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Elwood Downey, WBØOEW, designed a 
two-axis satellite tracker system that needs 
no prior alignment with respect to Earth’s 
surface. The tracker relies on a 9-degree-
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boom, and to a GPS receiver. The system 
tracks an Earth orbiting satellite in real-time 
with an accuracy of 2 degrees.
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A Change at the Helm
Starting with this issue, QEX will be guided by a new Editor. My name is Kazimierz “Kai” 

Siwiak, KE4PT. My professional career includes electrical engineering, applied research, 
intellectual property analysis, and consulting in various technical aspects of the radio arts, 
as well as early work on RF safety. I’ve authored several engineering text books and pat-
ents, and have published many peer-reviewed technical papers in the professional litera-
ture. Yet, I draw the greatest pleasure from reading, authoring and editing Amateur Radio 
articles. My vocation has closely followed my Amateur Radio avocation. 

In my half-century participation in Amateur Radio, I have supported the Amateur Radio 
activities and equipment for the Shuttle (later Space) Amateur Radio Experiment (SAREX). 
Later the HF DXing bug bit me, then low-power portable operations caught my fancy. More 
recently I’ve developed a taste for EME operations. You’ll find me listed as an ARRL 
Contributing Editor for QST, and as a Member of the ARRL RF Safety Committee. I have 
served on national and international standards bodies, including as a member of the US 
Delegation to several ITU-R conventions, where I met ARRL representatives who spoke 
on behalf of Amateur Radio. Indeed, my avocation closely parallels my vocation. 

While the outlook for QEX is empirical, there is a corresponding theoretical perspective. 
This is well illustrated in the current issue. Since we integrate empirical and theoretical 
views, a new title for this column has emerged – Perspectives. This does not affect the 
excellent articles that are in the publishing queue. For that matter, the content of QEX is 
driven largely by input from you, the readers. We want your opinions about what you would 
like to read in QEX. The most dramatic way to express that opinion is by authoring articles. 
Don’t worry about whether your proposed article is a fit for QEX or another ARRL publica-
tion, and don’t worry about being either too technical or too simple. You’ll find eye-glazing 
equations describing the physics of radio in QEX and also in QST, I promise! The ARRL 
Staff and Technical Advisors will sort out the perfect venue for your article from among the 
ARRL family of publications. 

We value your feedback, comments and opinions about these pages. After all, QEX is a 
forum for the free exchange of ideas among communications experimenters. The content 
is driven by you, the reader and prospective author. If you don’t write it, we can’t publish it. 
So please, put your favorite topic or innovative measurement on paper, and share it on 
these pages! Just follow the details on the www.arrl.org/qex-author-guide web page, and 
contact us at qex@arrl.org.

In this issue we touch upon several aspects of Amateur Radio — from circuit behavior, 
to antenna design, to the directing of radiated energy. Dr. Ulrich L. Rohde, N1UL, shares a 
detailed mathematical treatment of the calculation of FM and AM noise signals of Colpitts 
oscillator circuits. Robert J. Zavrel Jr., W7SX, investigates the mechanisms for the forma-
tion of the radiated elevation angle pattern in ground-mounted vertical antennas. Al 
Christman, K3LC, shows how to improve the performance of a quarter-wave radiator by 
adding parasitic elements to form a vertically-polarized Yagi array that is contained entirely 
within the same foot print as the radiator. Finally, Elwood Downey, WBØOEW, takes us 
through the details of a two-axis satellite tracker that relies entirely on built-in spatial sen-
sors and needs no prior alignment with respect to the Earth’s surface. In future issues we 
will continue to see the very fine columns SDR Simplified by Ray Mack, W5IFS, and Hands 
on SDR by Scotty Cowling, WA2DFI. Where appropriate we will re-print important articles 
from other Amateur Radio forums.

I’ll finish by quoting Larry Wolfgang, WR1B, the previous Editor of these pages, “Please 
continue to support QEX, and help it remain a strong technical publication.” 

73,

Kazimierz “Kai” Siwiak, KE4PT
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Elwood Downey, WBØOEW

8274 N Sunset Ranch Loop, Tucson, AZ, 85743-8201: ecdowney@ClearSkyInstitute.com

Autonomous Satellite Tracker
This two-axis tracker needs no prior alignment with respect to the Earth’s 

surface, and tracks satellites with high accuracy entirely by reference to 
built-in spatial sensors. 

1Notes appear on page 9.

This paper describes a completely 
autonomous Earth satellite tracking mount. 
In conjunction with a 9-DOF (degrees of 
freedom) sensor attached to the antenna 
boom and a GPS receiver, the 2-axis gimbal 
will track any Earth satellite within 2 degrees 
in real time without any orientation setup 
calibration of any kind. The Tracker system 
includes a built-in web server and Wi-Fi 
access point, which allows all monitoring, 
command and TLE upload from any 
web browser including smart phone. All 
components are off-the-shelf so no custom 
electronics, machining or other skills are 
required except that needed to attach an 
antenna boom to a flat plate. All electronics 
can be powered from a single dc supply from 
7 to 18 V such as a LiPo battery pack or solar 
charging system. As of the time of writing, 
total cost of the electronics and gimbal is 
approximately $350, not including antenna.

Introduction
Observers have been tracking Earth 

satellites with gimbal mounts since the 
beginning of the space age.1 One of the 
challenges has always been to align these 
mounts so the theoretical calculations of 
satellite azimuth and elevation could be 
transformed to the mount coordinate system. 
After reading about the availability of low 
cost MEMS devices that directly measure 
spatial orientation, I wanted to build a mount 
that avoided the tedious calibration step by 
measuring directly the pointing direction of 
the payload.2

Going one step further, I also wanted 
to eliminate the need to have any prior 

knowledge of — or make assumptions about 
— the gimbal geometry, axis orthogonality, 
motor assignment and axis rotation angles. 
Doing so would simplify the mechanical 
requirements of the gimbal and wiring, and 
allow the use of simple off-the-shelf hobby 
servo motors and robot hardware for use with 
light weight antennas.

The final goal was the ability to control 
and monitor the entire system from my 
smart phone without needing to first install 
an app. The most flexible way to accomplish 
this is by providing a web server, so I 
needed enough memory in the controller to 
accomplish this.

Achieving the Goals
The first goal is achieved by measuring 

the spatial orientation of the antenna directly 
using a combination of 3D magnetic, 
accelerometer and gyroscope sensors. When 
packaged together, these devices are referred 
to as having 9 Degrees-of-Freedom, or 
simply 9-DOF sensors. The magnetic sensor 
provides the direction of the local magnetic 
field, including tilt. This is combined with 
knowledge of the local vertical gravity 
vector from the accelerometer to produce 
local elevation and azimuth with respect to 
magnetic north. To get a bearing from true 
north, the latitude and longitude from the 
GPS is combined with the World Magnetic 
Model to compute the local magnetic 
declination correction factor.3 Information 
from the gyroscope provides additional 
stability and repeatability information. The 
final correction is to apply a simple model 
for atmospheric refraction to elevation based 
on nominal assumptions for air temperature 
and pressure. Although these too could be 

measured quite easily, the maximum effect at 
the horizon is about one-half degree, which 
I decided was not worth refining further. 
Taken together, these measurements provide 
an absolute measure of antenna direction in 
the local horizon coordinate system, which 
is exactly what is produced by the orbit 
propagator.

Now that we have the measured antenna 
direction and a computed predicted direction 
from the propagator in the same coordinate 
system, the second goal is to drive the 
gimbal motors in such as way as to reduce 
any difference between the two. Normally 
this is done in closed-form by using a 
transformation matrix determined ahead of 
time that relates the gimbal axis coordinates 
to the local horizon coordinates. In order 
to eliminate the need for determining this 
matrix, my second goal is achieved by 
moving the motors by a small amount and 
just measuring whether the error increases 
or decreases. This is known as a gradient 
descent search.4

My first attempt at an error metric was 
to use the great circle distance between the 
measured and computed positions. However, 
this leads to a condition known as gimbal 
lock if the gimbal ends up pointing near 
the zenith, either intentionally because the 
satellite pass was high or zenith was reached 
unintentionally during the search procedure.5 
This is avoided if the errors in azimuth and 
elevation are measured separately.

The final tracking algorithm can be sum-
marized as follows:
Step 1 – choose one axis motor at random
Step 2 – measure error in azimuth and eleva-
tion separately
Step 3 – move the current motor a small 
amount and stop
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Step 4 – measure the two errors again
Step 5 – if either error increased, reverse the 
last move and start using the other motor
Step 6 – go to Step 3, repeating forever.

Note that this does not require any 
knowledge of the gimbal orientation or even 
what motor operates what axis. The effect is 
the antenna will make a few small random 
moves to get started, then one motor will 
march along steadily until it causes one or 
the other error measures to increase. Then 
the other motor will do the same and the 
process repeats until the antenna is pointing 
at the satellite. This process repeats forever. 
So, as the satellite moves, the errors creep up 
and the algorithm keeps working to reduce 
them. The smoothness of the motion depends 
on the time between moves and the angle 
commanded for each move. These are not 
critical during a large slew but some care is 
needed in order to maintain smooth tracking 
performance. A rigorous approach is not 
required. It is easy to set reasonable values 
using trial and error. The algorithm could be 
made more efficient by introducing control-
loop equations for proportional gain, so large 
errors are reduced more quickly, and integral 
gain to maintain closer tracking tolerances, 
but in practice these refinements are not 
really necessary.

