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communication and experimentation,
for the establishment of networks to
provide communications in the event of
disasters or other emergencies, for the advancement
of the radio art and of the public welfare, for the
representation of the radio amateur in legislative
matters, and for the maintenance of fraternalism and
a high standard of conduct.

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

“Of, by, and for the radio amateur,” ARRL

numbers within its ranks the vast majority of active
amateurs in the nation and has a proud history of
a;:fhi_evement as the standard-bearer in amateur
affairs.

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

Membership inquiries and general corres-
pondence should be addressed to the
administrative headquarters:
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FAX: 860-594-0259 (24-hour direct line)

Officers
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The purpose of QEX is to:

1) provide a medium for the exchange of ideas and
information among Amateur Radio experimenters,

2) document advanced technical work in the Amateur
Radio field, and

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

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

Both theoretical and practical technical articles are
welcomed. Manuscripts should be submitted in word-
processor format, if possible. We can redraw any
figures as long as their content is clear.

Photos should be glossy, color or black-and-white
prints of at least the size they are to appear in

QEX or high-resolution digital images (300 dots per
inch or higher at the printed size). Further
information for authors can be found on the Web at
www.arrl.org/qgex/ or by e-mail to gex@arrl.org.

Any opinions expressed in QEX are those of

the authors, not necessarily those of the Editor or the
League. While we strive to ensure all material

is technically correct, authors are expected to

defend their own assertions. Products mentioned

are included for your information only; no
endorsement is implied. Readers are cautioned to
verify the availability of products before sending
money to vendors.

Kazimierz “Kai” Siwiak, KE4PT

Perspectives

Mentors

My Amateur Radio mantra is, “Please do your part to lower the average age of hams:
Elmer youngsters!” EImer was personified by David P. Newkirk, W9BRD, in his “How’s DX”
QST column of March, 1971, as a local ham who, “though busy with his own operating,
building, arduous studies, chronic family illness, and full social calendar ... miraculously
found time to be the big brother to any local youngster or oldster groping uncertainly
towards hamdom.” Elmer is both a proper noun and an action verb, but the term itself is
anachronistic jargon. Times change, and we now prefer Mentor

Consider this. The QEXfamily of hams is aging dramatically. A very recent survey of QEX
subscribers reveals that about 90% of you, dear readers, are older than 61 years of age,
and half of those are over 70. An additional 9% are between 51 and 60 years of age. More
than 95% have been licensed for more than 30 years, and nearly two-thirds are retired.
What, then, of the future of QEX? We need an influx of younger blood — especially
between the ages of 40 and 60 — to grow our journal into the near future.

The QEX mission is to provide a medium for the exchange of ideas and information
among Amateur Radio experimenters, to document advanced technical work in the
Amateur Radio field, and to support efforts in advancing the state of the Amateur Radio art.
When most of you were at the onset of your ham careers, your main search parameter was
“Radio” in your neighborhood library. QEX was in its infancy. In contrast, today’s generation
is immersed in an internet and social media culture. But, you won’t find QEX there — yet!

Many of your clubs already sponsor ham radio classes and volunteer examiner testing.
Please don't stop there. Actively reach out and take the next step. Mentor your newly
licensed hams into our fold as radio-active hams who can help fulfill the QEX mission.

We'd like to hear from you (qex@arrl.org), the sages, elders and mentors of Amateur
Radio. How can we make the QEX mission relevant to the next generations? What can we
do to lower the average age of hams? And especially, what can we do to lower the average
age of the QEX readership?

In This Issue

Our QEX authors contributed to the communications experimental arts in diverse
Amateur Radio topics.

Ulrich L. Rohde, N1UL and Ajay K. Poddar, AC2KG, study the phase noise and fre-
quency stability in an optimized grounded-base VHF and UHF oscillators.

Matthew H. Reilly, KB1VC, introduces the Arduino ecosystem, which includes a wide
variety of easy-to-use integrated hardware components, and software development envi-
ronment.

Bob Larkin, W7PUA, reveals an impedance measuring system based on the Teensy
Arduino microprocessor, that also measures amplitude and phase in transmission mode.

John Stensby, N5DF, describes how to make a better RF voltmeter probe.

Keep the full-length QEX articles flowing in, but if brevity is your forte, share a brief
Technical Notes of perhaps several hundred words in length plus a figure or two. Expand
on another author's work and add to the Amateur Radio institutional memory with your
technical observation. Let us know that your submission is intended as a Note.

QEX is edited by Kazimierz “Kai” Siwiak, KE4PT, (ksiwiak@arrl.org) and is published
bimonthly. QEX is a forum for the free exchange of ideas among communications experi-
menters. The content is driven by you, the reader and prospective author. The subscription
rate (6 issues per year in the United States is $29. First Class delivery in the US is available
at an annual rate of $40. For international subscribers, including those in Canada and
Mexico, QEX can be delivered by airmail for $35 annually. Subscribe today at www.arrl.
org/qex.

Would you like to write for QEX? We pay $50 per published page for articles and
Technical Notes. Get more information and an Author Guide at www.arrl.org/
qgex-author-guide. If you prefer postal mail, send a business-size self-addressed, stamped
(US postage) envelope to: QEX Author Guide, c/o Maty Weinberg, ARRL, 225 Main St,
Newington, CT 06111.



Bob Larkin, W7PUA

2982 NW Acacia Place, Corvallis, OR 97330; w7pua@arrl.net

DSP-Based Vector Network
Analyzer for 10 Hz to 40 kHz

This impedance measuring system, based on the Teensy
Arduino microprocessor, also measures amplitude and phase in
transmission mode. Control is by built-in touch screen along with
serial control through a USB cable.

Network analyzers at RF frequencies
have become popular with amateur
experimenters. In one form, the “antenna
analyzer” is available commercially and
often can measure both resistive and reactive
components of an impedance. In its more
sophisticated form, measurements can also
be made of transmission circuits, such as
filters. Examples of the latter are the N2PK!
and DG8SAQ? Vector Network Analyzers
(VNA). My experience with the N2PK
design included many fine measurements, but
sometimes the lower frequency limit of about
50 kHz left a need. Note that the DG8SAQ
design operates down to about 1 kHz.

Several interesting approaches to these
measurements have been published. The
project from George Steber, WBILVI,?
measures impedances in the audio range
with a minimal amount of hardware along
with a PC sound input. The huge advantage
of this is hardware simplicity, but it does not
provide for a wide range of frequencies nor
transmission measurements. Jacques Audet,
VE2AZX’s Low-Frequency Adapter* is very
flexible, but requires an RF VNA.

I became curious about making a parallel
design to the RF VNA using DSP. The goal
was a VNA that would cover from perhaps
10 Hz to a frequency that would join up
with the N2PK VNA coverage. I hoped that
most of the complexity could be hidden
in software and in doing so, the cost could
remain low. When fellow experimenter,
Johannes Forrer, KC7WW, steered me
towards the Teensy Arduino DSP-capable
product’, I was on my way.

The original idea was to make this Audio
Vector Network Analyzer (AVNA) a USB
serial driven box without a front control
panel. But the availability of the 320x240
color touch screen at low cost® changed the
approach. The final AVNA has serial control
as well as a touch-screen fully-independent
alternative. This is very convenient for
component identification and measurements,
in particular. The stand-alone capability
includes transmission as well as swept
measurements, there is no need to use the
complete PC control.

The result is a little box, costing around
US$100, that can do conventional VNA
functions and also serves as an LCR meter
for resistors from a fraction of an ohm up to
a few megohms, capacitors from a picofarad
up to thousands of microfarad, and inductors
from a few nanohenry up to thousands of
henry.

To make this project available to as many
experimenters as possible, high quality
double-sided printed circuit boards have
been made available, in multiples of 3,
through OSH Park’. The software is open-
source?®, as is the development system® and
the processor/CODEC library software'’.

Overall Operation

The block diagram of Figure 1 shows
how a combination of hardware and
software produces a conventional VNA. The
process starts with a sine wave generator
implemented as direct numerical calculation
in DSP software. This signal can be at any

frequency from 10 to 40,000 Hz and is sent
to a Digital-to-Analog converter (DAC)
that drives an amplifier producing a very
low output impedance. Relays are used to
connect a precision resistor of either 50
or 5 kQ to the impedance measurement
point. This resistor is used as a reference for
measuring impedances, and also serves as
a known source resistance for transmission
measurements. If desired for transmission
measurements, the low output impedance
point can also be accessed directly.

Both impedance and transmission
measurements involveknowing the amplitude
and phase of the sine wave voltage at the
low-impedance output. This is the reference
signal, and it is always available via the right
channel Analog-to-Digital Converter (ADC).
The left channel measurement is taken across
the unknown impedance for impedance
measurements, or at the output of the device
being tested for transmission measurements.
Differential Op-amps ahead of the ADC
allow careful control of their megohm input
impedance. This allows software correction
of this quantity when measuring impedance.

Inside the DSP, the two outputs of the
ADCs are each applied to a pair of mixers
that are multipliers. Each pair of multipliers
has a locally generated sine and cosine wave
for producing in-phase, /, and quadrature, Q,
measurements. This process is completely
analogous to direct-conversion receivers.
Implemented in DSP, the isolation between
either of the inputs and the output is close to
perfect. The output signal does still include
second harmonics of the inputs, that are

QEX May/June 2018 3
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Figure 1 — Block diagram shows a sine wave signal source that comes from the DSP via the left DAC. One of the two receiving channels
always measures this signal level via the right ADC and is the reference channel. The left ADC measurement channel is switched
between three functions, Calibrate, Impedance, and Transmission. Two different reference resistors can be selected by relays to provide

important and will be discussed below.

Next, the 7 and Q signals for the reference
and measurement channels are averaged over
at least a tenth of a second to reduce noise and
increase the range of signal levels over which
accurate measurements can be made. In the
DSP, the averaged I and Q are converted to
amplitude and phase by calculating

amplitude =+/I* + Q* ;

phase = arctan (Q/1)

Error corrections applied at this point
correct for gain and phase differences in
the measurement and reference amplifiers,
as well as for the input impedance of
the measurement amplifier. Finally, for
impedance measurements, the resistance

4 QEX May/June 2018

either 50 or 5,000 Q) test level.

and reactance of the unknown component
is found from the voltage amplitudes at the
top of the reference resistor and across the
unknown impedance, along with the relative
phase shift. For transmission measurements
the gain or loss comes directly from the
measurement of the input and output.

The basic structure of this VNA is parallel
to that of RF tools such as the N2PK VNA.
Sine waves are computed in the DSP rather
than by lookup tables in a DDS. Multipliers
are mathematical operations in DSP rather
than MC1496 Gilbert cell devices. One
area that is a bit different is the impedance
measurement method. The most common
device for the RF frequencies is a bridge,
comprised of three precision resistors and a
transformer to keep grounds isolated. This

can be implemented at low frequencies
as well, but the accuracy and simplicity
of measurements using a single reference
resistor favor this latter method. To some
extent, this method also has a parallel. The
N2PK project has an I-V accessory board
available!! that extends this single reference
method to RF, using a pair of high turns-ratio
transformers.

Hardware

The schematic diagram of the AVNA
hardware PC board, Figure 2, shows the
processor board, U3. This is not an IC, but
rather the Teensy 3.6 version of an Arduino.
Not shown is the PJRC Audio Adapter ADC/
DAC board that plugs directly into Teensy
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board'? and connects to the AVNA board via
P1. The Teensy board is a member of the
Arduino family. Its software allows most
of the Arduino IDE and library programs
to be applied. To the user it behaves like
an Arduino. However, the processor and
memory capabilities are much greater
than a board such as the Arduino UNO™.
The Teensy 3.6 uses an ARM Cortex-M4
processor with a basic instruction rate of
180 MHz, an internal 32-bit floating-point
processor, and a considerable instruction set
just for DSP, see the sidebar “DSP Code in
Teensy Arduino”. Part of the Teensy board is
a USB serial interface that allows full control
of the AVNA from most computing devices
such as PCs and Laptops.

Not shown on the schematic is the front

panel device which is a 320x240-pixel color
LCD with touch-screen capability. This
plugs into P3 on the AVNA board, either
directly or with an extension cable. This
display provides a stand-alone capability for
the AVNA.

The amplifier comprising U1B op-amp
and the transistors Q1 and Q2 has no voltage
gain but, because of heavy negative feedback,
provides both power drive and a low output
impedance. One of a pair of relays, RL1
and RL2, connects the Unknown Z output
connector to the drive voltage. These relays
were chosen because their gold contacts
help to ensure a reliable output impedance.
The impedance setting resistors, R31, R32
and R33, R34, are parallel combinations
that can be used in several ways to provide

accurate 50 and 5 kQ values. As shown,
a single 50 Q 0.05% resistor and a pair of
10 kQ 0.05% resistors are used. These high
precision resistors are used for their low 10
ppm temperature coefficients. Errors in the
resistor values can be calibrated out in the
software. Any other combination of parallel
resistors can be used, depending on what you
have available.

