
for maximum power transfer . But from Eq 31, the reflection
coefficient is/0 .02, the VSWR is 1 .041 and RL=34 dB . For
small values of reactance this error is trivial but for open-
circuit or short-circuit stubs or highly reactive loads the
errors get large and RL is essentially 0 .0 dB . On the other
hand, if we work with power values, as in Eqs 28, 29 and 30,
the power numbers are correct and the usage of F and VSWR
is avoided and unnecessary . Also, we find that the Z 0 used
in Eqs 24-27 can be complex, with no resultant errors (see
Eq 15, part B, where the values of L, C, R and G imply a
complex Z 0 as defined in Eq 1) . 9 In particular, Eq 26 for the
load voltage is correct for a complex Z 0 and therefore pro-
vides the correct value of E L in Eq 28 . As a real-world mat-
ter, the error in VSWR is unimportant, nevertheless the use
of the complex Z 0 produces better overall accuracy in the
various calculations .

At this point, a brief remark about the transmatch might
be interesting . Eq 23 says that the power delivered by the
generator (minus the transmatch loss) is equal to the power
that actually goes into the line . This power, minus the line
loss, is delivered to the load . If the generator is designed to
deliver a specified power level into a certain value of resis-
tance, for example 50 S2, then if the line's complex input
impedance, found in Eq 24, can be transformed to this
50 12 by a network of some kind, then the specified power
will actually be delivered, despite any reflections from the
load. The transmatch does this job . And we note also that
in this transformation, no mention is made, or needed, of
8 QEX

pi.. = 10 log dB

voltage standing wave ratio

Eq 30
the generator's internal impedance. In fact, the generator
impedance does not appear in any of our equations or dis-
cussions . Finally, a word about the load reflections : they
cause the input impedance of the line to be different from
Zo (the line is an impedance transformer), and when the
transmatch transforms this input impedance to 50 Q, the
effects of these load reflections are completely accounted
for and the specified power is delivered .
Note that the equations that we use in Eqs 24 through 30

are exact, and do not involve the approximations that have
been used in the past to simplify manual calculations . This
greatly reduces the array of possible choices in problem
solving. This approach has been called the brute-force
approach . This is no longer true with Mathcad and similar
programs . We are limited only by the accuracies in the
various parameters, which may involve precise lab mea-
surements that are beyond the average amateur workshop
or may be found from simulations of some kind. Reliable
handbook data is often used instead .

Because of the measurement inaccuracies of load imped-
ance, matched loss, velocity factor, cable length, etc, how
accurately can we calculate system performance? The
equations and simulations can be used to find the sensiti-
vities to these errors . Impedance values are the most diffi-
cult to know without a good measurement (or truthful
simulation) method and usually represent the biggest
source of errors . Also, with a calibrated transmission line
sufficiently long it is possible to measure inaccessible an-
tenna impedances using the exact equations in this ar-
ticle-if we are careful to eliminate errors due to common-
mode currents induced by the antenna .

Examples
To get a feel for how these equations work, the Mathcad

worksheet of Sidebar A goes through a realistic example that
we might run into in the ham shack . This example might be
used as a template for a wide variety of similar exercises,
including frequency sweeps, parameter sweeps and three-
dimensional sweeps, that the reader can devise . In this
example, meters of length, radians per meter and nepers per
meter are used and are a good idea, in order to minimize
confusion and errors . Matched loss, 0 .57 dB per 100 feet, is
converted to 0 .002154 nepers per meter, a 50-foot coax
length is converted to 50 x 0 .3047 meters and the phase
constant is in radians per meter . Coax power levels are in W,
and we prefer the cable loss in dB . In this example, for a
matched cable the loss would be 0 .285 dB and with an input
VSWR of 1 .86 the loss is 0 .337 dB . The additional loss is
0 .052 dB. In other words, the standing waves of current and
voltage produce greater losses in the copper and the dielec-
tric, respectively . The load VSWR, if we want to know it, can
he found by temporarily setting A, the dB per 100 feet, to
0 .0. In this example the load VSWR is 1 .92 .

As a much more difficult example, consider at 28 MHz a
120 foot length of 50 -j2 S2 coax with 1 .0 dB per 100-foot
attenuation, connected to a 200 + j100 S2 load . Again, use
meters, radians and nepers . Using Eq 24, plot 1/Z d versus
d (distance from load) to find the first point on the coax where
the real part of the admittance (the conductance) is 1/50 S .
Then use the imaginary part (the susceptance) of this 1/Z(1
to calculate the length of a shorted stub (solve Eq 25 for d),
using the same kind of coax, that has the negative value of
susceptance and therefore produces a 50 +j0 S2 junction . Use
Eq 24 again to find the coax input impedance at the genera-
tor (not exactly 5012). Then, using Eqs 26, 28 and 29, find the
actual and dB power loss in the stub, in the coax between the



Example of SWR, Loss and Input Z for Transmission Lines

Matched Loss

	

Matched Loss

	

Length

	

Length

	

Velocity
(dB/1 00 ft)

	

(nepers/meter)

	

(feet)

	

(meters)

	

Factor

A - 0.57

	

a

	

A-

	

- .-
3 .282

100 8 .686

a=2.154 •I 0 3

Load

	

Frequency

	

Phase Constant
Line Ro

	

Impedance

	

(MHz)

	

(radians/meter)

	

Complex Z 0

R 0 - 50

	

Z L =43+j •30

	

f - 7.15

	

P

Propagation Constant
per meter

y ;=a F .i .R

E =90 .04

	

E L -E-

P L - E L .E L•Re

Loss

	

10 • log

F .In

/P in

PL

Z in Z O

Z in I Z. 0

/I1

Z
L/

f r in

P L =92.412

= 0 .3

L ft 50

Z in - Z 0 •

cosh -L

L m L 6 . 0.3047

	

VF 0.66

2tif

VF-299.8

Input Impedance

Z L +- Z 0 •tanh (y.L nl)

1Z 0 r Z L •tunh yL m)

Assume input voltage

	

Load voltage

Z
--

-0
. sinh

Z in
7-L in)

P in E•E . Re
I

Z in/

I + F in
F in =0.197 +0.226j

	

SWR in _
I --

	

F in

E L

Power in load (W)

	

Power input (W)

Input reflection coefficient

	

Input VSWR

a
JZ t)

	

R 0 I

Z 0 =50--0.474j

Z in =65.688 +31 .901 .1

Z in =73.025

E L = - 75 .292 + 15 .46j

= 76.863

P in =99.866

Loss (dB)

	

Matched loss (dB)

	

Added loss (dB)

Loss =0.337

	

ML

	

A •L ft

	

ML = 0.285

	

Loss - ML =0.052
100

SWR in = 1 .858
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s tub and the load and also between the stub and the genera-
tor, assuming the appropriate value of input voltage at the
generator . Then plot input impedance (preferably admit-
tance) versus frequency to see what the transmatch (if any)
requirements are . This is a very messy problem using tradi-
tional methods, but is a lot easier using Mathcad or similar
software . Once the worksheet has been set up, it becomes
part of your library . For all ofthis work a comfort factor with
math methods and some skill with the software leasily
acquired) are necessary, though . Also, a familiarity with
Smith Chart graphical methods and the ARRL Mier•osmith
software can add extra dimensions to our understanding .
The equations in this article apply also to parallel-line

transmission lines, except Eqs 6, 8, 9, 10 and 14, that apply
to coax only . The references provide more details for par-
allel lines .
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Finally, the ITT handbook Reference Data fin- Radio Engi-
neers, Transmission Lines chapter, is a gold mine of data,
formulas and information (some of which can be rather
intimidating) that can be used to adapt and modify the equa-
tions and procedures of' this article to other applications,
especially twin-lead and ladder-line, which are popular
among hams . As mentioned before, many of the special-case
formulas and simplified formulas are not needed byMathcad .
The ARRL Antenna Book is also highly recommended .
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A Packet Voice
Communication System

T he popularity of packet-radio
communication exploded to-
ward the end of the 1980s . It was

then that amateurs realized the tre-
mendous benefits that packet commu-
nication could provide . Yet almost a full
decade later, it's almost exclusively
used for data and computer communi-
cation. The only other common appli-
cation of packet radio is for the trans-
fer of low-hit-rate weather satellite im-
ages. Voice and audio communication,
as far as we know, has yet to be imple-
mented with amateur packet radio .
Obviously, voice communication is

common throughout the amateur
world. However, a packet voice system
could provide many advantages over

A simple and inexpensive system shows
one way of sending voice via packet .

