WAA4LPR designs interdigitated filters using INTRFIL.
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Kazimierz “Kai” Siwiak, KE4APT

Perspectives

A Diverse Group

Let us pause here to examine what defines us, and to ask what is common among
members of the following group of vocations and occupations:

Actor, Administrator, Ambassador, Artist, Astronaut, Author, Cosmonaut,
Designer, Director, Engineer, Grade School Student, King, Lawyer, Manager,
Musician, Nobel Laureate, Prime Minister, Prince, Professor, Programmer, Queen,
Senator, Singer, Teacher, Technician, Tradesman, Writer.

The list is far from comprehensive; it is what hams of many walks of life have
achieved, and what some hams do or did for a living. What binds us together is that
each member of the group holds an amateur radio license. We hams are a diverse lot
with a global span, and we range in age from pre-teen to centenarian. For many of
us, our vocation does not match our avocation, so we bring varied perspectives to
our hobby. Amateur radio brings our world together. Our diversity is our strength.

How has amateur radio influenced your life? How have you influenced amateur
radio?

In This Issue:

* Wesley Cardone, N8QM, characterizes an accurate SPICE diode model.

* Dennis Sweeney, WA4LPR, simulates and designs interdigitated filters with
INTRFIL.

* Russ Ward, W4NI, designs filters with Ocrave.

* John M. Franke, WA4WDL, repurposes waveguide sections to serve as drilling
guides.

* H. Scott Lentz, AG7FF, designs a high image rejection receiver.

* Keith Stammers, GASXG, derives a graphical solution to the parallel impedance
problem.

* Dr. Philip Cassady, K7PEC, clarifies and improves tuned transformers.

* In his essay series, Eric P. Nichols, KLL7AJ, discusses distributed circuits.

Writing for QEX

Please continue to send in full-length QEX articles, or share a Technical Note of
several hundred words in length plus a figure or two. 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 experimenters. All
members can access digital editions of all four ARRL magazines: QST, OTA,
QFEX, and NCJ as a member benefit. The QEX printed edition is available at an
annual subscription rate (6 issues per year) for members and non-members, see
www.arrl.org/qex.

Would you like to write for QEX? We pay $50 per published page for full arti-
cles and QEX Technical Notes. Get more information and an Author Guide at
www.arrl.org/qex-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.

Very kindest regards,
Kazimierz “Kai” Siwiak, KE4PT
QEX Editor
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Precision Generic Diode
Characterization for Simulation

Solving for the SPICE diode dc characterization parameters
facilitates a duplication of published performance.

The characterization of a Simulation
Program with Integrated Circuit Emphasis
(SPICE) diode can have high fidelity
reproducing, in computer simulation, its
published current-voltage (IV) profile for
its reference ambient temperature. How-
ever, a loss of fidelity will be observed
with ambient temperatures differing from
the reference temperature (TNOM). There-
fore, industry-released device-specific
model characterizations are designed to
satisfy a wide range of ambient tempera-
tures by uniformly distributing the error.
This paper will explain the nature of the
SPICE diode model and how to solve for
its dc characterization parameters given a
published reference ambient temperature
profile. A simulation diode model so char-
acterized will virtually superimpose itself
over the published IV profile for the refer-
ence ambient temperature.

Background

SPICE was originally developed by the
University of California, Berkley as a class
project in 1969-70 and was released into
the public domain in 1972 as Version 1. In
1975 version 2g.6 was released, which
became the backbone of analog circuit
computer simulation on a global scale
though only available by mainframe.

With the release of the Intel 80486
processor in 1980, with its 32-bit architec-
ture, personal computers became powerful
enough to accommodate SPICE without
special AT bus boards. Many companies
embedded public domain SPICE 2g.6
within their own graphical user interfaces
selling the software as a sophisticated
analog circuit simulation tool. But while

SPICE 2g.6 was quite sophisticated in its
numerical processing for analog design,
characterizations for discreet analog com-
ponents such as bipolar junction transistors
and diodes were virtually non-existent.
There were a number of companies that
developed SPICE libraries for sale at very
high prices. High prices, of course, effec-
tively made them unavailable for hobbyists
and companies on limited budgets.

In 1999, Linear Technology released its
first version of LTSpice, which is free
software originally developed by Linear
Technology. An LTSpice download may be
obtained at the www.analog.com website.
Upon entry to that website, enter the search
terms “Itspice download” for Microsoft
Windows. The current release of LTSpice
(17.1) has had many enhancements and
new capabilities together with a very ex-
tensive professional library of discrete
semi-conductor components. Virtually all
of today’s desktop and laptop computers
(Mac and Windows) are capable of run-
ning LTSpice. The sophistication of SPICE
for the hobbyist has arrived.