The Web Server
The web server turned out to be straight 

forward. I already know Javascript, HTML 
and the HTTP headers that are used between 
browser and server so I wrote my own server 
state machine from scratch on top of the 
basic Arduino Ethernet library. The main 
page is sent, in effect, as the default index.
html for the server URL address. All state 
variables are updated and reported using a 
consistent NAME=VALUE syntax, where 
the NAME usually matches the HTML 
name of the corresponding DOM display 
element. Setting a new value is performed 
with a POST command and retrieving values 
is done by asking for getvalues.html. An 
XMLHttpRequest polls for values to keep 
the web page updated. More details about 
using the web interface are provided later.

Implementation Decisions
Figure 1 shows the Tracker gimbal 

attached to a tripod and supporting an 
Elk 2 m/70 cm LPDA antenna. Figure 
2 shows the inside view of the Tracker 
electronics box. Figure 3 is a block diagram 
showing how each electronic subsystem 
interconnects. Table 1 shows the major bill 
of materials. 

Next, I elaborate the role of each 
component and share my experiences that 

Figure 1 — Tracker gimbal is attached to a tripod and supports an Elk 2m/70cm LPDA antenna. 

Figure 2 — Inside view of the Tracker electronics box.
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Table 1
Bill of Materials

Item Source Approximate price
Ardunio Mega 2560 Amazon: SunFounder Mega 2560 R3, stock number B00D9NA4CY $18
Wired Ethernet shield Amazon: SunFounder Ethernet Shield W5100 for Arduino, stock number B00HG82V1A $16
Wi-Fi router Amazon: TP-LINK TL-WR702N Wireless N150 Travel Router, stock number B007PTCFFW $20
GPS module Adafruit: Part ID 746 $40
Servo controller Adafruit: Part ID 815 $15
Bosch 9 DOF sensor Adafruit: Part ID 2472 $35
Pan platform ServoCity: model SPG785A-CM, 5:1 ratio $100
Tilt stage ServoCity: model SPT400, 5:1 ratio $95

 Total $339

Figure 3 — Block diagram showing how each electronic subsystem interconnects. A partial bill of materials is in Table 1. 
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lead to each choice. The main processor is 
the Arduino Mega 2560. I began with the 
model Uno but eventually I could no longer 
squeeze everything into its 32 KB flash 
memory and 4 KB RAM storage. The Mega 
has 8 times as much flash memory and twice 
as much RAM, which is plenty. The Tracker 
uses about half of the Flash on the Arduino 
Mega for code and constant strings, and 
about half of the RAM for mutable variables, 
leaving 4 KB of RAM for stack.

To control the two hobby servo motors 
I initially used the Adafruit software servo 
library. However, the servos did not move 
smoothly. The cause turned out to be 
interference to the pulse timing by other 
libraries that lock out interrupts, even briefly. 
Servo position is directly related to pulse 
duration, which is sensitive to changes on the 
order of a few microseconds, so it doesn’t 
take much timing change to cause unwanted 
motion. The solution My solution was the 12 
channel servo controller from Adafruit. This 
offloads all the timing from the Arduino and 

requires only a two-wire connection using 
the I2C bus to issue the desired pulse length 
for each channel. It also has the added benefit 
that the servos actively hold position until a 
new command is issued.

I chose the Bosch BNO055 9-DOF sensor. 
It is available on a convenient breakout board 
from Adafruit and is compatible with their 
Sensors library. The advantage of this sensor 
package is it includes an onboard processor 
that performs all the consolidation of the 
three sensors automatically and outputs 
directly its absolute spatial orientation as 
Euler angles interpreted here as azimuth, 
elevation and roll.6 As anyone who has 
tried to manually fuse together these types 
of sensors knows, this saves quite a lot 
of tedious mathematics. This sensor also 
connects to the Arduino using the same 
I2C bus as the servo controller but does not 
interfere because they each have a separate 
bus address.

I chose the GPS module from Adafruit. 
It has a built in antenna, which works pretty 

well, but I also allowed for the connection 
of an external antenna if necessary. This 
module communicates with the Arduino 
using a UART, or serial connection. This 
revealed an additional advantage to using 
the Arduino Mega: it has four hardware 
serial ports available, allowing one to be 
dedicated to the GPS. The Uno only has 
one that already serves duty with the USB 
boot loader. A software serial library could 
be used with the Uno to use other pins but at 
the expense of higher overhead and a more 
limited bandwidth.

I wanted Wi-Fi ability so I could control 
the system from my smart phone. I tried 
several Wi-Fi modules and shields but found 
none to be reliable. Even the best one from 
Adafruit would work for a random time, 
anywhere from seconds to hours, and then 
just mysteriously stop. In stark contrast, all 
models I tried of wired Ethernet proved to 
be 100% reliable, even including the oldest 
modules that use the WizNet W5100, so 
I ended up using a generic version made 

Figure 4 — The azimuth gimbal mounted on a tripod. 
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by Sunfounder. In order to accomplish my 
goal for Wi-Fi, I just connected the wired 
Ethernet directly to a $20 Wi-Fi adaptor 
made by TP-Link. This combination works 
beautifully. I have not experienced a single 
wireless communication glitch. The adaptor 
I bought can be configured either as its 
own Access Point to broadcast a separate 
Wi-Fi network just for the Tracker, or it 
can transparently bridge the Arduino to an 
existing Wi-Fi network. The unit comes 
with a simple Windows utility to perform 
the required one-time setup. From then on it 
comes up on its own every time.

I wanted everything to operate from one 
self-contained power source. I ended up 
using one LiPo battery and two separate 
power conditioning modules. One supplies 
5 V to the Arduino and its peripherals, and 
the other is dedicated to powering the servo 
motors. This approach provides clean power 
to the electronics and isolates the wide load 
swings and voltage spikes that occur from 
the motors. I currently use a 7.4 V 2000 mAh 
pack, which operates the Tracker for several 
days of moderate use before needing a 
recharge. If desired, a solar pack could also 
easily be used.

The gimbal is one channel-mount pan 
platform (Figure 4) and one tilt platform 
(Figure 5) obtained from ServoCity.com. 
Together these provide about 400 degrees 
of azimuth motion and 135 degrees of 
elevation motion. Under the pan platform I 
installed a short section of channel with ¼-20 
threaded screw plates for easy attachment to 
a common camera tripod. The pan platform 
has a hollow shaft that simplifies cabling to 
the 9-DOF sensor and tilt motor, and reduces 
tangles during rotations. I discovered that 
the servos would make spontaneous and 
sporadic moves while I am transmitting 
on 2 m FM with the Elk LPDA antenna. I 
eliminated this interference by using shielded 
STP CAT5 cable, taking care that only the 
end of the shield nearest the Arduino was 
connected to ground.

Assuming the Bosch spatial sensor is 
accurately aligned with the antenna, the 
largest contribution to pointing error is the 
sensor itself, which claims a maximum 
magnetic heading error of 2.5 degrees. 
The next largest source of error is the orbit 
propagator software. The code, available 
in the QEX files web page, used here is 
based on a very clean rendering by Mark 
VandeWettering, K6HX, of the James 
Miller, G3RUH, PLAN-13 code.7,8,9 After the 
updates to the solar elements posted in 2014 
the code produces topo-centric values within 
0.2 degrees compared to a more rigorous 
SGP4 code within a few days of the TLE 
epoch.10

Figure 5 — The elevation gimbal shown with antenna attached. 

Installation
In a nut shell, assemble the electronics 

and the gimbal. Attach them to your support 
then attach your antenna and the Bosch 
sensor. Attach your antenna to the tilt 
platform so it points straight up when the tilt 
platform is run all the way over on its side 
such that the plane of the tilt platform is also 
vertical. I attached my Elk LPDA antenna 
using two U-bolts after drilling four holes in 
the tilt plate. Position your antenna of choice 
on the tilt plate so the antenna is roughly 
balanced to help reduce the load on the tilt 
servo. There’s plenty of torque so it should 
be fine to add a rear counter-weight to the 
boom if it allows you to balance the antenna 
better. Be aware that when the target is near 
zenith, the antenna will extend below the 
level of the gimbal. If you are using a tripod, 
add a vertical extension, otherwise when the 
antenna is pointed near zenith it will hit the 
tripod legs.

Attach the Bosch sensor breakout board 
such that:
 – (1) the short dimension is parallel to the 
antenna boom,
 – (2) the populated side of the board faces 
upwards and

 – (3) the side with the control signals (SDA, 
SCL etc.) points in the rear direction of the 
antenna pattern.

Take some care to make this accurate and 
secure because the overall pointing accuracy 
is entirely dependent on how parallel the 
sensor is to the antenna bore site. The 
position along the boom does not matter, 
but since one of the sensors is measuring 
magnetic fields, mount it as far as possible 
from anything containing iron such as screws 
or U-bolts. It is not effected nearly as much 
by aluminum, but I would still stay at least an 
inch away from aluminum as well.

Power up the Tracker controller. Either 
connect with Wi-Fi or attach a CAT5 cable to 
the wired Ethernet controller. The default IP 
address is 192.168.0.122. If your computer 
is on the same network you can surf to that 
address and immediately see the main web 
page. If you want to change the IP of the 
Tracker, you have two choices. One choice 
is to edit the source code file Webpage.cpp 
(on the QEXfiles web page) and load a new 
image into the Ardunio. The other choice 
is to temporarily change your computer 
network to 192.168.0.0 so you can surf as 
above, then use the Tracker web page itself to 
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set a different IP address, reboot the Arduino 
then change your computer network back to 
your desired setting.

Once your web page is accessible, use the 
Gimbal section at the bottom to experiment 
with the motion range of each axis. There 
is no predefined assignment of which servo 
axis is azimuth or elevation. When setting 
the minimum and maximum for the elevation 
servo, make sure to consider the full range 
of azimuth. The minimum and maximum 
values are stored in EEPROM so they will 
retain their values through a power cycle.