By Dirench Dogruoz, Carlos Lopez,
Harvind Samra, KBOPRP, and Brett Weldy

traditional methods that use continu-
ous data streams . These advantages
include error detection and correction,
packet relaying and frequency reuse .
Packet relaying allows the transmis-
sion of voice to a string of other packet
stations, which provides useful net-
working. Since the transmission of a
packet uses the bandwidth for only a
short duration, multiple connections
can be achieved over the same fre-
quency, or the frequencies can be re-
used. Therefore, a packet voice system
has many features that would create
an effective method of personal com-
munication between Amateur Radio
operators .

Background
The purpose of this article is to suc-

cinctly introduce a packet voice com-
munication system. This system was
designed and implemented as our fi-
nal project for our senior-level elec-

tronics design course here at the Uni-
versity of Kansas . The idea of our
packet voice system was suggested by
our instructor, Professor Glenn E .
Prescott, WBOSKX . It is his belief that
this system could be easily created
through the use of digital signal pro-
cessing, in particular the TMS320C50
DSP Starter Kit (DSK) from Texas
Instruments .
The communication system outlined

offers a minimum transmission rate of
19 .2 kbit/s . The design is composed of
three main components : a data source
and endpoint, a terminal node control-
ler and a transceiver . Fig 1 demon-
strates the basic architecture of the
packet radio system .

The heart of our packet voice system
is the DSK board and software from
Texas Instruments . It is a simple,
stand-alone application platform that
allows you to experiment with the
TMS320C50 digital signal processor
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Node A

	

hhu \
/
Afto

	

Node B

Data Source ,.---.

	

me Toniver 4--

Fig 1-Block diagram of packet voice communication system .

to implement real-time DSP solutions .
The cost of a DSK system is currently
$99. It also contains both an A/D con-

	

Microphone Input

verter and a D/A converter that are
connected to separate RCA audio con-

	

°POlo g sig f°l
nectors . It comes with a power supply

	

AudoAmplifier i

	

Packet Voicethat plugs into a standard electrical
outlet . A DB-9 serial port is provided
to allow a terminal or computer to com-
municate with the DSK board . Finally,
the DSK system comes with an assem-
bler, loader and debugger, along with
some sample code for first-time users .

	

Terminal Node ControllerThe data source and endpoint incor-
porate the DSK board . First, the data
source receives an analog voice-signal

	

SeriolCoraleclion
input through a microphone and am-
plifier circuitry (needed only if the
microphone's output amplitude is not

	

Transceiver
large enough). The data is then
sampled at 16 kHz with 14 bits per
sample using the DSK, resulting in an
initial data rate of 224 kbit/s . To re- Fi 2-Block diagram of packet voice system transmitter .duce this enormous data rate, the

	

g voice samples are compressed using
a continuous variable-slope delta-
modulation (CVSD) algorithm to
reduce the sampling rate down to
16 kbit/s . This is a significant improve-
ment over conventional PCM coding at Transmit LED
64 kbit/s. The compressed voice data

	

FRONT VIEW
is then sent to a Kantronics data
engine TNC that divides the continu-
ous data stream into packets . Finally, Audi,, r ua;e cowsthe packetized data is transmitted

	

Input o„tr.t ,,,Put
using a Kantronics D4- 10 transceiver .
This sequence of events models the
functions on the transmitter side of

	

Push-to-talk
the system . The receiver side operates

	

Switch
in an exactly reverse manner . The
TNC receives the packetized data,

	

Serial Port ED
depacketizes it and passes it to the re-

	

REAR VIEW
Serial Port

	

•ceiving DSK starter kit where it is de-

	

Switch
compressed using the CVSD algo-
rithm, converted back to analog voice
and played back through a speaker .

Configuration
The required hardware for our

packet voice communication system Fig 3-Front and rear panels of packet voice module .
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consists of two packet voice modules,
two specialized serial connectors, two
Kantronics data engines, two I)4-10
transceivers, two antennas, an audio
amplifier, a microphone and a speaker .
In addition, a PC is required for load-
ing the software onto the DSK boards
inside the packet voice modules .
The microphone is connected to a

standard audio amplifier and the out-
put of that amplifier is connected to
the transmit input of the packet voice
module. On the module is a push-to-
talk switch used to send data and an-
other switch used when loading the
compression algorithm to the board .
The packet voice module is connected
to the Kantronics data engine via a
serial cable and a specialized serial
connector. The TN(' is connected to the
Kantronics 1)4-10 t ransceiver, and the
I/O port of the 1)4-10 is connected to
the antenna (Fig 2) . The same setup is
used on both sides except that on the
receiver side the output of the packet
voice module is connected to a speaker .
The TNC then needs to have the

correct settings . The following com-
mands indicate the necessary settings
for the TN(' .

curd: MODE 19,200,NONE,8,I
cmd : INTERFACE TERMINAL
cmd : AUTOLF ON
cmd : BREAK ON
cmd: ECHO OFF
cold : FLOW ON
cmd : FLOWR OFF
cmd : FLOWX ON
cold : FLOWTR OFF
cold : FLOWTX OFF
cmd : LEDS ON
cold : RING ON
cmd : ('R ON
The'I'NC has to he placed in conver-

sation mode by simply typing the char-
acter k followed by a return .
The software is loaded into the

packet voice module with a DSP loader
program running on a personal com-
puter. A null-modem serial cable con-
nects the serial port of the personal
computer to the serial port of' the
packet voice module . The module is
programmed by typing the following
DOS command with the serial port
switch in the OFF position :

> dsk5l dsp
The serial port switch is then placed

to the ON position . The specialized se-
rial connector goes onto the packet
voice module's serial port ; the I)13-9
male end goes to the module's serial
port . After connecting the TNC's
RS-232 port to the serial connector,
the serial port switch is put back to the
OFF position. Now the user is ready to

send voice messages via packet .

Operation
The packet voice communication

svsteni is very easy to use . Before the
operator starts to talk into the micro-
phone, he or she simply pushes the
PTT button on the face of' the packet
voice module . This interrupts the pro-
gram inside the DSK . The user can
start to talk into the microphone once
the transmit LED on the module

conies on. The user has about four sec-
onds to talk into the microphone . Af-
ter about four seconds of speech the
module Will send the data to the TN('
to he broadcast .
A couple of points should he made

here . The PTT button does not need to
be held down continuously . Once the
button is pressed and the module's
transmit LEI) has turned on, the but-
ton can be released . Moreover, if' the
button is still pressed past the four

i ll

JP4

5

	

7

D6-9 Male Connector

	

3

t
°ua
C3

DSK Board

2

TMS320C50

JP1

	

JP2 I

	

- - JP3

Fig 4-Circuit diagram for interrupt switches .

Fig 5-Pin assignments for serial connector .

