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WD 6CNF presents an interface to use elecromyography (EMG) signals produced by flexing his jaw muscles
to move a computer mouse cursor, input fext and operate a fransceiver control program—aeven sending CW.

A R R L The national association for
AMATEUR RADIO

225 Main Street

Newington, CT USA 06111-1494




) TOKYO HY-POWER

Two of the LIGHTEST and
MOST COMPACT Amplifiers in the Industry!

FML-1.9RFX FL=-1.ZNRFX
HF/SO0MHz Linear Power 750W PEP Desktop Linear
Features Features
= Solid State. = Solid State.
= The amplifier's decoder changes bands automatically with ® This world-class compact 750W HF amplifier is the easiest to
most ICOM, Kenwood, Yaesu. handle and operate.
= The amp utilizes an advanced 16 bit MPU (microprocessor) to = The amplifier's broadband characteristics require no further
run the various high speed protection circuits such as overdrive, tuning once the operating band is selected.
high antenna SWR, DC overvoltage, band miss-set etc. = The amplifier allows operation in full break-in CW mode due to
® Built in power supply. the use of the amplifier’s high speed antenna relays
= AC (200/220/235/240V) and (100/110/115/120V) selectable. ® Quiet operation allows for even the weakest DX signals
= Equipped with a control cable connection socket, for the = The amp utilizes a sophisticated circuit to run the various high
HC-1.5KAT, auto antenna tuner by Tokyo Hy-Power Labs. speed protection circuits.
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Mode: — 20 A max. SSB, CW, RTTY Dimensions:
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50MHz 650W PEP max. Optional Items: Circuit:
Circuit: Auto Antenna Tuner (HC-1.5KAT) Class AB parallel push-pull
Class AB parallel push-pull External Cooling Fan (HXT-1.5KF Cooling Method:
Cooling Method: for high duty cycle RTTY) Forced Air Cooling
Forced Air Cooling Accessories Included:
Band Decoder Cables included for
Kenwood, ICOM and some Yaesu
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Larry Wolfgang, WR1B
Iwolfgang@arrl.org

Empirical Outlook

| attended the 27" ARRL/TAPR Digital Communications Conference in Chicago on
September 26-28. This was my second DCC, and it is definitely an event | want to attend in the
future!

I met and talked with many QEX readers, authors and potential authors at the conference,
and | enjoyed every minute of it. | even got to present a talk of my own this year: Writing for
Publication — It's Not Rocket Science (Even if You are Writing About Rocket Science!) A num-
ber of attendees told me that | had encouraged them to write about a project they've been
working on. Now if they follow through...

Of course, the real point of the DCC s all of the technical presentations, along with the proj-
ects on display in the Demonstration Room, or “play room,” as it is called. TAPR had a D-STAR
repeater system operating in the Demo Room, and Icom was also there with a display of
D-STAR equipment for attendees to browse and learn about. (No equipment was for sale,
though. The DCC is not a “Hamfest” in the typical sense of dealers and flea market sales.)
Kenwood was also in attendance with a display of their TM-D710 VHF/UHF transceiver, along
with the AvMap G5 GPS unit set up for APRS operation, and a few other radios. With the
completion of the last pre-production Mercury direct-sampling receiver circuit board, TAPR was
able to show a complete radio package for the High Performance Software Defined Radio
(HPSDR) project. This setup included the “Mercury” board, the “Ozy” USB computer interface
and the “Penelope” ¥z W direct up-conversion transmitter all plugged in to the “Atlas” six-slot
backplane.

Other “live” demos included a complete Winlink 2000 station in a box (or on a wagon for easy
transport away from a car), an APRS demonstration station and DVDongle, a device that plugs
into a USB port on your computer and allows you to access the D-STAR networks through their
Internet gateways! There were other displays and equipment in the room, too.

Technical presentations at the DCC this year covered a range of topics. Friday and Saturday
were full days of technical presentations, from 9 AM to 4 PM both days, with an hour lunch
break. Steve Bible, N7HPR, gave an update on the SuitSat-2 project, Tom Clarke, K310, talked
about other AMSAT programs. Scott Cowling, WA2DFI, talked about the current status of the
HPSDR project, including the Mercury board. Victor Poor, W5SMM, gave us a Winlink 2000
update and Rick Muething, KN6KB, presented a much-anticipated talk about WINMOR — a
Sound Card ARQ Mode for Winlink HF Digital Messaging. There were talks about various uses
for the Amateur packet radio network as well as the APRS system.

In addition to all of the technical presentations, there was also a full day of “Introductory
Sessions” on Saturday. Most of these had to do with various aspects of D-STAR networks and
data modes.

D-STAR was a hot topic, with Friday evening presentations lasting from 7 until after 9 PM. Dan
Smith, KK7DS described his D-RATS system for sending text and file transfers over the D-STAR
system. Dan wrote this software in response to a need, expressed by his local ARES group, to
transfer data during emergency operations. This became even more impressive when Dan
showed how he could use his software to design a look-alike form for just about any served-
agency document, then transfer the text information over D-STAR and “assemble” the document
for printing at the receiving station. This must impress the officials at the served agency!

Pete Loveall, AESPL, explained that Icom D-STAR radios can put GPS information into the
digital data stream that is transmitted along with the digital voice. D-PRS is a program that con-
verts the Icom GPS information into TNC2 formatted APRS strings, which can then be inter-
faced with the APRS packet network.

If you were unable to attend the DCC this year, you might want to mark your calendar now
for the 2009 DCC. Plans are underway to return to the Holiday Inn Hotel, Elk Grove Village,
llinois, near Chicago’s O’Hare International Airport for the 28" DCC on the weekend of
September 25-27, 2009.

There are a number of other excellent technical conferences that are well worth your time.
We list many of them in the Upcoming Conferences section of QEX, with calls for papers and
information about dates and locations. Microwave Update, the AMSAT Space Symposium and
the several VHF and VHF/UHF Society Conferences held around the country come immedi-
ately to mind. | hope you can attend one or more of these conferences in the next year.

To share some of the “flavor” of the DCC with our readers who were unable to attend this year,
we are reprinting a couple of the technical papers in this issue of QEX. From time to time we may
also reprint some of the papers published in other Conference Proceedings. These articles make
great reading, but they don't convey the excitement of actually being there, and hearing the pre-
sentation directly from the author.



Grant Connell, WD6CNF

1556 Elk Ravine Way, Roseville, CA 95661; wd6cnf@aol.com

Using Morse Code for Computer
and Ham Station Control

A fast and efficient hands-off rig control system.

There have been numerous methods
developed that allow disabled persons to
communicate with computers. The most
popular of these focus on visual, verbal, and
head oriented formats such as eye tracking,
voice recognition, and head tracking.
The hardware and software for these
methodologies are sophisticated,
and in many cases, expensive.
Depending on the system
design, communication with
the computer can be inefficient,
difficult, and tiring. The goal of
this project is to overcome these
limitations by developing a simple and
efficient computer interface that requires
minimal learning, is easy to use, and is
inexpensive. Did you know that slight jaw
movements can be used by disabled hams to
control transceivers and operate CW? Here’s
how.

During the past several years, | have been
using human electroencephalograph (EEG),
commonly known as brain waves, to inter-
face the brain to a computer (BCl — brain
to computer interfaces). | have built several
different types of interface units using the
radio techniques of audio modulation and
frequency modulation to convert these sig-
nals to a higher frequency band (such as 8192
Hz), usable by the computer via the sound
card. A side benefit is that the amplitude
modulated EEG units are able to pick up the
higher frequency electromyography (EMG)
signals. These signals are generated when
we use muscles to perform a task. Based
on some research at NASA AMES, 1 also
investigated using vocal and sub-vocal EMG
signals for speech recognition and computer
control. During that investigation, | found
that EMG signals from the jaw muscles

INotes appear on page 9.

proved to be reliable for moving the cur-
sor on the screen.

The easiest encoding for cursor move-
ment was to use Morse code.! Additional
coding was needed, however, to allow some-
one to submit passwords and generate text
quickly. In the past, you would normally
generate text by moving the cursor over a
“soft keyboard” and then transferring the text
into a document. This turns out to be a slow
process. With Morse encoding, the solu-
tion is simple — just switch between cursor
movement commands and text generation. A
non-Morse code sequence (dah dah dah dah)
allows switching between the cursor and text
input modes without being printed or affect-
ing the cursor on the screen.

Rig Control

My first attempt to control the rig used a
sound card amplitude modulated EEG unit,
an MFJ 1275 computer interface unit, and an

FT-920 transceiver.
I used the NeuroProbe,
CW Decoder, and Ham Radio
Deluxe software applications.? The
NeuroProbe software processed the
EMG signals, the CW Decoder program
decoded incoming CW signals, and also
keyed the transmitter, while Ham Radio
Deluxe tuned and controled the transceiver.
While this combination of hardware and
software worked successfully, the maxi-
mum Morse code speed was only around 10
words per minute. There was a noticeable
delay between characters being sent, because
the computer had to process the characters
before sending them. While the characters
were being sent, there was no processing of
the EMG signals for the next character.

To improve the communication speed, |
decided to build a “ham radio version” of the
EMG cursor control unit. This version would
pre-process the EMG signal and key the
transmitter directly. | split the computer input
between the audio signal from the radio and
the EMG signal from the operator. | used the
line input to accept both audio signals simul-
taneously. Processing of EMG commands
and text can occur simultaneously while key-
ing the transmitter.

QEX — November/December 2008 3
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Figure 2 — Part A shows the EMG unit
hardware configuration. Notice the
two circuit boards inside the box, as
explained in the text. Part B shows the
rear panel, with connectors. (The lead
photo shows the front panel connectors.)

This system used two RS-232 ports; one
to control the radio and the other to enable
keying. You can use USB-to-Serial convert-
ers if there are no serial ports available on
your computer. A dc-to-dc converter isolates
the power to the unit, while an opto-isolator
interfaces the radio and computer. Figure 1
shows a block diagram of the system con-
figuration.

Hardware Design and Construction
The hardware for the EMG unit uses
through-hole technology for ease of fabrica-

4 QEX — November/December 2008

tion. Future versions could use surface mount
to reduce the size of the unit. There are two
printed circuit boards inside a 54 by 3% inch
plastic enclosure. (See the lead photo.) The
main circuit board contains the EMG signal
processing and audio generation circuits,
while the second board contains the dc-to-dc
converter and transmitter keying circuits. The
two boards are isolated to protect the opera-
tor from stray voltages. Figure 2A shows a
picture of the circuit boards inside the box,
and Part B shows the rear panel, with connec-
tors. The interface to the operator is through

RCA audio connectors and shielded cables,
while the interface to the computer uses an
opto-isolator-to-RS-232 converter for the
key enablement, and transformer isolation
for the EMG audio. The transmitter keying is
isolated through a miniature relay.

I mounted the silver chloride (AgCI) elec-
trodes (using strips of hook and loop fastener
material) on a vertically oriented headband.
The electrodes are located on each side of the
jaw. Gold plated or silver plated electrodes
will work as well. | use Spectra 360 electrode
gel to ensure a good connection to the opera-



tor. The type of electrode gel is not critical for
EMG signals. Shielded audio cables connect
the electrodes to the EMG unit. Figure 3 is a
picture of the electrodes and cables.

Signal Flow

Figure 4 is a block diagram of how the
EMG signal flows through the system. The
EMG signal from the operator is amplified
(gain of 40) by a low-noise differential instru-
mentation amplifier. The common mode sig-
nals on the electrodes are buffered, amplified,
and fed back to the driven right leg (DRL)
line. This reduces (through active feedback)
external stray signals such as 60 Hz by about
30 dB. The output signal from the input
amplifier is then high pass filtered at 70 Hz
to remove the lower EEG and EKG signals.
The signal is further amplified by a factor
of 1000, and limited by diode clippers. This
provides more dynamic range for the signal
path. The amplified signal is then converted
from ac to dc (rectified) and averaged. There
are two averaging paths, one for the signal
and one to generate a noise-riding threshold.
The noise-riding threshold makes the unit
more tolerant to external noise sources by
adjusting the noise floor. The two averaged
signals are then compared to each other and,
depending on whether the signal is greater
than the noise threshold, an audio oscillator
is gated on. The audio oscillator is set to a
500 Hz (adjustable) tone and is buffered by
an 1100 V isolation transformer. The trans-
former is a very important component in the
system, because it protects the operator from
stray line voltages within the computer. The
threshold comparitor also drives an opto-
isolator that gates a transistor and relay for
keying of the transmitter. The transistor can
be disabled by an opto-isolated signal from
the computer. This prevents the transmitter
from being keyed while the cursor is being

moved on the screen.

An external 6 V power cube provides dc
power to the unit. (It actually provides poorly
regulated 7.5 V dc power.) This voltage is
then regulated by an LDO regulator to 5 V
dc. The 5V dc is converted to = 5 V for the
+V and -V voltages by a dc-to-dc converter.
RF filters limit the input EMI (radiated back

to the power cube) and filters the output.
Again, the dc-to-dc converter protects the
operator from stray line voltages and is
a very important design component. The
output of the LDO regulator also drives the
opto-isolators and the transistor relay driver.

Figure 5 shows the schematic diagram of
the control unit.

Figure 3 —This photo shows the electrodes, which are held in place on the user’s jaw using
a headband and strips of hook-and-loop fastener material. The loops in the electrode frame fit
over the user’s ears to help hold the unit in position.
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Figure 4 —The EMG signal flow diagram.
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(Parts List — See end of file.)

Figure 5 —The schematic diagram of the Ham Radio EMG rig control system.
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Software Design

There are a minimum of three software
applications used simultaneously to interface
the operator to the transceiver. |1 use Ham
Radio Deluxe for band selection and tuning
the rig.® NeuroProbe processes the EMG
signals, and CW Decoder XP enables keying
and decodes incoming audio from the trans-
ceiver.*5 All of the applications are set up on
the screen so that they can be seen simulta-
neously, and are enabled (given focus) by
moving the mouse cursor over them, and
then clicking the mouse. You could also run
other programs such as propagation and DX
Cluster software, at the expense of compli-
cating the screen switchover.

I modified the NeuroProbe application
by adding an input element that processes
tones when there is EMG activity. Previous
software processed the EMG signals directly
using the amplitude modulated EEG hard-
ware. Because the sample rate was set at 1024
Hz, the maximum tone frequency is limited to
512 Hz. | created a design configuration that
routes data from the EMG input element to
the EMG Cursor output element, with 200 to
512 Hz bandpass filtering. A timeline screen
is available to observe the input audio and the
decoded waveform. | imported software from
the CW Decoder XP application and modified
it to allow for more delay between characters,
to decode the EMG tone. Figure 6 shows the
design configuration, and Figure 7 shows the
EMG (and voice) cursor control screens of
the NeuroProbe software.

The CW Decoder XP application did not
require any modification but | configured it
to operate in three different capacities. The
received audio from the transceiver provides
visual decoding of the received CW signal.
This is convenient and prevents the operator
from having to memorize call signs and mes-
sages. The output transmit screen is used to
display the transmitted CW text and serves
as storage for the output messages. | used
the “Tune” button to enable the transmitter
keying function. I disable the Tune button
when the cursor is moving on the screen.
The “Transmit Enable” remains in the off
position.

The Ham Radio Deluxe application is
sized down to show only a single band. |
configured it for the FT-920, and the appro-
priate communications port. Figure 8 shows
the three applications on the computer screen
during operation.

Morse Code Implementation
The EMG cursor software is designed to
operate in one of two modes: a cursor control
mode, and a text mode. The cursor control
mode uses short Morse code sequences for
the command codes. The shortest sequences
are used to stop the cursor movement. In
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the cursor mode of operation, the following
codes are used:

1) Up command = di dit, letter “I”

2) Down command = dah dah, letter “M”

3) Left command = di dah, letter “A”

4) Right command = dah dit, letter “N”

5) Stop command = dit, letter “E” or dah,
the letter “T”

6) Click command = di di dit, letter “S”

7) Double-click command = dah dah dah,
letter “O”

8) Switch modes = dah dah dah dah, no
printable letter, switching between cursor
and text modes

9) Freeze command = di dah dit, letter’R”,
used to freeze the decoding for 3 seconds (to
allow for swallowing)

In the text mode of operation, several text
functions such as spaces, backspaces, and
caps toggling are needed for efficient text
input to other applications. The command
codes for these functions are:

1) Space character = di di dah dah, non-
printable Morse character

2) Caps toggling = di dah di dah, non-
printable Morse character

3) Backspace = di di dah di dit, non-print-
able Morse character

4) Switch modes = dah dah dah dah, no
printable letter, switching between cursor
and text modes

To overcome the fast/slow cursor speed
dilemma, I implemented a progressive speed
control. When a command to move the cur-
sor in a given direction is generated, the
cursor speed is set to the slowest setting. A
command to move the cursor in the same
direction increments the cursor speed. This
sequence can be repeated to increase the
speed up to 7 times the slowest speed set-
ting. A stop command resets the speed to the
slow setting again. Close in cursor movement
consists of a command sequence such as up
— stop — down — stop — left — stop, and
so on. This allows precise movement of the
cursor to a target location.

On the Air

To get on the air with the EMG cursor,
the computer must be on and booted up, the
NeuroProbe application must be running, the
EMG unit must be on, and the transceiver
must be on. The EMG unit takes about 20
seconds for the noise threshold level to settle.
At this point the operator can bring up the
Ham Radio Deluxe and CW Decoder XP
applications. Tuning the radio and then
switching to transmitting takes the most time
because of the “transmit enable” function.
Figure 9 shows the control system connected
to my station equipment, ready to operate.

Once on frequency, the QSO is equiva-
lent to normal hand key operation. | have
operated with Morse code speeds of around

15 to 20 words per minute. With increased
practice, higher code speeds are possible.
| went through the same learning curve as
when | first used a hand key. Prosigns are
visible on the EMG cursor screen but not on
the CW Decoder XP transmit screen. They
are normally transmitted using the function
keys. Since the jaw movement is very slight
to produce the EMG signals, | can operate for
several hours without tiring.

During a QSO there was an interest-
ing exchange when | mentioned that I was
using EMG signals for keying. The com-
mon response was that there was QSB on
the air and that they did not copy everything.
Operating CW with the EMG cursor requires
skills similar to operating with a hand key.
Good operating skills go a long way to mak-
ing contacts.

One of the main problems | encountered
was RF feedback. My antenna was located
in the attic. The first time | keyed the trans-
ceiver, the system locked up in the transmit
condition. The EMG electrodes and the
operator have a high impedance connection.
The operator acts like an antenna, and the
input circuitry acts to rectify the RF. Adding
an outside antenna and sitting next to a metal
(grounded) desk solved the problem. The fur-
ther you are away from the antenna, the less
likely the RF energy will feed into the EMG
unit. You also have to ensure that there is no
RF feedback because of a high SWR on the
feed lines running into the ham shack.

Summary
Operating the EMG cursor is a bit like
“flying by wire.” You are performing all

computer and radio control functions on the
screen, without touching the mouse, the key-
board, or the radio. At first, this was uncom-
fortable since I’m still able to interact with
those components. Eventually it became easy
for me to rely on the applications for all of the
needed functions. It would be even easier to
get used to the system for those individuals
who have limited capability to interact physi-
cally with their surroundings. With future
software defined radios (SDRs), almost all of
the radio functions will be controlled by the
computer through the cursor and keyboard.

Although I built a “ham radio version” of
the EMG unit, it still provides very good cur-
sor control of the computer and fast, efficient
text generation. The unit has proven very use-
ful in that regard. In fact, the ham radio ver-
sion could be used for just keying the radio,
and that would leave both hands free for sta-
tion control and logging operations.

The total cost for the project was about
$200, including electrodes. My Web page
(www.hotamateurprograms.com/eeg.
htm) also has information on the sound card
technology used in processing EEG and
EMG signals. The bottom of the page has
articles on eye tracking, voice recognition
using EMG signals, and other topics.

Notes

1Grant Connell, WD6CNF, “Cursor Control
Using EMG Signals and Morse Code.” This
article can be found at www.hotamateur-
programs.com/eeg.htm.