Web Page Description
Turn on the Tracker controller and surf to 

its network address with your browser. You 
should see the web page shown in Figure 
6. The page has two parts. The top part 
allows setting and inspecting the Two-Line 
Elements (TLEs) used to define the motion 
of the satellite of interest. The bottom part 
is a table showing detailed information for 
each of the Tracker subsystems of Target, 

GPS, Sensor and Gimbal. Look through 
the table carefully because it provides a lot 
of information and control capability. Most 
fields are self explanatory. 

You will note that some of the data fields 
can be overwritten. This effectively turns off 
the automatic setting and allows you to enter 
your own values. Suggestions for how these 
can be used will be mentioned below.

Web Page in Detail 
Across the very top is the title. Hovering 

over this title for a moment will display the 
software version. To the left is the network 
IP address of the Tracker. If this value is 
edited and Set, a new value will be stored in 
EEPROM and will be used the next time the 
Tracker is powered up or rebooted. To the 
right is a button to Reboot Arduino, mainly for 
this purpose. Below the title is the message 
line. Look here for confirmations, additional 
information and general messages as you use 
the page.

Aside from this bit of housekeeping, the 
top portion of the page mainly allows you to 

enter and Upload the TLE (two-line elements) 
for the satellite you wish to track. There are 
two text areas for showing TLEs. The top-
most text area, with the darker background, 
is read-only and displays the TLE currently 
loaded into the Tracker, if any. The text area 
just beneath, with the white background, is 
writable. Here you can either copy/paste a 
TLE directly or you can type in the name of 
a satellite in the field provided and select a 
file that contains its TLE. The Tracker will 
scan through the entire file for a name match. 
The name is not case sensitive. The Tracker 
expects the file format to have the name 
on the line just before the TLE in typical 
fashion. If the satellite is found with a valid 
TLE, it will appear in the white text area. At 
this point the TLE is still just in your browser. 
To actually send it to the Tracker, click 
Upload. After successfully uploading a valid 
TLE, it will appear in the darker text area. 
This is the TLE that the Tracker will follow. 
You can change, or erase the writeable text 
area all you want and it won’t matter unless 
you Upload it again.

Figure 6 — The Autonomous Satellite Tracker web interface. Note the satellite track projection in the inset on the upper right. 
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Monitor and Control
Below the TLE section is the main table 

for monitor and control. The first table 
section is for the Target to be tracked. In the 
left column you will see observing details 
of the uploaded satellite elements at the 
time and location shown in the GPS section 
farther down. In the right column you will 
see information about the next pass. Note 
that the Tracker never computes information 
in the past, so if a pass is already underway 
(the satellite is currently above the horizon) 
then the Next Rise information will be for 
the subsequent complete pass, since that 
event has already occurred for a pass that is 
underway. You can override the computed 
azimuth and elevation. If tracking is enabled, 
this allows you to point your antenna at any 
desired fixed sky location.

Beside the table (or below if your screen 
is narrow) is an all-sky graph that shows the 
pass as it will look overhead. Again, if you 
override the time, and jump into the middle 
of a pass in progress, only the path from that 
moment onward will be drawn.

The Spatial Sensor
Below the Target Down section of the 

table is the section for the Spatial sensor. 
This displays the azimuth and elevation that 
it is measuring and reporting to the Tracker. It 
also displays the current temperature and the 
status of the system processor and each of the 
individual sensors. These individual status 
values can range from 0 through 3, where 3 
is the best. The Tracker will not use the data 
unless all system status values report at least 
1. Procedures for calibrating each sensor are 
provided in the Bosch manual.11 The sensor 
package will need to be moved around to 
different orientations to get all sensors at their 
best values. Use the pulse length override 
fields in the Gimbal section (see below) to 
perform these motions. Once all sensors 
report state 3, their associated internal 
calibration data can be stored to EEPROM 
by clicking the Save Cal button. Once saved, 
these values will be restored each time the 
Tracker is powered up, and all sensors will 
usually immediately come up in state value 
3. This button is available only when all 
sensors report status 3. The magnetic sensor 

is very sensitive to local magnetic fields and 
iron objects, so if you relocate the Tracker, I 
recommend that you perform the calibration 
again and store a new set of values.

GPS
The GPS section shows the reported 

time and location, and also displays some 
quality metrics. HDOP is the Horizontal 
Dilution of Precision.12 This is an indication 
of the accuracy of the latitude and longitude, 
the position values most important to the 
Tracker. HDOP values range from less than 
1, which indicates ideal conditions, up to 
20 or more, indicating that location can be 
incorrect by 300 m or more. The number of 
satellites used in the fix is reported, where 
four or more is desirable. If you don’t have 
a GPS connected, or it does not have lock, 
or you just want to experiment, you can 
override the time, date, latitude, longitude 
and altitude to see the effect on the passes. 
You don’t need a GPS at all if you enter these 
data carefully.

Gimbal
At the bottom of the table is the Gimbal 

section. These data are in units of raw pulse 
duration. If you are aware of how hobby 
servo motors function, you will recall they 
are commanded to a given rotation angle 
determined by the length of a pulse issued 
on their control line. Pulse durations vary 
by manufacturer and even among devices 
of the same model. Roughly speaking, pulse 
lengths range from about 500 s for one 
position extreme up to around 2400 s for the 
other extreme. Normally pulse durations are 
set by the tracking algorithm, and bounded 
by the indicated minimum and maximum 
limit values. You can directly set specific 
pulse durations for each motor if you wish. 
Doing so will automatically disable tracking 
if it is enabled. This is fun, but also important 
to determine the safe as-built motion limits of 
each axis. The limits are stored in EEPROM 
and used by the Tracker to avoid exceeding 
the limits of each servo motor.

The Gimbal section also allows you to 
tune each axis for best tracking performance. 
Recall from the tracking algorithm that a 
motor is moved a small amount, stops to 
allow a stable sensor reading, then moves 

again repeatedly to track the target. Fields 
are provided for you to set the stop period 
and the step size for each move. The stop 
period should be set to just long enough for 
the entire gimbal and antenna to stop shaking 
after a move. The step size should be set to 
the smallest value that results in a reliable 
change in reported sensor position.

Operation
After everything is set up and you are 

comfortable with the safe operation of the 
Tracker motions, you are ready to track a 
satellite. Set the system up in a location 
with a good view of the sky. Turn it on, load 
the TLE into the white text area and click 
Upload. Click Start Tracking to begin tracking 
the satellite. My web page for this project 
is www.clearskyinstitute.com/ham/AST/.
That’s all there is to it. Enjoy. 

All photos courtesy of the author.

Elwood Downey, WBØOEW, has held the 
same call sign since he was first licensed 
in 1974. He is an ARRL Member. Elwood 
enjoys software, digital modes, antennas, and 
experimenting. He graduated with a BSEE cum 
laude in 1977 from Purdue University. Since 
then he has focused his career on telescope 
control systems and related astronomical 
instrumentation, which he finds very fulfilling. 
His career has taken him to many of the great 
observatories around the world.
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4https://en.wikipedia.org/wiki/Gradient_

descent.
5https://en.wikipedia.org/wiki/Gimbal_lock.
6https://en.wikipedia.org/wiki/Euler_angles.
7https://github.com/brainwagon/angst.
8www.amsat.org/amsat/articles/g3ruh/111.

html.
9www.arrl.org/QEXfiles. 
10www.xephem.com.
11https://www.bosch-sensortec.com/en/

homepage/products_3/9_axis_sen-
sors_5/ecompass_2/bno055_3/bno055_4.

12https://en.wikipedia.org/wiki/Dilution_of_
precision_(GPS)Figure Captions.
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Compact Top-Band Vertical Yagis

The performance of a quarter-wave radiator improves with the addition of parasitic 
elements to form a vertically-polarized Yagi array that is entirely within the same 

1Notes appear on page 15.

Probably the most widely used transmit 
antenna on the 160-meter band is a vertical 
monopole fed against an extensive system of 
radials. This article was written to illustrate 
how the performance of an existing quarter-
wave radiator is improved when parasitic 
elements are added to create a vertically-
polarized Yagi antenna. One or more sloping 
wires can be suspended from the apex of 
the vertical radiator to create either two- or 
three-element arrays. Compact designs are 
presented, in which the ground screens of the 
parasitic elements fit entirely within the foot-
print of the original antenna. The designs are 
compared with a conventional four-square 
phased array.

Computer Simulations
In practice, a top-band vertical monopole 

would probably be constructed from either 
zinc-clad steel or aluminum, and the radials 
would likely be made from aluminum or 
copper wire. Therefore, the decision was 
made to employ aluminum for all of the 
metallic conductors in the computer models. 
The radials are #14 AWG wire buried at 
depths ranging from 1.5 to 6 inches. The 
soil was assumed to be average, with a 
conductivity of 0.005 S/m and a dielectric 
constant of 13. Each design was simulated 
with the Roy Lewallen, W7EL, EZNEC 
software package.1 

A single 130-foot tower, similar to Rohn 
25, was used as the reference antenna for this 
study. Figure 1 is a close-up drawing of the 
base region of the tower, showing the feed 
point, a five-foot ground rod, and a pair of 
buried radials at the base of the monopole. 

The complete model has sixty 130-foot 
radials in the ground screen, with the radials 
buried to a depth of three inches.

Figure 2 displays the principal elevation-
plane radiation pattern for this antenna. The 

peak gain is 1.12 dBi at a take-off angle 
of 22.7 deg above the horizon, when the 
frequency is 1830 kHz. The input impedance 
at that frequency is 41.26 + j19.21 . The 
tower is self-resonant at 1760 kHz. 

Figure 1 — Close-up drawing of the base 
region of the 130-foot tower used as a 

vertical monopole antenna operating at 
1830 kHz. Sixty 130-foot radials (only two 
are shown for clarity) and a 5-foot ground 
rod are installed at the base of the tower. 
The dots indicate wire segmentation, and 
the small circle represents the feed-point.