3

Serial
Port
LED

JPS

	

J
JP61 2

3

2 DB-9 Female Connector

Goes to Packet Voice Module 4

	

6 Goes to TNC

5 --	 5
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seconds allocated for sending a mes- ignores all frequency components contains most of its energy between
sage, a new message will be sampled above one-fourth of the sampling rate . 300 Hz and 4 kHz, a sampling rate of
and the previous four seconds will be Therefore, since a typical voice signal 4 x 4 kHz = 16 kHz was chosen .
discarded .

Circuit Description
The implementation of the switches

for the correct interrupt settings fol-
lows a very simple design as shown in
Fig 4 . The serial port switch is used to

	

switch to be ptessed

ensure that when using the serial port,
	 Ithe DSP board will not reset . The C50's

reset signal is directly tied to pin 4 on

	

Begin aamplingatbow

the DSK's serial port. The serial port

	

of data mernoay

switch ties this pin to the +12-V sup-
ply on the DSK so that if the port is not

	

ample fromAID
connected, pin 4 will remain high . The
PTT button is used to trigger a soft-

	

V	

ware interrupt on pin 3 of JP3 of the

	

sample using
DSK board, which allows for the sam-

	

CVSDscheme

pling of analog voice signals through
the A/D port . Two red LEDs are used

	

s eomae~ea
as indicators for displaying the status

	

to manory

of pin 4 of the serial port and when the
push-to-talk button is pressed .
A special serial connector is re-

quired for the TNC to properly commu-	 No Is data memo
pin

	

full?nicate with the DSK board . Again,
4 on the serial DB-9 connector on the
DSK can not be driven low . Unfortu-

	

YES

nately, this pin is driven low if the port

	

~	'Add start and atop

	

send data in memory

is connected directly to the TNC The

	

eherscienoodata	 to TNC,enceding it.

	

in memory

	

in RS-232 protocol
TNC interprets this pin according to
the RS-232 format; in the RS-232
protocol this is the data-terminal- Fig 6-Flowchart of DSK software algorithm .
ready (DTR) signal and must be as-
serted by whatever is connected to the
TNC, in this case the DSK. To avoid
this obstacle, a connector was as-
sembled that took pin 6 from the TNC
to pin 4 of the DSK . Pin 6, the data-
set-ready (DSR) signal, is always high
when the TNC is on . The connector
also switches the transmit and receive
lines, acting as a null modem . Fig 5	 i
shows the pin assignments for the se-	 x(n)_+ t 7, i	 10 ONE-BTT
rial connector .

	

QUANTIZER

Sits in this loop
until data comes
from TNC or
user press"
Push-to-talk

button

(a)

(b)

step- step = P*step + a*stepincr

Software Description
The software implemented with the

	

p( n)
DSK board has two primary purposes :
(1) to compress and convert analog
audio signals into digital data streams
and (2) to transmit the digital data
streams using the RS-232 serial pro-
tocol . Fig 6 illustrates the operation of

	

step
the DSK software written for the

	

step= 3*step+a*steptncr
Apacket voice module .

The A/D and D/A conversions are
performed at a sampling frequency of
16 kHz with 14 bits for each sample .
The conventional 8-kHz sampling rate

	

p(n)
for voice was not used in our system

	

'

	

lo-Ip(n)=p(n-1 )*Hl 4- step D(n)
due to the limitations of the compres-
sion algorithm that was selected .
The CVSD algorithm that was used Fig 7-CVSD (a) compression and (b) decompression algorithms .
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The ASCII values 1 and 254 are used
for the start and stop characters, re-
spectively. A PASS character (hex
value of 16) is placed in front of char-
acters that are used by the TNC to con-
trol communication with the terminal
attached to it . The condition of the
switch is monitored by connecting the
switch to an external interrupt that is
handled by an interrupt routine . The
data memory consists of about 8000
memory locations with each location
containing 16 bits or 2 bytes . Only 8 of
the 16 bits of each location is used .

Fig 6 describes everything involved
in the DSK software with the excep-
tion of the RS-232 formatting and
CVSD compression schemes. The RS-
232 encoding section of the code in-
volves establishing a timer interrupt
at 19,200 Hz and placing a start bit (0)
and stop bit (1) on the ends of each data
byte to be transmitted . The decoding
routine is also based upon the 19,200-
Hz timer interrupt. The routine waits
for a start bit, combines the next 8 bits
into a data byte, and detects and ig-
nores the stop bit .
The CVSD compression and decom-

pression algorithm implemented in
the DSK code is crucial to the

operation of the packet voice commu-
nications systems . It provides a
compression ratio of 14, thereby
greatly reducing the transmission
time required for the voice message .
CVSD works by attempting to mea-
sure the slope of a difference signal
that is produced by taking the original
signal and subtracting from it a pre-
dicted version of the original signal .
Fig 7 describes the CVSD algorithm in
better detail .'
The one-bit quantizer's quantiza-

tion level is equal to the variable step .
For the CVSD algorithm implemented
in this system, (3 was set to 0 .995, HI
was set to 0 .9 and stepincr was set to
0 .08. Our DSK source code can be
found in the pktcvsd .zip file at the fol-
lowing Internet Web site : http ://
www.arrl.org/files/qex/ or ftp://ftp
.arrl.org/pub/qex/ .

Future Improvements
Clearly, our system leaves room for

enhancement. First, the message limit
of four seconds could be greatly in-
creased by simply adding more RAM to
the DSK board . This can be easily ac-
complished. Second, a better protocol
could and should be implemented in

terms of detecting the beginning and
ending of a message . Occasionally, the
DSK would receive an erroneous start
or stop character . This occurred be-
cause the TNC was operating in con-
versation mode, which does not per-
form error recovery . This could he
avoided by designing a more robust
method of signaling and detecting
start and stop characters . Third, it
may be possible to handle the serial
port and reset problems that we en-
countered and avoid using a serial port
switch, specialized connectors, etc . Fi-
nally, the sound quality of the output
could be enhanced by developing or
implementing a more sophisticated
compression algorithm . In our opinion,
a digital low-pass filter on the decom-
pressor's output could have helped .
With a simple packet voice commu-

nication system in hand, many appli-
cations could be developed . As with
packet data communication, messages
could be relayed and/or stored for later
use. Bulletin boards could incorporate
voice mail and voice messages .
Notes
'Jayant, N .S . and Noll, Peter, Digital Coding
of Waveforms, 1984, Englewood Cliffs,
New Jersey : Prentice-Hall Inc .
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C apacitance hats of various
designs are often used with HF
mobile antennas to reduce the

loading inductance required to reso-
nate the antenna and to assist in
tuning the antenna to resonance . Re-
ducing the loading inductance of a
mobile antenna can significantly im-
prove its efficiency since the loading
inductance is a primary source of
resistance in the antenna system . I
have worked with hats on mobile an-
tennas for years, but always on a cut-
and-try basis because design informa-
tion was not readily available . The
recent resurgence of HF mobile opera-
tion prompted me to try to develop
information that could be used to de-
sign a mobile antenna with a capaci-

203 Lord Granville Dr, Rt 2
Morehead City, NC 28557
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Capacitance Hats for
HF Mobile Antennas

Cut-and-try works, but these
calculations are an easier approach .