2NeuroProbe software can be found at www.
hotamateurprograms.com/eeg.htm.

3Ham Radio Deluxe software can be found at
www.ham-radio-deluxe.com.

4“CW DecoderXP software can be found at
www.hotamaterprograms.com.

Figure 9 — Here, the EMG rig control hardware is connected to my station, and
ready to operate.
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Building Electrodes

Good quality electrodes are impor-
tant to receiving the low level EMG
or EEG signals from the operator.
Commercial electrodes are usually the
disposable types with a sticky silver
chloride surface, and they are expen-
sive. You can make other electrodes
from disks plated with gold, silver, or
sliver chloride materials. You can obtain
reasonably priced electrodes from Web
based sites such as “The Electrode
Store.” The tricky part is in having a
reliable mounting system, while keeping
the price down.

I built two types of electrode con-
figurations for this project; a headband
with silver chloride electrodes and
an ear mounted wire band with gold
plated electrodes. Figure A shows the
preferred location of the electrodes for
the EMG signals to be picked up from
the jaw muscles.

The headband configuration with the
silver chloride electrodes used the cen-
ter of the jaw for the DRL reference. The
other two electrodes touched each side

Chan 1
(+)

e/

Figure A —This drawing shows the location of the electrodes
on the jaw.

Figure B —This is a photo of an EMG headband electrode configuration.
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of the jaw. | used a badge clip to hold the
wires and prevent strain on the electrode
wires. The electrodes are held to the head-
band with sticky-back Velcro strips. | also
used Velcro at the ends of the headband
to close the loop when it is mounted on
the head. Figure B shows the completed
headband assembly.

| fabricated the ear-mounted wire band
from a coat hanger. | soldered a circular
jewelry mount at each end of the cut and
bent coat hanger. | then soldered the gold
plated electrodes to the jewelry mounts.
The wires from the electrodes connect to
the audio cable, and are taped to the wire
frame. The DRL line connects to the ear
clips. Figures C, D, E, and F show the dif- Figure E — Here, the electrodes are mounted on the ends of the
ferent stages in the wire band construction. wire-band.

Figure C —This photo shows the wire band and audio cable. Figure F — Here is a photo of the completed wire band
electrode configuration.

Grant G. Connell, WD6CNF, is a communica-
tions Systems Engineer at Northrop Grumman in
Sacramento, California. An ARRL member, he has
been a licensed ham since 1959. Grant holdsan
MSEE from San Jose State University. He has been
interested in software for the amateur radio opera-
tor and haswritten many programsthat facilitate the
operator’s station, including CW decoding. Recently
he has been interested in hardware and software
that interfaces the computer to the brain (brain-
to-computer interface, BCl) and related research.
Related articles, hardware designs, and software can
be found at www.hotamateurprograms.com and at
www.hotamateur programs.com/eeg.htm.

Figure D —This photo shows the wire band ends.
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Parts List

Quantity Value Tolerance  Voltage Rating Package Part MFG/Comments
Integrated Circuits
4 AD706 NA 10V DIL-08 Ul, U3 ,U4, U5 Analog Devices
1 INA114 NA 10V DIL-08 u2 Analog Devices
1 LM311 NA 5-15V DIL-08 u6 Various Vendors
2 IL-1 NA DIL-08 us, U9 Various Vendors
1 ICM7555 NA 10V DIL-08 u7 Various Vendors
1 TMV0505D NA 5V CUSTOM ul10 TRACO Electronics AG
1 LM2931Z-5 NA 20V TO-92 U1l National Semiconductor
Discrete Semiconductors
12 1N4148 NA 100V DO-35 D1-D8 Various Vendors
2 1N4001 NA 1kv DO-35 D10, D11 Various Vendors
1 2N2222A  NA 15V TO-92 Q1 Various Vendors
Resisitors
1 100 Q 5% R-10 R2, R15
1 200 Q 5% R-10 R36
2 1kQ 1% R-10 R6, R7
7 1kQ 5% R-10 R3, R4, R9, R28, R35, R37, R38
1 2.7kQ 5% R-10 R39
2 47kQ 5% R-10 R23, R30
7 10kQ 5% R-10 R1, R8, R10, R11, R19, R22, R34
5 20k Q 5% R-10 R17, R18, R20, R21, R31
2 22k Q 5% R-10 R14
2 39kQ 5% R-10 R12, R13
2 47k Q 5% R-10 R27, R29
3 100k Q 5% R-10 R16, R25, R32
1 200k Q 5% R-10 R5
1 330k Q 5% R-10 R26
1 5kQ NA R24 10 Turn Potentiometer
1 100 k Q NA R33 10 Turn Potentiometer
Capacitors
1 100 pF 10% 100V C-5 C1 Ceramic
2 0.001 pF 10% 100V C-5 C3,C4 Ceramic
1 0.01 pF 10% 100V C-5 C17
2 0.02 uF 10% 50V C-5 C7,C8 Ceramic
1 00.1 pF 20% 50V C-5 C2, C5, C9, C10, C13, C14, C16,
C18, C20, C21, C22 Ceramic
1 2.0 uF 20% 15V EL25B C6 Tantalum
3 22 pF 20% 15V EL25B C19, C23, C24 Tantalum
Inductors
2 100 pH 10% L1, L2
2 33 uH 10% L3, L4
Miscellaneous Parts
1 Conn P1 9-Pin RS-232 Conn.
2 Jack J1, P2 Mono, miniature phone jack
1 Jack J2 Power Connector
1 TTC-02 T1 (Tamura) 1100 V isolation transformer
9 8-Pin IC Socket
1 Relay K1 5V dc Relay Radio Shack, 275-232
1 PCB PCB with ground plane
1 Enclosure  Plastic enclosure, 3.3 x 5.25 x 1.25 inch PAC-TEC, Model CM3-100
2 RCA Phono Female jacks for electrodes
1 Ground Plug For DRL
2 Electrodes AgCl
1 Cable Stereo Cable with RCA Male Phono Plugs
Note:

All resistors are metal film, 1/4 W, to reduce noise.
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Dr. Sam Green, W@PCE

10951 Pem Rd, Saint Louis, MO 63146; w@pce@arrl.net

Fully Automated DDS Sweep
Generator Measurement System

A DDS kit, a few simple circuits, and the author’s software produce a
100 Hz to 30 MHz or 60 MHz sweep measurement system.

The New Jersey QRP Club’s Direct
Digital Synthesis Daughtercard Kit provides
direct digital synthesis on a 1 x 2 inch plug-
gable card.! See Figure 1. The new version
synthesizes 0-60 MHz, and the original
version that | have synthesizes 0-30 MHz.
Several popular projects based on a variety
of microprocessors incorporate the NJQRP
DDS daughtercards, and there is free down-
loadable software available online to drive
the DDS as a variable frequency oscillator
or as a sweep generator when interfaced to a
computer parallel port, as shown in Figure 2.

I wanted to use the DDS as a sweep gen-
erator but was disappointed to find that the
available sweep generator application sweeps
both up and down, and then repeats, while
providing no way to display a stable, observ-
able waveform on an oscilloscope. | e-mailed
the author asking for source code so | could
modify his application, but got no response.

This article describes the changes | made
and the features | added once | learned how
to program the DDS from a computer paral-
lel port.

| added a discrete output to trigger an
oscilloscope sweep at the beginning of a fre-
quency sweep, a digital-to-analog converter
(DAC) to synthesize a horizontal sweep, an
analog-to-digital converter (ADC) to mea-
sure response at each frequency and save the
results to a text file, and a logarithmic detec-
tor to measure RF signal levels over a wide
dynamic range. Unused pins of the same
parallel port that controls the DDS control the
DAC and the ADC. How cool is that?

Figure 3 shows the connections between
the socket for the NJQRP DDS and a local
DB-25M connector in this project that
attaches by cable to the DB-25F parallel
(printer) port connection on your computer.
I maintain the same DDS connections to the

Notes appear on page 22.

Figure 1 —These photos show both sides of The NJQRP Club DDS daughtercard.
Note the modification to derive a direct output for low frequency operation that
bypasses the amplifier.

QEX — November/December 2008 13



Cable from +12v

computer parallel
port. DB-25F to

NJQRP
Daughtercard
Socket

pB-25M = RF Out
connector. 3 Clock 2 6
4 Load 1
18 Gnd 5
| — S FL
DDS
QX0811-Green02 Daughtercard

Figure 2 —This diagram shows how the DDS connects to a computer parallel port.

void write40bit2d0 (int freqword, int phaseword) {
// with clock to dl & frequency update strobe to d2
int freqgvar, i, writebit;
fregqvar = fregword ;
for (i=1; 1i<33; i++) {
writebit = freqvar & 1 ;
_outp (base, writebit); // write bit
_outp (base, writebit | 2); // writeclock high
_outp (base, writebit); // writeclock low
fregvar >>= 1 ;
}
fregvar = phaseword ; // all zeroes
for (i=1; i<9; i++) {
writebit = freqvar & 1 ;
_outp (base, writebit); // write bit
_outp (base, writebit | 2); // writeclock high
_outp (base, writebit); // writeclock low
fregqvar >>= 1 ;
}
_outp (base, 4); // frequency update stobe pulse high;
_outp(base, 0); // frequency update stobe pulse low;
}

Figure 4 —This subroutine writes frequency and phase words to the DDS.
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Figure 3 —This pictorial layout shows the
computer parallel port connections to the
NJQRP Club DDS daughtercard.

Data
Clock
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11 11 1 1711111
13 {12 |11 |10 |9] |8] |7] |6 |5 |4 2
ADC o O o ojJojJ]o]J]o © 0 0 O O
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Busy 25 24 23 22 21 20 19 18 T17T16 15 DAC
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0 171 1] 1| 1 0 0Ol1]0/|O0
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QX0811-Green05 Status Port (279h / 379h) Control Port (27Ah / 37Ah) Trigger

Figure 5 —This diagram from the Parallel Port Viewer at www.soft-collection.com/images/ParallelPortViever.gif shows how the additional
functions of the sweep generator system use the remaining pins on the parallel port.
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parallel port so that the original NJQRP soft-
ware still works.

I chose an MX7543 for the DAC and a
MAX110 for the ADC because they both com-
municate serially and thus each only requires a
few of the remaining pins on the same parallel
port as the DDS, and also because MAXIM
sent me free evaluation samples.2 3 This is an
honored tradition. The NJQRP Club tells you
to obtain a free sample of the DDS chip from
Analog Devices and does not include it in the
daughtercard kit. | also honored this tradition
in obtaining the Analog Devices logarithmic
detector and the Texas Instruments reference
diodes. TI no longer provides the free sample
reference diodes, but Linear Technology does
provide equivalents. | offer my thanks to the
vendors for these samples.

This project provides a complete sweep-
frequency measurement system that operates
very well from 100 kHz to 30 MHz with only
the DDS daughtercard, these three chips, a
dual op-amp, the voltage reference diodes,
and some voltage regulators. The new DDS
daughtercard will operate to 60 MHz with
appropriate adjustments to the data-word
calculation.

I put an AD8307 logarithmic detector in
the box so it could connect to one input of the
ADC.* This device is so sensitive to pickup
from the DDS that it might be better to pack-
age it separately. The AD8307 has an enor-
mous dynamic range to provide a display that
reaches orders of magnitude below what you
can see with an ordinary diode detector.

Both the DDS and the logarithmic detec-
tor are direct coupled, so it is possible to work
through the audio range. | will discuss diffi-
culties that appear at low frequencies later.

You can download sample software pro-
grams from the ARRL QEX Web site.® | pro-
gram in C in the Microsoft Visual Studio 6.0
environment, but you can translate my source
code to your environment as needed. If you do
not program, you can run my executable files
from a command line in a DOS window, but
you do not get to change anything. You will
be stuck with the parallel port at 0x378, the
30 MHz DDS, and the calibration constants
for the specific components in my prototype.
To get to a DOS window in Windows, click on
“Start” and then “Run” and then type “cmd” in
the text box that appears. Finally, hit “Enter.”

| expect a real programmer will step
up and generate a fully general version of
this prototype software with a Windows
Graphical User Interface to replace my sim-
ple console applications.

Windows does not allow executable appli-
cation programs running in a DOS window
to alter the I/O ports, so install UserPort to
enable these programs to access the parallel
port.® Download and unzip UserPort. Copy
UserPort.sys to C:\WINDOWS\system32\
drivers. To run UserPort.exe, double click on
its icon and then click “Start” in the UserPort

dialog box. Now, all of these programs reach
the parallel port.

One Piece ataTime

| followed the programming instructions
in the data sheet for the Analog Devices
AD9850. The heart of the program is the
subroutine shown in Figure 4. This routine
writes 40 data bits sequentially to pin 2 of the
parallel port (DQ) while toggling the clock
pin 3 (D1) high and low between data bits,
and finally loads the data into the frequency/
phase data register by toggling the load pin
(D2) high and low. The rest of the program
decides the next frequency and computes the
value of the variable freqword that consti-
tutes the sequential data bit stream.

I built and debugged prototypes of the
DAC and the ADC separately using a sol-
derless breadboard before trying to make
them work with the DDS. There is nothing
critical here. The clock and data lines of the

DAC operate just like the DDS, so the soft-
ware routines are similar. The ADC is more
complex because it has a second data line, a
chip select, and a busy output to indicate that
data is ready to read, but the principles are the
same. Once individual programs work sepa-
rately, you must take care in programming
so that you do not mess up one device while
attempting to write to another. Follow the
examples in the downloadable source code
that I provide.

Figure 5, adapted from www.soft-
collection.com/images/Par allelPortViever.
gif shows the allocation of pins on the par-
allel port to each device. A parallel port has
status and control registers at consecutive
addresses following the data register that pro-
vide more inputs and outputs at the DB-25F
connector on your computer. I use six of eight
general-purpose pins on the data port that can
be inputs or outputs. I use two of five input-
only pins read by the status port, and | use

NJQRP
QX0811-Green06
reen Daughtercard
Socket
+8V >——10
MX7543 (o)
Serial DAC
=
Serial Data
_o_
Transfer ; } 7
Stb2 LD2o 1 o—
Clock 14
R1
rt R2
¢ STB1 CLR +5V R3
I e
¢ Agnd  Vpp R8 1
Out2 VREIf)_
1] O Out1 Res D1
DB-25M
1 c1 Oscilloscope
_T\ Trigger
R6 R5
+5V >—— ——< -5V
25
13
LM324
Quad Op Amp
DAC Out

Figure 6 — This pictorial layout shows how to build the digital to analog converter (DAC)
around a DB-25M connector that attaches to the computer parallel port DB-25F connector.
The pictorial diagram shows “bottom of the socket” wiring views of the ICs, so pin numbers
increase clockwise from Pin 1.
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all four output pins written to by the control
port, including one I provide as a signal to the
external trigger input of an oscilloscope time
base, when | don’t use the horizontal sweep
waveform that | generate with the DAC.

In case of any conflict or confusion, |
provide references to the manufacturer’s data
sheets for the critical components.

The M X7543 Digital-to-Analog
Converter

Figure 6 shows the DAC circuitry and
closely follows Figure 5 in the MAXIM
data sheet for bipolar operation. The circuit
requires two general-purpose op-amps. You
can use a dual op-amp such as an LM358, but
I used an LM324 quad op-amp, with three
sections in parallel to triple the available out-
put drive current. Unipolar operation requires
only one op-amp, but the ability to generate
both positive and negative voltages proves
worthwhile as you will see below. Prototype
this as | did to be sure you can make it work
before building a final circuit.

The DAC interface on the control port is
identical to that of the DDS on the data port,
except the data and clock pins | selected have
inverse polarity, requiring an appropriate
software adjustment. The oscilloscope trig-
ger discrete (as we in the aerospace commu-
nity call individual digital on-off signals) is
on the same port, so be sure to toggle only the
correct bits when writing to the control port.

The reference diode, D1, sets and stabi-
lizes the output voltage range, but the actual
voltage is not critical unless you want to do
precision work. Calibration constants in the
executable software depend on the reference
diode value and the offset of the op-amps.
These will be close without revising the soft-
ware if you follow the parts list.

The MAX110 Analog-to-Digital
Converter

Figure 7 shows the ADC circuitry. The
MAX110 is a bipolar input ADC. Because
the AD8307 always has a positive output,
it makes sense to consider using the unipo-
lar MAX111 ADC in this application. This
would save one reference diode and increase
the measurement resolution by one bit, or
a factor of two. | preferred a more general-
purpose instrument and selected the bipolar
version. Again, the ability to measure both
positive and negative input signals proves
worthwhile as you will see later.

Software for the ADC is more complex
than for the DDS or DAC, because there are
more lines to write and read. The DDS and
DAC only write to data, clock and transfer
inputs. The ADC also requires writes to the
chip select input and reads from the data and
busy outputs. The main subroutine sequen-
tially reads an output data bit after writing
a corresponding input data bit. In addition,
there are many options to select in the control
word written to the ADC, such as the resolu-
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Figure 7 —This pictorial layout shows how the analog to digital converter (ADC) connects to
a DB-25M connector that attaches to the computer parallel port.

tion, which affects the measurement time.
The calibration procedure involves a series
of write and read sequences.

Incredibly, these MAXIM ADC chips
provide very accurate measurements and con-
sistently agree with my Fluke 77 Multimeter.
Thermal stability of the reference diodes is
critical. After the internal three-step calibra-
tion procedure, the input range extends from
negative Vto positive V¢, where Vs equals
the sum of both reference diode voltages. It is
difficult to gain an understanding of these
important points from the data sheet, where
the reference diode voltages are REF- and
REF+. |, for one, consistently confuse REF+
with +Vref, which leads to a factor-of-two
error. Before the calibration procedure, the
input range is, strangely, half the calibrated
value or £V, / 2. There’s that factor of two
again. Calibration constants in the executable
software depend on the reference diodes,
which will be close without revising the soft-
ware if you follow the parts list.

The AD8307 L ogarithmic Detector
| previously used the AD8307 in a few
projects, including a recent patent applica-

tion. I can’t tell you about that now, but it’s
really useful, so go to the uspto.gov Web site
after mid-2009, search on my name, and sort
among the results to see it.” The Patent and
Trademark Office publishes patent applica-
tions 18 months after the filing date, whether
or not a patent has issued or will ever issue.

| first learned of the AD8307 in a QST
article.® | obtained the data sheet and a couple
of samples. Studying the data sheet showed
me that | could build a direct-reading RF
power meter by subtracting 2.10 V from the
output, multiplying by 0.4, and applying the
result to a 200 mV digital panel meter with
the decimal point moved two positions to
the right. I designed and built this in a small
box and use it frequently. It is essentially a
direct-reading digital version of the instru-
ment in the Hayward QST article. This sweep
measurement project needs the same func-
tionality, but after measuring the logarithmic-
detector output with the ADC, it is simpler to
subtract and multiply in software in place of
the op-amps and trim-pots | used.

Figure 8 shows the AD8307 circuitry,
along with the DDS and the ADC and DAC.



The logarithmic detector has no connections
to the parallel port. For observation of rapid
scans on an oscilloscope, less output filtering
is desirable. For slower measurement with an
ADC, more filtering is desirable. Consider
adjusting these values for your particular

usage. Input 2 of the ADC connects to the
logarithmic detector output. | retain Input 1
for general-purpose use, but you might want
to connect it to a different output filter after
the logarithmic detector.

With nothing else running, measure the

output of the logarithmic detector. With no
input, the output should be below 0.25 V.
With no shielding, local RF emitters will
provide enough signal level to exceed this
level. Mount the detector in a shielded case
to minimize pickup. If the logarithmic detec-
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Figure 8 — This complete pictorial layout shows the addition of the AD8307 logarithmic detector to the other elements of the DDS

C1 22 pF

C2,C3 1 uF or 100 pF for low
frequency operation—see text

C4 1uF

C5 0.001 pF

C6,C7 0.100 pF

D1 LM385-2.5 or LT1004-2.5

D2, D3 LM385-1.2 or LT1004-1.25

measurement system.