Three FET switches, parts of U4, choose
the input path for the measurement channel.
The calibrate switch, U4B, connects the
reference and measurement channel inputs
together. With both relays open, this provides
an accurate measurement of the differences
in gain and phase between the two channels.
These differences are small, but end up
distinguishing between rough measurements

QEX May/June 2018 5
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Figure 2 — Schematic diagram of the
AVNA PC board.The relays are small signal
with gold-plated contacts, Omron G6A-
274P-ST40-US-DC5 (DigiKey 22931-ND)].
Resistors R31 and R32 are 0.05%10 kQ with
10 ppm/°C temperature coefficients (Mouser
594-UXB02070F1002AR1). R33 is 50
(Mouser 71-PTF5650R000AYR6).

and those of a precision instrument. Because
of the relays, this calibration can be done with
components connected to the measurement
connector. Switches, U4A and U4C,
connect the measurement channel for either
impedance or transmission measurements.

The reference and measurement channels
have identical amplifiers driving the pair of
ADCs. The voltage gain of about 3.7 allows
the drive voltage to be delivered from the
linear region of the output amplifier. This
gain can sometimes increase the dynamic
range of transmission measurements. The
amplifiers should be matched so that the two
sides of the differential amplifier should be
the same. To this end, I purchased a surplus of
resistors in values for R5 to R8, R13 to R16,
and R17 to R20, and selected a matched sets
of four. The exact values are not important. I
used leaded 50 ppm temperature coefficient
resistors. The 0 € resistors at the amplifier
inputs, R46 to R49, are not required for the
AVNA, but allow for future experimentation.

The AVNA is supplied by the 5 V dc on
the USB cable going to the Teensy board.
Current consumption is about 200 mA,
allowing operation from any USB power
source, including rechargeable battery types.
The -1.5 V supply is needed to increase the
voltage swing of the DAC output amplifier,
and is produced by the CAT661 switched-
capacitor voltage inverter, US. The 3.3 V
supply is on the Teensy board. The three
supply voltages, 5, 3.3 and -1.5 V, are
monitored by the Teensy using a single
analog voltage input generated by resistors
R22 to R24.

The Teensy 3.6 board has a large number
of inputs and outputs supported by peripheral
controllers for a wide variety of devices.
Many of these pins are unused in the AVNA
and could be used to expand the functions
of this project. Likewise, the project uses
just a small part of the available memory for
programs and data.

Overall Assembly

Most of the assembly is done by merely
plugging the Teensy board into the AVNA
board and plugging the Teensy Audio
Adapter into the Teensy board. Orientation of
the connectors is important, see Figure 3. The
LCD+Touch-Pad board likewise will operate

Figure 3 — The Teensy 3.6 processor and the touch-screen LCD boards are plugged into
the AVNA printed circuit board. The Teensy Audio Adaptor is on top of the Teensy 3.6. All
precision resistors are leaded types.

Teensy Audio Adapter
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'G' are connected to ground with multiple wires.

Low-Z Signal

Pair Panel Ground
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Pair
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Board
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Figure 4 —This diagram shows the interconnection that requires wiring, rather than plugging
boards together. All connections except for the LED carry audio signals and use multiple
ground leads to minimize ground loops and capacitive coupling. The “Unknown Z” and
“Transmission” terminals keep the ground isolated from the panel for the same reason.The
LED is red/green bi-color, and the connector can be reversed if green is not the normal color.
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by plugging it directly into the AVNA board
at P3. If this is done, the LCD ends up
physically lower than the Audio Adapter.
With a bit of extra effort, a step can be put
into the top of the enclosing box, giving full
access to the LCD. I did this for the wooden
box shown in Figures 7 and 12. Alternatively,
an extension cable can be placed on the
touch-screen, allowing a simpler package.

Figure 4 shows the wiring that is external
to the PC boards. My construction used
banana plug terminals for the Impedance
and Transmission panel connections, but
these could be coaxial connectors. The
“Low-Z" output from the drive voltage is for
specialized transmission measurements, and
not normally used. For convenience I brought
this to a BNC connector. Not shown in this
figure are the interconnections between the
Teensy 3.6 board and the other parts. These
can be seen on the Figure 2 schematic for the
AVNA board.

The AVNA starts up as soon as power is
applied to the USB connector on the Teensy
board. This USB connector can carry serial
data, or for stand-alone operation, it can
merely supply power from any standard
USB power source. The connector is a USB
Micro-B style. The schematic shows P2,
listed as an expansion connector. This has no
particular function at present, but does make
available an I2S serial interface, as well as
analog and general purpose digital pins.

DSP Functions

All measurements are made using the
two analog inputs, labeled as Reference and
Measurement channels. The digital outputs
from the ADC are 16-bit signed words.
ADC noise covers several of these bits,

0
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QX1805-Larkin05

Figure 5 — Frequency response is
averaged for a tenth of a second.The
position of the nulls can be set exactly
by controlling the length of the averaged
sample period. The nulls for this tenth
second average occur at 10 Hz intervals
at and above 10 Hz. This eliminates
the second harmonic output from the
multipliers.
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not all of which is random. The coherent
portions of the ADC noise can be avoided
by careful choice of sampling frequencies.
For this reason, both 44.1 kHz and 100 kHz
sampling rates are used, as automatically
set in the software. The 100 kHz sampling
rate allows measurement frequencies up to
about 40 kHz. This is high enough to have
adjoining ranges with the N2PK VNA. The
lower end of measurement frequencies is
set at 10 Hz by the coupling capacitors that
are on the Teensy Audio Adapter. These
could probably be changed, and along with
a few other modifications, to allow operation
below 10 Hz.

Referring back to the block diagram,
the digital outputs of the ADC are applied
to multipliers. A bit of trigonometry shows

us most of what we need to understand the
operation. The internally generated sine wave
at frequency f Hz is sin(2mft), where ¢ is time
in seconds. This waveform is centered around
zero volts and has maximum excursions of
+1. Our reference or measurement signals
are exactly the same frequency, but with
amplitude A and phase shift p,

Asin(27 ft + p)
Applying trigonometric identities to

the product of our sine waves, we find the
multiplier output voltage is of the form,

e, = gcos(p) - g cos(272 ft)
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Figure 6 — Response of a transmission measurement with no connection to the input,
except for the 50 Q) termination. The floor is 75 dB below full input up to 2 kHz, then rises with
increasing frequency. The rise is due to capacitive leakage in the “Calibrate” FET switch.

Figure 7 —The AVNA shows the measurement of a 20 nF capacitor at 2,000 Hz.



which shows that the output of the
multiplier has no component at the
fundamental frequency f. The first term is
an output at dc, which is the desired value.
The second term is at the second harmonic
2f, which we don’t want. Because of the
low frequency involved, we do the low-pass
filtering to eliminate the second harmonic by
averaging the multiplier output over a very
specific period of time. If averaging period
is an integer multiple of the second harmonic
period, the harmonic component will
always cancel out completely, independent
of the phase of the harmonic signal. The
AVNA uses 64-bit double-precision floating
point for this averaging to prevent loss of
resolution. The averaging time period must
be at least a full cycle at 20 Hz, or 50 ms.
The current implementation uses averaging
times of around 0.1 second, or two periods
at 20 Hz. The exact averaging time depends
on the measurement frequency. Depending
on the frequency of operation, a slight
adjustment of the measurement frequency
may be needed to account for the inflexible
44,100 or 100,000 Hz. sample rate.

This averaging process can be viewed as a
finite impulse response (FIR) low-pass filter.
The FIR coefficients are all the same value
and the number of FIR taps is that required to
span an integer number of second harmonic
cycles. The frequency response of this low-
pass design is of the general form,

sin(kf)
7}0

and a careful choice of k can place nulls at
the second harmonic frequency. The integer
second harmonic approach described above
is one easy way to choose a proper k. The
frequency response of the averaging is shown
in Figure 5 for the 0.1 second averaging time
suitable for use at 5 or 10 Hz.

The in-phase and quadrature components
I and Q can be handled computationally
as complex numbers, I + jQ, where j is the
square root of -1. The Arduino system,
through its underlying C++ language, easily
handles calculations with complex numbers
without separating the real and imaginary
parts. Examination of the program shows that
this is used extensively.

Getting back to finding the measured
impedance, the complex voltages from the
measurement and reference channels are
corrected for small amplitude and phase
errors. Next the measured impedance
complex value Z, = R +jX, is found from the
voltages by

Zm :R V,n
V-V,

That is, the complex voltage across

the reference resistor is proportional to the
complex current flowing through it. The
unknown impedance is then the complex
voltage across the unknown, divided by the
current. This is the total impedance across
the measurement point and includes the
components at the input to the amplifier.
The input circuitry needs to be de-embedded
mathematically. The input components, R1,
Cl1, the input stray capacity, lead inductance
and lead resistance are all compensated for.
These values remain relatively fixed with a
particular measurement configuration, so the
AVNA needs no procedure for automatically
calibrating these values. If needed, they can
be changed by commands from a PC.

The DSP functions described here are all
part of the Arduino sketch using the Teensy
audio library. This hides away many of
the bookkeeping details of grouping ADC
input samples into blocks and having the
data blocks handled in the proper order. The
necessary data hooks are all available to
interface with conventional Arduino C++
functions. In addition, the hardware floating-
point operations are all available to the
sketch. In some places, it is useful to have
full double-precision calculations. For this,
slower software routines are all available. The
Arduino development environment remains
conventional for all of this. It has proven to be
a convenient and powerful set of tools.
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Figure 8 — Measurements of the inductance and Q of an 88 mH inductor below 1,000 Hz
were made with a 50 Q reference resistor, while the higher frequency measurement used
the 5 kQ) reference. The rise in apparent inductance above 10 kHz is attributed to the shunt
capacitance of the inductor.
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Figure 9 — Schematic of a double-tuned filter test piece designed around available
components.
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Control of the AVNA
/;\ A large part of the Teensy program is
[ "

devoted to control functions. This is done
/ \ twice since control from the touch-screen

and from a PC via the serial connection are
-10 \\\ usually different in detail. For direct display,
N, the emphasis is on convenience of making
> measurements. This limits the options
S somewhat, as does the size of the display.
= The serial control is intended to work with
-20 a program in a PC and thus flexibility is

important.
With touch-screen control, a measured
impedance can be displayed in a number of

ways:

=~

Amplitude Response (dB)
(i

700 800 200 1000 1100 1200 1300 1400 o Series resistance and reactance (R and X)
o Series inductance or capacitance, and Q
o Parallel resistance and reactance

e Parallel inductance or capacitance, and Q.

180

The best choice depends on the component
being measured and the application. There
are always six annotated buttons at the
bottom of the display to control functions.

For transmission measurements the
touch-screen display shows gain both as a
R voltage ratio and in dB, along with the phase

\ shift in degrees.
\ In addition to measuring components
at a single predetermined frequency, a
13-frequency broad-band sweep is always
-180 available. This covers 10 Hz to 40 kHz in
Frequency (Hz) 1-2-5 steps, see points in Figure 8. There is
QX1805-Larkin10 sufficient touch-screen space for 7 results,
which can be scrolled to cover any of the
Figure 10 — The amplitude and phase response for the 2-inductor filter of Figure 9.The 13 frequencies. This same sweep is also

dashed line shows the computer-predicted response, based on the measured inductor available for transmission measurements.

impedance. The solid line shows the AVNA measured response of the completed filter. Available only from touch-screen is a
“What?” function that does two impedance
sweeps with 50 and 5 kQ references. An
estimate of the measurement quality is made
by the observed impedance magnitude. For
100 the best quality measurement the component
value, such as “L = 2.5 mH Q = 8.6”, is
displayed. In addition, a rough quality
estimate is given in terms of excellent, good,
poor and no value. For many purposes, this
N gives a quick evaluation of components with

\‘ minimal setup.
/ \ The control from a PC uses about 25

\

7
js
(i
)
[
]
|
|
|

Phase Response (deg.)
|
[<o]
o o

/

commands. A typical command is “FREQ
1251 that sets the generator and detectors
to 1251 Hz.

o]
o

Phase Difference (deg.)

Impedance Measurement Accuracy
Standard components to measure against
0.01 0.1 1 10 100 are a perfect way to check for accuracy.
Frequency (kHz) Ideally one should have a bag full of 0.1%
QX1805-Larkin11 R, L and C components. For most of us,
this is not the case, especially for L and C

70

parts where the best tolerances available at

Figure 11 —The transmission function was used to measure the response of a Mini-R2 experimenter prices are about 2% for L and
phasing receiver. Separate measurements were made of the phase-shift of the two receiver 1% for C. At mid-range component values
channels, and the difference is shown here. ’ ’
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the precision of this AVNA is better than
the accuracy of these available comparison
L and C values. This leads to a conclusion
that impedance measurements done with
this instrument are probably better than the
available reference parts. This instrument
topology fundamentally references reactance
measurement back to a single resistor.
Resistors with 0.1% or 0.05% tolerance are
readily available, and also many people have
access to a high accuracy Digital Voltmeter-
Ohmmeter. The AVNA part list has the 50.0
and 5,000.0 Q resistors known to within
0.05%.