Figure 2 — Elevation-
plane radiation pattern 

at 1830 kHz for the 
reference antenna (130-

foot tower with a ground-
screen of sixty 130-foot 
buried radials). The peak 
gain is 1.12 dBi at 22.7 
degrees take-off angle. 
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Table 1 lists the SWR data for the antenna 
(using a 50  reference) if there is no 
impedance matching employed, and also for 
the case where a series capacitance (4527 pF) 
is inserted at the base of the tower to cancel 
the input reactance at 1830 kHz. In either 
situation, the SWR is well below 2:1 from 
1800 to 1860 kHz.

Two-element Yagi with Reflector
If the entire array is to fit within the 

confines of the ground-screen of the existing 
tower, then a design such as that shown in 
Figure 3 can be constructed. The parasitic 
element is a sloping reflector (#10 AWG 
wire) with length and distance from the 
monopole adjusted in order to maximize the 
gain of the antenna. Figure 4 illustrates the 
configuration of the reflector that includes 
a short (1.5-foot) vertical section, topped 
by a long sloping wire whose upper end is 
anchored (via an insulating rope) to the apex 
of the 130-foot tower. For best performance 
at 1830 kHz, the length of the sloping portion 
of the reflector turned out to be 128.5 feet 
(total reflector length is 130 feet), while the 
spacing between the base of the reflector and 
the tower is 72 feet. 

Because of the location of the reflector, 

Table 1.
Input SWR (50  reference) for a 130-foot tower operating in the 160-meter 
band with two feed point configurations. The ground screen is sixty 130-foot 
radials buried 3 inches deep. 

Frequency (kHz) No matching network 4527 pF series capacitance
1800 1.42:1 1.36:1
1830 1.58:1 1.21:1
1860 1.81:1 1.26:1

Figure 3 — A compact 2-element Yagi antenna, based upon the 
reference tower with a ground-screen of sixty 130-foot radials buried 

3 inches deep. The parasitic element is a sloping wire reflector 
connected to a ground-screen of 120 radials that are 58 feet long 

buried 1.5 inches deep. The ground-screen of the reflector does not 
extend beyond the perimeter of the original antenna system.

Figure 4 — Close-up view of the base region of the parasitic reflector 
from Figure 3. Just two radials are shown for clarity, along with a 
3-foot ground rod. The parasitic element is a short (1.5-foot long) 

vertical section near the base, and a much-longer (128.5 feet for the 
2-element Yagi) sloping section. The dots indicate wire segmentation.

the radials in its ground-screen can be no 
longer than 58 feet, so 120 of them were 
installed at a depth of 1.5 inches. Recall 
that the radials in the ground-screen of the 
tower are buried 3 inches deep. In order to 
keep EZNEC from crashing (this would 
occur if one or more radials touched each 
other), we will place each set of radials at a 
slightly different burial depth. The base of 
the reflector must be connected directly to 
its ground screen in order to be operational. 
If the reflector is open-circuited at the base, 
then it electrically disappears from the 
circuit, and the antenna will function as a 
single-tower non-directional radiator.

When the reflector is active, the maximum 
forward gain of the resulting 2-element Yagi 
antenna is 4.28 dBi at a take-off angle of 24.3 
degrees, at 1830 kHz. This is an improvement 
of 3.16 dB compared to the gain of the tower 
by itself. A plot of the elevation-plane 
radiation pattern of the array is shown in 
Figure 5. Notice that there is no distinct rear 
lobe, but the azimuth-plane radiation pattern 
seen in Figure 6 reveals a front-to-back ratio 
of 14.93 dB at the elevation angle where peak 
gain occurs. The half-power beamwidth is 
131.7 degrees and the input impedance is 
24.11 + j72.76 . At 45 degrees to either side 

of the peak of the main lobe, the gain falls 
to 2.96 dBi, which is 1.32 dB less than the 
maximum value. 

If we add a series capacitance of 1195 pF 
at the feed-point of the tower, then the 
input reactance can be cancelled, leaving 
a resistive impedance of about 24 . This 
can be converted to 50  using an “un-un” 
transformer. Under these conditions, the 
resulting 2:1 SWR bandwidth of the array 
extends from about 1816 to 1853 kHz 
(37 kHz), using 24.1  as the reference 
impedance.

Two-element Yagi with Director
Although the parasitic element described 

above works well as a reflector, it can also 
be converted into a director, enabling it to 
perform double duty. This is accomplished 
by inserting a 2050 pF capacitance in series 
with the base of the reflector wire, at the point 
where it connects to the radial ground-screen. 
In this configuration, the peak forward gain 
at 1830 kHz is 3.37 dBi at a take-off angle 
of 23.1 degrees. This is an improvement of 
2.25 dB compared to the gain of the tower 
by itself, but is 0.91 dB less than what can 
be obtained when the parasitic element 
serves as a reflector. Figure 7 displays 
the elevation-plane radiation patterns for 
the 2-element Yagi in both director mode 
(dashed line) and reflector mode (solid line). 
There is a distinct rear lobe when the array 
is operating in director mode, but the front-
to-back ratio is very low (just 3.18 dB). 
Both of the corresponding azimuth-plane 
radiation patterns are shown in Figure 8. The 
half-power beamwidth is 140.5 degrees and 
the input impedance is 14.57 + j35.98  for 
director-mode operation. 
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Figure 5 — Elevation-plane radiation pattern at 1830 kHz for the 
2-element Yagi antenna of Figure 3. Peak gain is 4.28 dBi at 24.3 

degrees take-off angle. There is no distinct rear lobe, but the front-
to-back ratio is 14.93 dB at the elevation angle where maximum gain 

occurs.

Figure 6 — Azimuth-plane radiation pattern at 1830 kHz for the 
2-element Yagi of Figure 3. The front-to-back ratio is 14.93 dB at 
24.3 degrees take-off angle, and the half-power beamwidth is 

131.7 degrees at the same elevation angle. 

Figure 7 — Elevation-plane radiation patterns at 1830 kHz for the 
two-element Yagi operating in director (dashed line) or reflector (solid 

line) mode. The director-mode pattern has been reversed, so that 
both main lobes are pointing toward the right. The director mode gain 

is 3.37 dBi at 23.1 degrees take-off angle with a front-to-back ratio 
of 3.18 dB. The reflector mode peak gain is 4.28 dBi at 24.3 degrees 

take-off angle with a front-to-back ratio of 14.93 dB at the same 
elevation angle as the peak gain.

Figure 8 — Azimuth-plane radiation patterns at 1830 kHz for the 
two-element Yagi antenna operating in either director (dashed line) 
or reflector (solid line) mode. Director mode peak gain is 3.37 dBi 
at 23.1 degrees take-off angle with a front-to-back ratio of 3.18 dB, 
and half-power beamwidth of 140.5 degrees. Reflector mode peak 
gain is 4.28 dBi at 24.3 degrees take-off angle with a front-to-back 
ratio of 14.93 dB, and half-power beamwidth is 131.7 degrees. The 
director-mode pattern has been reversed, so that both main lobes 

are pointing toward the right.

Figure 9 — Two parasitic elements are installed at right angles to one 
another. The central tower functions as an omni-directional antenna 

when both of these parasitic elements are open-circuited at their 
bases. Alternatively, either element can function as either a reflector 
or director, yeilding four different 2-element Yagi configurations with 

patterns 90 degrees apart from one another. 
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Figure 10 — The central tower is augmented by two parasitic 
elements positioned on opposite sides of the vertical monopole. 

A 3-element Yagi is created when one of the sloping-wire elements 
functions as a reflector while the other serves as a director. By 

reversing the roles of the two parasitic elements, the pattern direction 
can be switched by 180 degrees.

The input reactance of the director-mode 
Yagi may be eliminated by adding a 2417 pF 
capacitance in series with the feed-point. 
Then, using a reference impedance of 14.6 , 
the resulting 2:1 SWR bandwidth extends 
over about 40 kHz (1807 – 1847 kHz). 

Figure 9 depicts two identical multi-mode 
(reflector / director / open-circuit) parasitic 
elements installed at right angles to each 
other. An antenna like this could cover all 
four of the cardinal points of the compass, 
although its performance would be better 
in some quadrants than in others. The next 
logical step in the design process is to modify 
the array by utilizing both a reflector and a 
director at the same time.

Figure 11 — Elevation-plane radiation pattern at 1830 kHz for the 
3-element Yagi of Figure 10. The peak gain is 5.25 dBi at a take-off 
angle of 23.6 degrees, and the input impedance is 14.17 + j47.26 . 

The front-to-back ratio is 19.23 dB at the elevation angle of maximum 
gain.

Three-element Yagi
If we place one parasitic element directly 

opposite a second one, with the tower situated 
midway between them, we can create a 
reversible 3-element beam (see Figure 10). 
Each parasitic element can function either as 
a reflector (by short-circuiting its base to the 
ground-screen) or as a director (by inserting 
a series capacitor between the bottom of the 
wire and the ground-screen). Alternatively, 
we may also remove an element from the 
antenna system (rendering it electrically 
invisible) by open-circuiting that wire at its 
base. Since the radials used in conjunction 
with the two parasitic elements are not full-

Figure 12 — Azimuth-plane radiation pattern at 1830 kHz for the 
3-element Yagi of Figure 10. The peak gain is 5.25 dBi at a take-off 

angle of 23.6 degrees, with a front-to-back ratio of 19.23 dB, and the 
half-power beamwidth is 108.5 degrees. The gain at 45 degrees to 

either side of bore-sight is 3.23 dBi.