By Andrew S . Griffith, W4ULD

tance hat using a hand calculator . The
calculation method presented in this
article provides improvements in the
calculation of design parameters for
antennas with or without a capacity
hat. Only a basic knowledge of trig
functions and logarithms is required .
This article does not address the cal-
culation of feed-point impedances or
matching circuits . Excellent material
on these subjects may be found in the
references at the end of the article . 1 ' 2

General Design Approach
If the length of a grounded vertical

antenna is less than '/4 wavelength at
the operating frequency, the reactance
at any point along the antenna can be
estimated by considering the antenna
to be a transmission line .' , :' The por-
tion of the antenna above the point of
1 Notes appear on page 20 .

calculation can be considered an
open-ended transmission line having
a capacitive reactance equal to
-ZOW/tan(TW) where ZOW is the
characteristic impedance in ohms and
TW is the electrical length of the top
section or whip in degrees . For this
discussion the negative sign for the top
section reactance will be ignored . The
bottom or base section can be consid-
ered a closed-end transmission line
having an inductive reactance at its
top of ZOB x tan(TB) where ZOB and
TB are the characteristic impedance
in ohms and electrical length of the
bottom section in degrees . To resonate
an antenna that is less than '/ wave-
length, a loading coil must be placed
somewhere along the length of the an-
tenna . 4 This becomes the point of
calculation. At resonance, the induc-
tive reactance of the loading coil (XLC )



plus the inductive reactance of the
bottom section (XB) must equal the
capacitive reactance of the top section
(XT) . That is :
XB+XLC=XT

	

Eq 1
By rearranging the above equation,

the loading coil reactance required for
resonance is equal to the top section
reactance minus the bottom section
reactance . The inductive reactance of
the loading coil may be converted to
inductance by Eq 18 in the Appendix .
This will be discussed later in an ex-
ample calculation .

The loading coil itself and anything
added to the antenna above the load-
ing coil, such as a hat, will add capaci-
tance to the top section of the antenna .
This capacitance will appear in paral-
lel with the capacitance of the top an-
tenna element or whip and reduce the
capacitive reactance of the top section .
Thus the reactance of the top section
will be equal to the reciprocal of the
sum of the reciprocals ofthe capacitive
reactances of the coil (XC), the hat
(XH) and the whip (XW) . The antenna
reactance balance at resonance now
becomes :

XB +XLC =	1	
1 + I + I

	

Eq2
XC XH XW

If four of the reactances are known,
the fifth can be calculated and con-
verted to length, capacitance or induc-
tance according to its source .
The equivalent velocity factor (K

factor) of the base section of the an-
tenna must also be considered in the
antenna design . The K factor is the
actual length of a resonant '/4-wave-
length vertical divided by a theoreti-
cal '/4 wavelength as given in Eq 8 of
the Appendix . The Kfactor is normally
in the range of 0 .93 to 0 .97. However,
the apparent K factor will increase if
the antenna is mounted low on the
vehicle so the feed point is close to a
vertical body section . Antennas
mounted on the rear deck or top of a
metal body vehicle have a normal
K factor of about 0 .95 provided
the mounting surface is properly
grounded to the rest of the vehicle .

Experiments and Results
A series of experiments was run to

determine the effective capacitance of
some common mobile hat configura-
tions with a variety of loading coils,
bottom sections and whips . In all
cases, the hats were mounted on top of
the loading coil . In each experiment
the resonant frequency of the antenna

combination was determined with an
MFJ-249 SWR analyzer .' The charac-
teristic impedances of the whip (ZOT)
and the base section (ZOB) were cal-
culated from Eq 9 in the Appendix . The
electrical lengths of the whip (TW) and
the base section (TB) at the resonant
frequency were calculated from Eq 11 .
The reactance of the whip (XW)
resulted from Eq 12 and the added ca-
pacitive reactance of the loading coil
(XC) was determined by Eq 16 . The
inductive reactances of the loading coil
(XLC) and the base section (XB) were
calculated from Eqs 14 and 13, respec-
tively . The capacitive reactances of the
experimental hats were calculated by
a rearrangement of Eq 2 as shown
below :

XH =
1

1

	

1

	

1

	

Eq 3
XB +XLC XC XW

The capacitance of the hat was sub-
sequently calculated from Eq 19 . A
BASIC computer program was written
to speed up the many calculations .

Since many of the experiments were
run with a bumper mount, it was im-
portant to determine the K factor to
be applied to the base section of each
antenna. This was done by measur-
ing the resonant frequency of an
11 .323-foot monopole mounted at vari-
ous distances from a vertical section of
the vehicle body or bumper. The Kfac-
tor was calculated with Eq 8 . The re-
sults are shown in Table 1 . The first
few inches of vertical metal near the
feed point are most important . For
example, the data for the first line of
Table 1 were obtained with the mono-
pole mounted in place of a trailer hitch
on the step bumper of a pick-up truck .
The monopole was about seven inches
from the tail gate of the truck but only
2'/4 inches from the 6'/2-inch vertical
rise of the bumper . The K factors of
monopoles mounted on the rear deck
and hood of a vehicle were normal at
about 0.95 . The deck and hood
mounted antennas were capacitively

grounded to the vehicle body with 220
square inches of aluminum foil . The
experimentally determined K factors
were used in calculating the electrical
length of only the bottom section us-
ing Eq 11 .

The physical size and shape of the
loading coil add both length and ca-
pacitance to the antenna . The effects
could not be readily calculated or mea-
sured by assuming that the coil was a
solid object . The net effect appeared to
be capacitive; therefore the coil capaci-
tance was lumped with the capaci-
tance of the top section of the antenna .
The capacitance of several loading
coils was determined for several an-
tenna configurations without hats by
calculating the coil capacitance re-
quired to balance the reactances of the
top and bottom sections of the anten-
nas . The following rearrangement of
Eq 2 was employed :

XC =	1
1

	

1 Eq 4
XB +XLC, XW

The average results are given in
Table 2 . These values were used in the
final calculation of hat capacitances .

It was also noted that a K factor of
1.0 was required for the whip to
achieve consistent results . The actual

Table 1-Effect of Vertical
Vehicle Body on Antenna
Length

Table 2-Experimental Loading Coils

Note : Inductance measured by dip-oscillator method . See text .
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Length
inches

Diameter Turns,
inches

	

Wire
Inductance
hH

Capacity Construction
pF

5 1 /, '/8 106 no . 20 47.6 0 .8 Wound on 3/4" CPVC
55/ 8 15/ 1 , 36 no . 12 5.4 0.6 Wound on 3/4" CPVC
8 1 /2 1 5/8 Unknown 182.2 1 .35 Commercial Mobile Coil
8 1 / 2 3 69 no . 14 111 .4 1 .7 Air Wound Miniductor
8 1 /4 2 1 /2 51 no. 13 47.7 1 .8 Air Wound Miniductor

Distance from
Vertical Metal
Body, inches

K
Factor

2 1 / 4 1 .08
3 1 / 4 1 .013
3'/2 0.998
6 0.985
9 0.969
12 0.962
14 0.951
16 0.949



K factor is probably close to 0 .95. The
difference is no doubt compensation
for some other factor that was not con-
sidered in the calculations .
The results of the work are shown in

Fig 1 as a plot of hat capacitance
versus hat diameter. The experimen-
tal hats are shown in the legend of Fig
1. The solid disks were constructed
from circuit board . The open hats were
constructed from no . 12 copper wire
except that one 8-spoke wheel was con-
structed from '/4 -inch diameter copper
tubing to confirm that wire diameters
up to '/4 inch have little effect on the
reported hat capacitance . This was
also confirmed by modeling some of
the hats with ELNEC . 6 An 18-inch di-
ameter wheel was also constructed
from circuit board . The wheel had a
3-inch diameter hub, a 1'/4-inch wide
rim and four 1-inch wide spokes . The
capacitance of this wheel fell between
the solid disks and the 8-spoke wheels .