Audio Viector Network Analyzer
m

A first check of the final board was to
measure resistance. I used the rule: measure
impedances over the level of 500 Q2 with the
5 kQ reference and those below with the
50 Q reference. The Table 1 results were
obtained at 1,000 Hz.

The best accuracy is for values near the
reference resistors. Accuracy analysis of the
measurement circuit predicts that. The larger
errors for measuring values are around a
megohm, and may come from not having the
proper compensating value in software for
the R1 input resistor.

Moving to the next best known

Figure 12 —The AVNA screen shows the result of using the “What?” function to determine

the best measurement of a Pi inductor marked
resistors. The quality grade is shown on the rig

as 50 pH, using the 50 2 and 5 kQ reference
ht edge, with “E” meaning excellent, and “P”

for poor. The value of this inductor allows it to have excellent quality with 50 Q and at 40 kHz.
Other quality grades are “G” for good and “0” for don’t use.

Table 1

Measured resistor AVNA value Difference Difference
10.000 + 0.005 Q 9.975Q -0.025 O -0.250%

50.000 + 0.025 Q 50.018 Q +0.018 Q +0.036%

100.00 £ 0.05 Q 99.90 O -0.10Q -0.100%
5,000.00 £ 0.25 Q 4998.7 Q -1.30 -0.026%
20,000.0+10Q 19918 Q -82 Q) -0.410%

100.0k +50 Q 99330 Q -670 Q -0.670%

1.00 M £ 500 Q 973,000 Q -27,000 Q -2.70%

Table 2

Ref RQ  Frequency Capacitor Measured Difference  Difference
5kQ 500 Hz 0.470 + 0.0047 uF 0.4715 pF +0.0015 pF +0.32%
50 Q 500 Hz 0.470 + 0.0047 uF  0.4684 uF -0.0016 puF -0.34%
5kQ 200 Hz 0.940 + 0.0094 uF 0.9442 uF +0.0042 pF +0.45%
50 Q 200 Hz 0.940 + 0.0094 uF  0.9265 pF -0.0135 uF -1.44%
50 Q 2,000 Hz 0.01 £ 0.,0001 pF 0.00993 uF  -0.00007 uF  -0.70%
5kQ 2,000 Hz 0.01 £ 0.,0001 pF 0.00999 uF  -0.00001 uF  -0.10%
5kQ 40,000 Hz 100.0 +/-1.0 pF 99.5 pF -0.5 pF -0.50%

component, the capacitor, we obtained the
results in Table 2, at frequencies where the
reactance was in the same order of 500 Q.
These capacitor measurements show the
general range of errors around the central
impedance ranges. The last measurement
included subtracting the 1.3 pF that was
showing with no component attached.

One area where it is useful to explore
inductance measurements is for small coils
at 40 kHz. Here we have inductors that
have Q-meter and RF network analyzer
measurements. For example, 18 turns of #26
squeezed together on a T37-6 toroid shows
1.61 pH at 7.9 MHz on a Boonton Radio
260-A Q-meter, and 1.59 pH at 40 kHz with
an N2PK VNA. At 40 kHz this inductor
measured 1.65 uH using the AVNA.

One final accuracy test example is a
0.47 pF, 1% capacitor in series with a
5,000 Q, 0.05% resistor. At 500 Hz, this
measures 0.4769 uF in series with a 4998 QQ
resistor, in good agreement with the separate
measurements.

Transmission Accuracy

The calibration for transmission
measurements involves two steps. First,
the measurement and reference channels
are made to track by comparing their
response with the inputs tied together
by the “Calibrate” switch U4B. Next,
the transmission path is normalized for
external components by doing transmission
measurements with a through-path in place.
Amplitude and phase values are stored for
later forming of ratios and subtractions.

As a quick check on transmission, a
re-measurement was done with the through-
path still in place. This typically shows
amplitudes between 0.9999 and 1.0001 and
phase errors around 0.02°, which is the noise
in the system.

A simple RC circuit, consisting of a series
resistor followed by a capacitor to ground,
was used to test the transmission path. An
external 5,000 Q, 0.05% resistor was in series
with the internal 50 Q source resistor. A
0.02 uF, 1% capacitor was connected across
the high-Z measurement port. The response
of this circuit can be easily calculated to allow
a comparison with the measured values. The
most telling measurement is probably the
phase shift around the 45° phase shift point
of 1576 Hz (for exact component values).
The calculated and measured phase shifts
differed by 0.14° at 1,000 and 2,000 Hz,
and could be fully matched by changing the
calculated capacitor to 0.019905 pF. The
capacitor value difference is about 0.5%,
which seemed reasonable.

A limiting factor for transmission
measurements is the noise floor and
transmission feed-through. These cause an
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apparent output when no input is applied.
Figure 6 is a swept plot with the input
shunted by 50 Q. Noise limits the dynamic
range to about 75 dB up to about 2,000 Hz.
At higher frequencies, signal leakage is
seen, and at 40 kHz, about 55 dB of range
is available.

If the input is left without a shunt resistor,
the leakage through the capacitance of the
“Calibrate” switch is the limiting factor at
200 Hz and above. At 20 to 40 kHz, this
signal is within 20 dB of a direct connection.
A more elaborate switch arrangement would
avoid this problem. However, for most
transmission applications the measurement
port will be either driven by a low impedance,
or can be terminated by 50 €, removing the
issue.

In summary, the ADCs on the audio
adapter board are extremely linear. The DSP-
based /-Q mixers and the associated sine and
cosine generators are very accurate. This
results in amplitude and phase measurements
thatdonotlimittheimpedance or transmission
measurements, except when the levels are 60
or 70 dB down, which is low enough to make
noise a factor. For impedance measurements,
this puts the limitations on the analog
circuitry. Here uncertainty of the reference

resistors is limiting for the middle range of
resistance and reactance values, perhaps for
1 to 100 kQ. Outside this range noise and
ADC resolution become issues, but still
allow useful measurements from about 0.1 Q
to 1.0 MQ. Transmission measurements, for
most applications, are limited only by the
noise floor.

Applications

The real fun of a project like this is
performing measurements. Here are the
steps to make these measurements in 1-2-3
fashion.

1 — Apply the 5V, and a greeting screen
appears.

2 — Touch “Set Ref R” and select “SK”.
Touch “Back”.

3 — Touch “Single Freq” a frequency
selection screen appears.

4 — Touch “Freq Up” until
“Freq = 2,000 Hz” appears.

5 — Connect the component to the
terminals, in our case a 0.02 uF capacitor.

6 — Touch “Meas Z” causing an
automatic calibration and measurement.

77— The screen of Figure 7 shows a series
measurement of 20.01 nF (0.02001 pF) with
aQof 1845.9.

Series and Parallel Components

The AVNA displays impedances in two forms, a series resistance and reac-
tance, as well as a parallel resistance and reactance. The reactance can repre-
sent either an inductance or a capacitance. Any impedance can be represented
as either a series or as a parallel combination. Measured externally, they are

indistinguishable.

For some purposes, it is easiest to think of the inductor and resistor in series.
Actually, resistance is distributed through the inductor, so neither model is precise
physically. A contrasting example is a resistor that has a parallel capacitance.

For this case, the series resistance and capacitance is valid, but not generally as

useful as the parallel model.

What may be surprising at first glance is that the component values depend
on whether they are considered in series or parallel. By example, suppose
we have an inductor at a frequency where the series reactance X;is 100 Q.
Furthermore, let the Q be 5 so that the series resistance R, is 100/5 or 20 Q. In
complex arithmetic, the series connection for the impedance Zis:

Z=20 +100.

For the parallel model, we first need to find the admittance that is the inverse
of the impedance. In our example, the admittance Y'is:

Y=1/Z=1/(20 +j100)
After some manipulation we find:
Y = (20/10400) - j (100/10400).

From this form we can get the parallel component conductance and suscep-
tance that we are looking for by inverting real part of Y, the conductance, to get

the equivalent parallel resistance:
R, =10400/20 = 520 Q,

and taking the imaginary part of 1/(-j (100/10400)), the susceptance, to get the

equivalent parallel reactance:
X, =10400/(100) = 104 Q.

The series resistance was 20 Q, and the parallel resistance is 520 Q. [Notice
that Q = Xs/R, = R,/X, = 5 remains invariant.— Ed.]. Perhaps surprising is that the
apparent inductive reactance has changed from 100 to 104 Q. As noted, this shift
in apparent inductance diminishes as the Q increases. The AVNA displays theses
values using this same arithmetic.
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There is more data on the screen. It
shows a series resistance of 2.155 Q, and
also component values that are marked “Par”
for parallel. This means that at 2,000 Hz,
the effect of a 7.342 MQ resistor in parallel
with our capacitor is indistinguishable from
the series 2.155 Q value. Both answers are
correct. For lower Q capacitors (or inductors)
the capacity value will be different for
the parallel model than it is for the series
model, see the sidebar, “Series and Parallel
Components”. The number of digits of
resolution should not be used as an indicator
of accuracy. However, there are instances
where the extra resolution is useful for
observing differences of components.

Let’s design an LC audio filter using
an old inductor component as a basis. The
88 mH toroidal inductors were used in huge
quantities by telephone companies. Ray
Cannon, W7GLF, gave me a few for this
design. Step 1: characterize the inductor.
Impedance measurements were made with
the 50 and 5 kQ reference resistors. At the
frequency extremes, which are also the
impedance extremes, the measured results
differed. In the central region from around
100 to 5,000 Hz, the results were very similar.
The final data was selected by using the 50 Q
reference for impedances below about 500 Q
(up to 500 Hz) and the 5 kQ reference data for
the higher impedance levels (above 500 Hz).
Figure 8 shows the measured inductance and
Q. The inductance for lower frequencies was
about 84.5 mH. The rising inductance at the
higher frequencies is a normal result of the
inductance approaching its parallel resonant
point. The Q has a distinct peak around
5,000 Hz, as is normal. In the audio range,
the Q is lower, but adequate for filter design.

A top coupled filter'* was designed as
shown in Figure 9. This design includes
small alterations to use available capacitors
that were measured with the AVNA. The
ARRL Radio Designer program was used
to predict the network behavior. Instead of
describing the toroids by a single inductance
and Q, the 88 mH toroid was entered as a
table of measured impedances, converted to
reflection coefficients.

The filter was built up with free-form
construction and tested between 50 Q
terminations using the AVNA “Transmission”
function. Figure 10 shows both the predicted
and measured insertion loss and insertion
phase. The exact response is not the feature
to look for, but rather the differences between
the predicted and measured values. This is
one validation of the full AVNA accuracy, as
it is built on the ability to measure both the
component impedances and the transmission
amplitude and phase. The curves show very
tight agreement below 950 Hz and adequate
agreement above that frequency. The largest



discrepancy is the predicted loss (dashed) at
1,000 Hz, 0.75 dB less than that measured
(solid). Speculation is that errors in inductor
QO measurement may be a factor here, as
high-Q values can be difficult to measure.
Another application is the measurement
of the active phase shift network for a direct
conversion receiver. In addition to use as a

design aid, this could have value in trouble-
shooting an I-Q receiver or transmitter.
The circuit tested was a mini-R2 receiver'
designed by Richard Campbell, KK7B. The
portion of the circuitry is from the mixer
output, where audio first appears through
the filtering and active phase shift networks.
The circuit operates with two cascaded all-

pass networks arranged so that the difference
between the two paths is close to 90°
throughout the voice audio band.

For a simple experiment, the / and Q
channels were measure in the transmission
mode, doing a sweep over the standard 13
frequencies between 10 Hz and 40 kHz. The
13 frequencies are not enough to show all

DSP Code in the Teensy Arduino

A collection of DSP-specific instruc-
tions are built into the ARM Cortex-M4
processor used in the Teensy 3.6.
Accessing these can be tedious as
many details involved. PJRC, with help
from users, has produced an Arduino
Audio software library that hides
everything not normally used. This is
all open software, and can be altered
if needed.

Along with the library, there is a
drag-and-drop graphical design tool
to control the structure of the DSP
processing. A simplified version of the
measurement channel for the AVNA,
as produced by the design tool, is in
Figure 13.

The names are assigned automati-
cally, and need translation into AVNA
terms. For instance, “waveform 1” is the
sine wave generator and “waveform 2”
is the sine wave generator shifted 90°
(a cosine wave). The “queue” blocks
transfer data from the time critical DSP
processing to the conventional pro-
cessing. The i2s1 output is the DAC.