The Spice Diode Model

The diode model found in LTSpice,
though it has many enhancements relative
to SPICE 2g.6, still includes the original
functionality of the SPICE diode model. In
the following text we will first look at what
physical performance to expect from a
silicon diode under controlled environmen-
tal conditions and then compare those with
the SPICE diode simulation model.

Figure 1 depicts the fundamental dc
functionality for the physical silicon di-
ode’s current-voltage (IV) profile. The
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Figure 1 — lllustration of the physical nature
of the silicon diode with reference to its
regions of operation: recombination; ideal;
and high injection. The data of this figure
were taken with the device under test
immersed in an ice water bath.

curve represents measurements taken for
this paper using a IN914 diode immersed
in a 0 °C water bath. For a given diode
forward voltage (linear Y-axis) there is a
dependent current (log X-axis). There are
two regions of interest for simulation and
design purposes described below. In Fig-
ure 1, the wavy curve illustrates the physi-
cal IV performance for the physical 1N914
silicon diode through all its regions at 0 °C.
There are two regions of interest for both
practical design and therefore simulation:
ideal and resistive. Note that the physical
curve departs from either of the two
straight lines at two places. The departure
that occurs for forward voltages less than
0.6 V is not directly accounted for by the
SPICE diode model and neither is it of
interest for practical design purposes.
However, this region of operation (with its
very low forward voltages) is roughly

QEX May/June 2023 3



accounted for by means of the GMIN
(minimum conductance) parameter de-
scribed later in this paper.

SPICE uses the Shockley diode equation
to solve for a forward voltage given a
current and ambient temperature:

V,=NV,log, {L+1}+fRS+ V,GMIN
I -

William Shockley of Bell Telephone
Laboratories developed the IV (current-
voltage) characteristic equation represent-
ing an idealized diode for either forward or
reverse bias applications.

Within this equation there are three
foundational parameters governing a di-
ode’s de performance — N (emission
coefficient), IS (saturation current), and RS
(bulk resistance). A thermal voltage, V,, is
a function of the environment and cannot
be manipulated by the user. There is a
minimal conductance, GMIN, that governs
the diode at very low forward voltages, V..
Here the product (V; GMIN) will begin to
dominate the above equation.

The most significant region in Figure 1
is the ideal. Here, the diode’s PN junction
follows a semi-log path as a function of the
forward voltage. The “ideal diode region”
line covers the device ideal mode operation
but for illustration purposes extrapolates
into the adjacent regions. Observe the
intercept point where the ideal curve ex-
trapolation crosses zero volts. The corre-
sponding current represents the diode’s
saturation current and is marked in Figure
1 by the solid wavy line. The simulation
would return an IS current for a zero volt-
age drop except for the minimal conduc-
tance parameter, GMIN. All device models
in SPICE have a GMIN parameter to cir-
cumvent numerical convergence issues
associated with zero.

Crucial to understanding the premise of
this paper, the saturation current IS has a
dependence on the ambient temperature.
As the ambient temperature increases, the
saturation current also increases, given a
forward voltage. In addition, as the ambi-
ent temperature increases, the emission
coefficient (V) changes slightly. The sole
purpose of the X77 parameter (in conjunc-
tion with N) is to move IS to make it track
the ambient temperature. In practice, little
change results from X71. It is recom-
mended to leave X77 at its default.

The important observation is that the
SPICE diode model moves the curve in the
correct direction to track a changing ambi-
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ent temperature. However, the accurate
quantification of that change is only rudi-
mentary with respect to published profiles
leaving much to be desired. This accounts
for a need to characterize a given device for
a best approximation where a wide range of
ambient temperatures is to be allowed for.

Viewing Figure 1, consider the region
where resistive effects are dominant (bulk
resistance line). The SPICE diode model
accounts for this region with a linear bulk
resistance as illustrated graphically in
Figure 2, dominant resistance line given
by:
rs =Lt Ven

ld

The bulk resistance (illustrated in Fig-
ure 2) serves as supplemental voltage drop
to the ideal drop. At relatively low currents,
the bulk resistance drop is not significant
relative to the ideal drop. However, as
current increases further, the voltage drop
from the resistance begins to become
measurable as a supplement to the diode
ideal drop. At this point there are two
voltage drops being summed together.
Both drops continue to increase with in-
creasing current though the resistive drop
will eclipse the ideal drop with further
increases in current.

The key to understanding how the
SPICE diode model’s bulk resistance
parameter is developed, is graphically
shown in Figure 2.