Figure 13 — When the central tower is supplemented by four parasitic 
elements positioned at 90 degree intervals around the monopole, two 
reversible 3-element Yagis can be implemented that cover any one of 

the four compass quadrants with equal performance.

size, the reflector ground-screen does not 
overlap that of the director. As a result, all of 
these shortened radials can safely be placed 
at the same burial depth (1.5 inches) in our 
EZNEC model.

Computer analysis reveals that the 
3-element version of the array works best 
when the sloping portion of each parasitic 
wire element is shortened from 128.5 to 
128.0 feet, reducing the overall wire length 
to 129.5 feet. Setting the base capacitance 
of the director to 2050 pF will yield a peak 
forward gain of 5.25 dBi at a take-off angle of 
23.6 degrees as seen in Figure 11. The input 
impedance at 1830 kHz is 14.17 + j47.26 . 
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There is no distinct rear lobe in the elevation-
plane radiation pattern, but the F/B ratio 
is 19.23 dB at the elevation angle where 
maximum gain occurs (see Figure 12). In the 
azimuth plane, the half-power beamwidth 
is 108.5 degrees. The gain at 45 degrees 
to either side of bore sight is 3.23 dBi, or 
2.02 dB below the peak of the main lobe. 

The input impedance of this Yagi can be 
made completely real by adding a 1840 pF 
capacitance in series with the feed-point. 
Then, using a reference impedance of 14.2 

, the resulting 2:1 SWR bandwidth is about 
51 kHz (1806 – 1857 kHz). Table 2 provides 
all of the important performance data for this 
array.

The gain of this Yagi antenna may be 
increased somewhat, by making the base-
loading capacitance of the director even 
larger. However, this reduces the input 
resistance as well as the 2:1 SWR bandwidth. 
I decided to see how much gain I could 
get, with the stipulation that the resistance 
at the feed-point had to be at least 10  at 
1830 kHz. Utilizing a capacitance of 2600 pF 
(rather than 2050 pF), the peak forward 
gain rises to 5.44 dBi at a take-off angle of 
23.4 degrees. However, the input impedance 
at 1830 kHz now falls to 10.23 + j47.20 . 
As usual, there is no distinct rear lobe in the 
elevation-plane radiation pattern, but the 
F/B ratio is now 21.26 dB at the elevation 
angle where maximum gain occurs. In the 
azimuth plane, the half-power beamwidth 
shrinks slightly to 105.2 degrees. The gain 
at 45 degrees to either side of bore-sight is 
3.28 dBi, or 2.16 dB below the peak of the 
main beam. 

The reactance at the feed point of the 
Yagi antenna can be cancelled by adding a 
1843 pF capacitance in series with the input 

Table 2.
Performance data for the compact 3-element Yagi antenna. The director uses a base-loading capacitance of 2050 pF with 
1840 pF capacitance in series with the feed-point. The 2:1 SWR (14.2  reference) bandwidth is 51 kHz.
Parameter at frequency 1806 kHz 1830 kHz 1857 kHz
Peak Gain and take-off angle(dBi and deg) 4.84 at 23.6 5.25 at 23.6 5.19 at 23.4
Front-to-Back Ratio (dB) 8.13 19.23 11.08 
Half-power beamwidth in azimuth plane, (deg) 105.9 108.5 105.4 
Input Impedance ( ) 10.04 - j7.23 14.17 + j0.0 10.93 + j7.83
SWR (14.2  reference) 1.98:1 1.0:1 1.95:1

Table 3. 
Performance data for the compact 3-element Yagi. The director uses a base-loading capacitance of 2600 pF with 1843 pF 
capacitance in series with the feed-point. The 2:1 SWR bandwidth (10.2  reference) is about 37 kHz.
Parameter at frequency 1809 kHz  1830 kHz  1846 kHz
Peak Gain and Take-off Angle (dBi and deg) 5.19 at 23.5  5.44 at 23.4 5.37 at 23.2 
Front-to-Back Ratio (dB) 10.75  21.26  12.98 
Half-power Beamwidth in Azimuth plane, (deg)   105.1  105.2  102.0 
Input Impedance ( ) 9.08 - j6.71 10.23 + j0.0 8.28 + j6.13
SWR (10.2  reference)  2.0:1 1.0:1 1.98:1
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Figure 14 — Azimuth-plane radiation patterns for the antenna system of Figure 13.

terminals. Then, using a reference impedance 
of 10.2 , the resulting 2:1 SWR bandwidth 
is about 37 kHz (1809 – 1846 kHz). I listed 
the details in Table 3.

If coverage of all compass directions 
is desired, then an array with four multi-
mode parasitic elements can be built, as 
illustrated in Figure 13. Two of the parasitic 
wires would be active at any given time 
for Yagi functionality, but all four could be 
simultaneously open-circuited at their bases 
to achieve omni-directional radiation. Figure 
14 overlays the azimuth patterns for all four 

of the of the compass directions. 

Comparison with a 4-Square
A conventional four-square phased 

array is pictured in Figure 15. This is a full 
size antenna with quarter-wave vertical 
elements, each incorporating a ground-
screen composed of sixty 130-foot radials 
that are buried at depths of either 1.5, 3.0, 4.5, 
or 6.0 inches. At 1830 kHz, the peak forward 
gain is 6.56 dBi at a 21.5 degree take-off 
angle, and the front-to-back ratio is 18.08 dB. 
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The elevation-plane radiation patterns of this 
four-square array (trace STA7e), along with 
the max-gain version of our three-element 
Yagi (peak gain of 5.44 dBi, trace Primary – 
STA4e4), are shown for comparison in Figure 
16. The performance of the Yagi is clearly 
inferior to that of the phased array, but the 
parasitic antenna is much smaller in size, 
and should be less expensive to build. Table 
4 provides information about the relative 
merits of both systems.

Conclusions
This article describes the performance 

of a variety of vertically polarized Yagi 
antennas for operation on the 160 m band. 
The driven element is a base-insulated 
quarter-wave tower augmented by a ground 
screen made up of sixty 130-foot radials. The 
parasitic elements are sloping wires, with 
their bases anchored some distance from 
the bottom of the tower, while their tops are 
attached via insulating ropes to the apex of 
the radiator. Each parasitic element has its 
own separate ground-screen, and can serve 
as either a reflector or director. Elements may 
also be electrically removed from the circuit. 
The ground screens of the parasitic elements 
are limited in size, and do not extend beyond 
the boundaries of the tower ground radial 
system. The maximum gain of the 3-element 
compact Yagi antenna falls about 1.1 dB 

Table 4. 
Performance comparison between a classic 4-square phased array and the 
“max-gain” version of the compact 3-element vertical Yagi antenna.

Parameter 4-square Yagi antenna
Peak gain and take-off angle (dBi and deg) 6.56 at 21.5 5.44 at 23.4
Front-to-back ratio (dB) 18.08 21.26 
Half-power beamwidth in azimuth plane (deg) 100.1 105.2 
Gain at 5 deg take-off angle (dBi) 2.11 0.78
Gain at 10 deg take-off angle (dBi) 5.15 3.84
Gain at 15 deg take-off angle (dBi) 6.21 4.96
Gain at 20 deg take-off angle (dBi) 6.55 5.37
Gain at 25 deg take-off angle (dBi) 6.49 5.42
Gain at 30 deg take-off angle (dBi) 6.15 5.25
Gain at 35 deg take-off angle (dBi) 5.60 4.91
Gain at 40 deg take-off angle (dBi)  4.85  4.44
Gain at 45 deg take-off angle (dBi) 3.91 3.87

Figure 16 — Elevation-plane radiation patterns at 1830 kHz for the 
4-square array of Figure 15, along with the “max-gain” version of 

the 3-element vertical Yagi antenna of Figure 13. The 3-element Yagi 
antenna pattern (Primary trace) peak gain is 5.44 dBi at 23.4 degrees 

take-off angle with a front-to-back ratio of 21.26 dB. The 4-square 
array (STA7e trace) peak gain is 6.56 dBi at 21.5 degrees take-off 

angle with a front-to-back ratio of 18.08 dB. 

Figure 15 — Classic four-square phased-vertical array with 0.25  
spacing and progressive 90 degree current phasing. Each element is 

0.25  tall with a ground system of sixty 130-foot radials. 

below that of a classic four-square phased 
array, but requires less than half as much land 
area, and is also easier to feed. Finally, the 
designs shown here can easily be modified 
for use on other bands.

Al Christman was first licensed in 1974 
as WA3WZD. He received his Doctorate in 
Electrical and Computer Engineering from 
Ohio State University and is Professor of 
Electrical Engineering at Grove City College 

in Western Pennsylvania. When not modeling 
antennas by computer for fun, Al chases 
SSB DX on 20 meters, or enjoys riding his 
motorcycle.

Notes
1EZNEC antenna-simulation software is avail-

able from Roy Lewallen, W7EL, P. O. Box 
6658, Beaverton, OR 97007.
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Robert J. Zavrel, Jr., W7SX

PO Box 91, Elmira, OR 97437; w7sx@arrl.net

Elevation and Pseudo-Brewster 
Angle Formation of Ground-
Mounted Vertical Antennas

1Notes appear on page 20.

The purpose of this article is to investigate 
the mechanisms for the formation of the 
radiated elevation angle in ground-mounted 
vertical antennas. The commonly published 
explanation is that ground reflections reverse 
the phase, and thus wave cancellation occurs 
in the far field, and produce the pseudo-
Brewster angle. The reflected cancellation 
wave is often made easier to visualize by 
referring to it as the antenna “image”.