Part of this same design tool is
a code generator that created the
code in Table A. The names, such as
Audiolnputl2S (the ADC converter),
are C++ objects that are part of the
library. Names such as “audiolnput” are
instances of these objects, and as can
be seen, there can be many instances
for any object. The “AudioConnection”
objects appear as connecting lines in
the design tool. They do much more
than a simple line would suggest. They
control the order that computations will
occur, thus they make sure that delays
are provided as needed. In addition,
for efficiency reasons, all of this DSP is
done in blocks, typically 128 long. This
requires memory arrays to store data
at various points, and this storage is
allocated automatically.

In practice, very few lines of the
Arduino sketch (program) are used for
DSP. A 1,000 Hz sine wave generator
is created by the code in Table B. It
will compute sine waves at the chosen
sample rate until changed. Follow on
steps, such as the multipliers, require
no instructions once they have their
instances declared.

Figure 13 — The graphical DSP description produced by the PJRC design tool.

Table A. DSP Code for describing the block diagram of Figure 13.

/I GUItool: begin automatically generated code

Audiolnputl2S audiolnput;
AudioSynthWaveform waveform1;
AudioSynthWaveform waveform2;
AudioEffectMultiply mult2;
AudioEffectMultiply multi;
AudioRecordQueue queue2;
AudioRecordQueue queuelt;
AudioOutputl2S i2s1;
AudioConnection patchCord1

AudioConnection
AudioConnection
AudioConnection
AudioConnection

patchCord2
patchCord3
patchCord4
patchCord5

PP PP PPN

/Ixy=76.5,247
/Ixy=77,322

/Ixy=84,164

/Ixy=333,199
/Ixy=340,288
//xy=553,200
//xy=555,288
//xy=556,349

audiolnput, 0, mult2, 1);
audiolnput, 0, mult1, 0);
waveform1, 0, mult1, 1);
waveform1, 0, i2s1, 0);

waveform2, 0, mult2, 0);

AudioConnection patchCord6(mult2, queue?2);
AudioConnection patchCord7(mult1, queuel);
AudioControlSGTL5,000 audioShield; //xy=261,363

/I GUItool: end automatically generated code

Table B. for generating a 1000 Hz sine wave.

waveform1.begin(WAVEFORM_SINE);
waveform1.frequency(1,000.0);
waveform1.amplitude(1.0);
waveform1.phase(0.0);

Table C. for finding RMS amplitude.

amplitudeMeas = sqrt(avelm * avelm + aveQm * aveQm);

Non-standard computations, such as
finding the amplitude of each channels is
done by operating on the integer data from
queuel and queue2. This can be operated
on as integers, floating point variables, or
double precision floating point, as required.

For instance the amplitude is found
from the averages of /and Q by the
code line in Table C, where in this case
all variables are double precision. As
can be seen, the DSP code writing has
been made very accessible.
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the subtle detail but it is quite adequate for
trouble-shooting. 500, 1,000 and 2,000 Hz
are well inside the design phase-shift region
and 200 Hz is close to the region. The
measurement needed to allow for the 40
dB gain of the amplifier that precedes the
phase shift networks. A 50 Q attenuator was
placed at the two parallel connected mixer
outputs in the Mini-R2. The mixers had no
LO connection and so as far as affecting the
10 mV level signals, they didn’t exist.

Before connecting the signal source to the
attenuator, the AVNA was set to transmission
measurements using the 50 Q) source resistor.
This was done over the serial control line
so that the output data could be retrieved
directly to the PC. Data plotting was done
with a Gnumeric spread sheet program.
Calibration was also under PC control,
which is simple since the 13 frequencies are
calibrated as a group. Following calibration,
swept transmission measurements were
made for both channels of the receiver and
taken from the serial terminal in the PC.

Omitting the various steps to process
the data in the spread sheet, the difference
in the phase shifts of the 7/ and Q channels
was calculated by taking the difference in
the phase measurements. Figure 11 shows
the results. The three in-band frequencies
are within 0.7° of the ideal 90°, constituting
a vote of confidence for both the receiver
and the AVNA! Not shown is the ratio of
amplitude measurements for 7 and Q, but all
three in-band frequencies had ratios within
0.1 dB. Most of this is correctable with the
trimmer pot leaving an uncorrected ratio of
only 0.03 dB.

Under PC control, the AVNA can
measure at any number of frequencies, not
just the stored 13. For circuits such as these
phase shift networks it could be useful to
place 50 or more data points in the 200 to
5,000 Hz range. When using serial control,
there is also provision for uncorrected
measurements, meaning that all calibration
can be done in the PC control program.
This is convenient as it allows all calibration
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to be done first, and then any number of
measurements later, the same as is done in
the AVNA for the simple sweep.

Finally, the “What?” function is shown in
Figure 12 with a 50 pH inductor measuring
49.24 uH.

Summary and Acknowledgment

This project provides high accuracy
impedance and transmission measurements
throughout the audio frequency range.
It can be used either as a standalone
measurement instrument or under PC control
as a controllable measuring head. The analog
portion of the project is on a home-built
printed circuit board. The Teensy 3.6 board,
audio CODEC adapter, and Touch Display
can all be purchased assembled.

For impedance measurements, the
approximate range for highest accuracy is
impedance levels from 5 to 50 kQ. With a
frequency range of 10 to 40,000 Hz, this
covers resistors from 5 to 50 kQ, inductors
from 20 pH to 800 H, and capacitors from
80 pF to 3,000 pF.

Measurements of a tenth to ten times
these values are reliable and of good quality.
Beyond that point, some measurements are
still quite useful. In particular, capacitors
less than 8 pF can be measured at 40 kHz
by observing the residual capacity with no
component attached, and subtracting that
value. Transmission measurements of gain
and loss cover a 50 to 70 dB dynamic range,
and include both amplitude and phase.

Major credit goes to Paul Stoffregen
at PJRC and the many contributors to the
Teensy family of boards and software.
In addition, this project benefited from
hardware, ideas and reviews by Russ
Carpenter, AA7QU; Johan Forrer, KCTWW,
Jimmy Oldaker, W7CQ; Larry Liljequist,
W7SZ; Ray Cannon, W7GLF; and Mike
Reed, KD7TS.

Bob Larkin, W7PUA, has been active in
Amateur Radio since he was first licensed in
1951 as WN7PUA. He received a BSEE from
the University of Washington and an MSEE
Jfrom New York University. He is retired from
a career in electronic circuit and system
design along with work in analog and digital
signal processing. He continues an interest in
Amateur Radio applications in these areas,
as well as boat building and sailing.
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VNA, n2pk.com/#TP1.

2T. C. Baier, DG8SAQ, “A Low Budget Vector
Network Analyzer for AF to UHF,” QEX Mar./
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Covering 1 kHz to 1.3 GHz,” QEX Jan./Feb.
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5See https://www.pjrc.com/store/teensy36.
html.

6See https://www.pjrc.com/store/display_
ili9341_touch.html.

’PCB is available in KiCad format. Boards
can be ordered in multiples of 3 from OSH
Park company, https://www.oshpark.com/
shared_projects/BjMLw9B9.

8All project hardware and software files are
open source and available from www.arrl.
org/gexfiles. For additional information
see www.janbob.com/electron/AVNA1/
AVNA1.htm.

%See https://www.arduino.cc/en/
Main/Software for Arduino Integrated
Development Environment (IDE) that can be
extended to handle the Teensy boards.

°See https://www.pjrc.com/teensy/teensy-
duino.html for extensions to use with the
Arduino IDE.

""See n2pk.com/VNA/RFIV_Single_%20
Detector_Switch_%20and_%20Sensors_
Vic.pdf.

2See https://www.pjrc.com/store/teensy3_
audio.html.

8See https://www.arduino.cc/en/main/
arduinoBoardUno\.

“Designing double-tuned LC filters, Section
3.3 in W. Hayward, W7ZOlI, R. Campbell,
KK7B and R. Larkin, W7PUA, Experimental
Methods in RF Design, ARRL publica-
tion No. 9239, 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; pub-sales@arrl.org.

5The Mini-R2 receiver by KK7B, Section 9.9,
Experimental Methods in RF Design, op. cit.
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An Optimized Grounded Base
Oscillator Design for VHEF/UHF

Phase noise in oscillators, along with frequency stability and
efficiency, is an important parameter in oscillator design.

The design of VHF/UHF oscillators has been described in
many books and journals with most of the emphasis on frequency
stability and to some smaller part on output/efficiency. Since the
introduction of reliable phase noise measurements and the ability to
predict/simulate the phase noise, the improvement of this important
parameter with the help of CAD and analytic equations has gained
more attention. The vast majority of early publications focused on
designs using small signal approaches, which give non-reliable
answers for output frequency, output power and phase noise. The
purpose of this paper is to validate the large signal time domain
approach using the grounded base oscillator rather than the Colpitts
oscillator. The key contributions are: (1) to predict the phase noise
correctly using the large signal time domain calculations (Bessel
functions) and nonlinear CAD simulators and derive a set of algebraic
equations for the noise calculations (many of the CAD tools give
incorrect answers about the phase noise), and (2) to provide a set
of empirical equations to guide the synthesis of such “optimized”
oscillators. This novel design concept using a time domain approach
provides both the best output power and the best phase noise.

To have a point of reference the traditional small signal approach
is first used followed by the novel approach shown here to get the
optimum design. Using a mix of linear equations and one large
signal parameter (g,,), the important noise parameters are calculated
and validated. Finally, based on this, a very simple but powerfully
scalable set of formulas for the oscillator synthesis is shown, that
provides extremely good results. In addition to this, the design
principle for fixed or narrowband oscillator discussed here also
applies to the broadband VCO design. We have shown that this design
methodology works over a multi-octave tuning range.

Reference Circuit

A very popular circuit for VHF/UHF oscillators is the grounded
base configuration, which is shown in Figure 1. Its phase noise can
be made very good, since the RF voltage swing at the collector can
be close to the supply voltage. The circuit is simple and has been
used for decades. The oscillator function is based on the principle
that power from the output is taken and fed to the emitter. This
feedback arrangement generates a negative resistance at the output,
compensating the losses of the output-tuned circuit, and starts
oscillating and then stabilizing the oscillation amplitude! -4 A

_K_

BRF193

c2
LE %’ P1
c3B

C3 = C3A||C3B

RE

-

U
AAA
\AA
R, 7
l +

Bias ===

Figure 1 —Typical configuration of grounded base oscillator circuit.
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complete survey®~!° of configurations and applications is referenced

in the Notes. The design methodology works over a 3:1 frequency
tuning range*-?,

Several books on the topic of oscillators have been published in the
recent years, and the most popular ones are listed in the Notes. Many
of the authors have attempted to predict the oscillator’s performance
based on a set of linear calculation including using the Leeson model
[See Leeson*. — Ed.] or similar methods to determine the phase
noise®?, The problem is that there are important input parameters
required, such as the large signal noise figure of the transistor, output
power and operating Q. These are typically guessed, but not known.
The first successful attempt to determine the large signal phase noise
was by Rizzoli, et al. and Annzil, et al.’.

But these approaches were not useful without a CAD tool and
don’t give any design guides. Another interesting phenomenon that
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has been overlooked by the linear approach is that prediction of the
exact oscillator frequency that can be far off compared to the actual
frequency of oscillation.

The recent book by Gonzalez?® gives an interesting overview of
designing oscillators using linear calculations and CAD, but his
design does not provide the optimum solution. To demonstrate this
we are going to first use his way to design a 144 MHz Oscillator. The
resulting circuit neither gives the best output power nor the best phase
noise and, at high frequencies, requires values for the capacitors,
which cannot be easily realized because of parasitic effects. Figure
1 shows the typical configuration of the grounded base oscillator
circuit.

This oscillator type works well from RF frequencies like 10 MHz
to above 1000 MHz. We will now follow the method of Gonzalez. For
large signal conditions see Clarke''. Kenneth Clarke was probably the
first to publish the effect of the collector current conducting angle of
an oscillator, but makes no mentioning of the relationship of it on the
phase noise, which is done by Johnson'.