R1,R2,R3,R4 10 kQ

R5 20 kQ

R6, R7 40 kQ

R8, R10, R11 3.9kQ

R9 1 MQ

R12 51Q

R13 22 kQ

R14 100 kQ

Active Components

MX7543 DAC

MAX110 ADC

LM324 Quad Operational Amplifier
ADB8307 Logarithmic Detector
NJQRP DDS kit

Standard ham tolerance of half to double is acceptable for all components except R12, which should be near 50 Q, and R4, R5, R6, and R7,
which are not critical in value but should be very close to a ratio of 1:2:4:4.
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tor is in the same case as the DDS, power up QX0811-Green09

the DDS to see if there is any interaction. The DDS Sweep of Crystal Filter
DDS does not even require programming to -20

emit enough electromagnetic interference to

obscure several orders of magnitude of the -25

logarithmic detector’s dynamic range. Isolate

as required. Use a separate shielding case, or -30 |
a case within a case, if you must. This exer-

cise reveals that the logarithmic detector is -3

incredibly sensitive. | originally placed the
logarithmic detector on the board near the
DDS and could not prevent pickup. | moved
the logarithmic detector to the input connec- 45
tor and mounted related components directly

dBm
|
S
o

III{IIII TTTTTTTTT ITIT ] TTIT I TTITT T ITTT

onto conductive adhesive backed copper tape 50

serving as a ground plane. Separate packag- .

ing external to the case would have been 55

easier and less problematic. 60

Circuit Isolation Hints 1740000 1745000 1750000
It is good practice to decouple the power Frequency in Hz

supply leads at all microcircuits with capaci- (A)

tors small and large to minimize the coupling

of signals between different functions along

the power lines. All power pins have bypass

capacitors with short leads to ground even Direct or Fi 20dB Ft Crystal Filt Ft Logarithmic ADC

though not explicitly shown in the schemat- Amplified Atten Under Test Detector Input 2

ics. The DDS and the logarithmic detec- DDS Output input

tor have many bypass capacitors, typically (B)

0.1 uF ceramic capacitors with very short
leads and 10 pF teardrop electrolytic capaci- ~ Figure 9 — Part A shows the linear sweep frequency plot of a crystal filter made with the DDS

tors. The logarithmic detector also has some measurement system. Part B shows the measurement connections, including a 20 dB attenuator.
six-hole ferrites in its power lead. The DDS
has its own 8 V regulator, and the other cir-

cuits share +5 V and -5 V regulators. Next QX0811-Green10
time 1 would provide a separate voltage regu- Direct and Amplified DDS Output Levels
lator for the logarithmic detector.

I used an external 12V supply and fed 10
it into the box through some serious feed- | o 4 F L
through filters to keep external RF fields |& = /1
away from the logarithmic detector. Again, | & -10 E /
it would be simpler to package the AD8307 i e / 1 R e
in its own separate shielded box, preferably | © 20 E ’f
with a battery power supply. 5 30 | /

(0] —

Software 5§ MOF

The download package contains pro- | £ 50 [ J ——— Amplified 100 oF |
grams called ADC, DAC, LSW, SSW, g c Direct 100 uF
SWCENTER, SWDDS, and TRANSFER. |& ~60L Direct 1 yuF
The executable DOS console applications 70 M
have a .EXE suffix, and the source files have =
a .CPP suffix. -80 [

Analog to Digital Converter 1 10 100 1000 10000 100000 1000000 10000000 100000000

The application program ADC.EXE digi- Frequency in Hz
tizes the analog signal at input 1 and writes (A)
the value to the screen. This is a simple test
program to demonstrate functionality. It is
useful for making simple measurements,
comparing your DVM to the results, and Direct or Logarithmic Detector ADC
determining whether you need to adjust the Cupalliiee F?__ 6 dB Atten F?__ Wi 1 (1F @i Input 2
calibration constants. Do this first, so you DDS Output Input Capacitors
can use the ADC to check and calibrate (B)
the DAC. ADC will start from a command

line or by double clicking the file name in Figure 10 — Part A shows the logarithmic sweep frequency plot of the direct and amplified
Windows Explorer. In either case, a usage DDS outputs. Part B shows the measurement connections, including a 6 dB attenuator.
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Transfer Function with Vref + 2.5919 V & offset = 0.010 V QX0811-Green11

-2.566 V < Vsource < 2.615 V from DAC Diode Current versus Voltage Characteristics
-2.470 V < Vmeasure < +2.469 V
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DAC R !u
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ADC Input 1

Output

Vdiode = Vsource — Vmeas
I diode = Vmeas /R

(B) (D)

Figure 11 — Part A shows the calibration waveform with the ADC measuring the DAC, and Part B shows the test set-up. Part C shows a diode
current versus voltage-characteristic measurement made by the system. Part D shows the test set-up for the diode measurements.
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Figure 12 — Part A shows the output display of a sweep using the DDS as the local oscillator of a spectrum analyzer. Part B is the test
equipment set-up.

QEX — November/December 2008 19




statement appears that tells you the com-
mand line parameters to enter to decrease the
resolution to 12 bits for faster measurements
or increase it to 14 bits for more precise, but
less frequent, measurements. The MAX110
data sheet explains the detailed operation and
the tradeoffs involved. The calibration proce-
dure builtinto ADC.EXE provides extremely
good accuracy. The program scales the inter-
nal result by a calibration factor Vref that
depends on the individual reference diodes in
your implementation. Again, the result will
be close without revising the software if you
use the LM385-1.2 reference diodes called
out for D2 and D3 in the parts list.

Digital to Analog Converter

The application program DAC.EXE
writes numbers to the DAC that appear as
an output voltage. Again, this is a simple test
program to demonstrate functionality. DAC
will only start from a command line. With
no parameters following the command, the
program displays a usage statement that tells
you proper syntax. With a single parameter,
the output is a constant voltage. With two
parameters, the output voltage sweeps from
the first entry, which must be the most nega-
tive value to the second entry, which is the
most positive value, and repeats. The pos-
sible range is about —2.5 V to +2.5 V. Enter
start and end values in integer millivolts as
parameters following the command to select
values within this range. This sawtooth
waveform generator is useful to demonstrate
that the DAC functions. In principle, you can
generate an arbitrary waveform if you change
the program to read the contents of a lookup
table and write the values to the DAC.

RF Sweep Generator with
Synthesized Sweep

The application program SWDDS.EXE
provides a repetitive linear sawtooth sweep
between a lower and an upper frequency and
synthesizes a sawtooth voltage waveform
from the DAC to drive a horizontal oscil-
loscope input to display the trace. SWDDS
will start from a command line or by double
clicking the file name in Windows Explorer.
With no parameters, SWDDS comes up
running default settings and sweeps from
1 MHz to 10 MHz in 4096 steps. Set fre-
quency start, end, and step number param-
eters in the command line. The numeric
keypad allows coarse increases and decreases
of start and end frequencies and number
of steps. The maximum number of steps is
4096, the maximum resolution of the DAC,
which cannot operate below a step count of
1. The DDS is able to provide resolution to a
small fraction of a hertz if you eliminate the
DAC analog sweep.

The application program SWCENTER.
EXE provides the same functionality as
SWDDS with entry in the form of center fre-
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quency and sweep width. Default settings are a
center frequency of 1 MHz and a sweep width
of 100 kHz, so the default sweep range is
between 950 kHz and 1050 kHz. The numeric
keypad allows fine as well as coarse changes
of center frequency, sweep width and number
of steps. Enter numeric values and observe the
effects on the displayed parameters as well as
what you’ll see on an oscilloscope.

The 11x08_Green.zip file available for
download from the ARRL Web site includes
a file called “Notes on WOPCE Programs.
doc” that has explicit instructions for using
all the console applications, and explains the
effects of numeric entries. See Note 5.

RF Sweep Generator with Data L og

The application program SSW.EXE pro-
vides a single linear sweep between lower
and upper frequencies with an adjust-
able number of equal frequency steps. It
instructs the ADC to measure the voltage into
input 2 from the logarithmic detector at each
frequency, and writes the frequency and power
measurements in Hz and dBm to a text file.
When SSW completes, | import the data text file
into a spreadsheet and plot it, as shown in Figure
9. SSW has evenly spaced frequency steps and
is especially useful for narrow or moderate
sweep widths with very high resolution.

The application program LSW.EXE pro-
vides a single logarithmic sweep between
a lower and upper frequency. It instructs
the ADC to measure the voltage out of the
logarithmic detector at each frequency, and

writes the data measurement to a text file.
When LSW completes, | import the data text
file into a spreadsheet and plot it, as shown
in Figure 10. LSW has increasingly spaced
frequency steps and is especially useful for
sweep widths that extend over most or all
of the full range. If a logarithmic frequency
display best suits your measurement applica-
tion, choose LSW, because it samples many
fewer points and completes sooner. This pro-
vides the highest resolution where needed at
low frequencies, and larger frequency steps
at high frequencies.

Both SSW and LSW will start from a
command line only. With no parameters, the
programs print usage statements to explain
the parameters they require. You must enter
an output filename as the first parameter. If
you enter anything else, a text file will appear
on your drive with that as the filename. It is
most convenient to append .TXT to the file-
name, so you can open the file with WordPad
or an equivalent text editor. The output file
appears in the same folder as the executable
unless you redirect it using the old DOS file-
name rules. For example, if you enter “.\”
before the filename, it will appear in the next
higher folder in the pathname.

Note that the usage statement for LSW
indicates that the fourth parameter is some-
thing called “step fraction denominator.”
This integer number allows you to control
the frequency increment of the logarithmic
sweep. For a value of 100, each frequency
will be 1/100 or 1% higher than the previous

QX0811-Green13
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Figure 13 — Part A shows a plot that illustrates a measurement of the low frequency
performance of the log detector. Part B shows the test equipment set-up.
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Figure 14 —These photos show the prototype DDS sweep measurement system.
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value. For a value of 10000, each frequency
will be 1/10000 or 0.01% higher than the
previous one. LSW allows the step fraction
denominator to be as large as you want, but
the program still advances the frequency by a
minimum of one count.

Voltage Transfer Function

The application program TRANSFER.
EXE drives the DAC rather than the DDS,
and provides a single linear sweep between
a lower and an upper voltage to apply to an
external circuitunder test. Itinstructsthe ADC
to measure the voltage into input number 1 at
each output voltage, and writes the data mea-
surement to a text file. When TRANSFER
completes, | import the data text file into a
spreadsheet and plot it, as shown in Figure
11 to display the transfer function. The plot
on the left shows a calibration waveform with
the DAC output connected to the ADC input.
Note that the DAC output voltage range is
wider than the ADC can accommodate for
the particular reference diodes I chose. The
plot on the right shows the current versus
voltage characteristic curves of a switching
diode and a tunnel diode.

Spectrum Analysis

Figure 12 shows the result of a crude
attempt at spectrum analysis. | drove the
L-port of a double balanced mixer with the
amplified output of the DDS and the R-port
with a short antenna and a wideband pream-
plifier. Signals from the I-port passed through
a low pass filter and to the logarithmic detec-
tor input. LSW.EXE measured power from
the I-port into the logarithmic detector and
yielded a plot of IF signal power versus local
oscillator frequency.

DDS Modifications

If you observe the waveform of the older
30 MHz DDS daughtercard with a fast oscil-
loscope, you may see some serious distortion
caused by improper bias of the MAR-1A RF
output amplifier. I provided a regulated 8 V
supply for the amplifier, omitted the output
inductor, and selected a lower resistor value
that gave the best sine wave output over the
entire frequency range. The optimum resis-
tor value varies with power supply voltage
and from amplifier sample to sample. Newer
NJQRP DDS-60 daughtercards do not use
the MAR-1A and probably do not have this
problem.

Decouple the power lead to the daugh-
tercard socket with several capacitors with
short leads and perhaps a few ferrite beads if
the logarithmic detector is in the same box.
Keep the DDS and the logarithmic detector
separated, isolated, and shielded to get the
best measurement sensitivity.

Low Frequency DDS Operation
Figure 10 shows that the capacitively
coupled amplifier limits the low frequency
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response of the DDS to about 100 kHz. |
accessed an unused second DDS output signal
IOUTB from pin 20 of the Analog Devices
AD9850 or AD9851 DDS chip. The second
output terminates, unused, in a 24 Q chip resis-
tor labeled R2 in Figure 1 and labeled R11 on
the DDS-60. Remove the 24 Q chip resistor
and replace it with a 50 Q chip resistor. On the
30 MHz daughtercard you can add a couple
of Berg pins in the unused holes nearby. This
provides a direct output that works down to a
fraction of a hertz, and up to 30 MHz. With no
amplifier or filter, the level is lower, and there
are some glitches to remove with an external
lowpass filter. Bring this signal out through
some miniature RG-174/U or equivalent
coaxial cable to the front panel. It expects a
50 Q termination in operation. Remember to
design the external lowpass filter for operation
out of, and into, 50 Q. | use a 50 MHz five-pole
elliptical low-pass filter. The DDS-60 provides
no convenient means to bring out this comple-
mentary output directly. You might affix a
short length of miniature coaxial cable across
chip resistor R11 after you change it from
24 Qto 50 Q.

Low Frequency Logarithmic
Detector Operation

The DDS amplifier is not the only prob-
lem at low frequencies, but it is the easiest to
resolve. The AD8307 logarithmic detector
also has some issues.

The logarithmic detector has direct cou-
pling and should work to very low frequencies.
The data sheet suggests split supplies to oper-
ate the COM pin 2 V below the input. | have
not tried this yet because results with large
input capacitors are satisfactory to 20 Hz.

Note Figure 10 again. With 1 uF input
capacitors, the logarithmic detector works
well down to 20 kHz. With 100 uF input
capacitors, it works well to below 100 Hz.

The RC lowpass filter on the logarithmic
detector output requires a short time con-
stant for rapid sweeps observed on an oscil-
loscope, and a long time constant for lower
noise at all frequencies and steadier response
at very low frequencies when measured with
the ADC. Experiment with larger resistor and
capacitor values for very slow sweeps and
smaller values for rapid sweeps.

A frequency dependence that is most
notable at low signal levels occurs because
the AD8307 offset control-loop corner-
frequency is too high. For operation down to
10 Hz, add a 1 to 10 uF capacitor from OFS
pin 3 to ground.® Figure 13 shows that this
capacitor is unnecessary for operation above
100 kHz. My thanks go to Jim Bedrosian at
Analog Devices for this explanation.*®

L ow Frequency Software Adjustment
At high frequencies, many cycles occur in
a period corresponding to the delay between
the frequency step and the time when the
ADC reads the logarithmic detector output.

At audio frequencies, only a small fraction
of a cycle occurs before the ADC can sample
the logarithmic detector. The sweeper driver
LSW.EXE provides a variable delay to allow
several cycles to occur before measurement
at low frequencies, so very low frequencies
take a long time to sweep. This feature does
not appear in SSW.EXE.

In Conclusion

Try the simple setup in Figure 14 to auto-
mate your own measurements! There isn’t
much to it besides the DDS daughterboard,
four chips, three reference diodes, and three
regulators to provide +5 V and +8 V. The pro-
totype isn’t pretty, but this hardware offers
vast capability. Note that | moved the loga-
rithmic detector from the perforated board to
a position next to the input connector and that
I expended much effort to filter interference
conducted by the power leads.

My thanks also go to my friends Matt
Kastigar, W@XEU, and Ken Gianino,
WBGQNA, for providing NJQRP Kits.

Notes

www.njqgrp.org/dds/index.html

2www.maxim-ic.com/quick_view2.cfm/
qv_pk/1580

Swww.maxim-ic.com/quick_view2.cfm/
qv_pk/1018

“www.analog.com/en/prod/0,,759_847_
AD8307,00.html

5The software files associated with this article
are available for download from the ARRL
QEX Web site. Go to www.arrl.org/gexfiles
and look for the file 11x08_Green.zip.

Swww.embeddedtronics.com/
design&ideas.html

7appftl.uspto.gov/netahtml/PTO/search-
bool.html

8Wes Hayward, W7ZOl, “Simple RF Power
Measurement,” QST, June 2001, pp 38-43.

Swww.analog.com/UploadedFiles/
Application_Notes/896652515AN_691_0.
pdf

%Private communication 17 June 2008.
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Broadband Impedance Matching

Improve Your Antenna’s Performance.

Procedures for the design of band-pass
impedance matching networks, where the load
resistance is constant and the load includes a
single series or shunt reactive element, are well
established. These methods have limited utility,
however, for simple monopole or dipole anten-
nas, where the antenna resistance varies and
the antenna impedance continually transitions
between series and shunt resonances as the
wavelength decreases. This paper illustrates that
the classical band-pass design techniques can be
used as a starting point to design antenna match-
ing networks of moderately wide bandwidth.
The design is completed with the aid of a circuit
analysis program containing a built-in optimizer
that can minimize the difference between the
desired Standing Wave Ratio (SWR) and the
actual SWR response of the circuit.

An antenna simulator is presented that sim-
ulates the input impedance of a Shakespeare
Model 390-1 MG 23 foot whip marine HF
antenna. The impedance data used to develop
this simulator was obtained from Shakespeare’s
Web site. It is used as the terminating load of
the impedance matching networks in the circuit
analysis program when optimizing the imped-
ance matching networks.

With an antenna simulator, the load can
be characterized over any desired bandwidth
for the purpose of designing an impedance
matching network over that band. An added
benefit is that it makes the task of determin-
ing the network response outside the match
band a straight forward circuit analysis task.

The circuit analysis program used is a
modified version of the U C Berkeley SPICE
program, version 3f5. The modified program
includes a reduced gradient optimizer that
can optimize the linear (AC) circuit response
for voltage, current, impedance, reflection
coefficient, VSWR, or power goals. The
gradient can be calculated either numeri-
cally, or by the adjoint method. Methods
for evaluating the gradient using the adjoint
method are provided in “Current Trends in
Network Optimization,” |IEEE Transactions
on Microwave Theory and Techniques.*

Notes appear on page 29.

Broadband Matching Fundamentals

Definitions

f, = lower band edge

f,= upper band edge

R=average series load resistance over the
match band

G = average parallel load conductance
over the match band

BW = bandwidth in Hertz used to calcu-
late AX or AB

AX = change in load series reactance over
band BW

AB = change in load parallel susceptance
over band BW

Note: BW does not represent the match
bandwidth, but rather, a narrow bandwidth
around the band center that is used to calcu-
late the reactance slope parameter discussed
below. The band center is given by

Jo=NAXS [Eq 1]
and
wy=2mxf [Eq 2]

The fractional match bandwidth is defined
as:

o, =N [Eq 3]

Jo
For a series equivalent circuit the reac-
tance slope parameter is defined in Reference

2 as:
% ax [Eq 4]
2 do
evaluated at my.

For a load consisting of a resistor in series
with a single reactive element, the reactance
slope parameter is simply the reactance of the
reactive element at f,.

For more complex loads this parameter
can be approximated numerically by deter-
mining the change in reactance over a narrow
band (BW) around f,, while including the
reactance required to resonant the load at f,.

This change in reactance over a small band
will represent the change in both capacitive
and inductive reactance, and thus must be
divided by two to obtain the reactance of a
kind. Therefore, the reactance slope param-
eter used here for series equivalent loads is
defined as:

Jo AX

x=

2 BW [Ea 5]

Similarly, the susceptance slope parameter
used for parallel equivalent loads is defined

as:

f, AB

—_0 22 Eq 6
B > BW [Eq 6]

The above parameters are required to calcu-

late the load decrement defined in Reference

2as:

R
o=——ro
P [Eq 7]
for series equivalent loads, and
G
5 =
Bar [Eq 8]

for parallel equivalent loads.

In the above equations, R is the average
series resistance, and G is the average parallel
conductance. Note that the smaller the load
decrement, the higher the antenna Q, since &
is just the inverse of antenna Q scaled by the
fractional bandwidth.

In the discussion that follows, unless
otherwise noted, frequencies are in MHz,
resistance is in ohms, inductance is in micro-
henrys, and capacitance is in picofarads.
For all figures containing SWR or reflection
coefficient, the curves are with respect to the
applicable source impedance, which may or
may not be 50 Q.