However, this explanation is not possible 
with ground-mounted vertical antennas ¼ 
wave or shorter in height. Simple geometry 
instructs us that this is not the case. The 
center of radiation from a ¼ wave or shorter 
ground mounted vertical antenna is at or 
very close to the ground. Therefore the point 
of ground reflection must be very close to 
the antenna, indeed within the radius of the 
radial system! Thus for the common theory 
to hold, the vertical antenna must have a 
reflection point on the antenna proper, and 
within the near field. Even if the near field 
could be considered the same as the far field 
for reflections, then a perfectly conducting 
radial system would not produce reflected 
waves that would cancel.

Vertical Antenna Over Ideal and 
Real Grounds

Figure 1 shows the basic principle of 
phase cancellation — or partial attenuation 
— from a reflected interfering wave. From 
electromagnetic theory and simple geometry 
the incident angle and the reflected angle 

 are always equal above the reflector’s 

surface. Figure 2 shows the sinusoidal 
current distribution along a ground-mounted 
quarter-wave vertical antenna. If we include 
the return ground current, the center of 
radiation is at the center of the antenna at 
ground level. 

To complicate the matter farther, 
very close-in ground reflections, if they 

The formation of the elevation pattern of ground mounted vertical 
antennas is the result of two basic mechanisms. The first is a very slow 

lowering of the main pattern lobe over hundreds of wavelengths, and the 
second is ground attenuation due to dielectric losses that result from the 

very low center of radiation of the vertical antenna. 

Figure 1 — The geometry for phase cancellation (or partial attenuation) from a ground-
reflected interfering wave. 
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existed, would have to be determined by a 
rather complex integration, using antenna 
segmented amplitudes and phases. This is 
in contrast to a much simpler calculation of 
far-field reflections and cancellations that 
assume the antenna to be a point source.

If the conventional theory were true, we 
could lay out a more extensive radial system, 
say one-wavelength radials, and dramatically 
lower the angle of radiation and increase the 
overall gain, particularly at elevation angles 
whose associated reflection points fall on the 
new radial system no matter what the ground 
characteristics. This simply does not happen. 
There is very little effect upon the antenna 
directivity with even substantial increases in 
radial length. The increase in over-all gain 
occurs because of reduction of ground losses 
in the antenna per se.

The case for raised vertically polarized 
arrays — short wave broadcast curtains 
— is somewhat different. The elevation 
angle is affected by extensive ground 
screens and is used effectively to maximize 
patterns at lower elevation angles at many 
such facilities. This is achieved because 
the patterns of raised vertical antennas are 
affected by ground reflections as discussed 
later in relation to Figure 8.

Now, let us compare the elevation angle 
of a quarter-wave vertical antenna over a 
perfect ground with the same antenna over 
average ground. Figure 3 shows the well-
known elevation pattern of a quarter-wave 
vertical antenna mounted over a perfectly 
conducting infinite ground plane. In this 
case we model a 7 MHz antenna. The scale 
is linear in decibels rather than the ARRL 
scale. Figure 4 shows the pattern of the same 
vertical antenna as in Figure 3, but over 
average ground. This is also quite familiar 
to many radio amateurs. Table 1 shows the 
gains of the two cases, in dBi, for elevation 
angles from 0 to 45 degrees. 

The differences are quite striking. The 
gain at the “grazing angle”, is maximum 
in Figure 3, but very heavily attenuated in 
Figure 4, indeed, indicating a complete null 
at this low angle. The grazing angle could be 
explained by phase cancellation since even a 
very low center of radiation could result in a 
reflection point well into the far field. 

Of more interest to this discussion, the 
maximum gain response in Figure 4 (at 26 

degrees elevation) is about 3 dB lower than 
at the same elevation angle in Figure 3. If 
this 3 dB attenuation were due to reflection 
cancellation (worst case ignoring the image), 
the reflection point would range between 0 
and about 25 feet from the vertical antenna, 
on top of the radial field! Even at the 
relatively high angle of 45 degrees, we see 
almost 3 dB of attenuation. Furthermore, 
the feed-point impedances are identical, and 

Figure 2 — The sinusoidal current 
distribution along a ground-mounted 

quarter-wave vertical antenna. 

Figure 3 — Elevation pattern of a quarter-wave vertical antenna mounted over a perfectly 
conducting infinite ground plane.

Figure 4 — Elevation pattern of a quarter-wave vertical antenna mounted over “average” 
ground. The pattern peak gain is at 26 degrees elevation. 

Figure 5 — The variation of the maximum directivity elevation angle (measured from the 
vertical) with respect to disc radius in wavelengths.
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since the feed-point is at a current maximum 
on a single conductor radiator, the radiation 
resistances are also identical. Also, there 
is no ground loss in either configuration 
indicating that both antennas are nearly 
100% efficient. What can be the cause of this 
very significant difference?

A Closer Look at the Grazing Angle
As Figure 3 shows, the maximum 

radiation over a perfect infinite ground plane 
is at 0 degrees for the quarter-wave vertical 
antenna. Again, conventional wisdom 
suggestes that the low-angle null in Figure 
4 is due to refelction cancellation. The 
infinite ground plane is useful only as a 
theoretical model, since the ground is really 
the spherical Earth. The EM simulation 
of Figure 5 shows a 1⁄4 wave antenna over 
a perfectly conducting ground of varying 
radius. For very small ground radius there is 
nearly identical radiation below the ground 
plane, closely approximating the pattern 
of an antenna using 1⁄4 wave radials. There 
is considerable radiation at the horizon 
(including below the ground plane) for all 
radii, however the maximum can appear only 
at the horizon for an infinite radius.1-5 

The convergence to a maximum at 
the horizon, occurs at several hundred 
wavelengths away. In principle it represents 
a log function and thus never reaches the 
maximum. In practice, even 100 wavelengths 
at 160 meters is 16 km. The curvature of 
the Earth begins to influence and distort 
the theoretical pattern shown in Figure 3. 
In effect, there are two factors at work. 
First, the very gradual convergence to the 
0 degree elevation angle maximum, and 
second, the significant influence of the 
Earth’s curvature on the planar assumption. 
A low band vertical antenna can be thought 
of as an elevated vertical antenna since it 
is mounted on top of a sphere (Earth), not 
a plane. The gain maximum of a low-band 
ground-mounted vertical antenna will never 
be realized at the 0 degree elevation angle, 
even over sea water.

Even with a perfect ground there is a null 
at very low elevation angles. This has a very 
important effect on the over-all elevation 
pattern, but does not explain the additional 
pattern attenuation over real ground.

Another View
By using an advanced electromagnetics 

modeling tool we can begin to see the 
mechanisms of pattern creation. I have been 
using EMPro, by Agilent for designing 
GPS and other antennas for some time. As 
an aside, I modeled a quarter-wave vertical 
antenna — in this case at a 7.5 GHz operating 
frequency. The absolute numbers in the 

patterns at different frequencies are products 
of multiple variables, but the general results 
show pattern similarities between Figures 
4 and 6. Care must be taken to ensure that 
the soil characteristics are nearly identical at 
7.5 GHz for simulation, and at MF and low 
HF in practice. 

Figure 6 shows the 7.5 GHz EMPro 
simulation of both the surface and elevation 
angle radiated E-fields of a quarter-wave 
vertical antenna on average soil. As 
expected, Figure 6 shows no evidence of 
field cancellation due to reflected interfering 
waves. Rather, the grazing angle field 
intensity is equal to the field intensity along 
the surface of the ground. The ground 
intensity decreases faster than for free space 
due to its lossy characteristics, and the field 
intensity maintains a continuous function at 
the point of intersection with the free space 
just above the ground and along the surface 
of the ground. 

FCC graphs used for plotting AM 
broadcast ground wave intensity for 
predicting coverage areas can be found at 
www.fcc.gov/encyclopedia/am-broadcast-
groundwave-field-strength-graphs-

sections-73183-and-73184. However, 
ground wave attenuation is somewhat 
different from the EZNEC and EMPro plots. 
Ground waves at MF tend to hug the ground 
due to a tilting of the electric fields as they 
propagate over lossy ground. However, for 
the first several wavelengths away from the 
antenna, lower angle radiation, in effect, 
is also a ground wave and is subject to the 
same increased attenuation as true ground 
waves. Thus the lower the radiation angle, 
the greater the ground attenuation as shown 
in Table 1.

Modeling the same antenna over a perfect 
ground yields results with much higher 
E-fields at the ground level, and thus in free 
space just above the perfect ground. With a 
bit of practice you can see the similarity in 
patterns between Figure 7 and Figure 4. In 
the Figure 6 far field, the blue colored — 
slightly left of center on the grey scale at 
the top of the image — field lines are more 
intense than the purple — extreme left on the 
grey scale [For color Figures see www.arrl.
org/QEXfiles — Ed.]. This diagram implies 
a very different mechanism for pattern 
formation than interfering reflected waves: 

Table 1.
Gain of a vertical antenna above perfect and average grounds.

Elevation  Perfect ground Average ground  dB gain 
angle, deg gain, dBi gain dBi 
0 +5.14 -   
5 +5.09 -6.32 11.41
10 +4.95 -2.55  7.54
15 +4.71 -0.99  5.70
20 +4.37 -0.28  4.65
25 +3.93 -0.04  3.97
30 +3.40 -0.10  3.50
35 +2.76 -0.40  3.16 
40 +2.01 -0.89  2.91
45 +1.14 -1.56  2.70

Figure 6 — EMPro image of both the surface and elevation angle radiated E-fields of a 
quarter-wave vertical antenna on average soil. 
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ground wave attenuation as a function of 
ground loss. Notice that the E-field amplitude 
at low angles is simply attenuated faster than 
in free space, unlike the nearly discontinuous 
function the NEC models imply. Of course in 
the very far field, the NEC pattern becomes 
a good approximation, but the assumption 
of phase cancellation appears incorrect. 
The more advanced versions of EZNEC do 
permit modeling of the ground wave, but 
only at designated distances.