The [Y] parameters

The first step is to determine the small signal [Y] parameters for
the transistor BFR 193 (Infineon), at the frequency of 144MHz, and
the operating point: 7. = 10 mA, I =24 pA, V,,=0.64V, V=88V

BRF193

1F 1F
P1 —¢ —3 2

3200
1H
29kQ
AAA
vy
220 pF l 20 kQ l 1E
+ l
12VDC ==

Bias ==
le = Yoo Vee = 12588 = 10 mA

QX1803-RohdePoddar02

Figure 2 — Small signal Y parameter generating circuit with CAD
using Infineon time domain model

The 10 mA operating point was selected for a stable transistor
cut-off frequency f7. For more output power 30 mA is a better choice.
Figure 2 shows the circuit generating the small signal [Y]
parameters using the Ansoft Designer CAD and the time domain
model.
The CAD software generates the Y-parameters based on the following
definition in Figure 3(a).

|:]1:|:{Y11 Y]ZHV]}
L] | Y hh
‘We obtain:

Y, =G, + jB, =(279.08— j95.07) mS
Y,, = Gy, + jB, = (-271.32+ j100.77) mS

Y, =G, + jB, =(~1030+ j78.06) S
Y,, = G,, + jB,, = (1020 + j536.14) uS

Parallel Feedback Oscillator Topology

The feedback arrangement shown in Figure 3(b) is the standard
feedback Oscillator topology using parallel elements. Theoretically
the grounded base configuration can be rotated to be the Colpitts
circuit. This statement is often found in the literature, see Kotzebue
and Parrish’. It is based on the black box theory. If we look at the
performance, it is not correct that a mathematical rotation yields
the same performance. In the case of the Colpitts Oscillator the RF
voltage swing is now limited by the base emitter and emitter to ground
voltage and as a result there is less energy stored in the circuit and
because of loading the operational Q can be less than in the grounded
base configuration. Here V,, is about 12 V. Also Y, is less than Y5,
resulting less loading. The Colpitts oscillator is popular because of
its simplicity, and its perceived high isolation as the output power is
taken at the collector. However, due to the strong Miller effect at very
high frequencies, this is not a true statement. These comments set
aside the general approach in the time domain shown here is valid not
only for the Colpitts Oscillator but other derivatives.

The necessary oscillation condition for the parallel feedback
oscillators as shown in Figure 3(b) can be described by

Y, +Y, =0

out

1, Bipolar 1,

— -~
2 i
v, ? V] ? v,

? !}

QX1803-RohdePoddar03a

Figure 3(a) — Y-parameters based this definition.

Figure 3(b) — Parallel feedback oscillator topology.

Yz

[Y]

(]

Yout

QX1803-RohdePoddar03b
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This condition can be expressed as

le_Yz

D T+ EHE,
e, =
Vut Y+,

Y21_Y2

Y, -Y]Y, Y,
Y3=—[Y22+Y2]+[12 2][ 21 2]
[+ +1]
where Y; (i, j = 1, 2) are the small signal [¥] parameters of the
bipolar or FET model.

Calculation of the feedback network values [linear case]
As shown in Figure 3(b), the active 2-port network, together
with the feedback elements Y; and Y,, are considered as a one-port
negative resistance oscillator circuit. The following is an example
of an oscillator design using the small signal parameter determined
above at 8.8 V and 10 mA at 144 MHz. The output admittance Y, is
out = _Y3

Y, - b, — 1]

=[Y,+Y]-
Eha [V, +Y+71)]

The optimum, values of feedback element are calculated from the
expression of B, and B, , and for 10 mA are:

B. +|:BIZ+B2]:|
11

2
B =-

+|:G21 _GIZ :“:GIZ +G21 +G111|
le _BIZ 2

. * .

JBy = joC

Cl = 478pF

By =417x107
. * .

JBy = joCy

C ,=459pF

The optimum values of the real and imaginary part of the output
admittance are

Yaut = [Gout + jBout]
where
G, and B’ are values for conjugate matching.

G:ut = G22 _|:

~-74.5%107"

(GIZ +G21)2 +(le _Blz)z
4G,

needed to compensate the resonator losses ,

B =B +|:G21_G12:“:(G12+G21)
t 22

+ Gzz - G*ut :l

. Bm _BIZ 2 ’

" B, + B,
2

~214.74x107°

C, ~237pF

1
Wy =—FF——;
Y NiTe

For f, =144 MHz,

C ~471 pF

L ,~2.59 nH

Figure 4 shows the 144MHz oscillator circuit using the small
signal Y parameter for establishing oscillation conditions. The
required values for this parallel feedback topology are: 478 pF for
the feedback capacitor, 459 pF for the emitter to ground, the inductor
3.2 nH, and 186 pF for C;, and C;;. The bypass capacitors C,, and C.
should be about 220 pF.

However, it is practically impossible to manufacture capacitors
above 200 pF to be capacitive at these frequencies. The best but
awkward method then is to use a few capacitors in parallel.

c1
478 pF

BRF193

C2

l 459 pF

320 Q

_I(_

Osc. Ptr.

’—-I- 372 pF
3.2nH
144 MHz P1
Q=200
372 pF
29 kQ
AAA

Figure 4 — 144 MHz oscillator
reference circuit for the evaluation

of the linear approach. 220 pF

i

QX1803-RohdePoddar04

yvy

220 pF

20 kQ
12 VDC
Bias

)
i
il
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Figure 5 — Phase noise plot of 144 MHz oscillator reference circuit for the evaluation of the linear approach (both 10 mA and 30 mA cases).
The 30 mA case gives 10 dB lower phase noise than the 10 mA case.

For 30 mA,

Y, =G, +jB,, =(437-j295) mS
Y, =G, + jB,, =(-427+ j296) mS
Y, =G, + jB, =(-1670+ j757) uS

Yy, =Gy, + jBy, = (1650 - j146) uS

For f, = 144 MHz and 30 mA, the component values are
L =377 nH, C, =518 pF, C, =503 pF, C; = 69 pF, C = 324 pF,
needless to say C;and C, are paralleled capacitors in the vicinity of
100 pF each.

Figure 5 shows the simulated plot of the phase noise. The “linear
“calculation indicates a resonant frequency of 143.2 MHz, while
the non-linear harmonic balance (HB) analysis supplies the correct
frequency of 144.2 MHz (quite a difference in percent) and an output
power of just 5.1 dBm, as seen in Figure 6. This value is determined
using the HB programs Ansoft Designer (Nexxim). ADS gives the
same answer. These CAD tools deviate less then 1 dB from measured
results, if the input Spice type parameters for the transistor are
accurate.

Large signal and noise analysis

There were a variety of efforts made to deal with the large signal
conditions, like the time domain approach. Equation (10) in Johnson'®
is a first successful attempt to deal with the calculations of the output
power with reasonable effort. There are many problems associated
with both the large signal analysis as well as the noise analysis. From
an experimental point of view it is virtually impossible to build all
possible variations. So we were trying to determine if the Ansoft
Designer, whose large signal noise analysis development we were
involved with, would give us the correct prediction. We were aware
that all researchers would primarily look for measured data (which
we will show) and yet we had to convince them that our CAD tool
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Figure 6 — RF output power of 144 MHz oscillator reference circuit

for the evaluation of the linear approach Both 10 mA (solid) and 30

mA (dashed) are shown. For 30 mA, 12dB more power is available,
now a total of approximately 18 dBm.

was reliable. Therefore we took a few critical circuits, running from
crystal oscillators to VCOs and evaluated them again. These were
available during the development of the Designer CAD tool, and we
re-measured them, with more refined test equipment like the R&S
FSUP 26 and its necessary options. We have shown'> * that the
accuracy of the prediction was within 0.5 dB of the measured results.
During this effort to analyze the noise in oscillators with a set of
equations using a minimum of expensive CAD tools, we found this
was possible. These equations’ will be used here.

A Novel Approach using the time-domain analysis for
obtaining the best phase noise and output power.

The hunt for a combined low phase noise can be followed
through the literature. Designers have published recipes, like the
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use of low noise transistors, high Q circuit, and other things, but the
consequences of the large signal operation and the resulting phase
noise had not been fully understood. A complete mathematical

treatment follows for a 144 MHz oscillator.

Design steps

Step 1 — Calculation of the output power for the selected dc

operating conditions.

We select the same circuit as above, and set f, = 144 MHz.

The RF output current is:
L,)=1,()=1,t)

=1, {1 + Zi j” EX; cos(na)t)}

o(X

=10x107[1+6.6] _;
= I,.(¢) = 60 mA peak amplitude

where x is normalized drive level

xX= q—Vl; V, = Drive signal
kT

Considering 50 Q2 load, the RF output power is calculated:

Vir (fo) =1z x50
=60x107° x50
=3V peak amplitde

No V,, saturation assumed.
The oscillator output power at 144 MHz is then

Ver (o)
2R

L

B.(f)=

= =90 mW =19.5 dBm
2x50

Step 2 — Calculation of the large signal transconductance for the

normalized drive level x = 15

ldc — [dc —

small signa]: kT / q VT gm
~3x107
En 26 mV

Y,

~115mS

where k is the Boltzman constant, and 7 = 298 K.

The large signal transconductance G,, is now

1, | 21
large-signalz Gm (x) = Ay 1(x)
ka Io (x) n=l

_8n 21,(x)
X I,(x) o

~20 mS (for x ~15)

Y

21
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This assumes an ideal intrinsic transistor. To perform the transition
from the intrinsic to extrinsic transistor, we add the parasitics
(package effects, lead inductance and bond wires) by correcting the
final results for capacitances and inductances. The f; of the transistor
used is high enough so a phase shift correction for g, is not necessary
at this frequencies (VHF).

The value of n can be in the range of n [n,, n,], where n, is 2 and n,
is 5 for a drive level x = 15 (low phase noise performance).

Assume n = 5, the values of C, and C, can be calculated to be

c C
2 =l:>C2= 1
C+C, n n-1
C = G =Q:Q=4
n-1 4 C,

The ratio of the capacitor C, to C, is 4.
Step 3 — Calculation of C; and C,.
The value of C, is selected for proper loading, therefore

Y
XC >Y,=C >
o

=C >i; C 272Gm(x)
w w
2x20x107

L ~44pF
2x 7w x144%10° P

1
For C\/C,=4,C,=11 pE.

Step 4 — Calculation of C; and C,.
For optimum phase noise and power output,

C,22C, = C, =22 pF,

and the capacitive transformer tapping ratio m (C,/C,) should be
greater than 10, therefore the impedance transformation is greater
than 100. For C; =22 pF, C, is 220 pF.

Step 5 — Calculation of L.

1
0y =—F—;
Y NiXe
C=C,+C;;

_ G x(,

= 8XC e x30pF
T C, P

For f; = 144 MHz, 1

L= ~39 nH
P (27 x144%x10°)?x29x1072

Step 6 — Calculation of the [Z/C] ratio.

The energy stored across the resonator circuit for a given
conduction angle and drive level is dependent on the characteristic
impedance,

L(nH)
Z, = | =1200
"\ C(pF)
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Figure 7 — 144 MHz oscillator reference circuit for the evaluation of the time domain approach.

The total sum of all the four noise sources can be expressed as

PN(@, +Aw)=[PN,, (0, +o)]

+[PNy, (0, + 0)]
+[PN,, (0, + )]

+[PN,, (0, + 0)]

=~ -94.1 dBc/Hz

It appears that the flicker noise and the noise from the resonator
are the limiting factors for the overall phase noise performance of the
oscillator circuit.

Figure 7 shows the schematic and Figure 8 shows the layout of the
144 MHz oscillator using time domain parameters at /. = 10 mA. The
oscillator circuit shown in Figure 7 uses a lumped inductor of 39 nH
and an unloaded Q of 200 at the operating frequency. Even at these
frequency the layout is quite critical. The Figure 8 layout shows an
assembly of component where the lead inductances have been kept
small. The inductor is a standard off the shelf component.

Figures 9 shows the CAD simulated phase noise plot, and Figure
10 shows the measured phase noise plot. The simulated and the
validated output power now is 11.55 dBm (a 6 dB improvement
compared to the linear case), and at 10 kHz offset from the carrier
frequency the phase noise has been improved to be —135 dBc/Hz from
previously —122 dBc/Hz, a 13 dB improvement. The outputs at the
second and third harmonics are about -28 dBm and -34 dBm.

Using our phase noise calculation approach as shown above, the
result is —134 dBc/Hz and —94 dBc/Hz at 10 kHz and 100 Hz offset.
All three results, calculated, simulated, and measured result closely
agrees within 1 dB. Many designers may not have access to CAD
tools with oscillator noise calculation, and therefore this approach is
extremely useful and cost saving.

If we now operate the same transistor at 30 mA, the phase noise at
10 kHz offset will be further improved to —144 dBc/Hz and the output
power is increased to 20 dBm. This shows that for low phase noise
design a more powerful transistor is a good choice. It is important to
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Figure 8 — Layout of 144 MHz oscillator circuit using LC lumped
inductor capacitor resonator network

keep the dc dissipation of the device in mind, as the CAD approach
does not flag a misuse of the device.

Second Example: 433MHz oscillator circuit
We use the same transistor (BFR193) with, V., = 8.8V,
I.=10 mA, Iz = 85 pA, V,, = 0.67 V, and we now obtain:



C, =33pF,C,=13pF, offset), we need to ask why. The phase noise and the carrier frequency
C,,=7.5pF,C ,,=75 pF, are related in a quadratic function. This ‘means thre; times increase
’ in frequency results in 9 dB degradation in phase noise for 432 MHz

Ly =13 nH, oscillator circuit in comparison to 144 MHz oscillator as shown
R, =320 Q, R, =29000 €, in Figure 7. Therefore, phase noise performance for 432 MHz
R.. =20000 Q oscillator circuit should be -126 dBc/Hz instead of -100 dBc/Hz at

52 ’ 10 kHz offset (CAD simulated). The answer is that even in grounded
C, =220 pF, C_=1000 pF, base condition, large signal Re[Y),] loads the parallel tuned circuit
V,=12V significantly resulting in a lower dynamic operating Q. We must find

a work around for this.