Series Load 25 to 30 MHz

The load used to acquire insight into
broadband matching is a 10 Q resistor in
series with a 53.05 pF capacitor. For a match
band of 25 to 30 MHz, this load yields a load
decrement of 0.5, which makes it convenient
to read the g parameters from Figures. 4.09-5
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through 4.09-7 (pp 126-128) of Microwave
Filters, Impedance Matching Networks and
Coupling Sructures. The series load charac-
terization parameters are listed in Table 1.

Once the load decrement has been deter-
mined it is necessary to select the order of the
matching network. The first, second and third
order matching network g parameters for 6=
0.5 are listed in Table 2.

The g parameters represent the imped-
ance or admittance of the load, source, and
resonators for a 1 Q prototype. The next
step is to impedance scale all g parameters
to the load impedance. If g, is a series resis-
tance, g, represents the load conductance.
If g, is a parallel (or shunt) reactance, g, is
the load resistance. The g parameters then
alternate between series and parallel up to

Table 1

Series Load Characterization

fo=27.4 MHz

wn =0.183

R=10Q

x =109.5Q

5=05

Table 2

Series Load g Parameters

n=1 n=2 n=3

9o = 1 Jo = 1 Jo = 1

0.=2 0.=2 0:=2

g, =0.45 g, =0.40 g.=0.76
0;=2.25 g;=1.35

g,=0.6
Table 3

Series Load Impedance Scaled g
Parameters

and including the source impedance (gp1)-
If g, is a series resonator, then g,., repre-
sents the source conductance, otherwise it
is the source resistance. Impedance scaling
is accomplished by dividing the parallel g
parameters by the load resistance value, and
multiplying the series g parameters by the
load resistance value. Table 3 lists the series
load impedance scaled g parameters.

Given the impedance scaled g
parameters, the resonator L and
C values can be calculated as follows:
For series resonators the reactance is:

-8 [Eq 9]
For parallel resonators the susceptance is:

1 )
b=wC = -8
a)OLi a)m

[Eq 10]

When we apply Equations 9 and 10 to the
impedance scaled g parameters listed in
Table 3, we obtain the matching network ele-
ment values given in Table 4.

Figure 1 shows a graph of the complex
reflection coefficients for the first and sec-
ond order networks. For the n = 1 case, the
best possible broadband impedance match
requires a series inductor to be added to
achieve series resonance at f,. Then the
source impedance is the resistance required
to make the real part of the reflection coef-
ficient zero at the band edges.

For the n = 2 case, the first resonator
remains unchanged. The second resona-
tor is chosen such that the imaginary part
of the reflection coefficient is zero at the
band edges, and the source impedance is the
resistance required to equalize the band edge
SWR and the SWR at f,.

The reflection coefficient gets more com-
plicated for third and higher order networks.
Although the SWR at the band edges remains
equal to the high points of the in-band SWR
ripple, in general neither the real nor the
imaginary parts of the reflection coefficient
are zero at the band edges.

R. M. Fano has shown that there are theo-
retical limitations on the broadband match-
ing of arbitrary impedances.®> Namely, the
integral of the reflection coefficient across
the match band increases as the Q of the load
increases, and this integral must be equal to
or greater than a certain minimum, even for
infinite order networks.

Figure 2 shows a graph of SWR for the
first and second order networks. In order to
achieve the least possible maximum SWR
you don’t get to choose the source imped-
ance. Impedance inverters, discussed later,
can be used to alleviate this problem for third
and higher order band-pass networks, and
may be feasible for second order networks
if the negative element of the inverter can be
absorbed by the load resonating element.

Reflection coefficient and SWR for the

n=1 =2 =3
0o=0.1 0o=0.1 go=0.1
g.=20 0:=20 0. =20
g, = 0.045 g, =0.04 g, =0.076
gs =225 g;=13.5
g, =0.06
Table 4

Matching Network Element Values

n=1 n=2 n=3
R, =10.0 R, =10.0 R, =10.0
L,=0.6366 L,=0.6366 L, =0.6366
R, =22.22 L, =0.0265 L, =0.01396
C,=1273 C,=2419
R; = 22. L; =0.4297
C;=78.6
R,=16.7
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Figure 1 —This graph shows the complex reflection coefficients for first and second order
networks.



third order network are shown in Figures 3
and 4 respectively. The third order matching
network is shown in Figure 5, where CL and
RL represent the load.

The improvement in SWR achievable
with networks beyond third order rapidly
reaches a point of diminishing returns, and
Matthaei, Young and Jones do not even pro-
vide g parameter charts for networks beyond
fourth order. (See Note 2.) It may be desir-
able, however, to use fourth order networks
for other reasons, such as providing more
flexibility in the type of impedance inverter
used to achieve the desired source imped-
ance, a desire to have a series resonant tank
at the input to assure that the out-of-band
impedance goes high instead of low, or to
decrease passband ripple.

Antenna Simulator

The 23 ft whip simulator consists of a
series resistor, a series capacitor, and two
parallel tank circuits in series, as shown in
Figure 6. The element values used for the
simulator were obtained with the aid of the
SPICE program by optimizing the input
impedance so as to minimize the squared
error between the simulator input impedance
and the measured impedance data provided
by Shakespeare over the 8 to 30 MHz band.
Starting values for tank 1 were based on the
in-band parallel resonance of the antenna. A
second out-of-band tank circuit was added
to provide a means for the optimizer to bet-
ter match the impedance at the high end of
the band. Starting values of Ra and Ca were
determined from the measured impedance at
the low end of the band. Graphs comparing
the measured and simulated input impedance
are shown in Figures 7 and 8. The optimized
antenna simulator element values are listed
in Table 5.

This network is used as the load for all
of the matching networks that follow. These
element values are not allowed to be varied
by the optimizer when optimizing a match-
ing network. If one were to actually build
antenna matching networks based on the
simulator impedance, it might be preferable
to have simulators for each match band of
interest in order to obtain a better fit between
measured and simulated impedance. It would
also be desirable to measure the antenna
impedance in the actual environment in
which it is used, including duplication of the
ground plane.

Antenna Matching Networks

The first step in designing a matching
network is to determine the frequency band
to be matched. The next step is to determine
whether the load is more nearly series or par-
allel equivalent. This is accomplished simply
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Figure 2 — SWR versus frequency graph for first and second order networks.
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Figure 3 — Reflection coefficient for the third order matching network, n = 3.
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Table 5

Antenna Simulator Element Values

Ra=176Q Ca=73.51pF
R1=1021Q R2 =4675Q
C1 =45.58 pF C2 =32.30 pF
L1 =1.545puH L2 =0.6177 uH
Table 6

Antenna 8 — 10 MHz Load
Characterization

f, = 8.94 MHz
o = 0.224
R=317Q
L,=1.675 uH
BW = 0.2 MHz
AX=12.3Q
x=275Q
5=0.498

Table 7
N = 4 g Parameters for an 8-10 MHz
Matching Network

1 Q Prototype Impedance Scaled

SWR
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Figure 4 — SWR versus frequency for the third order matching network, n = 3.
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go=1 go = 0.0326
9:=2 g, =61
g.=0.9 g, =0.0293
O = 2.35 Js = 72

g, =0.425 g, =0.0138
gs=1.75 gs =54
Table 8

Antenna 16 — 20 MHz Load
Characterization

f, = 17.89 MHz

o, =0.224

G =0.00105 siemens
C,=3.01pF

BW = 0.2 MHz

AB = 0.0001253 siemens
B = 0.0056 siemens
6=0.837

Table 9
N =4 g Parameters for a 16-20 MHz
Matching Network

1 Q Prototype

0=1
g:=1.20

Impedance Scaled
Jo = 952

g. = 0.00126

g, = 1095

g; = 0.00168

g, =493

gs = 0.00133

I
RS C3 L3 L1 | CL
W A o ¢
|
|
|
C2 L2 : § RL
|
|
1
Figure 5 —The third order matching network circuit.
R1 R2 QX0811-Hubler0€
MY M
Ra Ca C1 c2
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L1 L2
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Figure 6 — This schematic diagram represents the antenna simulator circuit.




by determining whether the series equivalent
resistance has a smaller percentage variation
over the match band than the parallel equiva-
lent conductance. If it does the load is more
nearly series equivalent, otherwise it is more
nearly parallel equivalent. It is also necessary
to determine the equivalent load resistance
(or conductance) over the match band. In the
following examples, the average resistance
(or conductance) over the match band was
used. In some cases it may be preferable to
simply use the series resistance or parallel
conductance at f,. Doing so will affect the
network starting values and may make it
somewhat easier or somewhat more difficult
for the optimizer to determine the optimum
network values.

The next step is to determine the reac-
tance (or susceptance) slope parameter. This
is accomplished by determining the series
(or parallel) reactance required to resonate
the load at f,. The starting value of the first
resonator element is then calculated to match
this reactance. Then, with the aid of a circuit
analysis program, the change in reactance,
AX (or susceptance, AB) over a small band
including f; is determined. A 200 kHz band-
width (BW) was used for this purpose. Once
this has been determined, the reactance slope
parameter is calculated using Equation 5 for
series equivalent loads, or Equation 6 for
parallel equivalent loads. The load decre-
ment is then calculated using Equation 7 for
series equivalent, or Equation 8 for parallel
equivalent loads.

8to 10 MHz Band

The above steps will now be applied to
the antenna simulator load for the 8 to 10
MHz band for the design of a fourth order
matching network. An inductor of 1.675 uH
is required to resonate the load at f,, and a
bandwidth of 0.2 MHz was used to numeri-
cally calculate the reactance slope parameter,
yielding the results shown in Table 6.

Given the load decrement, the g param-
eters for a 1 Q prototype matching network
can be read from Figure 4.09-8 (p 129) of
the text listed in Note 2, and the impedance
scaled by the load resistance. This gives the
results shown in Table 7.

The network of Figure 9 is obtained from
the impedance scaled g parameters using
Equations 9 and 10. Inductor values are in
pH and capacitor values are in pF.

Next, a capacitive K impedance inverter is
added between resonators 3 and 4 to obtain a
source impedance of 50 Q. Note that regard-
less of what method is used to determine
the equivalent source impedance above,
adding an impedance inverter to obtain the
desired source impedance gives the opti-
mizer another degree of freedom to obtain
the optimum network that will not depend
on how the equivalent source impedance

Series R

QX0811-Hubler07

Measured

-——- Simulated

Freq (MHz)

Figure 7 — Antenna series resistance versus frequency.

QX0811-Hubler08

-——- Simulated Measured

5.0 10.0 15.0 20.0 25.0 30.0
Freq (MHz)

Figure 8 — Antenna series reactance versus frequency.
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RS L3 C3 L1
—wW o I¢ nn
54 5.730 553 1.675
L4 1.ca L2 d.c2 [j
Load
3 0288 T 1098 % 0136 T 2332 od
)
(
Figure 9 — Matching network for 8 to 10 MHz.
QX0811-Hubler10
RS L4 C4 C3 L3 L1
(‘—’\N\, 2888 I¢ I¢ 2888 Y
50 5.766 674 68.0 5.730 1.675

Ay
Ay

L Ck L C2 L2 []
295 2332 30.136 Load

Figure 10 — Matching network for 8 to 10 MHz, with K inverter.

QEX — November/December 2008 27




was calculated. The value of the K inverter is
obtained from:

K — ZiZH—lwm (Eq 11]
i,i+l
gi gi+1

Applying Equation 11 to resonators 3 and 4
with a reactance slope parameter of 50 Q for
resonator 4 yields a K-inverter value of:

Ko =60.2Q

Inserting an impedance inverter between
resonators 3 and 4 changes resonator 4 from
parallel to series, and g, becomes:

0, =1/0,=725Q

yielding the network shown in Figure 10.

The SWR responses of the networks in
Figures 9 and 10 are shown in Figure 11.
Optimizing the network of Figure 10 to
achieve minimum SWR in the 8 to 10 MHz
band yields the network shown in Figure 12.
The SWR responses of the optimized net-
work terminated by the antenna simulator,
and the antenna with no matching network
are shown in Figure 13.

16 to 20 MHz Band

Repeating the above steps to design a 4"
order matching network for the 16 to 20 MHz
band yields the parameters given in Tables 8
and 9.

The network of Figure 14 is obtained
from the impedance scaled g parameters
using Equations 9 and 10.

A J impedance inverter could be added
between resonators 3 and 4 to obtain a 50
Q source impedance. This would, however,
result in having a shunt resonator at the input.
Instead, two K inverters will be added; one
between resonators 2 and 3 with no impedance
transformation, and the other between resona-
tors 3and 4 to obtain a 50 Q source impedance
and series input resonator. Applying Equation
11 to resonators 2 and 3 yields:

K;3=281Q
05 =1/g:=595Q
9, =1/9,=0.00203 siemens

Applying Equation 11 to resonators 3 and 4
with x4 equal to 50 Q yields:

Ko =157 Q

Adding K-inverters derived from the val-
ues calculated above to the network in Figure
14 yields the network in Figure 15. The SWR
responses of the networks in Figures 14 and
15 are shown in Figure 16.

Optimizing the network of Figure 15 to
achieve minimum SWR in the 16 to 20 MHz
band yields the network in Figure 17.

The SWR responses of the optimized net-
work terminated by the antenna simulator,
and the antenna with no matching network
are shown in Figure 18.
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Figure 11 — SWR Response of unoptimized networks.
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50 3.251 130 61.29 5.966 1.695
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Figure 12 — Optimized matching network for 8 to 10 MHz.
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Figure 13 — SWR Response of the optimized network and antenna.
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¢ ]
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Figure 14 — Matching network for 16 to 20 MHz.
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Figure 17 — Optimized matching
network for 16 to 20 MHz.

Figure 18 — SWR response of
optimized network and antenna.
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Figure 16 — SWR Response of unoptimized matching networks
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George Murphy, VESERP Robert J. DeHoney
77 McKenzie St, Orillia, ON L3V 6A6 Canada; ve3erp@rac.ca 4602 Palm Blvd, Isle of Palms, SC 29451; rdehoney@comcast.net

Dual Output Power Supply

Need a positive and negative power supply for your next op amp or other project?
Here is the answer.

The unique circuit shown in Figure 1 pro-
vides very nearly equal positive and negative
dc voltages with a common ground from an D1 +c D5
ac power transformer. Plus and minus out- 02 6

puts from an untapped transformer secondary

normally require plus and minus half wave { < 1 . e ’ {
rectifiers, but unless the loads are balanced Ié +§ + 11 /-L + 1N

there will be a net field in the core, which T1] RU Vi

might cause it to saturate. This double bridge + D4 D8 '
design prevents that from happening. D1 to 1 b
D8 form two bridge rectifiers. All capacitors

are electrolytic. If C2 and C3 are consider-
ably larger than C4, then V1 and V2 will be

>

QX0811-Murphy01

w

very close to the same at any load. Figure 1 —This schematic diagram shows the double bridge rectifier circuit.

This circuit can be used for op amps
and many other ICs, such as comparators
and function generators. It was designed by

Robert Dehoney, of IEEE, and verified by
extensive testing and measurements of test-

I
bench prototypes. +1 D5
- D2
How it Works o1 ca
In Figure 2A, when point A is more posi- % + | . - +

p >

tive than point B by a large enough margin, + +! +! -
C1 charges through D2 and D3, C2 charges 1] RIS VI V2 gRL2
through D5 and D3, and C4 charges through _f D8 r
C2, D5, D8 and C3. During this half cycle, D3 c3
voltage V¢, follows V¢; since Ve, = Vg + T €
Ves = Vo, ®
In Figure 2B, when point B is enough (A)
more positive than point A, C1 charges
through D1 and D4, C3 charges through D7 Y
and D1, and C4 charges through C3, D7, D6 D1 +
and C2. During this half cycle, voltage V¢, c2
follows V¢, since Ve, = Vp; + Ve, — Vg, D6
| C1 Cc4 |
L ° ° L
Design a Dual Output Power Supply % + +1v +1 -
For computerized design using these T R'—ﬁ Vi /L V2 ifu
equations, download HamCalc (version 103 ¥ D4 T
or later) and run the “Power Supply — Dual c3 D7
Output” program.! If you prefer to do the > +}(
math yourself, proceed as follows: QX081 Murphy02
(B)

!George Murphy, VE3ERP, HamCalc

“Painless Math for Radio Amateurs.” This

free software is available for download at Figure 2 — Part A shows the current path through the circuit when the top of the transformer

www.cg-amateur-radio.com. is positive. Part B shows the current path when the bottom of the transformer is positive.
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a) Specify desired voltage (E) to RL1
and RL2 and current |1 and 12 through each, rE—) | | (=RS 4t
where: vp || vs Hq +02- |cd
E is in volts IR > +€1- +C4- —>
RL1and RL2 are in ohms il 5% - . R LT ™ o oo
11 and 12 are in amps. || Fiq ‘O3~ 1~Eq g A
b) Calculate the values of RL1 and R2: —) | | |
RL1=E/I1 [Eq 1] DOUBLE BRIDGE POWER SUPPLY
RL2=E/12 L B NI —— 120 v. 60 Hz
where: TT'l]"ﬁfDl‘T‘(.“’ primary resistance. T.80 @
RL1 and RL2 are in ohms Trariformer ser_ogdﬁy cpeg circuit VOlth‘e 28.70 volts
e Tranformer secondary winding resistance. . 0.70 @
Eisinvolts d_C Positive power supply input capacitor Cl ve. 1470.00 uF
I1and I2 arg Inamps. i i Negative power supply input capacitor C4... 1470.00 uF
d) SpeCIfy the ac line fl'equenCy (F) In Blocking capacitors C2 and C3.......00:0:0. 5000.00 uF
hertz Pos. supply load resistance RL1............ 35.00 @
’ . . Neg. supply load resistance RLZ............ 35.00 Q
e) Specify allowable peak-to-peak ripple | "7 0" 33 457v. vimin- 29.793v. Vi 31.635v. TILi- 0.904 amp
voltage of V1 (across R1) and V2 (across VZmax= -32.261v. V2min= -28.888v. V2= -30.498v. IL2= -0.871 amp
RZ)_ V1 ripple= 3.66V. V2 ripple = 3.37v. 08N Ahnnb03
LI 3 T 3 1 5 i =Niurp
f) Calculate the values of C1 and C4: EXSUEASEREL L Taing; 8.4
C1=375x11x 10°/F/R1 [Eq 4]
C4=375x12x103/F/R2 [Eq 5] Figure 3 — Here is the HamCalc printout for prototype number 1.

where:

Cland C4areinuF
11 and 12 are in amps
Fisin hertz

R1 and R2 are peak-to-peak volts. Rp) | | (=RS : |}
g) Calculate the values of C2 and C3: vp )| [( vs T_—{c +C2- 4|~;:‘
C2 =C3 =3 x C4 (minimum) or 5 x C4 ; ( > +C1- +C4- >
| o 11 11 o
(recommended) [Eq 6] ¢ vl iz >l-—-J I . RL3 W2
where: el < P“ +03- e T
C2and C3 are in uF. —) 1 { { |
h) Estimate the required transformer sec- DOUBLE BRIDGE SOWER SUPELY
ondary voltage (TE) and current (T1): LTI .+ e et et e e e e e e e e e 120 v. 60 Hz
TE=2+E/141 [Eq 7] Transformer primary resistance............. 6.20 @
=18x(11+12) [Eq 8] Transformer seconday open circuit voltage.. 29.00 volts
where: Tranformer secondary winding resistance.... 0.45 @
RS Positive power supply input capacitor Cl... 1470.00 uF
TE isin volts Negative power supply input capacitor C4... 1470.00 uF
Tlis inamps_ Blocking capacitors C2 and C3.......000000n 5000.00 wuF
Pos. supply locad resistance RL1............ 35.00 @
Neg. supply load resistance RL2............ 35.00 Q
Desian N Vimax= 35.326v. Vimin= 31.260v. V1= 33,258v. IL1= 0.%50 amp
esig -?-tesd- d hould h - VZmax= -33.863v. Vimin= -30.376v. V2= -32.117v. IL2= -0.5918 amp
1. Rectifier diodes should have a rating V1 ripple- 4.07v. V2 ripple = 3.49v
not less than 1.4 x TE volts at TI amperes. Transformer minimum rating 96.0 VA QX0811-Murphy04
2. All capacitors are electrolytic.