5

The experimental bottom sections
included in the study were a group of
/8-inch diameter masts with lengths of
approximately 2 .9, 5 .6, 8 .5 and 11 .3
feet and a single 1-inch diameter mast
5 .8 feet long . Whips included were 3 .9
feet long by 0 .09 inch average diam-
eter, 1.79 feet long by 0 .09 inch diam-
eter and 6 .9 feet long by '/8 inch diam-
eter. The experimental loading coils
were described in Table 2 .

The data in Fig 1 represented by the
broken lines are actually from ELNEC
models. In the ELNEC model the ef-
fects of loading coil capacitance and
type of mount are not involved because
the loading coil is represented by a
point and the base of the antenna was
mounted on a 2-foot high hill with no
obstructions . Surprisingly, the experi-
mental data fit the ELNEC derived
lines so well that it was not worthwhile
to derive new lines. The solid line rep-
resenting the solid disks is plotted
through the experimental data points .
Most of the data fell within ±2% of the
averages, and all data fell within
±10% .
Adjustable two-wire hats were also

studied . The adjustable wires were
mounted on top of the loading coil .
Two-wire hats in the shape of a V are
often used to tune an antenna to reso-
nance with a fixed inductor and whip
by adjusting the angle between the
wires. The capacity of two 12-inch long
no. 12 wires at several included angles
is shown in Table 3 . The data in Table
3 indicates that a 75-meter antenna
can be adjusted over a range of ap-
proximately 170 kHz .
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Using the Correlations
The foregoing data and correlations

can now be used to calculate an un-
known parameter when the others are
known. The parameters are the base
section length and diameter, the whip
length and average diameter, the
inductance of the loading coil, the
added capacitance of the loading coil
and the type and diameter of the hat,
if one is used . The added capacitance
of the loading coil should be estimated
by interpolating the data in Table 2 .
Preferably, the K factor of the base
section should be determined by mea-
suring the resonant frequency and
length of a monopole installed on the
same mount as that planned for the

Fig 1

Solid Disk

8-Spoke Wheel

4-Spoke Wheel

8 - Spoke Star

cross

loaded antenna . Eq 8 should be used
for this purpose . Otherwise, Table 1
should be consulted for a bumper or

Table 3-Capacity of Two Tuning
Wires

Angle Between Capacity

Wires, Degrees pF

0 2 .00
22.5 2.40
45 2.65
90

	

2 .80

Note: No. 12 wire, each 12 inches
long .



"trailer hitch" type mount and 0.95
should be used for an on-body mount .
At 40 meters and above the effect of an
error in K is small since the reactance
of the base mast is small compared to
the reactance of the loading coil . Below
40 meters the reactance of the mast
may be larger than the reactance of the
loading coil. Thus any error in K will
be important .

In the first example, the inductance
required to resonate an antenna at
7 .2 MHz will be calculated . The an-
tenna will have a 5 .8 foot by 1 inch di-
ameter base section, a 3 .9 foot long by
0 .09 inch average diameter whip, an
8-inch diameter 8-spoke wheel for a
capacity hat and will be mounted on a
bumper. It is expected that the induc-
tance will be wound on a form that is
about 0.88 inch diameter by 5'/2 inch
long. The antenna will be bumper
mounted quite close to the body of the
vehicle, so a K factor of 1 .08 for the
base section will be used . From Table
2, a loading coil of the approximate
size planned will have a capacitance of
approximately 0 .8 pF, and from Fig 1
the hat will have a capacitance of 3 .1
pF .
Step 1-From Eq 9 calculate ZOB

and ZOW for the base section and the
whip . ZOB is 277.7 Q and ZOW is
398 .4 4 .
Step 2-From Eq 10 calculate the

wavelength (WL) at 7.2 MHz . WL is
136 .61 feet .
Step 3-From Eq 11 calculate the

electrical length of the whip (TW) us-
ing 1 .0 for K. TW is 10.277° .
Step 4-From Eq 12 calculate the

capacitive reactance (XW) of the whip .
XW is 2197 Q.

Step 5-From Eq 16 calculate the
capacitive reactance (XH) of the hat .
XHis7131Q .

Step 6-From Eq 16 calculate the
capacitive reactance (XC) of the load-
ing coil . XC is 27,631 t .
Step 7-From Eq 17 calculate the

summed reactance for the top section
(XT) . XT is 1583 Q.
Step 8-From Eq 11 calculate the

electrical length (TB) of the base sec-
tion using 1 .08 for K. TB is 14 .152° .
Step 9-From Eq 13 calculate the

inductive reactance (XB) at the top of
the base section . XB is 70.0 t .
Step 10-By rearranging Eq 1, the

required inductive reactance is XT-
XB or 1583-70=1513 Q.
Step 11-From Eq 18 calculate the

inductance (L) required in the loading
coil . L is 33 .4 pH .

The number of turns in the coil can
now be determined from the formulas

in the ARRL Handbook .?
If no hat were desired in the above

example, the term 1/XH would be
omitted from Eq 17 . The required coil
reactance would still be XT-XB . The
coil reactance and inductance would
be higher to resonate without the hat .

It should be apparent that the essen-
tial steps will be the same no matter
which parameter is being calculated .
It is a matter of which reactances are
added or subtracted in Eq 2, which is
the basic equation for balance of the
top and bottom reactances . When
you're calculating one of the top reac-
tances it's often easier to work with Eq
2 in the form :

1

	

1

	

1

	

1
XB +XLC XC + XH + XW
To determine the reactance of a hat

to bring an antenna to resonance the
equation becomes :

1

	

1

	

1

	

1
XH XB+XLC, XC XW

Eq 5B

or

XH =	1
1-

	

1 -- 1-- Eg5C
XB +XLC, XC XW

For a second example, a 5-foot long
commercial base section is available .
The base section looks like a fiberglass
pole . It is desired to calculate the ZOB
of the mast so that loading coils and
hats can be designed . It is probable
that the conductor inside the pole is
fairly small, which means that the
ZOB will be high . The first step is to
determine the base section reactance,
XB. A well characterized whip and coil
are available . So Eq 2 becomes :

XB = 1 11 -XLC
+ --

	

E q 6
XC XW

The term 1/XH is missing because
the test antenna does not use a hat .
The resonant frequency is determined
with an MFJ-249 SWR analyzer, and
the known parameters are calculated
as in the steps above and plugged into
Eq 6 to give a value ofXB . The electri-
cal length (TB) of the base section is
calculated from Eq 11 . Eq 13 is rear-
ranged to :

ZOB = XB
Eq 7tan(TB)

The ZOB turns out to be 409 Q. By
rearranging Eq 9 the diameter is
calculated to be 0 .098 inch. So it is
probable that the conductor inside the
fiberglass pole is either no . 12 wire or
a '/r,-inch diameter rod .

Eq 5A

When a fixed loading coil is used in
an antenna design, it is important to
know the inductance accurately . The
best method of inductance measure-
ment that I have found is the dip-
oscillator method . The dip oscillator is
used to measure the resonant fre-
quency of the parallel circuit formed
by the unknown inductance and a
known value of capacitance . The dip
oscillator should be coupled to a good
frequency counter and measurements
made with each of five to ten different
silver-mica capacitors of the same
value . The inductance values are then
averaged. It is important to make the
measurements with the minimum cou-
pling between the dip oscillator and
the coil . Minimum coupling will show
the minimum perceptible dip . The
ARRL Handbook should be consulted
for further information on determin-
ing inductance by the dip oscillator
method .