The phase noise and the Q are related in a quadratic function.
This means two times the Q results in 12 dB improvements. Since
we lost 26 dB, we need to improve the dynamic loaded operating Q
approximately 20 times. As this is not possible, there may be more

resulting an output power of 11.9 dBm and a phase noise of
-100 dBc/Hz at 10 kHz offset from the carrier. Since the 144 MHz
was about 35 dB better in the phase noise (-135 dBc/Hz at 10 kHz
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Figure 9 — Phase noise plot of 144 MHz oscillator reference circuit for the evaluation of the time domain approach.
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Figure 10 —The measured phase noise plot for 144 MHz oscillator (linear and time domain).
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Figure 11 — Schematic of 432 MHz grounded base oscillator using tapped inductor (30 mA).

effects than just the Q deterioration. The answer is, “the collector
emitter capacitance dynamically detunes the circuit periodically”. A
solution for this problem is tapping the inductor, therefore decreasing
the influence of the transistor. We will show this now.

Modified Circuit for UHF (432 MHz) and Higher Current

If we inspect Y, of our transistor at 432 MHz and at 30 mA, we
will see that the loading of the tank circuit decreases the operating Q
significantly. The way around this to apply a center tapped inductor.
As the coupling at these frequencies from winding to winding is not
extremely high, actually two separate identical inductors can be used
successfully.

Figure 11 shows the schematic of a 432 MHz grounded base
oscillator using the tapped inductor. This is a modification of the
circuit we have used previously. In the case of a VCO, it would be
advantageous to use a different output coupling scheme because in
this configuration, the loading would vary with frequency. This can
easily be achieved by adding some inductive coupling to the circuit.
In case of a printed resonator this can be accomplished quite simply.

Figure 12 shows the layout of the 433 MHz oscillator circuit using
buried printed coupled line resonator network (stripline resonator:
middle layer). The actual resonator would not be visible if the
oscillator is visually inspected.

Figure 13 shows the simulated phase noise plot. It shows the
expected noise degradation of 9 dB, as the frequency is approximately
three times higher. The resulting simulated output power at 432 MHz
is 16 dBm, compared to 18 dBm at 144 MHz. This is due to internal
package parasitics, which could not be compensated externally. The
second harmonic is suppressed by 38 dB; this is due to the higher
operating Q.

Circuit Design Guidelines

The results we have obtained so far were based on mathematical
calculations. Some of these calculations are difficult to obtain.
However, by inspecting the resulting circuits, there are certain
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relationship between the values of the capacitance of the tuned circuit
and the two feedback capacitors, the collector emitter capacitor
and the emitter to ground capacitor. The following shows the set
of recommended steps for easy design of such oscillator. Figure 14
shows the typical grounded base oscillator for demonstrating the
simple design rules where C;; and Crare the feedback capacitors that

Figure 12 — Layout of the 432 MHz oscillator circuit using buried
printed couple line resonator network (stripline resonator in the
middle layer).
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C, =C, + GG
C.+C,

where Cj; (Cy) and C (C,) are feedback capacitors.

— CACB
Lo+ G,
where C, (C)) and C (C,) are feedback capacitors.

C,=10C,.
To examine the accuracy of this simple approach, let us take the

same 144 MHz grounded base oscillator as shown in Figure 7.

Figure 14 —Typical configuration of grounded base oscillator circuit.

generates the negative resistance to compensates the loss resistance of

the resonator network comprised of L; and C;.

Simple Design Rules With an Example:

By setting the L/C ratio to a fixed value of 1200 (this is done for
optimum energy storage, group delay and energy transfer for a given

cycle in the resonator network), the following should be used.

L_ {L{ } =1200
C CL Grounded —Base

= Z,=+1200=34.6Q

Example: The 144 MHz Grounded Base Oscillator

*

I
oy —
b2z 1200

= L=39nH

= C=31pF

LL:%
Qrf)ycC

C.=03xC, =11 pF

C, =2xC, =22 pF

C,=4xC,. =44 pF

C,=22pF

C, =220 pF

These results are comparable with the results above and the

calculation is frequency scalable with minor corrections possibly,
if necessary. Other alternative short formulas based on linear
approximations and published in the literature may not deliver the
same high performance.
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Summary

Today’s applications, both commercial and consumer, require low
cost high performance oscillators and the design time is also very
critical. The approach shown here meets these requirements and gives
detailed guidelines for better performing oscillators. The concept
is explained in detail and validated. This is only one of the many
applications for which this technique is applicable. Furthermore, by
translating this design to integrated circuits very high performance
but very low cost oscillators can be made. From a theoretical point,
we found it surprising that simple equations could be found which
optimized the design and accurately predicted the phase noise.
For the determination of the output power, a nonlinear CAD tool
is recommended if the frequencies are higher than 500 MHz. Our
example has shown that at frequencies below 200 MHz the output
power can be determined quite accurately using this approach.

To make this oscillator part of a PLL synthesizer, electronic tuning
is required. The output capacitor should then have a set of tuning diodes
in parallel , with light coupling , to properly select the tuning range.
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The Arduino:
An Electronic Tinkertoy

The Arduino ecosystem includes a wide variety of easy-to-use integrated
hardware components, and software development environment.

A version of this article appeared in
The Proceedings of the 2016 VHF Super
Conference, April 15 and 16, 2016.

Formerly, no matter which micro-
controller or small processor one chose,
the challenge of building a software
environment, acquiring parts, digging
through documentation, and navigating
errata often took so much effort that it was
easy to forget why a micro-controller seemed
like a good idea at the start. The Arduino
development environment allows any
ham to use a micro-controller to sequence
relays, drive odd interfaces, monitor widgets
remotely, or even build impromptu one-off
test equipment. Often there is no need to
create a special module, as many interesting
input-output options are available off the
shelf, thanks to the maker culture.

This article aims to introduce the Arduino
hardware and software components. It is
not a how-to guide, but aims to provide a
starting point for newcomers to the Arduino
environment.

1 — Just What Is an Arduino?
Arduino is a company. It is a user
community. It is an open-source hardware
architecture (of sorts). It is a development
environment. It is a set of libraries. Arduino
is a viable solution for many Amateur Radio
related embedded computing applications.
If you need a programmable widget to
sequence a set of operations, control a servo,
actuate a relay, or monitor a process, an
Arduino solution may well be in your future.
Arduino started out as a student project
in 2005 at the Interaction Design Institute in
Ivrea, Italy. Wikipedia tells the whole story
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Figure 1 — Four Arduino processor modules: clockwise from upper left —- UNO with
protoboard, SparkFun RedBoard, US quarter-dollar coin (24.26 mm diameter), Digispark, and
Arduino Pro Mini.

(https://en.wikipedia.org/wiki/Arduino).
Most Arduino processor modules are
built around one of the many Atmel 8, 16,
or 32 bit AVR micro-controller chips. But
new modules using the ARM instruction
set are being introduced every day. All
of them share the same programming
model, tool chain kit, and many of the
libraries. That’s what makes Arduino an

attractive platform for quick projects and
simple controllers. The Arduino integrated
development environment even supports
the x86-based Intel Edison embedded
computing platforms. This introduction will
concentrate on the AVR series, as most of the
Arduino world revolves around the simpler
architecture of the Atmel chips.

The key point here is that Arduino
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means a lot of different things. But the
most important attributes of the Arduino
ecosystem are the wide availability and
variety of hardware components, and the
extremely easy-to-use integrated software
development environment.

2 — Arduino Hardware

2.1 — Processors

Considering only the Atmel/AVR
Arduino widgets, there are more than a
dozen choices. I've settled on the four shown
in Figure 1.

Arduino Uno R3 — This is as close as
Arduino comes to a standard module. It
has two rows of connectors — one on each
side — that mate with any standard Arduino
shield. Many vendors offer this board. The
Uno provides 14 digital I/O pins, 6 analog
inputs that share a common 10 bit A/D
converter, 6 PWM outputs that share physical
pins with 6 of the digital I/Os, and a UART.
The typical price for a model from SparkFun
or Adafruit is around US$25.

SparkFun RedBoard — This is
nearly identical to the Arduino UNO, but
manufactured by SparkFun. The difference
with respect to the Uno R3 is in a subtle and
irrelevant-to-the-user choice in the part that
does the USB to UART conversion. The
RedBoard is available from SparkFun for
$20.

Arduino Pro Mini 5V — This module
is not physically compatible with typical
shields. It is, however, cheaper and physically
half the size of the UNO/RedBoard. It
uses the same processor and has the same
complement of I/O pins (plus two additional
analog inputs) as the full size modules.
It does not provide a USB interface. The
programming path and any serial /O must
be via a separate FTDI module. The Pro Mini
is available from a number of vendors for
about US$10. The FTDI serial converter is
available from SparkFun for US$15.

Digispark — This is a very small module
with just 6 I/O pins. Four can be used for
digital I/O or analog input to a shared ADC.
Three pins support timer-based PWM. The
module plugs directly into a USB host socket
for programming. Digispark modules are
available from www.digistump.com for
US$9 each.

For quick proof-of-concept experiments
or for throw-away tests, I'll use an UNO that
sits on the workbench and is glued to a plate
that holds a small 30-row prototype poke
board. It was the first Arduino that I bought,
and is a fixture in the shop.

For prototypes and other projects where
the task can be accomplished with off-the-
shelf shields, I use a RedBoard. A Jack-o-
Lantern project, and several of the robots that
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my son and I have built used the RedBoard.

The T/R switch in my 10 GHz transverter
is built around a Digispark, as it was small
and fit in the box that held the four relays and
the opto-isolator.

For projects that warrant a special PC
board, the Pro Mini is the obvious choice. It
is inexpensive, sturdy, and small. I've used it
most recently in a line-follower robot and in
the serial-controlled T/R and band switch for
a software defined radio.

2.2 — Shields

An embedded processor without I/O
widgets is useful only as a heat source, and
a feeble one at that. The Arduino community
has produced a huge variety of I/O units
that plug into a standard pin footprint on the
Arduino UNO and its many clones. Not all
Arduino processors can connect directly with
a shield — remember Arduino is as much
about the programming environment as the
actual hardware widget. But all the shields
are compatible with the UNO or RedBoard
that were described earlier.

Figure 2 shows four typical shields. There
are dozens more. SparkFun alone lists more
than 30 different shields in their catalog.
Among them:

e an XBee transceiver
e a CAN-BUS interface

a weather sensor interface

an MP3 player

an H-bridge driver for two dc motors

a MIDI interface

a capacitive touch sensor array.
Shields can often be stacked, provided
that two shields don’t use the same I/O pin
for incompatible purposes. Figure 3 shows
a stack of two shields on a RedBoard. The
middle shield started out life as a blank array
of plated-through vias. These were used to
host a DDS module that required just a few
Arduino I/O pins for control.

3 — Arduino Software

The key distinction between an Arduino
solution and one built on a general purpose PC
or even a simple platform like a Raspberry Pi
is the absence of an operating system. In fact,
it is possible to build an Arduino application
where the programmer can see every single
line of code involved in executing the
program, including the I/O operations. This
would be a spectacular disadvantage in
developing fancy GUI applications or large
data processing programs, or even a complete
software defined radio. But in the case of
an embedded computing application, like
sequencing the transmit/receive switching in
a transverter, simplicity is the key to ensuring
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Figure 2 — Four Arduino shields: clockwise from upper left — 20x2 LCD display with buttons,
prototype shield, Ethernet shield, SD card shield.
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Figure 3 — A 40 MHz frequency generator in two shields:
RedBoard (bottom), proto shield with DDS unit (middle), and 20x2

LCD display (top).

Figure 4 — Arduino sketch
to toggle a relay coil on and
off at 2 second intervals.

that our computer-based solution is more
reliable than the analog-based design that it
replaces. Where we might use an Arduino to
build an impromptu lab instrument — like
the relay experiment described later in this
paper — the simplicity of the software stack
ensures that we spend our time understanding
our experiment, rather than debugging our
test instrument.

3.1 — The Arduino IDE

All real embedded computing widgets
— PIC, BasicStamp, Arduino, Edison —
sport some kind of integrated development
environment (IDE). The Arduino IDE is built
around the notion of a “sketch.” A sketch is a
C++ program, contained in a single file, that
describes the initialization of an Arduino, and
at least one action routine. C programmers
who are leery of C++ as an embedded
controller language need not worry. This is
not esoteric C++. The C++ aspects are truly
a convenience and don’t appear to cause
performance, readability, or maintainability
problems. The initialization routine (setup())
is called right after RESET is de-asserted, and
must setup all internal registers and any static
state for the sketch. There may be many other
routines defined in the sketch, but exactly
one of them must be named loop(). The loop
routine is called by the Arduino run-time
supervisor. The supervisor itself is an infinite
loop containing a call to loop() and a call to a
routine to maintain a wall-clock time counter.