3. C1 can be any value not less than the
calculated value of C1.

Figure 4 — Here is the HamCalc printout for prototype number 2.

Table 1
Prototype Bench Test Values
TRANSFORMER - 120Y. 60 Hz CALCULATED YALUES MEASURED YALUES
PROTATYPE PRIMARY | SECOWDARY | SECONDARY LOAD b &FE4 ez &FES ¥1 vz ¥1 ¥z
WINDING WINDING NO-LOAD | RL! | RL2 & & valts | K0P [ [ Riogle | [ Ripple [ | Ripple
DHMS DHMS YOLTS OHMS | OHMS volts yolts volts volts
#1 7.60 0.70 28.70 317 | 37 |-305| 34 | 322 27 |-308| 2B
3/ | 3K 1470
£2 6.20 D.45 29.00 5000 333 41 | -321) 35 | 328 | 25 | 315 26
#3 40.50 1.00 13.76 150 | 150 1000 184 | 0.70 | -180 | D.69 | 161 | 1.7 | 157 | 1.7

QEX — November/December 2008 31



4. C4 can be any value not less than the
calculated value of C4.

5. C2 and C3 can be any value not less
than 3 times the value selected for C4. (We
recommend 5 or more times the value of C4,
for minimum ripple.)

6. Select a transformer with a secondary
voltage somewhat higher than TE and a cur-
rent rating not less than TI.

7. When a suitable transformer has been
found, you may verify the design and pre-
dict the actual V1 and V2 voltages using the
HamCalc “Power Supply - Double Bridge”
program or an equivalent program.

Prototype Bench Test Results

Three prototypes were built and tested using
salvaged junk box transformers and capacitors.

Figures 3 and 4 are identical except for the
transformers. Unfortunately, there were no
capacitors on hand to allow C2 and C3to be 5
times the value of C4, so the V2 value is less
than optimum. Figure 5 indicates a situation
in which the capacitor values have a 5:1 ratio,
and where V2 is within a few percent of V1.

Table 1 shows the component values of
each prototype, the output values predicted
by the HamCalc program, and the actual
measured output values, assuming that the
values of all capacitors are exactly as marked
on the capacitor which, of course, never hap-
pens in the real world. Figure 6 shows how
an oscilloscope might show the output in a
perfect world.

This design is very flexible, limited only
by your tolerance for precision and the con-
tents of your junk box!

George Murphy is a retired industrial designer
and professional musician with no vocational
RF engineering experience. Licensed as
VE3ERP in 1960, his Amateur Radio hobby has
led to hiswriting many articlesfor international
Amateur Radio publications since 1985 and
wor ldwide distribution of hisHamCal c software
since 1993. Georgeis an ARRL member.

Robert Dehoney is a retired professional
electrical engineer who worked for a defense
company developing HF, VHF and UHF sys-
tems, enjoys analyzing and constructing useful
circuits and has authored papersfor RF Design
Magazine.

Figure 6 — Part A shows the transformer
secondary current and the ripple voltage
on C2. During the positive current pulse,
the voltage on C2 increases a bit, and
during the negative current pulse the
voltage decreases. This ripple is riding on
the 40 or so volts dc across C2.

Part B shows the current into and out
of C1 and C4.The positive going pulse
is across C1.You can see the capacitor
charging for about 25% of the time and

discharging for about 75% of the time. In
both cases, RL1 =RL2 =220 Q.
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Figure 5 —This HamCalc printout is for prototype number 3.
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Bob Raffaele, W2XM

5 Gadsen Court, Albany, NY 12205; raffacle@nycap.rr.com

The Mystery of the

Q-section...

Revealed by a Science Teacher

Antenna gurus often explain how a coaxial impedance transformer works
by referring to the venerable Smith Chart. Wonderful predictor that it is,
this invention from 1939 can tell you what to expect, but it may leave you
wondering how the impedance transformation is actually accomplished.

As we play with our antenna systems,
we conscientiously try to prevent reflections
and the resulting standing waves. The SWR
bridge is installed at the transmitter, and the
only reflections that we typically observe are
those that travel back to that meter. If we use
matching sections, open-wire feeders with
tuners, or stubs, we actually cause helpful
reflections that cancel undesired ones! By
design, we have standing waves along the
matching section, along the stub, or between
the tuning device (stub or tuner) and the
antenna feed point.

Any transmission line that is not ter-
minated with a resistance equal to its own
characteristic impedance (Z;) will serve as an
impedance transformer. Design parameters
can be found by using the Smith Chart. The
Smith Chart can offer specifications because
it can reveal the relationships among four
variables of a piece of cable: characteristic
impedance, length, and the two impedances
(generally complex) at its ends.

I’d like to explain the operation of a
very particular transmission-line match, the
Q-section. The principle herein described
— matching by canceling reflections — is
universal. | chose a Q-section for my example
because it is simple and popular, and because
I needn’t refer to complex impedances while
I make an explanation.

The design of the most common Q-section
is well known: a quarter wavelength of cable
inserted between a 50 Q feed line and an
approximately 100 Q antenna (perhaps a
loop). The inserted cable has a characteristic
impedance of 73 Q, near the geometric mean
of the values of impedance at its two ends.
Expressed as a formula:

Zy =27, [Eq 1]

QX0811-Raffaele01

50 Q Feed Line 73Q
to shack Matching Section
(RG-58) (RG-59)
Full-Wave Loop Antenna
(107 Q Impedance)
Any Length N4 @ 7.15 MHz

22.7 Feet

141 Foot
Total Length

Figure 1 — Antenna feed line matching system as described in the text. The length of the
%4 . matching section assumes a velocity factor of 0.66 for the cable.

where Z, = the characteristic
impedance of the matching section
Z,=thecharacteristicimpedanceofthefeedline
Z, = the antenna impedance.

This applies to the special case in which
all Zvalues are pure resistances. This require-
ment is met when the antenna is resonant and
the transmitter output circuitry is properly
adjusted.

We will be talking about Figure 1, which
shows a loop antenna fed by RG-58 feed line
through a % A matching section of RG-59
coax. Let’s suppose that this particular loop
has a feed point impedance of 107 Q. That
value is reasonable, and it satisfies Equation
1. The dimensions shown are for a 40 m loop,
cutto 7.15 MHz.

Visualize a waveform riding toward the
right on the RG-58 coax until it encounters
the RG-59; then it is partially reflected and

partially transmitted. (“Transmitted” here
means “propagated across the boundary.”
Keep this definition in mind!) The reflected
part goes back toward the source, and the
nonreflected portion continues along the
RG-59 for ¥ A until it meets the antenna,
from where part of it continues and part of it
reverses direction. This returning part travels
Ya ) back toward the source, and is, for the
third time, partially reflected and partially
transmitted, this time at the boundary with
the RG-58. This signal going back toward the
transmitter is weaker than the first and oppo-
site in phase. There is some cancellation.
The waveform goes — continuously and
“forever” — back and forth along the match-
ing section (RG-59). Each time, it is partially
reflected and partially allowed through at
each end. Theoretically, an infinite number
of interfering wave disturbances comes back
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to the junction of the feed line and match-
ing section. The wave-like disturbances are
sequentially smaller, but they are continu-
ously produced and constantly superimposed,
and all of these wave portions are moving
simultaneously. The process may be difficult
to visualize, but the result is very practical.

With a matching section of the right
length, the innumerable wave segments
going back toward the transmitter have an
essentially zero sum, and all of those going
toward the antenna add constructively. “No
net signal going back down the feed line”
is a necessary and sufficient condition for a
match. As a consequence of having coher-
ent portions of our signal moving in opposite
directions within the matching section, there
is a standing wave and there is some loss;
however, | can’t imagine the case in which
this would be unacceptable.

The preceding can easily be under-
stood more quantitatively. See Figure 2,
which looks like something | would put on
a classroom board. There are two vertical
lines, which divide the illustration into three
impedance environments. The left-most one
is the RG-58 feed line, with a 50 Q imped-
ance; the middle one is the 73 Q matching
section (RG-59); and the one on the right is
the 107 Q antenna.

The signal path is indicated by the zig-zag
line. The signal is not really localized into
lines, nor does it zig-zag. It may be useful to
follow the line, however, and to think of the
events encountered along the way as being
sequential. As you read what is happening to
our initial incident wavefront, keep in mind
that it’s not really the first of anything. After
a few cycles, you might say that the system
has achieved its steady state; then you could
say that a wave’s propagation in the cable,
its splitting into two at the interfaces, and the
emergence from the Q-section of its infinite
number of portions are all simultaneous.

Each time the wave encounters an inter-
face, such as at points A, B, C, D, E, F, G..,,
it splits into two portions. The points in the
diagram denote boundaries between differ-
ent impedances; they are actually more like
cross-sections than points, and | will call
them interfaces. With each reflection, volt-
age decreases by a factor of p, the reflection
coefficient. With each transmission (energy
going through the boundary), the signal’s
amplitude (voltage) becomes either smaller
or larger. [The power of the transmitted wave
is always smaller than that of the incident
wave by the factor (1 — p?). The correspond-
ing voltage depends on the new values of
both power and impedance.] All of the wave
portions in the matching section are coherent
and they can interfere with each other. That is
what makes the whole system function.

As seen in Figure 2, the uppermost straight
line, representing the incident wave going
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through the matching section to the antenna,
is both transmitted and reflected at each inter-
face. We say that the wave portion incoming at
A has an amplitude of 1. We’ll call its reflec-
tion, which has amplitude p, the “first reflected
wave.” There is no phase change upon reflec-
tion because Z, is greater than Z;. Immediately
to the left of the interface, in the diagram, both
the incident wave and the “first reflected wave”
have a phase that we will call “+.”

As | have already stated, a zero sum
for the reflected wave portions indicates
an impedance match. Simultaneously with
its reflection, the incident wave propagates
across the boundary into the matching sec-
tion. It travels ¥ A to the junction with the
antenna, where it is reflected (and also sent
across the boundary to the antenna). The
reflected portion travels % A back toward the
feed line; and it is both reflected and transmit-
ted at the junction with the feed line. The part
that is transmitted emerges from the 73 Q
environment traveling to the left. This is the
first of countless reflected wave portions that
tend to cancel the first reflected wave.

You should probably glance at Figure 2

frequently as you finish reading this. Taking
it from the top, the incident wave front has
an amplitude of p upon reflection. The por-
tion that travels from A to B to C, where it
emerges, is decreased in amplitude at three
places. At the entrance to the RG-59, the
amplitude goes down by a factor of V(1 — p?);
where the wave portion is reflected from the
antenna, it is reduced by a factor of p; and
where it crosses over into the feed line, it is
again made smaller by a factor of V(1 — p?).
Because it travels %2 A farther than the first
reflected wave (making the round trip along
the % A matching section), it has “~" phase
compared to the first reflected wave. You can
see that it is a wave portion of amplitude —p(1
— p?) moving toward the shack, along with
the wave portion of amplitude p. The explicit
minus and plus signs in front of p(1 - p?) and
p indicate that the two are always opposite in
phase. There is partial cancellation.

As a signal leaves the RG-59 at C, it is
both reflected and transmitted there; it is
reflected (and transmitted) at D, and emerges
at E with amplitude p3(1 — p?) and with the
correct phase to partially cancel our “first

\1

A
/+P>

-p(1 - p?)

-p°(1-p%)

-p%(1-p?)

QX0811-Raffaele02

V(1 -0%) VZ,/Z)

B
\
V(1 -0% @z,
D
\
V(1-0% (@z,)
F

Figure 2— A mind’s eye view of the inner workings of a % A matching section.The labels
adjacent to the path segments indicate the amplitudes. The factor VZy/Z; is required because
the signal coming from the Z, environment has been assigned an amplitude of 1.



reflected wave.” Then there is another portion
with the same phase to help cancel the first
reflected wave; its amplitude is p°(1 — p?),
and another, with amplitude p’(1 — p?)...

And so it goes. The sum of the ampli-
tudes of all the waves traveling toward the
transmitter is:

+p-p(1-p)-p*(1-p?)-p°(1-p%)-
1-p)...=0 [Ea. 2]
Simple expansion shows Equation 2 to be
true as long as p is less than 1. There is no
net reflected signal! ... Therefore we have
a perfect match, thanks to the magic of the
Q-section.

| appreciate the help of Professor John
Browne, WA2VDH, who offered suggestions
and encouragement as he conscientiously
reviewed several versions of this paper.

Bob Raffaele, first licensed whilein sev-
enth gradein 1962, holds BSand MSdegrees
in physics. Hewasworking as a broadcast-
station chief engineer until suffering disabling
injuriesin 1977. After some rehabilitation, Bob
began teaching physics at a community college.
Now; unable to work full-time, he subgtitute
teaches science and math at Niskayuna (NY)
High School. Bob has been an ARRL member

for thelast 45 years. @
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William E. Sabin, W@IYH

1400 Harold Dr SE, Cedar Rapids 1A 52403; w.sabin@mchsi.com

A Modern Discrete-Method for
Signal Analysis and Design

This article shows how the Mathcad program can be used to
analyze a circuit response to various input signals.

The modern personal home computer,
in conjunction with an elegant and sophis-
ticated mathematics calculation program
— Mathcad Version 14.0 — is employed
in this brief article at an introductory level

that is very user-friendly.* This program is  other kinds of math problems. The so-called
used to calculate, process and graph-plot a  symbolic math methods — see the Mathcad
variety of signal-processing and very many  User Guide, Chapter 13 — are also used in

modern math computing. This software is an
*Notes appear on page 38. outstanding tutorial tool for the advancement

N := 64

(A)

n:=0,01.N-1 k==0,1.N-1 Vdc =12 Gv:=2

Vsig(n) := Vdc+ cos(Z-TC'EA.Oj + 005(2%'2-7.0 + cos(2~ﬂ‘£~9.0 +.001 'cos(Z-n~£~29.0)
N N N N
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of the engineer’s and student’s math skills,
which is considered to be an important goal
in today’s advanced technology environ-
ment.

The signals and their analyses can be in
the time domain or the frequency domain,
and they can be linear or nonlinear in nature.
Signals, before and after processing, can be
switched back and forth easily between time
domain and frequency domain. A complete
Mathcad 14.0 program, with no time limits
on its use, is included with my new book
Discrete-Sgnal Analysis and Design.2 This
is a special and very generous promotional
offer by PTC, the company that publishes
Mathcad. The User Guide that is on the
included CD can be placed on your computer
Desktop as an icon.

Example: A Three-Tone Distortion
Simulation

A typical discrete-signal processing
example will help to illustrate just a few
of the basic ideas for using Mathcad in the
practical world of electronic design. This and
similar examples can also be further explored
with circuit simulation programs such as
Multisim (student edition) by National
Instruments (www.ni.com/academic/
multisimse.htm) using accurate models of

ICs, transistors, diodes, tubes and many kinds
of passive components.

In our example, we will analyze a circuit
response to three desired tones. We will also
add in a large undesired “out-of-band” signal
that contributes to distortion products.

Time domain information can be con-
verted to spectrum results. After modifying
the frequency spectrum, for example by
introducing a filter, an interfering signal, or
random noise (additive or multiplicative),
the modified time domain results can then
be obtained. We can also begin with various
spectrum shapes that achieve certain desired
time-domain results.

Certain communications waveforms use
methods similar to this example, and laboratory
test equipment (www.ni.com/analysis/) is
used to perform discrete-time and discrete-
frequency tests automatically. Pseudorandom
data error rates can be evaluated.

Analysis of the Example

Part (A) shows the time-domain input
Vsig(n) and part (B) the time-domain output
Vout(n) of an amplifying device that is per-
fectly linear. The device delivers only output
signals that are proportional to those at the
input, for example, Vout(n) = Vsig(n)*° times
a voltage gain constant Gv. The signals in Part

(A) are at frequencies 4, 7 and 9. Another
much smaller input at frequency 29 will
be considered a little later. (Notice that we
haven’t assigned any units to this scale. It
could be Hz, kHz, MHz or any other arbitrary
unit.) Observe also the dc bias voltage on the
device. This is called the “operating point.”

Part (C) is the two-sided (positive-
frequency and negative-frequency) phasor
spectrum of the output as calculated by the
Discrete Fourier Transform (DFT) of the
time-domain output (part B) of the device.
Part (D) shows the same actual positive-
frequency signals as the input. We get these
positive-frequency signals by combining the
positive-frequency phasors and the negative-
frequency phasors. Chapter 2 of my book
explains how this is done. Also, Chapter 1
discusses phasors versus signals.

Part (E) introduces a nonlinearity, the
exponent 1.5, which is often used in text
books [see Sabin Chapter 2], in the transfer
function of the device. This creates distor-
tion products in the form of new frequencies
at the output, Vout(n), that are not present in
the input, Vsig(n). In the signal spectrum,
Vout(k) of part (F), many, but not all, of the
nonlinear output products are identified. For
example, the term at (k) = 3 is due to the term
at (k) = 4 interacting with the term at (k) = 7.
The 1.5 exponent also increases the voltage

(©)

-1
1 n
Vph_out (k) = ﬁ Z (Vout (n).exp(_j 2T ﬁk)j
n=0
2
1.5
Re(Vph_out(k)) U o
0.5
0
0 8 16 24 32 Kk 40 48 56 64

(D)

2 - - - - - - -
Re (Vsig_out(k)) l |
1
0 4

8 12 k 16

Vsig_out(k) := Vph_out(k)+ Vph_out(N — k)

20 24 28 32
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Vsig_out(k):= Vph_out (k) + Vph_out(N — k)

N-1
(E)  Vout(n) := (GV-Vsig(n))l'5 Vph out(k) := % Z (Vout(n)-exp(—j@-n %kj)
n=20

dB(k) := 20-log(| Vsig_out(k)| ) +25

(F) 60

40
dB(k)

20 9.77-4] 94
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9+7
4x2

8 12 k 16 20

24 28 32
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0 4

e
16

8 12 K

20

24 28 32

gain, in this particular example, to Gv*®. Gv
can also be a more complicated time-varying
function of (n) such as [Gv(n)]**.

Another consequence of the nonlinearity
is that the spectrum phasors, and therefore
also the signals, are “complex” and may
possibly display items that have a real (Re)
part, an imaginary (z j Im) part, a magnitude
(1) and phase angle £ with respect to some
“reference” phase, such as zero. The graphs
of parts (F) and (G) would identify these.
Mathcad can be instructed to calculate and
plot all of these results.

In part (G) the interfering “out-of-band”
signal at (k) = 29 is greatly increased in ampli-
tude so that distortion terms are emphasized.
The ability of a strong out-of-band interferer to
corrupt a desired signal spectrum is illustrated.
In particular, the spurious product at (k) = 6
stands out. In addition to this large distortion
term, there are many smaller distortion prod-
ucts that can degrade the desired weaker sig-
nals. Also, the original input signals at 4, 7 and
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9 are degraded slightly. This is very serious
interference that can be difficult and expensive
to repair, especially in wideband high-level
systems where filtering of strong interfering
signals is expensive. A tunable notch filter is
sometimes possible for constant interferers,
but costly high dynamic range equipment is
often indicated. We see this effect in practical
environments, for example in HF/VHF radio.
We now see it also mathematically.

Beyond this simplified introduction, a
much more complete study would be well-
justified. For a closer look at the various
related technologies for this and many other
topics, visit the new ARRL website www.
wedothat-radio.org.

Notes

'Mathcad, version 14.0, PTC company (Www.
ptc.com/products/mathcad/), Needham
MA. The Mathcad program is very mature
and has a history of fourteen versions in
more than 25 years.

2William E. Sabin, Discrete-Signal Analysis
and Design, 2008, Wiley, (www.wiley.

com) Interscience Division, available from
your local ARRL dealer, or from the ARRL
Bookstore, Order no. 0140. Telephone toll
free in the US 888-277-5289 or call 860-
594-0355, fax 860-594-0303; www.arrl.org/
shop; pubsales@arrl.org.