Summary
A common method of designing

loaded mobile antennas has treated
the top whip and bottom masts as
transmission lines, with the inductive
reactance of the loading coil added to
that of the base mast . At resonance,
the reactance of the whip must equal
the sum of the reactances of the load-
ing coil and base mast . In this study,
two factors have been added to im-
prove the accuracy of the calculations .
First, the added capacitance of the
loading coil is lumped with the capaci-
tance of the whip . Second, the length
or K factor of the base mast has been
adjusted to compensate for the mount-
ing position of the antenna on the ve-
hicle. The capacitance of several hat
configurations has been determined
and a method of incorporating this ca-
pacitance in antenna design has been
presented . Depending upon the accu-
racy of measurement of loading coil in-
ductance, the calculations of antenna
reactances can be made within 2% for
most installations and within 10% for
all antennas evaluated .
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pany in 1982 after 34 years in research
and manufacturing. Andy became in-
terested in ham radio as a teenager .
First licensed in 1951, he held an Ad-
vanced Class license until he upgraded
to Extra Class in 1983 . Andy now
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Eq 10

	

WL = 983 .6
F

WL=wavelength at the resonant frequency, in feet
F=frequency, in MHz

E 11

	

T= Lx360
q

	

K x WL
T=electrical length of base section or whip, in

degrees
L=length of base section or whip, in feet
K=length factor from Eq 8 or assumed
WL=one wavelength at the resonant frequency, in

feet (from Eq 10)

XW =
WIN

tan(TW)

XW=reactance of whip, in Q (minus sign ignored)
ZOW=characteristic impedance or whip, in S2

(from Eq 9)
TW=electrical length of whip, degrees

(from Eq 11)

Eq 13

	

XB = ZOB x tan (TB)
ZOB=characteristic impedance of base section, in

92 (from Eq 9)
TB=electrical length of base section, in Q

(from Eq 11)
Eq 14

	

XL=2xnxFxL
XL=inductive reactance of loading coil, in Q
L=inductance of loaing coil, in pH
F=frequency, in MHz
n=3 .141593

Eq 12

n=3 .141593

XT =	1	
1

	

1

	

1
XW + XH + XC

XT=total reactance of top section, in Q
XW=reactance of whip, in S2 (from Eq 12)
XH=reactance of capacitance hat, in S2

(from Eq 16)
XC=reactance of loading coil capacity, in S2

(from Eq 16)

L

	

XLC=	
2xrrxF

L=inductance of loading coil, in tH
XLC=inductive reactance of loading coil, in S2

(from Eq 14)
F=frequency, in MHz
n=3 .141593

106	
Eg19

	

C= 2xnxFxX
C=capacitance of hat or loading coil, in pF
F=frequency, in MHz
X=reactance of hat (XH) or coil (XC), in Q
n=3 .141593

Eq 17

Eq 18

participates in the VE program and is
primarily interested in the technical
aspects of ham radio .

Notes
1 ARRL Antenna Book, 17th Edition 1994,
Chapter 16 .

20 QEX

2Byron, B ., W7DHD, "Short Vertical Anten-
nas for the Low Bands," Ham Radio, Part
1, May 1983, pp 36-40 ; Part 2, Jun 1983,
pp 17-20 .

3Michaels, Charles J., W7XC, "Evolution of
the Short Top-Loaded Vertical," QST, Mar
1990, pp 26-30 .

4 Capacity loading may be used also, but the

size of a hat without an inductance will
usually be too large for a mobile antenna .

5MFJ Enterprises, Inc, Box 494, Mississippi
State, MS 39762 .

6ELNEC Antenna Software, Roy Lewallen,
PO Box 6658, Beaverton, OR 97007 .

7 1996 ARRL Handbook for the Radio Ama-
teur, ARRL .
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Appendix

K_ Lx4xF LxF
Eq 15

	

XBT = XB + XL245.9Eq 8

	

983.6
L=length of monopole,
F=frequency, in

Eq 9

	

ZO=601In
(
4

in
MHz

feet

L ~-1

XBT=total inductive reactance of base section,
in Q

XB=reactance of base section, in Q (from Eq 13)
XL=reactance of loading coail, in S2 (from Eq 14)

D 106

ZO=characteristic impedance
section or whip), in

L=length of base section
D=diameter of base section
In=natural logarithm

of antenna (base
52
or whip, in feet

or whip, in inches

Eq 16

	

X= 2xnxFxC
X=capacitive reactance of hat or loading coil, in Q
F=frequency, in MHz
C=capacity of hat or coil, in pF (from Fig 1 or

Table 2)



A Better and SimplerAID
for the DDC-Based Receiver

B urr-Brown has just introduced
a 12-bit, 25-MSPS (mega-
samples per second) A/D con-

verter, the ADS801U . 1 The ADS801U
permits building a very simple im-
proved front end for my digital
downconverter- (DDC) based re-
ceiver . 2,34 ' •' The receiver's intermod-ulation-distortion dynamic range(IMDDR) is limited by the ADS801U,and the blocking dynamic range (BDR)is limited by the noise floor of the DDC .The dynamic linearity specs of theADS801U are not as good as those ofthe Analog Devices AD9042, but theADSS01U costs $50, versus $250 for
'Notes appear on page 24 .

990 Pine Street
Burlington, VT 05401
email: traneus@emba .uvm .edu

Yet another improved front end brings the
DDC-based receiver closer to superhet performance

By Peter Traneus Anderson, KC1 HR

the AD9042 . 6 The AD9042 needs no
active gain ahead of it, just the passive
voltage gain of an impedance transfor-
mation . However, it is difficult to pro-
tect the $250 AD9042 from transients
without degrading its linearity .
Fig 1 shows the circuitry . The

double-tuned preselector is still built
using a pair of molded RF chokes close
together for magnetic coupling and a
dual 365-pF variable capacitor .
Choose the inductance to resonate in
the desired band . I use plug-in coils-
a band switch can also be used-and
150-µH chokes to cover most of the AM
broadcast band and the 160-m band,
and 6 .8-µH chokes to cover the 80-, 40-
and 30-m hands . 1 .5-µH chokes are
used to cover the 20- and 15-m bands .
Smaller chokes would be better for
these bands . These bands are between
one half and one times the clock fre-

quency of 25 MHz, so they are aliased
in the A/D ; the 20-m band shows up
from 25-14=11 MHz to 25-14 .35
=10.65 MHz, and the 15-m band shows
up from 25-21=4 MHz to 25-
21 .45=3 .55 MHz .
The 20-m and 15-m sidebands are

swapped by the aliasing, so the usual
20-m and 15-m ITSB signals become
LSB signals to the DDC . The usual
signals on the lower bands are already
LSB, so the DDC needs to be pro-
grammed only for LSB signals .
The ADS801U makes an especially

simple front end for a receiver as its
reference is internal, and an LM733
video amplifier can drive the
ADS801U analog input . The LM733
has a differential output and the
ADS801U has a differential input, so
they are a good match .
The LM733 has enough differential
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output swing to drive the ADS801U to
full-scale input (4-V peak-to-peak)
without clipping and cannot generate
enough output swing to damage the
ADSS01U. Running the LM733 from
6- or 7-V supplies would increase the
linear swing of the LM733 at the ex-
pense of added power supplies .
The LM733 pin numbers shown are

those of the 14-pin DIP package .
LM733 is National Semiconductor's
name for the part . Another vendor's
733 video amplifier will work as well .
The 733 was one of the original linear
ICs introduced by Fairchild in the late
60s and early 70s, and its gain of 100
at a bandwidth of 90 MHz is impres-
sive even today . The 592 video ampli-
fier is the same, except the minimum
gain (all gain pins open) is zero rather
than 10 . The 592 lacks the 733's inter-
nal resistor between the gain pins .