Figure 4 shows an Arduino sketch

RelayExperfme:t | Arduino 1.6.6 - o x

RelayExperiment

tch to wiqggle 3

#define RELAY_PIN 2
int toggle;
void setup() {

toggle = ©;

}

void Lloop() {

File Edit Sketch Tools Help

// put your setup code here, to run once:

pintMode (RELAY_PIN, OUTPUT);

// put your main code here, to run repeatedly:
digitalWrite (RELAY_PIN, toggle);

toggle = toggle " 1;
delay(200@); // delay for 2 sec

// flip the toggle bit.

that toggles a relay on and off at 2 second
intervals. There’s not much to it. The setup
routine initializes the I/O pin control registers
to handle pin 2 as a digital output. The loop
routine turns the relay on or off, then sleeps
for 2 seconds before returning to the run-time
supervisor. Then it gets called again, and
again, and so on.

The menu bar at the top of Figure 4 as
the typical File and Edit pull-down menus.
In addition the Sketch pulldown provides
options to compile the sketch, download it
into a module, and import various support
libraries. Most shields come with associated
support libraries so that sketch writers need
not be concerned with subtle details of the
hardware, like which register turns on the
backlight, or how to write a block of data to
an SD card. The Tools pulldown allows the
programmer to identify the target Arduino
module type. There are dozens of different
hardware modules that are compatible
with the Arduino IDE. Within the Atmel/
AVR family, they range from units like the
Digispark, with a simple 16.1 MHz CPU
and just six I/O pins to the giant Arduino
Mega 2560 with 54 I/O pins, and 256 kB of
flash memory. All can be programmed from
the same IDE and many sketches require no
changes at all to run on any module type.

3.2 — Libraries
The Arduino community includes many
tinkerers, students, geeks, and folks who
stay up late at night. They are prolific and

Arduino/Genuine Lno on JdevittyACML

Example 1.

“Hello World” in the Arduino IDE.

void setup() {
Serial.begin(9600);

}
void loop() {
Serial.printin(“Hello World!”);

}

eclectic. Chances are, if a device can be
controlled with a few digital I/O lines, there’s
an Arduino application that uses it. And if the
device gets used by more than one person,
it has a library to support it. The Arduino
IDE comes with dozens of software libraries
that provide C++ classes to encapsulate the
functions of the device. For instance, many
Arduino applications need to communicate
with a PC host via a USB link.

Some Arduinos implement a TTY serial
link over USB, while others rely on an
external FTDI USB to RS232 interface. The
Arduino IDE comes with a serial library
that hides all that complexity. For example,
the Hello World program for Arduino UNO
is in the Example 1. The setup routine
initializes the serial port for 9600 baud. The
loop routine prints “Hello World” followed
by a carriage return until the Arduino is
disconnected from the USB cable.

The ease of use and wide community
support comes at a price however. The
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fritzing

Figure 5 — Fritzing diagram of a relay coil snubber experiment.

Arduino ecosystem is built largely on the
work of volunteers and students. Like folk
music, some of it is quite good, and some
of it is “written by folk.” Nevertheless, a
typical Arduino project can show “good
enough” results with just a few hours or
even minutes of work, and then provide
infinite opportunities for improvement or
elaboration.

4 — Arduino as a Lab Instrument

In the past three years, I’ve used Arduinos
to build a T/R sequencer for a 10 GHz
transverter, a T/R and bandswitch for a
10 MHz to 6 GHz software defined radio,
four battle bots, two line-follower robots,
and a Jack-o-Lantern that makes rude noises
when its IR motion sensors are triggered. But
I’ve also used Arduinos as impromptu lab
instrument controllers. One excited the coil
of a 5V relay to demonstrate the importance
and effectiveness of snubber diodes across
inductive loads. A second monitored the
temperature of a noise source. This section
describes these two simple instruments.

4.1 — Are Snubbers Important?

Now and then we all forget the
fundamentals, or encounter a colleague who
has done the same. Often a quick and low-
risk experiment can bring us back to reality.
The Arduino provides a convenient and
cheap sandbox for simple experiments.

For instance, how important are snubber
diodes across low power relay coils? Figure
5 shows a simple Arduino configuration that
drives a relay coil via the junk box favorite
2N4124. This drawing was produced with
the “Fritzing” documentation and design
program, www.fritzing.org. The snubber
diode, a IN645 across the coil, will clamp the
low end of the relay coil to a bit over 8.5 V
before settling to about 6 V in about 200 nS.
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Figure 6A — Driver collector voltage with snubber diode. Upper trace shows
the voltage at the base of the transistor. The lower trace is the voltage at the
collector and the lower end of the relay coil.
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Figure 6B — Driver collector voltage without snubber diode. Upper trace shows
the voltage at the base of the transistor. The lower trace is the voltage at the
collector and the lower end of the relay coil.




Figure 7 —Thermal sensors and noise
source in frozen linseed oil.

We saw the code to control the relay back
in Figure 4. It is designed to flip the relay at
2 second intervals to allow the 2N4124 to
recover from the abuse it receives on each
falling edge of V.

The upper trace in Figure 6A shows the
voltage at the base of the transistor. The lower
trace is the voltage at the collector and the
lower end of the relay coil. Figure 6B shows
the same terminals with the 1N645 snubber
removed from the circuit; note the very
different scales relative to Figure 6A. The
2N4124 was not designed for the beating it is
taking in the lower trace. Its maximum V.,
rating is just 25 V, and we see spikes in the
lower trace in excess of 100 V. This is well
above what we’d expect for the collector-
base breakdown voltage — specified as 30 V,
minimum. This device appears to have held
out to about 80 V before it succumbed.

Snubbers are important, my Arduino told
me so. The scope pictures are from a Rigol
DS1054Z oscilloscope.

4.2 — A Temperature Monitor

A few years ago, I wanted to see if the
change in noise from a 50 Q termination
was detectable by an Ettus B210 software
defined radio as the temperature was varied.
The ultimate goal was to find a way to
calibrate a home-built noise-diode noise
source against a thermal noise source with
“normal” household objects. This is what I
had to work with:

1 — A collection of SMA attenuators up
to 20 dB and covering 50 MHz to a few GHz.

2 — An aluminum block about 1 x 2 x
4 inches

Example 2

Temperature monitor sketch for Arduino and DS18B20 sensors.

#include <OneWire.h>
#include <DallasTemperature.h>
/* Code inspired by

* http://www.hobbytronics.co.uk/ds18b20-arduino

* OneWire library from

* https://github.com/PaulStoffregen/OneWire

* Dallas sensor library from

* https://github.com/milesburton/Arduino-Temperature-Control-Library

*/
#define DS18B20_IN 2
OneWire bus(DS18B20_IN);
DallasTemperature sensors(&bus);
void setup() {
Serial.begin(9600);
sensors.begin();

}

void loop() {
inti;
sensors.requestTemperatures();
for(i=0;i<2;i++) {

float temp = sensors.getTempCByIndex(i);
Serial.print(temp + 273.15); Serial.print(* *);

}
Serial.printin();
delay(1000);

3 — A few DS18B20 one-wire digital
temperature sensors (range -55 to +125 °C)

4 — Arduino UNO

5 — A drill press

6 — A source of dry ice

7 — A quart of linseed oil

8 — An Ettus USRP B210 software
defined radio.

When a material passes from its liquid
state to its solid state, the mass of the material
tends to stay at the freezing point, even
while part of the block is solid and the rest
is a slurry. For this experiment, I inserted the
thermal sensors and the actual device under
test into a tub of oil, and slowly cooled it
to its freezing point. At the freezing point,
the sensor and device arrived at the freezing
point of the oil and stayed there long enough
to do many measurements.

The web told me that linseed oil would
freeze at about -50 °C. It must be true, it is on
the web. So I drilled holes in the aluminum
block that were a press fit for the sensor
packages and a 20 dB attenuator. I pressed
the attenuator and a 50 ) termination into
the center hole, and the sensors in two
holes on either side of the termination. The
attenuator was connected to the RF input
of the Universal Software Radio Peripheral
(USRP), and the temperature sensors were
connected to two A/D inputs on the Arduino.

The block of aluminum was immersed in

a tub of linseed oil. The tub was surrounded
by blocks of dry ice. The whole mass of dry
ice and oil was placed in a cooler. Within a
short time, the linseed oil had frozen. Alas,
linseed oil that we buy at the hardware store
today has additives that change its freezing
point. The block got down to about 233K
(-40 °C). Figure 7 shows the frozen block
of linseed oil surrounded by dry ice with
the thermal noise source submerged in the
frozen bath.

It took several hours for the block of
oil to thaw. In the mean time, a program
running on a Linux workstation monitored
the temperature measurements from the
Arduino and measured the magnitude of the
noise signal coming from the I/Q ports of
the SDR. The thermal mass of the aluminum
block and the blob of linseed oil was such that
the temperature of the noise source changed
very slowly.

The code to run the software defined radio
was quite complex, but the Arduino sketch
to measure and report the temperature was
so simple, I didn’t even save it. I recently
recreated this code using the time-honored
programming technique called “copying stuff
from other people.” The Fritzing drawing of
the configuration is shown in Figure 8, and
the code is shown in Example 2.

The Arduino program uses two libraries
that were downloaded from GitHub. This is
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Figure 8 — Fritzing diagram of Arduino UNO and two thermal sensors.

a general theme in the Arduino community.
If you don’t find what you want in the basic
Arduino development kit, a solution is likely
out there that will get you through the next
step. In this case, the thermal sensors were
Dallas Semiconductor devices that use the
OneWire communication protocol. A few
online searches produced the necessary
libraries.

Figure 9 shows the relative noise power
at two selected frequencies, one in the 2 m
band (upper trace) and the other in the
2304 MHz band (lower trace). With time and
refinement, measurement like this might lead
to a method of rough calibration for home-
built noise sources.

5 — Conclusion

The Arduino development environment
is easy to use and has all that you could need
to build simple controllers, manipulators,
and other one-off widgets. It is all available
on the web. A good starting place is www.
arduino.org.

Numerous vendors offer scores of options
for Arduino compatible processors and I/O
devices. SparkFun (www.sparkfun.com)
and Adafruit (www.adafruit.com) offer
many components and modules that are
affordable and convenient.

With a strong software tool set, and a
huge variety of off-the-shelf components,
Arduino is my first choice when I consider
building a sequencer, robotic device, or
quick-and-dirty laboratory instrument. Its
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Figure 9 — Relative noise power vs. terminator

temperature may lead to a method of rough

calibration for home built noise sources. The upper curve is for the 2 m band, and the lower
curve is for 2304 MHz band.

simplicity, specifically the absence of an
elaborate operating system, simplifies the
task of coding real-time applications. Its
huge variety of components, ranging from
the pedestrian (stepper motor drivers) to the
truly odd (sixteen channel model airplane
servo drivers) allow for fast prototype
development, and often instant proof-of-
concept models.

Maitt Reilly, KBIVC, was first licensed
in 1979. He graduated from Virginia Tech
with a BSEE in 1981 and from Carnegie
Mellon University with a PhD in Computer
Engineering in 1989. While a computer
engineer by trade, he is a radio geek by
avocation. For the past five years Matt has
been developing SoDaRadio, an all-mode
software defined radio, and various Arduino
based widgets ranging from transmit/receive
switches to toy battle-bots. Matt lives in
Maryland with his wife and young son.



Technical Note

A Better RF Voltmeter Probe

An RF voltmeter probe connected to a DMM or VTVM is used
by many experimenters. The probe consists of a diode, capacitor,
and one or more resistors enclosed in a housing with a contact
tip on one end. Suitable leads connect the probe output to a
high-input-impedance, dc-reading meter.

In many applications, the probe’s relative response is all that
is needed, and the above-described setup is sufficient. There
are times, however, when the actual RF input peak voltage
is of interest. For a sufficiently high peak-voltage input, this
quantity is approximated by the DMM reading. Otherwise, for
low-voltage inputs, the DMM displays a dc voltage reading that
is approximately proportional to the diode square-law response.
In what follows, a technique is described that may lead to more
accurate peak-voltage measurements over much larger ranges
of input RF voltage.

Circuit and Basic Assumptions

Consider the RF probe depicted by Figure 1. Assumptions can
be made to simplify the analysis of this circuit. Assume that the
probe does not significantly “load” the circuit node under test, a
condition that holds if | Z| is sufficiently small. That is, assume that
the quantity Asin(w1) is the approximate voltage at the probe tip,
and vp ~ ap + Asin(wt) is across the diode, where o is a positive
dc voltage slightly smaller than A. This assumption is reasonable
given that the diode is forward biased over a small fraction of
each RF cycle, only at the negative-most extremes of the input
sinusoid. Components R; and C, are selected to keep RF out
of the CA3260A MOSFET-input op-amp (with a typical dc input
resistance on the order of 10" Q). Finally, diode current iy in
Figure 1 is approximated by the Schottky equation,

o1 op[ o),
nv,

where [ denotes the reverse-saturation current, 1 is the diode
ideality factor, and V; is the thermal voltage,

V, ~8.617x107°(T +273.15) .