Bill Sabin received the call sgn WOYFAin
1941 in Covington, KY at age 15. This changed
to WAYFA in 1946, and to WOI'YH in lowa
(Collins Radio) in 1964. He holds BSEE and
MSEE degrees from the University of lowa.
Heretired from the Rockwell Collins Company
in Cedar Rapids1Ain 1990. Heis co-editor
and contributor to, with E.O. Schoenike, three
books on Sngle-Sdeband and HF Radio, and
author of more than 40 articles on techni-

cal topics, including portions of The ARRL
Handbook, 1995 to 2009 editions. In 1983

he received the annual ARRL Technical
Excellence Award. Bill isan ARRL Member
and a Life Senior Member of the IEEE, and he
expects soon to become a member of the ARRL
DXCC Honor Rall. mTH




Robert Zimmerman, VE3RKZ

54 Radford St, Hamilton, ON L8S 3E6, Canada; rkzimmerman@gmail.com.

Offset Matching Of
Yagi-Uda Beams

Here is a 2 meter Yagi antenna that uses an offset-fed driven element.

Everyone knows the impedance of a half-
wave dipole in free-space is 73 Q. When
a dipole is used as the driven element in a
Yagi beam, the impedance is much lower,
depending on:

1) the number of parasitic elements,

2) the spacing between elements, and

3) the diameter of the elements.

For this reason, some form of matching
is always used for 50 Q coaxial cable —
usually a Gamma match. With this article,
I would like to suggest what | believe is an
alternative, simpler matching technique for
VHF/UHF beams: offset matching.

How it Works

Usually, even without thinking, we refer-
ence the impedance of a dipole at the center
of the dipole. This is where the sinusoidal
current is highest, resulting in the lowest
possible impedance. If we place the feed
point somewhat off center, then for the same
applied power, the current will be less, mean-
ing a higher impedance.

SuUppOSe Z.q: is the center impedance. If
we specify the offset parameter G as a frac-
tion of the entire length, as in Figure 1, then
the approximate impedance at position G is:

Z —_ Zcenta E 1
T [sin(Gx180°) | [Eq 1]
Note that for the center feed position with
G = 0.5, the formula yields simply Z.ner, as
it must.

G =0.130
I Offset Feed Point
A —

—

Sinusoidal RF Current
on Driven Element

Center Feed Point

|
>
|

Lo

T
G =0.500
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Figure 1 —The offset parameter, G, is specified as a fraction of the entire length of
the driven element. The design in this article uses G = 0.130, while a center fed driven
element would use G = 0.500.

Modeling with EZNEC

As a demonstration of this method, | mod-
eled the K1KO 2-meter beam dimensions for
a 144.2 MHz, five-element Yagi beam using
EZNEC.» 2 ® The first five element lengths
and spacings are given in Table 1. [The
author provided all length measurements in
mm. We converted those measurements to
inches, using decimal fractions of an inch.
Readers can use the Metric system measure-
ments, as provided by the author or the US
Customary units with an engineering scale.
— Ed] I used %2 inch (12.7 mm) OD diame-
ter elements. EZNEC gave the center imped-
ance of the driven element as Zgner = 7.13

Notes appear on page 41.

—j24.11 Q. The negative reactance indicates
that we are below resonance, and the driven
element must be lengthened for operation at
144.2 MHz. With a little experimentation, |
found the zero-reactance length is 39.3 inches
(998 mm), and Zener = 9.467 Q.

Then | moved the feed point from G =
0.500 to G = 0.130, where the offset imped-
ance is Zgner = 49.56 — j1.2 Q. Rather than
engaging in further experimentation to
eliminate the —j1.2 Q reactance, | decided
to proceed. We can check EZNEC by using
Equation 1. Entering Z.q..; and G, we have:

_ 9.467Q —600

sin(0.130x180°) |
[ ] [Eq 2]

Z offset

Table 1

Offset Feed Dimensions for 5 Element 144.2 MHz Yagi

Element Name

Reflector 0

Driven Element 12.28
Director 1 17.60
Director 2 27.52
Director 3 41.34

Element Position (Inches)

Element Position (mm)

0 41.10
312 37.60
447 37.87
699 36.93

1050 36.30

Element Length (Inches)

Element Length (mm)

1044
955
962
938
922
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Figure 2 —This photo shows the construction of the five element Figure 3— A 5.1 inch (130 mm) length of the driven element is cut

Yagi. The reflector element is to the left of the photo. All of the
elements have been heli-arc welded to the boom.

Figure 4 —This photo shows the 1.2 inch (30 mm) nipple cut from
a piece of ¥ inch aluminum tubing, which will be used to join the
two sections of the driven element. Each side of the driven element
tubing has a lengthwise slit in the tubing, so the hose clamps can
compress the tubing and secure it to the nipple.

which is somewhat of a confirmation. Best to
trust EZNEC! The modeled gain is 9.46 dBi.

Building the Beam

I had 1 inch (25.4 mm) square aluminum
tubing, which | used as a boom. | center-
punched the five element positions, and care-
fully bored five % inch diameter holes with a
hand drill.

I cutthe %2 inch round aluminum elements
to length as in Table 1, making no allowance
for the boom. A local welding shop heli-arc
welded the elements to the boom, placing a
“bead” on both sides of the boom on each
element. The beam is shown in Figure 2.

I cut off the driven element 5.1 inches
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(230 mm) from one end, as shown in Figure
3. Then the driven element and the 5.1 inch
stub must be axially slotted with a hacksaw
to accommaodate hose clamps. Cut a 1.2 inch
(30 mm) nipple from % inch OD aluminum
tubing. This will provide the mechanical
coupling between the driven element and the
stub, as shown in Figure 4.

Drill a hole in the driven element adjacent
to the boom to feed the coaxial cable into the
driven element. See Figure 5. It helps to drill
this hole at an angle to make insertion of the
coaxial cable easy.

Figure 6 shows the nipple on the end of
the coaxial cable, with Teflon plumbing tape
used for insulation. Be sure the Teflon tape

from one end in preparation for forming the feed point.

Figure 5 — A hole in the driven element next to the boom allows
the coaxial feed line to enter the tubing to reach the feed point. Drill
the hole at an angle so the coaxial cable doesn’t have to make a
sharp bend as it goes through the tubing. Use a file to remove any
burrs from the edges of the tubing, so you don’t cut the coax outer
sheath. Use silicone sealer to seal around the hole to reduce the
amount of water entering the tubing.

fully insulates the end of the nipple where
the braid is located. Stretch that tape over
the end!

Figure 7 shows the insulated nipple
ready for insertion into the end of the driven
element. Note that: (1) the braid has been
trimmed so as to fit only over the Teflon, and
(2) the center conductor extends 3/8 inch (10
mm) beyond the nipple.

It may be necessary to slightly “open” the
end of the driven element, so the insulated
nipple can be inserted. Watch out for loose
braid fibers, which could short out the Teflon
insulation. Push the insulated nipple and
braid into the driven element and secure with
a hose clamp as Figure 8 shows.



Figure 8 — The inner section of the driven element is now ready
for the short section of tubing to be added. Before sliding the short
section of tubing onto the nipple, fold the coax center conductor
over the edge of the nipple, so it will make good contact with the
outer length of the driven element.

Figure 6 —Wrap a heavy layer of Teflon plumbing tape over the
nipple to insulate it from the inner length of the driven element tubing.
Be sure to stretch the tape over the end of the nipple so it will be
insulated from the coax braid. The braid has been trimmed so it won’t
extend beyond the Teflon tape when the assembly is inserted into the
end of the driven element. There is about % inch (10 mm) of the center

conductor extending beyond the open end of the nipple.

Figure 7 —This photo shows the coax and nipple assembly ready
to be inserted into the driven element tubing.

Finally, slide the 5.1 inch (130 mm) stub
onto the bare nipple, folding over the center
conductor so as to make good contact with
the stub. Secure with another hose clamp as
shown in Figure 9. The driven element is now
fully assembled and may be checked with an
ohmmeter for accidental shorts.

Testing the Beam

| have an AEA “VIA Bravo” antenna
analyzer, which | used to tune my antenna.
Upon sweeping the beam, the SWR was
1.2:1 at 145.0 MHz. | had to add 0.55 inch
(14 mm) to the driven element on the oppo-
site end from the driven stub. This lowered

the center frequency to 144.2 MHz with
the Yagi pointed skyward. See the graph in
Figure 10.

o

oo fis SN T 5t e

Summary

| feel this method is simple theoretically,
and not difficult to implement and optimize.
The far end of the driven element can be
lengthened or shortened to provide easy cen-
tering of the SWR curve, while the fractional
parameter G allows for the proper transfor-
mation ratio from the center impedance. If
you already have EZNEC the process is easy.
I hope that this technique will become com-
monplace for building VHF/UHF beams.

Figure 9 — This photo shows a close-up of the completed driven

element feed point.

Notes

*Mark Wilson, K1RO, Editor, The ARRL
Radio Amateurs Handbook, 2008 Edition,
ARRL, (ARRL Order No. 1018) or R. Dean
Straw, N6BYV, Editor, The ARRL Antenna
Book, 22 Edition, ARRL (ARRL Order
No. 9876). ARRL publications are available
from your local ARRL dealer, or from the
ARRL Bookstore. Telephone toll free in the
US 888-277-5289 or call 860-594-0355,
fax 860-594-0303; www.arrl.org/shop;
pubsales@arrl.org.

2Roy W. Lewallen, W7EL, EZNEC, available
for download from www.eznec.com.

3The author's EZNEC model file is available
for download from the QEX Web site. Go to
www.arrl.org/gexfiles and look for the file
11x08_Zimmerman.zip.
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Urbana-Champaign, where he was awarded
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entire career in radio science, working for
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Figure 10 —This graph shows the SWR of the completed antenna, as measured with
an AEAVIA Bravo antenna analyzer.
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100kHz-55MHz Direct Sampling Receiver HPSDR Kits
and Boards I

TAPR

(HPSDR

ThA

HPSDR is an open source hardware and software project intended to be a "next
generation" Software Defined Radio (SDR). It is being designed and developed by
a group of enthusiasts with
worldwide. The group hosts a web page, e-mail reflector, and a comprehensive

representation from

Wiki. Visit www.hpsdr.org for more information.

TAPR is a non-profit amateur radio organization that develops new communications technology, provides useful/affordable
hardware, and promotes the advancement of the amateur art through publications, meetings, and standards. Membership
includes an e-subscription to the TAPR Packet Status Register quarterly newsletter, which provides up-to-date news and user/
technical information. Annual membership costs $20 worldwide. Visit www.tapr.org for more information.

TAPR is proud to support the HPSDR project. TAPR offers
two HPSDR kits and four fully assembled HPSDR boards. The
assembled boards use SMT and are manufactured in quantity
by machine. They are individually tested by TAPR volunteers
to keep costs as low as possible. A completely assembled and
tested board from TAPR costs about the same as what a kit of
parts and a bare board would cost in single unit quantities.
TAPR is non-profit, and the proceeds help fund new projects.

¢ PINOCCHIO passive extender kit
o ATLAS backplane kit

¢ OZYMANDIAS USB 2.0 interface
¢ JANUS A/D - D/A converter

¢ PENELOPE 1/2 W transmitter

PO BOX 852754  Richardson, Texas e 75085-2754
Office: (972) 671-8277 o Fax: (972) 671-8716 ¢ e-mail: taproffice@tapr.org
~ Internet: www.tapr.org e Non-Profit Research and Development Corporation

interested experimenters
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Paul D. Wiedemeier, Ph.D., KESLKY

700 University Avenue, Monroe, Louisiana 71209; ke5lky@arrl.net

Using Udpcast to IP Multicast
Data over Amateur Packet
Radio Networks

This article is reprinted with the author’s permission from
the 27th ARRL and TAPR Digital Communications Conference
Proceedings. The conference was held in
Chicago, Illinois, September 26-28, 2008.

During disasters and crises, the ability
to transmit data to multiple destinations is
paramount and amateur packet radio net-
works are often used to provide emergency
data communication services when these
situations occur. Most data transmission
software, including Winlink 2000, AirMail,
FTP, and SCP, unicast data. Thus, using
these, many point-to-point data transmis-
sions are needed to transmit data to multiple
computers. Conversely, multicast software
can transmit data to multiple destinations
using asingle point-to-multipoint data trans-
mission. Unfortunately, available multicast
software designed specificdly for datatrans-
mission over amateur packet radio networks
(2) require a dedicated computer to act as a
multicast server, (2) are written only for the
Microsoft Windows operating system, and
(3) arenot all actively supported.

Inthisarticle, we discuss how to [P multi-
cast data over amateur packet radio networks
using the Udpcat file transfer tool (e.g. data
transmission software). Compared to other
multicast software, we have identified three
advantages to using the Udpcast file transfer
tool. First, Udpcast was written for both the
UNIX/Linux and Microsoft Windows oper-
aing systems, so you have the freedom to
choose between operating systems. Second,
Udpcast multicasts data without using a
dedicated computer. This advantage will be
highlighted later inthisarticle. Last, Udpcast
is actively supported and widdly used within
the UNIX/Linux community. For these three
reasons, we advocate using Udpcast when
data must be transmitted simultaneoudy to
multiple computers during emergencies.

IP Addressing and Data
Transmissions

Regardless of whether data is transmit-
ted using unicast or multicast, al comput-
ers attached to IP based networks must be
assigned an | P address of the form A.B.C.D,
whereA, B, C, and D are8 bit numbersinthe
range O through 255. For a thorough discus-
sion of |P addressing the reader should refer
to (Comer, 2000) and (Tanenbaum, 2003).*

Once a computer receives an |P address,
data can be transmitted using either 1P uni-
cast, IP broadcast, or IP multicast (Comer,
2007). Each data transmission method is
discussed in the following paragraphs, but
for athorough discussion of these datatrans-
mission methods the reader should refer to
(Comer, 2000) and (Tanenbaum, 2003). For
the remainder of this article, we will refer to
the terms IP address, |P packet, IP unicast,
IP broadcast, and IP multicast as address,
packet, unicast, broadcast, and multicast
respectively.

Unicast

Unicagt, often referred to as point-to-point
data communication, transmits packets from
asource computer to adestination compuiter.
Each packet includes the addresses of the
source and destination computers. Many of
the four traditional groups of Internet appli-
cations (e.g. tools) (Comer, 2007), including
electronic mail, news, remote login, and file
transfer, use unicast to transmit data.

*All references appear on page 47.

Broadcast

If unicast is referred to as point-to-point
data communication, then broadcast is point-
to-multipoint data communication, in that
all packets transmitted by a source computer
are delivered to al computers attached to
the same network (Mogul, 1984-A) (Mogul,
1984-B). The address resolution protocol
(Plummer, 1982), the dynamic host configu-
ration protocol (Drom, 1997), and routing
table updates are examples of Internet appli-
cationsthat are known to use broadcast.

Actualy, two forms of broadcast exist:
limited and direct. The address for limited
broadcast is 255.255.255.255, and packets
transmitted using limited broadcast are only
delivered to those computers attached to the
same network as the transmitting computer.

Direct broadcast addresses are of theform
A.B.C.255, A.B.255.255, or A.255.255.255.
The specific broadcast address used by a
computer depends upon the underlying com-
puter network to whichit isattached. Packets
transmitted using direct broadcast are usualy
only delivered to those computer attached
to the same network as the transmitting
computer, but routers may be configured to
transmit direct broadcast packets across other
networks. The UNIX ifconfig command can
be used to obtain the broadcast address for a
specific UNIX computer’s network interface.
Figure Al in the Appendix shows the output
generated by the UNIX ifconfig command,
which queries the computer dcrl1’'s AX.25
ax0 network interface. The computer derll
is discussed later in the Using Udpcast to
Multicast Data section.
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Multicast

Multicast is Similar to broadcast in that
packets are transmitted to multiple com-
puters attached to the same network as the
transmitting computer. However, multicast
packets are only accepted by a subset of
all attached computers. That is, only those
computers that agree to accept packets from
a specific multicast address do so. Multicast
addresses are in the range 224.0.0.0 through
239.255.255.255 and those Internet applica:
tionsthat usemulticast, such astheUniversity
of Cdifornia, Berkeley’'s Sreaming Media
Toolkit and VideoCharger by International
Business Machines (IBM) Corporation,
often transmit audio and/or video data.

Multicast Software for Amateur
Packet Radio Networks

As of July 2008, two software applica-
tions have been identified that were spe-
cifically developed to multicast data over
amateur packet radio networks. They are
RadioMirror and AltCagt, and each are dis-
cussed in the following paragraphs.

RadioMirror, written by John Hansen,
PhD, W2FS, for the Microsoft Windows
95 operating system, was introduced to the
amateur packet radio community during the
mid 1990s. Dr Hansen wrote RadioMirror
to provide “a genera purpose mechanism
for moving data from a centrd server to alot
of client computers, dl a the sametime. ...
In emergencies, a RadioMirror server would
provide a mechanism to distribute large
quantities of information (including graph-
ics and other multimedia files) over a wide
region” (Hansen, 1997-A).

Regarding functionality, a dedicated
RadioMirror server continuoudy multicasts
data over a very high frequency (VHF)
or ultra high frequency (UHF) amateur
packet radio network for some duration of
time, usually 24 hours, to guarantee that al
RadioMirror clients have an opportunity to
receive the data.

While the RadioMirror software is
till available for download (see Table Al
in the Appendix), little Web-based docu-

mentation exists. The best RadioMirror
documentation found were those files
included with the actual software distribu-
tion. Specificaly, thefilesRADIOMIR.TXT
(Hansen, 1997-A), RMTECH.txt (Hansen,
1997-B), RMSERVER.TXT (Hansen, 1997-
C), and RMCLIENT.TXT (Hansen, 1997-
D) were read. Unfortunately, it appears that
Dr Hansen is not actively supporting the
RadioMirror software as versions for the
Microsoft Windows XP and Mista operating
systems do not exist.

AltCagt, written by Walt Fair, Jr., W5ALT,
for the Microsoft Windows XP operat-
ing system, was introduced to the amateur
packet radio community during the early
2000s. Similar to RadioMirror, a dedicated
AltCast server continuously multicasts data
over a high frequency (HF) amateur packet
radio network, again for a given duration of
time, using one of severa phase-shift keying
(PSK) modes: PSK31, QPSK31 or PSK63
(Brabham, 2005). Any AltCast client can
receive the data multicasted by the dedicated
AltCast server. The AltCast software can
be downloaded from the Web site shown in
Table Al inthe Appendix.

The Udpcast File Transfer Tool

The Udpcadt file transfer tool was writ-
ten by Alain Knaff for the UNIX/Linux and
Microsoft Windows XP operating systems
and released in the early 2000s under the
GNU General Public License 2.0. Widely
used within the UNIX/Linux community,
Udpcast’'s primary strength liesin its ability
to multicast operating system images from
one computer to multi ple computers attached
to the same network. Functionaly, Udpcast
is primarily used to multicast deta from one
computer to multiple computers, but it is
capable of unicast datatransmissions.

Installation of the Udpcast software on
a UNIX/Linux computer is accomplished
by (1) using UNIX/Linux package manager
software or (2) downloading the software
(See Table Al in the Appendix) and per-
forming a manual install. Once installed,
the Udpcadt file transfer tool is comprised

of two command line programs; udp-sender
and udp-receiver. A completelist of Udpcast
command line arguments can be obtained
from (Knaff 2005).

Udp-sender Command Structure

Thestructure of the udp-sender command
is shown in Figure 1. The --file argument
specifies which file to multicast to the udp-
receivers. If this argument is absent, input
is read from standard input, which permits
UNIX piping and redirection. The --inter-
face argument isused to specify which of the
computer’s network interfaceswill be used to
transmit data. If this argument is absent, the
default network interface used is eth0. The
-b argument (note, that the argument is -b,
not --b) specifies the packet sizeto use when
the sender transmitsdata. If thisargument is
absent, the default packet Size used is 1456.