Figure 7 — Elevation plot of a base-fed ¼  monopole, on 24  diameter real ground (0.005 S/m, =14). Soil thickness is 5 . The 
antenna ground system is a solid ½  in diameter disc of a perfect conductor, to simulate a perfect antenna ground or an infinite 

number of ¼  radials. 

The Figure 7 simulation is the same 
as in Figure 6, except the ground surface 
field plot is removed to reveal the E-field 
underground. It appears from this simulation 
that the pseudo-Brewster angle — actually its 
counterpart — is formed by the attenuation 
of the ground-surface wave. As the radiation 
angle increases, its distance to the ground 
increases faster for a given distance from 
the antenna. In other words as an E-field 
propagates tangentially to a lossy dielectric, 

it is attenuated greater than in free space. 
The elevation pattern is formed by the 

antenna’s inherent pattern, and then further 
shaped by the lossy Earth. Also, the pattern 
or directivity of a ground mounted vertical 
antenna is independent of the antenna 
ground, or “image”. The gain (directivity 
multiplied by the efficiency) is increased by 
lowering the ground losses of the antenna 
proper. Ground losses forming the directivity 
in the far field are the result of propagation 

Figure 8 — The electric fields of an elevated half-wave vertical dipole, with feed point 2 wavelengths above a large slab of 
average ground. 
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Figure 9 — The electric fields of half-wave horizontal dipole 2 wavelengths above the same average ground as in Figure 8. 

losses, not antenna losses. The power that 
would normally be in the elevation angle 
close to the ground (with a perfect ground) is 
not cancelled because there is no cancelling 
wave present. 

Figure 8 shows a plot of an elevated half-
wave vertical dipole, with its feed point 2 
wavelengths above a large slab of average 
ground. In this case we can clearly see the 
effects of reflected waves, with interfering 
and opposing fields creating the final pattern. 
If you look closely you can also see a phase 
difference in the various lobes that are not 
present in Figure 7. Here, plane waves 
are present and conventional wisdom of 
the pseudo-Brewster angle from ground 
reflections is valid. The cancellation and 
re-enforcement of far-field waves also have 
the effect of distorting the apparent point 
source of the wave. Notice that the grazing 
angle — lowest angle of radiation — appears 
to be coming from a source on the surface of 
the ground.

The plot of Figure 8 brings up another 
interesting point regarding raised vertical 
dipoles. The radiation resistance of a free-
space vertical dipole is about 73 , the same 
as a free-space horizontal dipole. However, 
as the vertical antenna is lowered closer to 
the ground, the radiation resistance — and in 
this case, also the feed-point impedance — 
rises to a maximum value of about 100  
when the end of the dipole is just above 
the ground surface. At lower elevations the 
ground actually becomes part of the antenna 
and thus increasing the effective height of the 
radiating antenna. This happens no matter 
what the ground characteristics are, perfect 

or real, and are not due to losses. 
For comparison I also include a plot a 

half-wave horizontal dipole (Figure 9) to 
see the same reflected-wave cancellation 
mechanism at work. The view is down 
the axis of the dipole thus highlighting the 
broadside E-field pattern of the dipole. This 
view also shows the disc representing the real 
ground. Formation of nulls and peaks of gain 
at various elevation angels is clearly shown 
to be the result of reflections adding and 
subtracting from the field strength.

Conclusions
Antenna  pa t t e rn  fo rmat ion  by 

re-enforcing and cancelling reflected waves 
are clearly the mechanism for raised antenna 
systems — creating the pseudo-Brewster 
angle. However, for ground-mounted vertical 
antennas quarter-wavelength or shorter, the 
formation of the elevation pattern is the result 
of two basic mechanisms. First, there is a 
very slow lowering of the main pattern lobe 
over hundreds of wavelengths distance, and 
second, there is ground attenuation due to 
dielectric losses that result from the very low 
center of radiation of the vertical antenna. 

There is insignificant influence of 
reflected waves on the antenna pattern of 
ground-mounted vertical antennas that are a 
quarter-wave or shorter height. 

Bob Zavrel, W7SX, is an ARRL Life Member, 
Technical Advisor and Amateur Extra class 
licensee. He has been licensed since 1966. His 
primary interest in Amateur Radio is low band 
DXing and designing and building antennas, 

tuners, and amplifiers. Bob holds 5BDXCC, 
5BWAZ (200), has 334 mixed, and 324 CW 
entities confirmed. Bob is on the DXCC Honor 
Roll and the CW DXCC Honor Roll, all 
using only tree-supported wire antennas. He 
also holds 9-Band DXCC on 160 through 10 
meters. Previous call signs include WN9RAT, 
WA9RAT, WA9RAT/HR2 and SV1/W7SX.

Bob has a BS in Physics from the University 
of Oregon and has worked in RF engineering 
for over 30 years. He has five patents, and 
has published over 50 papers in professional 
and Amateur Radio publications, including 
the first block diagram of an SDR receiver in 
1987. He was involved with the first generation 
of RF integrated circuits for cellular phones, 
and worked extensively with DDS, WLAN and 
passive mixer development. Bob is currently an 
RF Research and Development Engineer for 
Trimble Navigation with a primary focus on high 
precision GPS, down to millimeter accuracy.
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Skyhawk™ 
Tri-Band 
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The legendary Skyhawk 
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best payback in 
HF performance and 
operating ease. It boasts a 
trap-free design, which en-
sures the best bandwidth 
and lowest loss possible. 
The use of aluminum and 
stainless steel hardware 
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Butternut 
Antennas
DX Engineering’s 
Butternut Antennas 
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The MathCad worksheet, Eqn_107_350MHz.mcd file, can be found at www.arrl.org/QEXfiles.
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The Design of Modern 
Microwave Oscillators

 RF/Microwave Circuit 
Design for Wireless Applications

Low Phase Noise Microwave 
Oscillator Design

Crystal Oscillator Design and 
Temperature Compensation

The IEEE Microwave Theory and Techniques 
Society (MTT-S) awarded the 2016 Microwave 
Application Award to Dr. Ulrich L. Rohde, 
N1UL / DJ2LR, for 

“Significant contributions to the development 
of low-noise oscillators”. 

The Microwave Application Award recog-
nizes an individual, or a team, for an outstanding 
application of microwave theory and techniques, 
which has been reduced to practice nominally 10 
years before the award.
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Upcoming Conferences

Society of Amateur Radio 
Astronomers Western Regional 

Conference

March 11-13, 2016, Prescott, 
Arizona

www.radio-astronomy.org

The Society of Amateur Radio Astronomers 
(SARA) announces a regional conference 
will be held at Embry-Riddle Aeronautical 
University in Prescott, Arizona, March 11 – 
13, 2016. SARA member Ray Fobes is a 
Staff Radio Astronomer at the University 
and is coordinating the event. He can be 
reached by e-mail at westernconfer-
ence@radio-astronomy.org.

Expected papers include topics on radio 
astronomy hardware, software, education, 
research strategies, philosophy, observing 
efforts and methods. 

Registration for the 2016 Western 
Conference is $60.00. This includes break-
fast and lunch Saturday and Sunday. 
Checks payable to SARA Treasurer should 
be mailed to at 904 Towering Oak Court, 
Purcellville, VA 20132. Please include an 
e-mail address so a confirmation can be 
sent upon receipt of payment. Payment can 
also be made through PayPal. See website 
for details.

You can receive a reduced hotel rate at the 
SpringHill Suites by Marriott, 200 East 
Sheldon Street, Prescott, Arizona. When 
you call, ask for the “Embry-Riddle Friends” 
rate. 928-776-0998; www.marriott.com/
prcsh.

See website for information.

MicroHAMS Digital Conference 
2016

March 19, 2016, Redmond, 
Washington

www.microhams.com/mhdc/

Check website for information.

50th Anniversary Central States 
VHF Society Conference

July 28 – 31, 2016, Rochester, 
Minnesota

www.csvhfs.org
Call for Papers

The Central States VHF Society is soliciting 
papers, presentations, and poster displays 
for the 50th Annual CSVHFS Conference to 
be held in Rochester, Minnesota, July 28 – 
31, 2016. Papers, presentations, and post-
ers on all aspects of weak signal VHF and 
above Amateur Radio are requested. You 
do not need to attend the conference, nor 
present your paper, to have it published in 
the Proceedings.

• Posters will be displayed during the two 
days of the Conference.

• Topics of interest include (but are not lim-
ited to):

• Antennas — including Modeling/Design, 
Arrays, and Control

• Construction of equipment, such as trans-
mitters, receivers, and transverters

• RF amplifiers (power amps) including sin-
gle-band and multi-band vacuum tube and 
solid-state

• Pre-amplifiers (low noise)

• Propagation, including ducting, sporadic-
E, and meteor scatter, etc.

• Test Equipment — including homebrew, 
using, and making measurements

• Regulatory topics

• Operating — including contesting, roving, 
and DXpeditions

• EME

• Digital Signal Processing (DSP)

• Software-defined Radio (SDR)

• Digital Modes — such as WSJT, JT65, etc.

Generally, topics not related to weak signal 
VHF, such as FM Repeaters and packet- 
radio, are not accepted for presentation or 
publication. However, there are always 
exceptions.

Please contact either the Technical Program 
Chairman, Barry Malowanchuk, ve4ma@
shaw.ca, or the Proceedings Chairman, 
Glen Overby, kc0iyt@arrl.net.

VHF Super Conference

April 15-17, 2016, Sterling, Virginia

www.vhfsuperconference.com

Sponsored by Southeastern VHF Society, 
North East Weak Signal Group, and the Mt 
Airy VHF Radio Club; hosted by the Grid 
Pirates Contest Group and Directive 
Systems and Engineering.