The diode junction capacitance C;, is less than 1 pF for
a BAT68. It is neglected here, an assumption that is valid for
frequencies in the HF range, if not somewhat higher.

AC Voltmeter Equation

Sum the currents that enter the junction of D; and R,. This
sum must have a zero dc component, a constraint that ultimately
leads to

exp{_%}LJ.Mexp[—isin(x)]abc—1:i (1)
nv, |2m-° nv; IR,

A
L)

where Iy(x) is the zero-th order modified Bessel function. Hence,
the reformulated constraint Eq 1. simplifies to

exp{‘“o}o [Aj_lz @ @
nv, nv, IR,

The op-amp compensation circuit is used to eliminate
the reverse-saturation current /s from the final results. This
is important since /s is highly temperature dependent,
approximately doubling for every 5 °C increase in temperature.
To obtain the elimination of /s, note that op-amp operation can
be described by

exp{(al—ao)}_lz(&J% 3)
nv, R, ) IR,

Now, substitute Eq 2 into Eq 3 and obtain

1~ %o Rl %o A
ool

If Ry = R,, Eq 4 simplifies to the ac voltmeter equation

Ii—ex N
oL, )=, (5)

Probed Source Voltage

1/2 CA3260A

QX1805-Stensby01

Figure 1 — An RF probe.
C1, C2 — 1000 pF mica chip capacitor
D1, D2 — Infineon BAT68

R1, R2 — 1 MQ 1% metal film resistors
R3 — 10 MQ 1% metal film resistors
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a result that may be new to the literature.
Note that temperature-dependent,
reverse-saturation current /s does not
appear in Eq 5. Given a measured value
for ay, Eq 5 can be solved for the input
peak voltage A.

Solution Technique and Numerical
Results

In application, a DMM (or VTVM) is
used to measure dc voltage «4. Then,
Eq 5 is solved numerically for A. There
are many software packages, some of
them free, which can accomplish this.
For example, Table 1 lists a simple GNU
Octave (or Matlab) command line script
that can solve Eq 5 for A given inputs ay,
n and temperature T in degrees Celsius.

Normally, many experimenters use
measured a4 as an estimate of A, an
approach that may lead to a significant
error, as is suggested by Figure 2. For 0.1
< o4 < 4 and two values of temperature
(that bracket room temperature T =
26.85 °C by +20%), Figure 2 depicts plots
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Table 1.

Solve the ac voltmeter equation with this GNU Octave script.

% RFvoltmeter.m
al =input(‘al =°);
n = input(‘ldeality =);

T = input(‘Temperature in Degrees Celsius =) + 273.15;
% Boltzmann constant Kb = 8.617332478e-5 ev/degree-Kelvin

Vt=n*8.617332478e-5T;

f= @(A) exp((a1-A)/Vt) - exp(-A/Vt)*besseli(0, A/Vi);

A = fsolve(f, a1)

of percent error 100(A - a4)/A, where A is
the solution of Eq 5. As expected, the error
increases significantly as o4 approaches
zero.

An algorithm is provided here for
improving the accuracy of simple diode-
based ac/RF voltmeter probes. It can
be programmed into microprocessor-
based, low-cost instrumentation. It can
be extended easily. Possible extensions
include 1) incorporating the diode junction
capacitance in the analysis, 2) including
in the diode voltage model additional
spectral components (i.e., harmonics),
and 3) use of a thermometer-on-a-chip

IC (such as the LM35) to provide accurate
temperature data. — Dr. John Stensby,
N5DF, stensbj@uah.edu.

Send your short QEX Technical
Note to the Editor, via e-mail to qex@
arrl.org. We reserve the right to edit
your Note for clarity, and to fit in the
available page space. “QEX Technical
Notes” may also appear in other ARRL
media. The publishers of QEX assume
no responsibilities for statements made
by correspondents.



Letters

Design of a Two-band Loaded
Dipole Antenna, (Sep/Oct 2017)

Dear Editor,

| was very impressed with the David
Birnbaum, K2LYV, article. David's applica-
tion of the method of Lopes to compute the
reactances of two desired resonant fre-
quencies in the two-band loaded dipole
antenna is quite innovative. My admiration
comes from my failed attempts to identify a
procedure to solve this somewhat complex
problem in the past. | modeled David’s 30 /
20 meter design example in EZNEC and
with a slight shortening of the dipole end
wires, the SWR low points exactly matched
David’s results. This motivated me to repeat
David’s design steps for his example using

2018 ARRL/TAPR

the Lopes method, which in turn would vali-
date this method for the design of other two-
band dipoles. | had some difficulty in
applying the Lopes method to exactly repro-
duce David’s example, which as stated was
verified with EZNEC. | chose to use an alter-
native method that avoids the Lopes calcu-
lations that might be of interest to others.

For this, | modeled two dipoles in EZNEC
with the target 30 / 20 meter dipole length
and trap locations. The first dipole used an
inductor at the trap location. This inductor
value was varied in an iterative manor to
produce an SWR minimum for the lower
resonant frequency of the target 30 / 20
meter trap dipole. The reactance of the
inductor at this frequency is X; needed in
David’s calculations. The same process

September 14-16
Albuquerque, New Mexico

Make your reservations now for three days of learning and
enjoyment at the Sheraton Albuquerque Airport Hotel. The Digital
. Communications Conference schedule includes technical and
" introductory forums, demonstrations, a Saturday evening banquet
and an in-depth Sunday seminar. Th|s conference is for everyone
with an interest in digital communications‘from begmner fo expert.

Call Tucson Amateur Packet Radio at:
972.671-8277, or go online to www.tapr.org/dcc
it i

“""l\lbuquerque
Alrport Hote

was used for the second dipole where a
capacitor was placed at the trap location.
The capacitor value was iteratively adjusted
to produce an SWR minimum at the higher
resonant frequency of the target 30 / 20
meter trap dipole, which in turn yielded X.
These values for X; and X, were then used
in David’s calculations to identify the 30 /20
meter dipole trap resonant frequency along
with the trap L and C values. These values
applied to an EZNEC simulation, again with
a slight shortening of the dipole end wires,
exactly matched the target low SWR points
for the two desired frequencies. — 73,
David Brown, K3CTN; dbbrown624 @
gmail.com.

Digital Communications
Conference

£ ol
o 3 .43;&1
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Upcoming Conferences

2018 Central States VHFS
Society, Inc. Conference

Wichita, Kansas
July 26-29, 2018
www.2018.CSVHFS.org

Call for papers: Papers are being solicited
for publishing in the Proceedings of the
2018 Central States VHF Conference on all
weak-signal VHF and above Amateur
Radio topics, including: antenna modeling,
design, arrays, and control; test equipment:
including homebrew, commercial, and mea-
surement techniques and tips; construction
of equipment such as transmitters, receiv-
ers, and transverters; operating, contesting,
roving, and DXpeditions; RF power amps,
single and multi-band vacuum tubes, solid-
state, and TWTAs; propagation, ducting,
sporadic E, tropospheric, meteor scatter;
amplifiers (low noise); digital modes, such
as WSJT-X, JT65, FT8, JT6M, ISCAT, etc.;
regulatory topics; moon bounce (EME);
software-defined radio (SDR); and digital
signal processing (DSP).

Topics such as FM, repeaters, packet radio,
etc., are generally considered outside of the
scope of papers being sought. However,
there are always exceptions. If you have any
questions about the suitability of a particular
topic, contact wa2voi @mninter.net.

You do not need to attend the conference
nor present your paper to have it published
in the Proceedings.

Deadline for receipt of papers for inclusion
in the Proceedings is Tuesday, May 15,
2018. Complete information, including a
style guide, can be found on the Central
States VHF Society, Inc. website.

ARRL/TAPR Digital
Communications Conference
(37th)

Albuquerque, New Mexico
September 14-16, 2018
www.tapr.org

The 37th Annual ARRL and TAPR Digital
Communications Conference will be held
September 14-16, 2018. in Albuquerque,
New Mexico, at the Sheraton Albuquerque
Airport Hotel. Rocky Mountain Ham Radio
will be hosting the event.

The ARRL and TAPR Digital
Communications Conference is an interna-
tional forum for radio amateurs to meet,
publish their work, and present new ideas
and techniques. Presenters and attendees
will have the opportunity to exchange ideas
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and learn about recent hardware and soft-
ware advances, theories, experimental
results, and practical applications.

Hotel and registration information will be
available soon. Please check the website.

Call for Papers: Technical papers are solic-
ited for presentation at the ARRL and TAPR
Digital Communications Conference and
publication in the Conference Proceedings.
Annual conference proceedings are pub-
lished by the ARRL. Presentation at the
conference is not required for publication.
Submission of papers are due by July 31st,
2018 and should be submitted to: Maty
Weinberg, ARRL, 225 Main St., Newington,
CT 06111

Topics include, but are not limited to:
Software Defined Radio (SDR), digital voice
(D-Star, P25, WinDRM, FDMDV, DRMDV,
G4GUO), digital satellite communications,
Global Position System (GPS), precision
timing, Automatic Packet Reporting
System™ (APRS), short messaging (a
mode of APRS), Digital Signal Processing
(DSP), HF digital modes, Internet interoper-
ability with Amateur Radio networks,
spread spectrum, IEEE 802.11 and other
Part 15 license-exempt systems adaptable
for Amateur Radio, using TCP/IP network-
ing over Amateur Radio, mesh and peer-to-
peer wireless networking, emergency and
Homeland Defense backup digital commu-
nications, using Linux in Amateur Radio,
updates on AX.25 and other wireless net-
working protocols, and topics that advanced
the Amateur Radio art.

Errata

Microwave Update 2018

Dayton, Ohio
October 11-14, 2018
www.microwaveupdate.org

Microwave Update (MUD) is an interna-
tional conference dedicated to microwave
equipment design, construction, and op-
eration. It is focused on, but not limited to,
amateur radio on the microwave bands.

The Midwest VHF-UHF Society
(MVUS) is pleased to host this event. The
Conference will be held at the Holiday Inn
in Fairborn, Ohio.

See website; more details will be
posted as they become available.

24th Annual Pacific Northwest
VHF-UHF-Microwave
Conference

Seaside, Oregon
Oct 12-13, 2018
www.pnwvhfs.org

Join other weak-signal VHF, UHF and
Microwave operators for the 24th Annual
PNW VHF Society Conference to be held
at the Best Western Ocean View Resort,
414 North Prom, Seaside, OR. Conference
registration is $50 before October 1, or $60
thereafter and at the door.

See website; more details will be
posted as they become available.

In Jeff Crawford, K&ZR, “High Power
HF Band-Pass Filter Design”, QEX Mar./
Apr. 2018, the labels for the ordinates in
Figures 2 and 10 should be “Performance,
dB”, and the captions should continue: Fil-
ter S11, dB, (solid), and S21, dB, (dashed).
The caption of Figure 12 caption should
be “Measured S21, dB, performance of

the filter”. The trace in Figure 13 is S11,
dB, and is actually the negative of the
return loss, RL, (an error in the software
package). The Figure 13 caption should
be “Measured S11, dB, of the filter”. We
regret the error.



Transmitting and receiving
antennas have different
jobs to do.
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Eric P Nichols, KL?

Table of Contents
= Receiving Antennas are Different!
= Your Friend, the Decibel
= The Preamplifier Problem
= The Amazing Disappearing Antenna

® The Receiving Antenna as a
Signal Generator

= The Quest for Infinite
Power Gain

= The Role of the Resistor in the
Receiving Antenna

= The Small Loop Antenna
= Achieving the Perfect Null

= You Can Make Accurate Field
Strength Measurements

= The Aperiodic Loop

Receiving Antennas
for the Radio Amateur
Eric P. Nichols, KL7AJ

Although the fundamental characteristics of antennas
apply to both transmission and reception, the
requirements and priorities of receiving antennas can
be vastly different from those of transmitting antennas.
Receiving Antennas for the Radio Amateur focuses
entirely on active and passive receiving antennas and
their associated circuits. There are relatively few cases
where a radio amateur cannot benefit from a separate,
well-designed receiving antenna or antenna system.
On the low bands, including our new allocations at 630
and 2200 meters, heavy emphasis on the receiving end
of these radio paths is essential for success.

The active antenna holds a prominent position in this
book, as it offers good receiving performance while
taking up minimal space. Recent developments in radio
frequency (RF) semiconductors, especially low-noise
RF operational amplifiers, have made a number of

previously difficult-to-implement active antenna designs
simple to build.
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