The --async, --fec and --max-bitrate
arguments are used when the sender does
not expect request confirmations from the
receiver(s). This is referred to as unidirec-
tional mode and is beneficial when a high
latency and/or low bandwidth (e.g. amateur
packet radio networks) channel is used.
Specifically, the --async argument defines
asynchronous mode and is used without
confirmation. The --fec argument adds
forward error correction (FEC) to the trans-
mitted data to provide reliability when the
data communication channel is noisy. The
amount of FEC added is based on the factors
interleave (1), redundancy (R) and gtripsize
(S). For detailed information about the --fec
argument the reader should refer to (Knaff,
2006). The argument --max-bitrate is used
to limit how fast the sender transmits data
to the receiver(s). It essentidly prevents the
sender from “drowning” one or more receiv-
erswith data.

The --log and --bw-period arguments
permit the udp-sender to log instantaneous
bandwidth datato afile. The--log argument
specifies the name of the file in which to
write the data.  The --bw-period argument
defines the number of seconds between
which ingtantaneous bandwidth is written to

udp-sender —--file FILETOSEND ——-interface INTERFACE -b BLOCKSIZE
——async ——fec IxR/S ——max-bitrate BPS ——log LOGFILE

——bw-period SECONDS

Figure 1 —The udpcast-sender command.

udp—receiver ——file FILETCRECEIVE —--nosynce ——interface INTERFACE
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Figure 2--The udpcast-receiver command.



thelog file. That is, “every so many seconds,
log instantaneous bandwidth seen during
that period” (Knaff, 2005). While Udpcast
only generates instantaneous bandwidth,
file transmission time can be computed by
dividing the size of thefile transmitted by the
average instantaneous bandwidth written to
thelog file (Wiedemeier, 2007).

Udp-receiver Command Structure

The structure of the udp-receiver com-
mand is shown in Figure 2. Similar to
udp-sender, the --file argument specifies
the name of the file used to store the data
received from the udp-sender. If this argu-
ment is absent, input is written to standard
output. Again, this permits UNIX piping
and redirection. The --nosync argument
must be used when output is written to afile
or apipe. The--interface argument is used
to specify which of the computer’s network
interfaces will be used to transmit data. As
with the udp-sender command, if this argu-
ment is absent, the default network interface
used is ethO.

Using Udpcast to Multicast Data

The computers, transceivers, terminal
node controllers, and antennas used in this
research are owned and maintained by The
University of Louisiana et Monroe (ULM)
Digital Communication Research L aboratory
(DCRL) (seeFigure 3). Asshown, we oper-
ate three similarly configured “rigs’, each
comprised of aDell GX240 or GX270 com-
puter, a Kantronics KPC-3+ terminal node
controller, aKenwood TM-271A transceiver
and aDiamond X30A or X50A antenna.

Our computers AX.25 network inter-

Diamond X30A

h 4

Diamond X30A

Diamond X50A

h 4

Kenwood TM-271A
145.010 MHz

Kenwood TM-271A
145.010 MHz

Kenwood TM-271A
145.010 MHz

l

Kantronics KPC-3+
KISS Mode

Kantronics KPC-3+
KISS Mode

Kantronics KPC-3+
KISS Mode

h

Dell GX240
Fedora Core 8
derl
KESLKY-11
ax0: 44.128.1.1
eth0: 10.64.24.22

Dell GX240
Fedora Core 8
derl2
KE5LKY-12
ax0: 44.128.1.2
eth0: 10.64.24.23

Dell GX270
Fedora Core 8
der3
KE5LKY-13
ax0:44.128.1.3
eth0: 10.64.24.27

Figure 3--The physical configuration of computers, transceivers, terminal node controllers,
and antennas owned and maintained by The University of Louisiana at Monroe Digital

Communication Research Laboratory.

Udp-sender 2007-12-28

Transfer complete.

S

Using mcast address 236.128.1.1
UDP sender for filedKB.txt at 44.128
Broadcasting control to 44.128.1.255
Ready. Press any key to start sending data.
Starting transfer: 00000029

bytes=4 096 re-xmits=0000000 ({

$ udp-sender --file filed4KB.txt --interface ax0 -b 256 --asyn
--fec 4x1/1 --max-bitrate 1200 --log logfile.txt --bw-period
stripes=4 redund=1 stripesize=1

.1.1 on ax0

slice=0004

e
5

096 - 0

Figure 4--Transmission of data using the udpcast-sender command on the computer dcrl1.
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faces (e.g. ax0) (Tranter, 2001) (Jones,
1996) have been assigned amateur packet
radio addresses of the form 44.128.C.D
because these addresses are designated for
testing purposes (Amateur Packet Radio,
n.d.). However, we could have assigned
any un-routable addresses to our computers
(Rekhter, 1996). Likewise, our computers
AX.25 network interfaces have been config-
uredwith cal signsof theform KESLKY-##,
where KESLKY is the author’s call sign.
Cdl sgnsare assigned based on information
found within our computers' /etc/ax25/ax25d
and /etc/ax25/axports files (see Figures A2
and A3 respectively in the Appendix). Our
computers Ethernet network interfaces (e.g.
eth0) have been assigned static addresses
associated with ULM’slocdl intranet.

Before we initiate data transmission
using Udpcadt, dl terminal node controllers
are placed into KISS mode and the trans-
ceivers are tuned to the frequency 145.010
Megahertz (MHz). A Bourneshdll script that
will place a Kantronics KPC-3+ into KISS
modeisshownin Figure A4inthe Appendix.
A similar Bourne shell script that will take
a Kantronics KPC-3+ out of KISS mode is
shown in Figure A5 in the Appendix.

Example udp-sender and udp-receiver
Command Execution

An example of the udp-sender command
executed on the computer derl1 is shown in
Figure 4. Thefile transmitted was comprised
of 4 kilobytes (KB) of American Standard
Code for Information Interchange (ASCII)
text and was multicasted over the computer
derl1’'s AX.25 network interface ax0 to com-
puters derl2 and derl3. The packet size was
defined to be 256 because this value repre-
sents the maximum transfer unit (MTU) for
al computers ax0 network interface (see
the Bourne shdll script shown in Figure A6
in the Appendix). All Kantronics KPC-
3+s PACLEN values are also set to 256.
The --max-bitrate was set to 1200 hits per
second (bps), which is the Kantronics KPC-
3+s maximum datarate. The instantaneous
bandwidth associated with this multicast data
transmission was stored in thefile logfile.txt.

Anexampleof theudp-receiver command
executed on the computer dcrl2 is shown in
Figure 5. The size of the file received was
4 KB, sowe named thefileappropriately. We
use the --nosync argument because we are
writing datato afile. We also specify theuse

of thecomputer dcrl2'sAX.25 network inter-
face ax0 using the --inter face argument.

Three tasks must be completed to initiate
the transmission of data between the udp-
sender and udp-receiver(s). First, executethe
udp-sender command using the arguments
shown in Figure 4. Once dtarted, the output
“Ready. Press any key to start sending data.”
is generated (see Figure 4). Second, execute
the udp-receiver command using the argu-
ments shown in Figure 5 on al computers
that will receive the file transmitted by the
computer executing the udp-sender. The
udp-receiver command generates the output
“Connected as ## to 44.128.1.1 Listening
to multicast on 236.128.1.1", which implies
that the udp-receiver is waiting to receive
datafromtheudp-server (seeFigureb). Ladt,
press any key within the udp-server terminal
window to start the transmission. Both the
udp-sender and udp-receiver(s) show the
amount of data that have been transmitted.
If the transmission was successful, both the
udp-sender and udp-receiver(s) generate the
phrase* Transfer complete” (seeboth Figures
4andb).

bytes=4 096 |

S

$ udp-receiver ——file filedKB.txt —--nosyne —-interface ax0
Udp-receiver Z007-12-28
UDP receiver for filedEB.txt at 44.128.1.2 on axi
Connected as #0 to 44.128.1.1

Listening to multicast on 236.128.1.1
0.00 Mbps)
Transfer complete.

4 096

Figure 5--Receipt of data using the udpcast-receiver command on the computer dcrl2.

Table 1

A comparison of the RadioMirror, AltCast and Udpcast software

Software Traits RadioMirror

Supported
Operating Systems

Microsoft Windows 95

AltCast

Microsoft Windows XP

Udpcast

Microsoft Windows XP

UNIX/Linux

Dedicated Multicast Server Yes Yes No

Primary Use VHF/UHF Packet Radio HF Packet Radio Transmission of Operating System
Images

Actively Supported No Yes Yes
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Conclusions

As discussed, the RadioMirror and
AltCast software can be used to multicast
data over VHF/UHF and HF amateur packet
radio networks respectively. However, both
are written to execute only on the Microsoft
Windows operating system, and both reguire
a dedicated computer to continuoudy trans-
mit data. Additionally, while AltCast is
actively supported, it appears RadioMirror is
not. Thesethreetraitsare shownin Teble 1.

In this article, we introduce the Udpcast
file transmission tool. In comparison to
RadioMirror and AltCast, we find that
Udpcast is written for both the Microsoft
Windows and UNIX/Linux operating sys-
tems, andisactively supported. Moreimpor-
tantly, Udpcast does not require a dedicated
computer to multicast data. The benefit
to using Udpcast, versus RadioMirror or
AltCagt, is any given computer attached to
an amateur packet radio network can execute
the udp-sender command and multicast data
to multiple udp-receivers. Likewise, the
same computer can execute the udp-receiver
command and recelve multicasted data from
another computer executing the udp-sender
command. For thisreason, and those shown
in Table 1, we advocate using Udpcast to
multicast data over amateur packet radio net-
works during emergencies.

While our current research uses Udpcast
to multicast data over VHF amateur packet
radio networks, we believe Udpcast can be
used to multicast data over both UHF and HF
amateur packet radio networks. As such, in
the near future, we plan to purchase Kenwood
TM-V71A transceivers and Kantronics KCP-
9612+ termina node controllers to explore
multicasting data over UHF amateur packet
radio networks using Udpcast.
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Appendix

Table A1
Multicast Software URLs
RadioMirror ftp://ftp.tapr.org/pub/waOptv/RadioMirror.exe
ftp://ftp.tapr.org/pub/walptv/radiomirrorsource.zip
AltCast http://www.comportco.com/hamsoft/AltCast.zip
Udpcast http://udpcast.linux.lu/
axl Link encap:fMPR A¥.25 HWaddr EESLEY-11

inet addr:44.128.1.1 Bcast:44.128.1.255
Mask:255.255.255.0

UP BROARDCAST RUNNING MULTICAST MTU:256 Metric:l

BEX packets: 986 errors:0 dropped:0 overruns:0 frame:0

TH packets:10327 errors:0 dropped:0 overruns:0 carrier:0

collisions 0 txgueuslen: 10

EX bytes:201012 {(1%6.32 KiB) T bytes:85586 (83.5 KiB)

Figure A1--Output returned by the “ifconfig ax0” command executed on the computer dcrl1.

[KESLEY-11 VIA radio]
NOERT T + W @il Sesak T
default * * * * * * — yoot fusr/sbin/node node

Figure A2--The computer dcrll’s /etc/ax25/ax25d.conf file.

radioc EKESLEY-11 S&00 256 7 9600 Kantronics KPC-3+ 145_.010

Figure A3--The computer dcrll’s /etc/ax25/axports file.

#!/bin/sh
FHAEHS HHEHHHEHEHEHE B FEHEHAHHH AR R HHH RN H R SRS H S FH#
# Script Name: kiss-on.sh

HEHHH HHEHEHAH BHHBHAHS HHLHHHRHH HEHEHBHHHHEHHA R HHSH S B A S04 B 44
/bin/stty 9600 < /dev/ttyS0
/bin/echo -e "intface kiss\rreset\r" > /dev/ttyS0

Figure A4--A Bourne shell script that places a Kantronics KPC-3+ into KISS mode.
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#!/bin/sh

HESHE BHEHHHE S HHEHE S B B HH S S HHHHH S HEHH B R EH HHEHH S BHBH B R H S S B
# Script Name: kiss-off.sh

HEAHAFHAHAHHH BB A H HHHHEAAHH HEEHHHEH HE B M BH RS AR RS B
/bin/stty "9600" < /dev/ttyS0

/bin/echo -e "\r\xCO\xFF\xCO\r" > /dev/ttyS0

Figure A5--A Bourne shell script that takes a Kantronics KPC-3+ out of KISS mode.

#!/bin/sh
HEHEEAHAAHAHH AR BHE A HA I HH A SR S HE AN HH B HA B H A AR B H
# Script Name: ax0-on.sh

HEAHEAHHAHAHA HAERHABHEAHAAHAAHH HAHHARAH SHERHAHH HEAHABHER HHAHRAHA HEHH
/usr/sbin/kissattach /dev/ttyS0 radio 44.128.1.1

/sbin/ifconfig ax0 44.128.1.1 broadcast 44.128.1.255 netmask
255.255.255.0 arp mtu 256 up multicast

/sbin/route del -net 44.128.1.0 netmask 255.255.255.0 ax0
/sbin/route add -net 44.128.1.0 netmask 255.255.255.0 irtt 12000
window 1792 ax0

/usr/sbin/ax25d &

/usr/sbin/mheardd -1 -f

Figure A6--A Bourne shell script that configures the computer dcrl1’s network interface ax0, and starts the ax24d and mheardd daemons.

#!/bin/sh

HHHEHHHEHBHHH HEHEEHHH HHHHH S HH SHBHEHHH U H B M HEH HH B B HH R 88
# Script Name: ax0-off.sh

HHHEHHHEHBHHH HEHEEHHE HH A HE SR U HH AR H R BB R B HH 1 08
/bin/ps -ef | /bin/grep "/usr/sbin/ax25d" | /bin/awk '{print $2}'" |
/usr/bin/xargs -i kill -9 {}

/bin/ps -ef | /bin/grep "/usr/sbin/kissattach" | /bin/awk '{print
$2}' | /usr/bin/xargs -i kill -9 {}

/bin/ps -ef | /bin/grep "/usr/sbin/mheardd" | /bin/awk '{print $2}°'
| /usr/bin/xargs -i kill -9 {}

Figure A7--A Bourne shell script that terminates the ax24d, kissattach and mheardd daemons. @
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Abstract

D-STAR® is a digital streaming over-the-
air protocol developed by the Japan Amateur
Radio League, Inc (JARL) which supports
Ethernet at 128 kbps (DD) and digital voice
at 4800 bps (DV).! DV uses 3600 bps for
voice (2400 AMBE encoding, 1200 bps
FEC) and 1200 bps for synchronization and
multiuse (approximately 900 bps is available
for general use). DD provides an encapsu-
lated Ethernet bridge for connecting two
or more Ethernet clients over RF. We will
explore this bit streaming protocol, its pri-
mary components, and current implementa-
tions. This paper explores the protocol from
a technical, not subjective, viewpoint.

Keywords
D-STAR, D-PRS, Icom

Introduction
Icom Incorporated has introduced a
number of radios with D-STAR capability.
D-STAR is comprised of the digital voice
(DV) protocol (4800 bps) and the digital
data (DD) protocol (128 kbps). D-STAR
was developed by the Japan Amateur Radio

ID-Star® is a registered trademark of lcom
Incorporated Corporation Japan.

League, Inc to support digital bit streaming
modes of communication in the VHF, UHF,
and higher Amateur bands. D-STAR is an
open protocol. The voice codec (vocoder)
used for digital voice (DV) is the proprietary
AMBE algorithm developed by the same
company that owns the P25 voice algorithm.

The DV and DD protocols are highly mis-
understood primarily due to our preconcep-
tions of a digital protocol and the lack of well
translated documents. Also misunderstood is
the RF framing information carried in both
protocols. We will try to push through these
misconceptions to expose a very powerful
and forward-thinking protocol specifica-
tion. We will also delineate the differences
between the basic D-STAR specification and
the lcom enhancements.

D-STAR uses the GMSK transmission
medium and has no compatibility with exist-
ing amateur radio digital transmissions. For
instance, D-STAR (bit streaming) is not
directly compatible with AX.25 (packet)
networks. As with any digital protocols, net-
works designed around one protocol are not
directly compatible with another indepen-
dently developed protocol.

This paper will first address the content
portion of each protocol so the characteris-

tics of the “data” is well understood before
we address the D-STAR wrapper which is
used for routing, identification, and other
protocol-specific information. Finally, this
paper addresses enhancements that Icom has
built into their radios so it is understood what
is part of the D-STAR specification and what
are lcom enhancements.

Digital Voice (DV)

The Digital Voice (DV) specification is
well-defined in the translated D-STAR speci-
fication. The content bit stream is defined as
72 bits of voice information followed by 24
bits of loosely defined “data”. This pattern
of 96 bits is repeated for the entirety of the
transmission.

The RF header will be addressed later
in this paper. The “voice frame” consists of
encoded voice and forward error correction
(FEC) defined as part of the AMBE algo-
rithm. The AMBE encoding is defined as
being the only content in the voice frames
ensuring compatibility with all radios that
use the D-STAR protocol.

The “data frame” is defined as (edited
from shogen.pdf):

(3) The first data frame and then every
21st data frame in a repeating cycle, are used

Radio Header Data
ID
Bit Frame | Flag Flag Flag L . P_FCS | Voice Data Voice Data Voice Data
Destination | Departure | Compaion | Own Own
Sync Sync 1 2 3 . X . Frame | Frame | Frame | Frame Frame | Frame
Repeater Repeater | Callsign Callsign | Callsign
Callsign Callsign Ext
64 bit | 15 bit 1 1 1 8 byte 8 byte 8 byte 8 byte 4 byte 2byte | 72 bit 24 bit 72 bit 24 bit 72 bit | 48 bit
byte byte byte
| < error correction 660 bit !
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only for synchronizing data for each modula-
tion type. Synchronization corrects for the lag
between transmission and reception, includ-
ing the transit time of communications.

(4) The data in a data frame is transmit-
ted without modification from the input data.
If the data is required as error correction or
synchronization, these frames are processed
before processing the data input.

(5) If the data signal length is greater
than the length of the voice communication
the transmitting switch is turned on until the
completion of the data signal manually. The
processing can be allowed automatically.

(6) The last data frame, which requires a
means of terminating the transmission, is a
unique synchronizing signal (32 bit + 15bit
“000100110101111” + “0”, making 48 bits)
as defined by the modulation type.

Note that the “data frame” is not a data
protocol as we normally think of one. There
is no specification of data information sepa-
rate from the total transmission. There is no
error detection or correction. The first frame
and every 21 frame thereafter is reserved for
synchronization. The last frame is reserved
as a terminator indicator. The voice frame is
always present and may not be used for any-
thing other than the AMBE encoding.

Also note that these “frames” are not
separated by anything. They are not packets.
They are definitions of bit positions in the
continuous DV bit stream. This precludes
interleaving of transmissions by different sta-
tions. Any interleaving of bits by a repeater
would be modifying the data from one sta-
tion without any ability to properly identify
the data as being from a different source.
Any attempt to imbed the “change of source”
information in the data stream defeats the
D-STAR routing information.

The JARL intentionally did not define the
inter-sync data frame format. This leaves it
open to manufacturers and radio designers to
manipulate as they see fit. These bits make up
1/4" of the total 4800 bps data stream which
gives a maximum transport rate of 1142 bps
(1200 x 20/21).

Icom has made use of these data frames to
repeat the RF header, repeatedly send a radio-

to-radio 20 character message, and for car-
rying rudimentary data supplied by the user.
These applications are described further in the
“lcom Enhancements” section of this paper.
It is mentioned here so designers are aware
that there is a de facto standard use of these
data frames already in place as implemented
by Icom which must be taken into account
with any new radio design for compatibility
reasons. It is also important to note that the
serial port on the Icom radios does not give
full access to the bits in the data frame. This
last point brings the maximum transport rate
of serial data presented to the serial port of
an lcom radio down to about 761 bps (1142
x 2/3). If the radios have a “message” pro-
grammed in, this number is even lower.

These are primary factors for anyone
designing software or hardware for D-STAR
DV:

1) Woice information is always ¥ of the
transmission bandwidth.

2) Even “silent” voice information can
be heard due to bit errors and other control
issues.

3) DV transmissions are bit streams, not
packets.

a) DV transmissions are not AX.25
compatible.

b) DV transmissions are not inter-
leaved.

c) Only the bit stream is identified,
not individual frames.