A pseudo data-pair may be picked at any
point along the ideal mode straight-line

1.1
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Figure 2 — Graphic illustration on obtaining
the bulk resistance from the published IV
profile.

extrapolation (V,,, i,). For this illustration,
a point was picked at the crossing of the
two straight lines for convenience. The
current at this location also approximates a
reasonable value for the IKF parameter,
which is beyond the scope of this paper.
Note that IKF is generally of little use and
necessitates a change in RS.

A corresponding data pair having the
same current is then identified on the
device IV profile (V,, i,) curve with dots.
The voltage difference between the actual
device, V;, and the extrapolated resistive
drop, V,,,, divided by the common current,
i, represents the resistance, RS given
earlier.

While the pseudo data-pair may be
selected from any point on the gray line,
the data pair is best selected where the
current is highest.

Solving for RS in this manner is unnec-
essarily complicated but serves as an excel-
lent graphic illustration. A step-by-step
equation set is given in the Appendix (see
Table 4) to solve for the parameters IS, N,
and RS. The Table 4 simplified equations
were derived from the above-described
process.

What’s The Difference?

We have noted that while the SPICE
diode at least pushes the simulation IV
curves in the correct direction with respect
to a defined ambient temperature, it is not
able to provide a high level of fidelity for a
broad sweep of ambient temperatures. To
demonstrate this, we will compare the
Linear Technology Corporation’s IN914A
released SPICE characterization with its
published curves:

IN914 D(Is=2.52n Rs=0.568 N=1.752)

Referring to Figure 3, observe the heavy
black lines showing the published outer
limit ambient temperature values —40 °C
+65 °C. These are relative to the nominal
25 °C, which has been shadowed out for
simplicity. Table 1 lists a comparison of
published with simulation results for the
three ambient temperatures, each at two or
three forward voltages. The simulation
results from Table 1 are illustrated in
Figure 3 as heavy dots.

Observe in Figure 3 that the simulation
results (heavy dots) for —40 °C show a
crossover point. With a forward voltage of
0.65 V the simulation returns 150 mA,
which is the precision we can be satisfied
with. But for the same temperature at any
other forward voltage, the simulation



Table 1 — Simulation results using the LTSpice released
characterization for the 1N914 diode. These six data-pair values
(Viwas irwg) a@re shown graphically in Figure 3.

Viwd (V) Tamp (°C)  lq (MA) Simulation ltwa (MA) Published
0.35 65 0.046 0.018
0.55 -40 0.0087 0.017
0.55 25 0.426 0.65
0.55 65 2.3 0.65
0.65 -40 150 150
0.65 25 3.76 1.9
0.65 65 14.0 3.9
0.75 -40 25 2.3
900 T
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Figure 3 — Comparison of the published 1N914 IV performance curves (bold sloping lines)
for named ambient temperatures together with selected simulation data-pair results from
Table 1. The shadowed-out line de-emphasizes 25 °C for simplicity. The dots mark the
data-pairs for returns of the SPICE simulation for the two ambient temperatures at forward

voltages of 0.35, 0.55, 0.65, and 0.75 V.

returns results either too low or too high
with errors less than 50%.

Moving to the simulation results at
65 °C we see that for the range plotted, all
the returned currents are too high with
errors greater than 150%. Though not
illustrated, errors at 25 °C for the range
plotted are from 35 to 98%.

This “even distribution” of error makes
it clear that Linear Technology’s character-
ization was intended to accommodate a
logical best approximation across a wide-
ranging set of ambient temperatures. It
could be said that “nobody is right, but
everybody is at least pretty close.”

What is critical to note, however, is that

the SPICE diode model has the capability
to reproduce a published IV profile very
accurately for a reference ambient temper-
ature, whatever that may be. The premise
of this paper centers around that critical
observation.

Relevant Data Collection

Please refer to Figure 4 illustrating that
there are two processes that are operational
simultaneously. One process is dominant
under low current conditions and the other
process is dominant under high current
conditions. In addition, there is sharing in a
transition region where the two meet. The
raw data from Figure 4 is assembled in

Table 2 — SPICE diode IS and N
parameters for characterization at
25 °C (298.15 K) to replace those
found within the LTSpice released
model.

Temp (°C, K) 25, 298.15
N, emission coefficient 1.9807084
IS (nA) saturation current  5.5276707
RS (Q) bulk resistance 0.6163538

Table 3 —The critical data from the
published charts (see Figure 4) for
solving for the characterization
parameters shown in Table 2.