+5

74S113
or

74F113

100 uH

U12
1

Clock
Oscillator
50 MHz

11

U13
745113

	

3

13

12

1

/

0.1

J

K

K
SET

SET

10

14

Q

The 733 is run at its minimum gain
of 10 (for differential outputs), by leav-
ing the gain pins open . Fig 1 shows a
resistor between the gain pins to show
where a resistor may be added to in-
crease the gain of the 733 (or provide
any gain in the case of the 592) . Lower
resistor values provide more gain at
the expense of poorer linearity .

If you use the 592, you can place a
series-tuned circuit between the gain
pins to get a band-pass preamp . The 733
has a second function : it protects the
more-expensive AID from transients .

At my location I receive two strong
AM broadcast stations at 1230 and
1390 kHz. By peaking the preselector
between these two frequencies I was
able to set the signal levels of the two
stations to be equal, with each 14 dB
down from full scale in the A/D .
By tuning the DDC to various

0 .1

5

/T/ 1 /T/' 1 /T/0"/

25 MHz

intermodulation (IMD) products and
measuring the audio signal level, I was
able to estimate the IMD products . I
found the second-order products were
66 dB down from each signal alone and
the third-order products were at least
84 dB down . The noise floor of the DDC
limited the third-order measurement .
For comparison, the ADS801U spec

sheet shows (for input signals at 4 .4
and 4 .5 MHz) second-order products
78 dB down and third-order products
72 dB down. The distortion of the
LM733 is unspecified, but should be
low at the minimum gain, given the
internal circuit design and wide band-
width (120 MHz at the gain of 10 used
here) of the LM733 .

The ADS801U full-scale input volt-
age is 4-V pp =2-Vpk=l .4-V,. r„.. The
LM733 has a differential gain of 10, so
the full-scale input voltage at the

17

15

0.1

CLK

Fig 1-Preselector, preamp and 12-bit A/D converter for the DDC-based receiver . Gain-setting resistor R1 is omitted for the
minimum-gain condition discussed in the text . Lower values of R1 give higher RF gains at the cost of reduced linearity .
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LM733 input is 140 mV,., . This pro-
vides excellent large-signal-handling
capability .
One count in the ADS801U corre-

sponds to 1/4096 of full scale, so one
count is 35 mV rms at the LM733 input .
The wide-band noise of the LM733 in-
put is rated to be about the same, so
the quantization noise of the
ADS801U is swamped by the analog
noise of the LM733, even with the
LM733 set to minimum gain .
Connecting the LM733 clearly in-

creases the activity on the lowest bits
of the ADS801U (even with the LM733
input grounded), so the LM733 does
indeed control the noise level .

The ADS801U is typically rated for
a 66-dB wide-band signal-to-noise ra-
tio (SNR) . The effective noise band-
width is one half the sample rate, or
12 .5 MHz . If the DDC is set for a
bandwith of 2000 Hz (used for SSB
reception), the ratio of input band-
width to output bandwidth is 6250 .
This bandwidth reduction has a

noise-averaging effect, often called
process gain. For random-noise sig-
nals, the noise power is reduced by the
bandwidth ratio. Equivalently, the
noise voltage is reduced by the square
root of the bandwidth ratio, in this
case 79=38 dB .

The DDC gain is set so that a full-
scale input CW carrier produces a full-
scale output CW carrier . Thus, the
DDC signal gain is unity . The process
gain increases the SNR by 38 dB, to
give an expected SNR of 104 dB .

When I listened to the receiver's
noise floor, the "noise" had a tonal
quality that true noise shouldn't have .
Checking with an oscilloscope at the
D/A output showed a low-level tone in
the center of the audio passband, at
one fourth of the audio sample rate .
This tone is the classic Weaver

center-of-the-passband spur (called
F -weaver in Fig 2) and is seen digitally
as a 1-count peak-to-peak square wave
when the DDC output is scaled to
17-bits peak-to-peak full scale.' In an
analog receiver, the spur is due to dc
offsets in the mixers or low-pass fil-
ters. Here, the spur is due to round-off
or truncation errors in the DDC . At 6
dB per bit, the spur is 102 dB down
from full scale .

The lesson here is that the DDC has
mathematical errors that limit the
DDC output SNR to the Harris-speci-
fied 102 dB .' Thus, the DDC noise floor
is higher than the analog noise floor!
Reducing the bandwidth does not re-
duce the DDC noise floor, so
narrowband operation is even more
DDC-limited .
Connecting an antenna causes an

increase in noise in the static-laden
lower bands . For higher bands, the
LM733 gain can be increased by con-
necting a resistor across the gain pins,
at the expense of poorer linearity and
poorer large-signal-handling charac-
teristics .

How good must a DDC be for a really
good receiver? Say the full-scale input
is 1 Vrm,=13 dBm . Say the receiver is

thermal-noise limited and has a mini-
mum passband of 100 Hz . Then
the noise level is 1 nV/sqr(Hz)xsq
(100 Hz)= 10 nVrms=13 dBm-160 dB=
-147 dBm .
The dynamic range at the DDC

output is then 1 V / 10 nV=
100,000,000=160 dB . At 6 dB per bit
of resolution, this is 160/6 = 27 bits .

For a margin of safety and to use a
standard word size, say we calculate
to 32 bits of accuracy at the DDC out-
put. This is twice the bits of accuracy
in the Harris 50016 and requires
roughly four times as many gates .
However, monolithic gates are very
cheap and processes have gotten
denser since the already-small 50016
chip was designed . Thus, a 32-bit DDC
is thoroughly practical once there is a
demand for it .

Here is a challenge for receiver de-
signers: Develop a receiver which
overloads at 1 Vrms or higher, has a
noise floor equal to the thermal noise
of a 50-Q resistor at room temperature
and has no detectable spurs whatso-
ever (all spurs are masked by the ther-
mal noise) .
This requires a 32-bit DDC and a

very good RF digitizer . The digitizer
must have an A/D that is thermal-
noise limited, has 1 Vrms full-scale
range and is linear to 27 bits .
Note that the A/D output does not

have to be 27 bits wide to meet these
specs . In good RF A/Ds, the linearity is
better than the word length . The time
base for the A/D must have a phase

Fig 2-Calculations of various parameters used to set up the 50016 DDC in my previous articles (most symbols are from the
Harris HSP50016 data sheet) . f_lQCLK is used both to clock serial data into an audio D/A converter and to clock a Maxim
switched-capacitor analog antialias filter following the D/A converter . The Maxim filter has a cut-off frequency equal to 1/100 of
its clock frequency . The "ceiling" of a number is the lowest integer larger than the number . For example, the ceiling of 3 .1416
1s4 .
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noise low enough to support this level
of linearity .
A few people have asked my how I

calculated various parameters to be
programmed into the 50016 DDC . Fig
2 shows these calculations . Refer to
my previous articles for the control
words I write to the DDC and to the
50016 spec sheet for explanations of
the meaning of the parameters .

This is the third A/D I've used in my
receiver . It's the simplest and best-
performing so far . Better A/Ds exist,
but the Harris 50016 DDC is becoming
the limiting factor . In that sense, the
present design is optimal for me for
now. Once really good A/Ds are avail-
able, 32-bit DDCs will be needed .

About the author
A radio amateur since 1980, Peter

Traneus Anderson holds an Advanced

N 0 S i n t r o TCP/IP over Packet Radio
An Introduction to the KA9Q Network Operating System
by Ian Wade, G3NRW

In NOSintro you'll find a wealth of practical information, hints and tips for setting up and using the
KA9Q Network Operating System (NOS) in a packet radio environment .

The emphasis is on hands-on practicalities . You'll see exactly :

•

	

how to install NOS on a PC
•

	

how to set up the control files
•

	

how to check out basic operations off-air
•

	

how to use NOS commands for transferring files, logging in
to remote systems, sending mail, etc .