4) Data frames contain no forward error
correction or error detection information.

5) Woice information can be accurately
reconstructed because of FEC when the data
frames are rendered virtually useless due to
bit errors.

6) Efficiency dictates short, repetitive
data containing error detection information
(FCS, CRC, etc.) for accurate and reliable
data reception.

Digital Data (DD)

The Digital Data (DD) specification is
well-defined in the translated D-STAR specifi-
cation. The content portion of the bit stream is
defined as a complete Ethernet packet, includ-
ing FCS up to 1500 bytes long (MTU=1500).

It is important to note that the content must
be an Ethernet packet (not random data). The
MTU of 1500 is industry standard. However,
transport over the D-STAR IP network (dis-
cussed later in this paper) may cause multiple
tunnel packets to be created for one MTU-size
Ethernet packet.

DD transmissions are essentially Ethernet
bridge transmissions. There are no predefined
restrictions on the Ethernet packet content in
the D-STAR specification. While IP pack-
ets have some support in current hardware
and software implementations (see “lcom
Enhancement” section), any valid Ethernet
packets may be exchanged between stations
and still be compliant with the D-STAR
specification.

Each DD transmission encompasses one
and only one Ethernet packet. Any error
detection and retransmission is done by the
Ethernet clients. The D-STAR DD protocol
provides no forward error correction safety
for the Ethernet packets.

The DD protocol provides a simple
Ethernet bridge over amateur radio. Because
of this flexibility, it is important operationally
to limit as much as possible the over-the-air
communications. Broadcast protocols such
as NETBIOS must be disabled if successful
communications are to occur.

D-STAR Control

Every D-STAR transmission starts with
synchronization bits followed by an RF
header. The RF header is critical to proper
interpretation of the bit stream. To ensure
reliable reception of the RF header, the
D-STAR specification interleaves forward
error correction information and includes
a 16 bit CRC for just the header informa-
tion (Figure 1 and Figure 2.) The full text
description of the flag bytes can be found in
the D-STAR specification (Japan Amateur
Radio League, Inc, 2005). The only portion
of the flag bytes of interest here is the bit in
Flag 1 that the content is either voice or data.
The rest of the flag information is used to
determine repeatability, urgent status, special
use, etc. that are not significant to the user but
are significant to the radio designer and the

Radio Header Data FCs
ID MAC Header
Bit Frame Flag Flag Flag o .
Destination | Departure | Compaion Own Own
Sync Sync 1 2 3 X X X P_FCS E_Len Data CRC
Repeater Repeater Callsign Callsign | Callsign SA DA Type
Frame
Callsign Callsign Ext
64 bit 15bit | 1byte | 1byte | 1byte 8 byte 8 byte 8 byte 8 byte 4 byte 2 byte 6 byte 6 byte | 6 byte | 2byte 46- 4 byte
1500
byte
< error correction 660 bit > |

Figure 2 — Digital Data Components.
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designer of gateway and repeater software.
Designers are encouraged to closely review
these flag bytes in actual use.

The rest of the header is dedicated to
“ID”. This is the heart of the D-STAR pro-
tocol. The D-STAR specification defines a
callsign as a 7 character sequence of upper-
case ASCII characters, numbers, or spaces.
All callsigns are padded with spaces to
fill the 7 characters. Repeater callsigns are
restricted to 6 characters or numbers with a
trailing space to accommodate zone commu-
nications described later in this section. The
callsign fields are always 8 bytes long (not
variable). The eighth byte is the ID character.
This character can be an upper-case ASCII
character, a number, or a space.

“Own Callsign” is the originating sta-
tion’s callsign and ID. This must never be
modified at any point during the repeating of
the signal. “Own Callsign Ext” (Extension,
2) is a 4 character extension that facilitates
reciprocal licensing prefix identification
requirements or can be used by the originat-
ing station for any other purpose. It is not
used by the D-STAR protocol but must not
be altered as it is defined as part of the origi-
nating station identification. “Own Callsign”
corresponds to “MY” in the Icom radios.

“Companion Callsign” is the callsign and
ID of the station being called. D-STAR defines
“CQCQCQ” as the generic “broadcast” call-
signand ID. This may be a specific station call-
sign and ID. This may be a “zone” or “area”
callsign and ID. “Zone” and “area” callsigns
and IDs are repeater callsigns and IDs prefixed
with a forward slash */°. For instance, to make
a call to anyone listening to the K5TIT 440
MHz DV repeater (K5TIT B), an operator
would program “UR” to “/K5TIT B” on an
Icom radio. Note that the repeater callsign has
two trailing spaces before the ID but only one
trailing space when used as a “zone” callsign.
This is why a repeater callsign may only be a
maximum of 6 characters while a user’s call-
sign may be up to 7 characters.

“Departure Repeater Callsign” is the
repeater callsign local to the originating
station “Own Callsign”. This corresponds
to “RPT1” in the lcom radios. This will be
spaces if simplex operation is desired.

“Destination Repeater Callsign” is the
target repeater callsign LOCAL to the origi-
nating station. This corresponds to “RPT2”
in the Icom radios. This will be spaces for
simplex or local repeater operation. This
can be set to a local repeater callsign and
ID for cross-band operation (MY="AE5PL
I”, UR=“CQCQCQ”, RPT1=“K5TIT A”,
RPT2="K5TIT B”). This will be set to the
local gateway callsign and ID (always ‘G’)
to communicate throughout the D-STAR
network (even locally) (MY="AE5PL I”,
UR=“/K5TIT B”, RPT1="“K5TIT A",
RPT2="K5TIT G”).

The callsigns are used for all routing deter-
mination by D-STAR repeaters and gateways.
D-STAR routing is designed on the premise
that the operator knows who or where they
want to talk to but have no need to know
how their voice (or data) gets there (network-
defined routing). It is also important to note
that the routing is of the origin station’s trans-
missions and does not affect the “companion”
station’s routing. For the “companion” to
properly respond via D-STAR routing (non-
local) so the origin station hears them, the
“companion” station must either program UR
with the origin station’s callsign and ID or the
zone callsign of the repeater that the origin
station is using. As you will see, the preferred
method is using the origin station’s callsign
and 1D because that is all that is seen at the
remote end of the transmission.

This methodology sets up the amateur
radio equivalent of “Follow Me Roaming”®
in the early days of cellular telephone net-
works. Every time a station transmits via a
D-STAR repeater, that station’s information
is made available to the D-STAR network.
This makes it possible for me to program
my radio’s UR with my wife’s callsign and
have my station callsign and 1D programmed
in her radio’s UR, and we can communicate
with each other anywhere in the world.

Key factors regarding the RF header
information:

1) Flags indicate type of D-STAR trans-
mission and miscellaneous control informa-
tion.

2) “Own Callsign” 1 & 2 (extension) must
never be modified

3) “Companion Callsign” is the station
intended to hear the transmission.

a) Per the precepts of amateur radio,
there are no private communications (everyone
with a D-STAR radio in range of the transmit-
ting station(s) can hear the conversation).

b) “Companion Callsign™ is used by
D-STAR gateways (routers) to determine the
repeater to transmit on.

¢) “Companion Callsign” is used
solely for D-STAR routing. Other uses such
as listening only for a specific station are
possible but not covered in the D-STAR
specification.

4) “Departure Repeater Callsign” is the
repeater local to the transmitting station. This
can be modified by D-STAR gateways at the
“Companion” end to be the repeater local to
the “Companion”.

5) “Destination Repeater Callsign” is
the “second” “repeater” the transmission is
to pass to/through. This will normally be
the local gateway or another local repeater
module. This can be modified by D-STAR
gateways at the “Companion” end to be the
gateway local to the “Companion”.

6) No other routing information is con-
tained in the D-STAR protocol. None may
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be added as any additions would break the
existing networks.

7) No modification of the RF header is
allowed on RF (repeaters, etc. must leave the
header intact).

D-STAR Network

The D-STAR specification defines the
repeater controller/gateway communications
and defines the general D-STAR network
architecture. The following diagram is taken
from the English translation of the D-STAR
specification:

The Comp. IP and Own IP are shown for
reference if this was a DD communications.
As they do not change and are not passed as
part of the D-STAR protocol, they can safely
be ignored for the purposes of the following
explanation.

Headers 1 through 4 are W$1QQQ call-
ing W$1WWW. Headers 5 through 8 are
WSIWWW calling W$1QQQ. Note that
“Own Callsign” and “Companion Callsign”
are never altered in either sequence. The
“Destination Repeater Callsign” and the
“Departure Repeater Callsign” are changed
between the gateways. This is so the receiv-
ing gateway and repeater controller know
which repeater to send the bit stream to. It
also makes it easy to create a “One Touch”
response as lcom has done by simply placing
the received “Own Callsign” in the trans-
mitted “Companion Callsign”, the received
“Destination Repeater Callsign” in the trans-
mitted “Departure Repeater Callsign”, and the
received “Departure Repeater Callsign” in the
transmitted “Destination Repeater Callsign”.

Use of the “special” character */” at
the beginning of a callsign indicates that
the transmission is to be routed to the
repeater specified immediately following
the slash. For instance, entering “/K5TIT
B” in the “Companion Callsign” would
cause the transmission to be routed to the
“K5TIT B” repeater for broadcast. Using
the above example, W$1QQQ would put
“/W$1SSS” in the “Companion Callsign”
for the same sequence 1 through 4 to occur.
At the W$1VVV gateway, however, the “/
W$1SSS” in the “Companion Callsign”
would be changed to “CQCQCQ”. All sta-
tions within range of W$1SSS would see the
transmission as originating from W$1QQQ
and going to CQCQCQ just like that sta-
tion was local (but the “Departure Repeater
Callsign” would be “W$1VVV G” and the
“Destination Repeater Callsign” would be
“W$1SSS™). Replying would still be done
the same way as before since the received
“Companion Callsign” is ignored when pro-
gramming the radio to reply.

Every “terminal” (station) hasan IP address
assigned to it for DD purposes. The address is
assigned from the 10.0.0.0/8 address range.
The D-STAR gateway is always 10.0.0.2. The
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router to the Internet is always 10.0.0.1. The
addresses 10.0.0.3-31 are reserved for local-
to-the-gateway (not routable) use. What this
makes possible is the ability to send Ethernet
packets to another station by only knowing
that terminal’s IP address and the remote sta-
tion can directly respond based solely on IP
address. This is because the gateway software
can correlate IP address with callsign and ID.
This makes it possible to route DD Ethernet
packets based on the “Companion Callsign”
or based on IP address with “Companion
Callsign” set to “CQCQCQ”.

Key points of D-STAR routing:

1) Simplex uses only “Own Callsign”
and “Companion Callsign”. The repeater
callsigns are set to spaces. “CQCQCQ” is the
universal “calling everyone” callsign and ID
for the “Companion Callsign” only.

2) Local repeater use sets only the
“Departure Repeater Callsign” repeater.
“Destination Repeater Callsign” is set to
spaces.

3) Accessing the gateway requiresthe local
repeater in “Departure Repeater Callsign”
and the local gateway in “Destination
Repeater Callsign”.

4) Routing outside of the local zone
requires programming the radio to access the
gateway.

5) Inter-zone and inter-area routing by
station callsign and ID requires the radio to
be programmed to access the gateway.

6) Inter-zone and inter-area routing
using the slash with a repeater callsign and
ID requires the radio to be programmed to
access the gateway.

7) DD routing based on assigned
10.0.0.0/8 IP address requires the radio to be
programmed to access the gateway.

8) Routing is unidirectional. Responding
station(s) must program their radios correctly
to reach the calling station.

a) D-STAR routing is not linking,
it is routing of the bit stream from source to
destination.

b) Responding requires proper con-
figuration of the responding radio.

Icom Enhancements

The D-STAR specification defines the
protocols and general network architecture.
It is left to the manufacturers (including
independent developers) to refine this into an
operational model. As Icom is the first manu-
facturer of D-STAR radios and software, they
have had a significant amount of flexibility in
their implementation.

On the RF side, the data frame content in
the DV protocol is generally undefined (every
21% frame and the last frame are reserved).
This is the only opportunity for customiza-
tion of the RF signal in the specification that
does not have to be forced compatible with
other radios and software. Icom has made

use of it for 3 different and distinct functions
which are “hidden” from each other by a
“control” byte occupying the first byte of the
3 byte data frame:

1) Control functions including repeating
the RF header periodically to help receiving
radios get a valid RF header for informational
purposes only when operating under noisy
conditions.

2) Repetitive transmission of a 20 char-
acter message for display on the receiving
radio(s)’ front panel. The message is dis-
played upon reception in a scrolling manner.

3) Passing 8 bit data between data ports
on the radios.

Item 1 is solely used by the radios to
recover sending callsign information on a
noisy connection. Because it is not defined in
the specification, it cannot be used to alter a
header that has already been passed. It is very
unlikely that these will be received more intact
than the original RF header because the data
frames do not have forward error correction.

Item 2 exists to allow a person to put
a short announcement message in their
transmission. This is not modifiable while
transmitting and very difficult to change in-
between transmissions.

Item 3 is usable by any application con-
nected to the serial port on an lcom radio.
As indicated, the data on the serial port is
not placed into the data frames unaltered. It
is transmitted 1 or 2 bytes at a time with the
Icom “control” byte occupying the first byte
of the data frame. Icom also implemented
always-enabled xon/xoff flow control. This
precludes the use of those characters in the
data stream. Because of bit errors that can
be received, it also precludes use of xon/
xoff flow control by the attached device as
there is no way to know if an xoff is received
or issued by the radio. Some radios use
the serial port to control the radio by using
certain bytes (mostly OxF0-OxFF) to denote
control information. This means that these
characters are also off-limits.

Icom makes use of item 3 to pass GPS
information. Because this information is
passed using the item 3-type control bytes,
it is visible to the serial port on radios not
running in GPS mode (GPS modes block the
serial port from the data frames). The original
GPS format (implemented on all radios that
support GPS) is standard NMEA GPS strings
with checksums followed by an ASCII line
that contains the transmitting callsign, 1D,
and a duplicate of the 20 character message
being sent to the front panel. This line is gen-
erated by the transmitting radio and is not
interpreted by the receiving radio. GPS-A
mode was introduced to provide a more
concise and reliable position representation.
GPS-A mode consists of a single APRS for-
mat line prefixed by a CRC.

It is important to remember that all uses



of the data frames are not protected from bit
errors nor do they have any indication of bit
errors. In the case of item 1, the RF header
contains a CRC for validation. Item 2 has no
validation. Validation with item 3 is left to the
connected applications.

The other area open for significant cus-
tomization is the gateway operation and the
gateway-to-gateway communications. The
latter may be addressed in a future addition
to the D-STAR specification. However, it
was never the intention of the JARL to dictate
how software or devices operate so gateway
operation will be left to the manufacturers
and independent developers.

The Icom gateway software is currently
at version 2 released this year. \ersion 1 was
based on a mesh network design where all
gateways communicate directly with all other
gateways. Specifically, when one gateway’s
table(s) gets updated, that gateway contacts
all other gateways with the new information.
While this works well with small gateway
networks, it became obvious that it would
not be supportable with the explosive growth
experienced in the world-wide D-STAR net-
work. To meet the growth requirements of
the new D-STAR network, Icom introduced
G2 (Gateway Version 2) earlier this year.

G2 is designed around a hub and spoke
topology for information exchange but main-
taining the basic D-STAR communications
architecture where DV and DD communica-
tions occur directly between the gateways.
Gateways exchange information with the
central Trust Server regarding their callsign
(zone call), Internet IP address, connected
area repeaters, and recent activity on the area
repeaters. This information is mentioned
in generalities in the D-STAR specification
but the actual data interchange format is not
defined. To accomplish the allocation of
10.0.0.0/8 addresses for individual stations,
the G2 software automatically reserves 8
addresses for each callsign registered through
the gateway registration software. Each regis-
tered user can designate which 1D is assigned
to the specific IP address and also a DNS
name in the dstar.local domain. This informa-
tion is also exchanged with the central Trust
Server. The IP address groups are obtained
from the Trust Server so there is no duplica-
tion in the network. The central Trust Server
then broadcasts the information received
from individual gateways to all of the gate-
ways so they can quickly determine which
gateway a user or repeater is connected to and
the Internet IP address of that gateway.

One final note on the G2 gateway: due to
a programming restriction in station registra-
tion form, G2 restricts the ID character (8"
character of callsign) to a space or upper-
case alphabetic (no numbers). This restric-
tion is specific to the G2 software, not to the
D-STAR specification.

Independent Enhancements

In addition to Icom, there have been
other developers create applications for
the D-STAR systems. Icom’s adherence
to the D-STAR specification has lead to
DStarMonitor which monitors the repeater/
gateway communications and parses the
information into database entries and parses
the Icom “serial port” data to a TCP port for
use by an application just like the application
would work connected to a radio monitoring
the repeater frequency.

DPlus is a multifaceted application that
runs on the gateway PC. It also monitors
the repeater/gateway communications and
provides enhanced features like echo, prere-
corded announcements, DV reflectors, etc.

D-PRS is a translation specification for
the Icom GPS information to APRS format
and to use the Icom serial data port for reli-
able transport of APRS packets between
APRS clients.

Other applications tend to concentrate on
the Icom serial port. These include messag-
ing, form completion, and small file transfer.

There are independent gateway projects
underway at the time of writing of this paper.
Further information may be available for pre-
sentation at DCC 2008.

Conclusion

The D-STAR specification is a focused
definition of 2 RF digital protocols: digital
voice and digital data. It also defines the con-
trol information contained in every transmis-
sion and the network architecture that control
information supports. Finally, it defines the
repeater/gateway communications protocol
to ensure compatibility across platforms
between gateways and repeaters.

Digital voice (DV) is a protocol designed
to convey audio information. Because of its
design, there is limited bandwidth for very
low speed data to accompany the audio infor-
mation. Icom has made available a serial port
to utilize a subset of that low speed data band-
width by applications attached to the radios.
Icom uses this same subset of low speed data
bandwidth to convey GPS information to
remote radios.

Digital data (DD) is a protocol designed
to convey Ethernet packets. Implied D-STAR
network design designates the 10.0.0.0/8 IP
address range for use to connect network
devices via the DD protocol. The DD proto-
col is not limited to IP packets although extra
features are available to IP packets.

The D-STAR specification defines the
repeater/gateway IP communications to facil-
itate multiple repeater or gateway platforms.
This portion of the specification reinforces
the overall network architecture mentioned
elsewhere in the specification. The specifica-
tion purposely does not define how any func-

oSfrom
MILLIWATTS
cRILOWATTS

More Watts per Dollar®

Wattmeters &,ﬂ .
¢ Transformers {

¢ TMOS & GASFETS

* RF Power Transistors
* Doorknob Capacitors’ ;
* Electrolytic Capacitokr"s‘ :
¢ Variable Capacitors

* RF Power Modules< &=
* Tubes & Sockets

* HV Rectifiers

Orpers OnLy:
800-RF-PARTS - 800-737-2787

Se Habla Espaiiol * We Export

Teck Hewp [ Oroer [ InFo: 760-744-0700

Fax: 760-744-1943 or 888-744-1943

An Address to Remember:
www.rfparts.com

E-mail:




tion such as the gateway operates. Only the
communication between entities is defined in
the specification. The gateway/gateway com-
munication is yet to be included at the time of
the writing of this paper.

The D-STAR network architecture is
purely based on callsign and station ID. The
callsign and ID applies to individual sta-
tions, repeaters, and gateways. All routing
is handled within the gateways. The user
only needs to know who they want to talk to
and what the callsign and ID is of the local
repeater.

D-STAR brings true world-wide station-
to-station communication capabilities to
amateur radio.
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Next Issue in QEX

Rudy Severns, N6LF, begins a series
of articles describing his “Experimental
Determination of Ground System
Performance for HF Verticals.” In Part 1,
Rudy describes the antenna test range, test
equipment and test procedures that he used
in his experiments. Rudy has tested both
on-ground and above-ground radial systems,
and compares his test results with NEC-
based antenna modeling software
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predictions.
In the Jan/Feb 2009 issue, Rudy
also describes his experiments
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