The conference will be held April 15-17, 
2016 at the Holiday Inn, Washington-Dulles 
International Airport, 45425 Holiday Drive, 
Sterling, Virginia. 

Hotel rooms are $89 (plus tax) for either 
king or double through March 15, 2016. 
Breakfast is included for Friday and Saturday 
and will be held privately in the conference 
room area for conference attendees only. 
Please call hotel at 1-877-875-9823 and 
mention code E06, or visit vhfsuperconfer-
ence.com/hotel/ to booking hotel reserva-
tions.

Conference registration, early bird discount! 
Sign up before March 15, 2016 and regis-
tration with lunch, all day beverages and 
Proceeding for both days will be $89. Sign 
up for the banquet before March 15, 2016 
and the cost is $39. (A combined savings of 
$20.)

After March 15, registration will increase to 
$99, and the banquet cost will increase to 
$49.

A microwave, loop Yagi workshop will also 
be offered during the weekend. For an addi-
tional fee, understand how loop Yagis work, 
how to adjust them and build one with guid-
ance from W8ZN and K4MEP of Directive 
Systems and Engineering. Choose a band 
from 902 MHz to 3456 MHz. 

There will be free shuttle service to the 
Udvar-Hazy Air & Space Museum on 
Thursday April 14, 2016. Family programs 
also available on April 14 and 15.

See website for information.

Call for Papers

We’re looking for presentations and/or 
papers on VHF, UHF, microwaves, and 
higher. All aspects are welcome — operat-
ing, contesting, homebrewing, software, 
EME, surplus, antennas, test equipment, 
amplifiers, SDR, 47 GHz superregen, what-
ever.

N2CEI and W1GHZ will be coordinating the 
Proceedings. Submissions and questions 
to: scpapers@downeastmicrowave.com
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Deadline for submissions:

For the Proceedings: Sunday, May 22, 
2016

For Presentations to be delivered at the 
conference: Tuesday, July 5, 2016

For Posters to be displayed at the confer-
ence: Thursday, July 29, 2026

Further information is available at the 
CSVHFS web site (www.csvhfs.org), “The 
2016 Conference,” and “Guidance for 
Proceedings Authors,” “Guidance for 
Presenters,” and “Guidance for Table-top/
Poster Displays.”

2016 Society of Amateur Radio 
Astronomers Annual 

Conference

July 10-13, 2016, Green Bank, 
West Virginia

radio-astronomy.org

The Society of Amateur Radio Astronomers 
(SARA) solicits papers for presentation at 
its 2016 Annual Conference to be held July 
10 – 13, 2016. Sunday July 10, will start with 
an introduction to Radio Astronomy at the 
Jansky Auditorium, followed by learning to 
operate the forty foot radio telescope — 
1,420 MHz (21 cm). 

Presentations by SARA members and 
guests are scheduled on Monday and 
Tuesday. A high tech tour of the NRAO facil-
ity will be conducted on Tuesday July 12. 

Papers are welcome on subjects directly 
related to radio astronomy including hard-
ware, software, education and tutorials, 
research strategies, observations and data 
collection and philosophy. SARA members 
and supporters wishing to present a paper 
should e-mail a letter of intent, including a 
proposed title and abstract to the confer-
ence coordinator at vicepres@radio-
astronomy.org no later than April 20, 2016. 

Drafts of papers are due May 4, and final 
versions of the papers due no later than 
May 18. Be sure to include your full name, 
affiliation, postal address, email address, 
and indicate your willingness to attend the 
conference to present your paper. 
Submitters will receive an email response, 
typically within one week. 

Guidelines for presenter papers are located 
at: radio-astronomy.org/pdf/guidelines-
submitting-papers.pdf
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preamps, coaxial components,
hybrid power modules, relays,

GaAsFET, PHEMT's, & FET's, MMIC's,
mixers, chip components,

and other hard to find items
for small signal and low noise

applications.

We can interface our transverters
with most radios.

Please call, write or
see our web site

for our Catalog, detailed Product
descriptions and

interfacing details.

Down East Microwave Inc.
19519 78th Terrace

Live Oak, FL 32060 USA
Tel. (386) 364-5529

www.downeastmicrowave.com



42   QEX March/April 2016

TA P R 
PO BOX 852754  Richardson, Texas  75085-2754 
Office: (972) 671-8277  e-mail: taproffice@tapr.org 
Internet: www.tapr.org  Non-Profit Research and Development Corporation 

TAPR is proud to support the HPSDR project. TAPR offers 
five HPSDR kits and three 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. 

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 representation from interested experimenters 
worldwide. The group hosts a web page, e-mail reflector, and a comprehensive 
Wiki. Visit www.openhpsdr.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 $25 worldwide. Visit www.tapr.org for more information. 

ATLAS Backplane kit 
LPU Power supply kit 
MAGISTER USB 2.0 interface 
JANUS A/D - D/A converter 
MERCURY Direct sampling receiver 
PENNYWHISTLE 20W HF/6M PA kit 
EXCALIBUR Frequency reference kit 
PANDORA HPSDR enclosure 

PENNYWHISTLE 
20W HF/6M POWER AMPLIFIER KIT 

 

HPSDR Kits 
and Boards 

™
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ARRL Order No. 0946
Only $34.95*
*plus shipping and handling

Make Your Tower Dream a Reality!
Professional tower climber and author Don 
Daso, K4ZA, leads you through the process of 
designing and building your own antenna 
tower. He discusses the skills, tools, climbing 
techniques, and safety measures necessary to 
improve your antenna system. Whether you 
aspire to climb and work on an antenna tower 
yourself, or hire a professional, this is your 
guide to success!

QEX 3/2016

This handy pocket-sized guide features 
tables, charts, drawings, lists, and formulas 
especially useful for radio amateurs, 
contractors, students, travelers, electronics 
hobbyists, craftspeople, and engineers and 
technicians in virtually every fi eld. 
Embossed with ARRL’s logo and logotype
—making this a particularly special edition.

ARRL Order No. 1148
Only $12.95*
*plus shipping and handling

QEX 3/2016
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(Orders only) RF PARTS
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®

Transmitting & Audio Tubes

Immediate Shipment from Stock

The Radio Amateur’s Workshop is 
your guide to setting up and maintaining 
an ef  cient at-home laboratory and work 
station. It describes the tools you’ll need 
for projects ranging from assembling 
electronic kits to building and testing 
antennas. Subsequent chapters look at a 
wide variety of workshop test equipment, 
including an explanation of how various 
instruments can be used to develop, 
fabricate, and evaluate projects. Become 
part of the do-it-yourself movement — 
discover fun and creative ways to use 
radio technology at your workshop today.

www.arrl.org/shop

Joel R. Hallas, W1ZR

QEX 3/2016

ARRL Item No. 0482
Special Member Price!
Only $19.95* (regular $22.95)

*plus shipping and handling

The Radio 
Amateur’s Workshop 

■ Why Do We Need a 
 Workshop?
■ The Basic Workshop
■ Soldering — The Connection 
 Method of Choice
■ Other Connection Methods
■ Ratchet-Up for Antenna  
 Projects
■ Basic Measurements for 
 the Workshop
■ Advanced Measurement 
 Systems
■ The Personal Computer 
 in the Workshop 
 and Laboratory
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ARRL Item No. 0345
Special Member Price! 
Only $19.95 (retail $22.95) 

Portable operating is gaining popularity in the Amateur Radio 
community. For amateurs who are unable to install permanent 
outdoor antennas at home, portable installtions are often the 
only way they can get on the air. There are also amateurs 
who simply enjoy operating outdoors, in nature. For them, 
portable antennas are necessities.
ARRL’s Portable Antenna Classics is a collection of helpful 
articles gathered from more than three decades of QST, 
ARRL’s membership journal. Featuring easily constructed 
antenna systems that offer adequate performance, this book 
offers practical ideas and projects to get you on the air 
from anywhere: 

HF Antennas
Single and multiband designs for all bands from 
80 through 10 meters.
VHF/UHF Antennas
Antennas for 6 meters, 2 meters and even 70 centimeters.
Masts and Other Supports
Ingenious ideas for getting your portable antenna 
off the ground and keeping it there.

QS11 2015Portable antenna Classics AD.indd   1 10/26/2015   1:00:34 PM



                                             Radio amateurs are familiar with antennas and use them          
                          every day to communicate on the air. We learned some basic antenna 
theory while studying for license exams, and most of us have built an antenna or two. 
We know the basics and turn to the ARRL Handbook, ARRL Antenna Book, and other 
general texts when thinking about our next antenna project.
We know how long to make a dipole or vertical antenna for a particular frequency, but 
do we know how the antenna really works? Antenna Physics: An Introduction was 
written to bridge the gap between basic theory and graduate-level engineering texts. 
Robert J. Zavrel, Jr, W7SX, a well-known author and professional antenna engineer, 
explains many of the underlying principles of antennas and antenna physics and 
introduces the reader to the mathematics behind these principles. Note that this is 
not a book of “how-to” projects, but rather a theoretical and mathematical approach 
to the topic.
Although some competence in mathematics is required to get the most from this book, 
readers may follow along and understand the concepts without needing to solve the 
complex equations presented. In later chapters, examples tie the concepts learned 
in earlier chapters to a number of antenna types familiar to radio amateurs. 

Includes: 
Antenna Physics Applied Antenna Physics
■ Development of Antenna Physics ■ Dielectric Effects Upon Radio Waves
■ Fundamentals ■ Vertical Antennas
■ Radiation of Radio Waves ■ Yagi-Uda and Cubical Quad Antennas
■ Transmission Line ■ Specialized Antenna Con  gurations
■ Antennas Using Multiple Sources ■ Noise, Temperature, and Signals

Antenna Physics: An Introduction
ARRL Item No.0499
Only $29.95 plus shipping and handling
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