Theoretical coverage is kept to a minimum-just enough to provide a
framework for the hands-on sessions, so you get a good understanding
of what's happening without being submerged in a morass of superflu-
ous detail . Order #4319 $23 .

Order your copy today . ARRL direct at 860-594-0255
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Class license and has been learning
how to build radios for 40 years . He
received an AB in physics from
Wesleyan. University in 1970 and an
MA in physics from Dartmouth Col-
lege. He is currently studying for a PhD
in electrical engineering at the Univer-
sity of Vermont and has been employed
since 1980 at Polhemus Incorporated,
where he is involved in the develop-
ment of sensing systems operating in
the 30,000-meter band . His areas of
technical interest in Amateur Radio
include the development of high dy-
namic range RF AID converters and
the use of these converters to build all-
digital HF receivers.
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For immediate product information, call
800-548-6132 .
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3Anderson, P. T ., "A Better A/D and Soft-
ware for the DDC-Based Receiver," QEX,
Nov 1994, pp 11-15 .

4 Anderson, P . T ., "A Simple CW Demodula-
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5 Anderson, P. T., "A Simple CW Transmit
VFO for the DDC-Based Receiver," QEX,
Jan 1996, pp 20-25 .

6AD9042 data sheet, Analog Devices, One
Technology Way, PO Box 9106, Norwood,
MA 02062-9106, 617-329-4700 .

7Anderson, P . T ., "A Different Weave of SSB
Receiver," QEX, Sep 1993, pp 3-7 .

8 HSP50016 data sheet, Harris Semiconduc-
tor, 1301 Woody Burke Road, Melbourne,
FL 32902, 407-724-3000 . You can get the
data sheet from Harris's AnswerFAX 407-
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www.semi .harris .com . (Harris also has
some nice cheap, fast 10-bit A/D convert-
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Grid Records ; Ken Ramirez, KP4XS/W4
A Cool 1500 Watt Amplifier for 432

MHz; Steve Gross, N4PZ
Preliminary Tower Analysis Tech-

niques; Steven H . Sawyers
An Andrew Cable Primer ; Tom

Whitted, WABWZG
A Comprehensive Bibliography of

UHF & Microwave Articles ; Paul
Husby, WOUC
CSVHF 1994 Antenna Measure-

ment Results
CSVHF 1994 Preamplifier Measure-

ment Results
Central States VHF Society 1995

Antenna Gain Results
Central States VHF Society 1995

Noise Figure Results
North American VHF and Above DX

Records

Eastern VHF/UHF Conference
The 22nd Annual Eastern VHF/

UHF Conference was held August
23-25, 1996, at the Quality Inn and
Conference Center, Vernon, Connecti-
cut. Here is a summary of papers pre-
sented. Conference Proceedings are
available from ARRL . ISBN: 0-87259-
567-6; cost is $12, plus shipping ; order
number: 5676 .
The Eastern VHF/UHF Conference

Experience ; Stan Hilinski, KA1ZE,
Chairperson
The Eastern VHF/UHF Conference

Trivia Quiz; Stan Hilinski, KA1ZE,
Chairperson

Antennas
Application of Circular Waveguide

with an 11-GHz TVRO Feed ; Bruce
Wood, N2LIV
East and West Combine on 10 GHz/

Part I - (3-95) Development; Bruce
Wood, N2LIV, Dick Knadle, K2RIW,
Ron Videtto, N2NKJ
East and West Combine on 10 GHz/

Part II - (7-96) - Results ; Bruce Wood,
N2LIV, Dick Knadle, K2RIW, & Ron
Videtto, N2NKJ

Equipment Design & Modification
An Image-Phasing Transverter for

10 .368 GHz ; Doug MeGarrett, WA2SAY
Comparison of TVRO LNB's on 10

GHz; Bruce Wood, N2LIV
HF/VHF "All-Band" TVI Filter ;

Dale Clement, AF1T
Improving the Vibroplex Brass

Racer Iambic Paddle; Chris Fagas,
WB2VVV
Kenwood TS-450S & TS-690S Low

Power Modifications ; Bruce Wood,
N2LIV
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Milling with a Drill Press ; Ken
Schofield, W1RIL
Mini-Circuits MMIC Component

Values - Chart; Chris Fagas, WB2VVV
Noise : Measurement and Genera-

tion; Paul Wade, NIBWT
Sizing Concrete Piers for Tower

Legs; C .R. MacCluer, W8MQW & W .E .
Saul, P .E .
TELETEC Solid State VHF & UHF

Amplifiers, Product Review ; Fred
Stefanik, N1DPM
Tweaking the AGC Time Constant

of the Kenwood TS-700A; Chris Fagas,
WB2VVV
Using the Chaparral 11 GHz

Superfeed at 10 .368 GHz ; Paul Wade,
N1BWT
Svetlana 4CX400A Improves 8930

VHF Amplifiers; Ron Klimas, WZ1V
Using the Svetlana 4CX400A on 432

MHz; Fred Stefanik, N1DPM

Operating Related Topics
An Introduction to VHF/UHF

Weak-Signal Operating ; Jeff Klein,
WA2TEO & Fred Stefanik, N1DPM
Competitive Multi-Op Mountaintop-
ping, The DM18 Story ; Tim Marek,
NC7K
800 to 900 MHz Radio Frequency

K6PY's DIRECTION+
Do you know your latitude and longitude in decimal
or minutes/seconds? How about the other station's
or location's? . . then FEAST YOUR EYES ON THIS :
Plug In yours, plug in his and get displayed these :

1 . Forward Bearing
2 . Long Path Bearing
3 . HIS bearing to YOU !!!
4 . Distance in kilometers
5 . Distance in nautical miles
6 . Distance in statute miles
7 . Distance in meters

ALL BEARINGS STORED IN ACCESSIBLE CONVEN
VENJIONAL MEMORYADDRESSES FOR OTHER
PROGRAMS TO RUN YOUR ANTENNA OR FOR
OTHER APPUCA71ONS AFTER ENDING SESSION.
Plug in distance and forward bearing to other
station and get his latitude and longitude .
Plug In decimal latitude/longitude and get stand-
ard degrees/mins/secs accurate to 1 millisecond .
Plug in standard degrees/mins/secs, get decimal
latitude/longitude, Immediately get data 1-7.
Min . '386SX, DOS5/WIN, 300K Ram. $14.95+2s+t .
K6PY, Paul Cooper, 9845 Oakdale Avenue
Chatsworth, CA . 91311-5361, (818) 341-3499 Voice
FAX (818) 772-8863, Ans. Mach . (818) 993-8459

Propagation Characteristics ; Chris
Fagas, WB2VVV
50 MHz Beacons ; Compiled by Mar-

tin Harrison, G3USF
VHF/UHF Beacons; Compiled by

Ron Klimas, WZ1V

Testing
Antenna Gain Measurements,

Twenty - First Eastern VHF/UHF
Conference
Noise Figure Measurements,

Twenty - First Eastern VHF/UHF
Conference

Transmission Lines
Common Coaxial Cable Character-

istics - Chart; Chris Fagas, WB2VVV
Typical 10 GHz Transmission Line

Insertion Loss ; Chris Fagas, WB2VVV

Reprints font QEX Microwave
Experimenters' Sampler
More on Parabolic Dish Antennas

(December 1995 QEX) ; Paul Wade,
N1BWT
A "Fool-Resistant" Sequenced Con-

troller and IF Switch for Microwave
Transverters, (May 1996 QEX) ; Paul
Wade, N1BWT
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