Data pair V; (V) i (mA)
1 0.381682  0.01000
2 0.616516  1.00971
3 1420452  757.7306
1.4
s
: /
£ 10 /
5] o
> 12
el :
E / //
E 0.6 // f
e /
~
0.2
0.001 0.1 10 1000

Current (mA)
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Figure 4 — The illustration depicts the
foundation of characterization though data
selection. The two straight lines depict the
two relevant regions of operation: ideal (a
function of the ideal diode equation) and
resistive. The lowest current data pair must
be selected low enough in voltage to not
have any significant resistive influence.

Table 3 where the three data-pairs (Vf if)
upper, mid and lower dots, have been
captured. The data pairs were then plugged
into the solution protocol given in Table 4
of the Appendix) to arrive at the solution
set given in Table 2. This characterization
will return very accurate results for tran-
sient analysis simulations where ambient
temperatures are near 25 °C.

QEX May/June 2023 5



.model 1n914_25C d(15=5.5276707n,
rs=0.6163538, n=1.9807084, tt=50n, cjo=5p)

.dcv10.251.450.05

D1

Anode Cathode

1n914_25C
V1

QX2303-Cardone05

Figure 5 — LTSpice simulation circuit used
to sweep the 1IN914 diode from 0.25 V to
1.45 Vin increments of 0.05 V. TT and CJO
were given values even though they do not
contribute to a dc solution. This is simply

a good practice contributing to preventing
convergence issues.

Deployment Characterization
Example for the 1N914 Diode

Shown in Figure 5 is a screen-capture
from an LTSpice simulation to document
the custom characterization (see Table 2)
dc performance at the ambient temperature
for which it was characterized: +25 °C.

Note that two temporal parameters were
included which do not affect dc perfor-
mance — TT (transit time) and CJO (zero
bias junction capacitance). If not specified,
their values default to zero creating a
remote possibility for a loss of numerical
convergence.

Under some conditions where a design
has switching functionality using a device
without temporal understanding, SPICE
may fail to converge due to what it detects
as a discontinuity. That is, a signal that is
supposed to be both one value and another
value at the same time.

As humans, we look at a square wave
and think “step-function.” But we all know
that buried deep within any oscilloscope
square wave trace that there is a rise time.
It is a good practice to include temporal
parasitic model effects even when their
presence is not going to be significant. The
reason is that SPICE cannot understand a
signal transition that takes place in zero
time. When it encounters a discontinuity, it
may possibly fail to converge aborting the
simulation abnormally leaving you in the
dark as to why.
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Comparison of Custom With
Released Characterization

In Figure 6 there is a comparison of the
LTSpice 1N914 diode with the custom
characterization accomplished in this paper
for an ambient temperature of 25 °C.

It is important to note that this character-
ization was algorithmic, leaving very little
to engineering judgment. The steps were to
first identify three data pairs on the pub-
lished curve for the ambient temperature of
interest. We then plugged those data pairs
into the equation solution mechanism
found in Table 4. Three parameters were
solved for: N, IS, and RS. With just these
three parameters the characterization
nearly superimposed itself over the pub-
lished curve for the named ambient tem-
perature with no iteration required for
parameter values. Some might call this
plug-and-chug.

But My Customization
Didn’t Superimpose

For the case where simulation results for
a custom diode characterization produce
excess error, consider choosing different
data pairs from the published IV profile.
The most common error is selecting data
pair number 2 (reference Table 3) at too
high of a current level where resistive
effects are beginning to become signifi-
cant.

Temperature within
Transient Analyses

What makes the characterization process
described in this paper of special relevance
is that any specific diode characterization
(becoming a library entry) will be for an
explicitly named ambient temperature. For
transient analyses at that ambient tempera-
ture, simulation results will track the pub-
lished performance with extreme accuracy.
When used in simulations where other
ambient temperatures are specified, the
model will make appropriate directional
shifts but only in a rudimentary fashion.
For those cases, it is recommended to use
the LTSpice library characterization.

Most transient analyses are run at the de-
fault 27 °C ambient temperature where the
LTSpice library characterizations will be
only best-fit compromises. If high accu-
racy is required at (for example) -40 °C, it
is recommended to characterize a device
explicitly for -40 °C.

500 = jp,_,..J
< b
S 4
z 5 &
=4
[
>
&) 0.05
P
0.0005 /
0.2 0.6 1.0 14
Voltage (V)
w — — . LTReleased
Characterization
Published IV
Curve
_________ Custom
Characterization
QX2303-Cardone06

Figure 6 — Comparison of published
performance with the simulation results
(1IS=5.5277 nA, N=1.9807, and RS=0.6163 Q)
for an ambient temperature of 25 °C,

Table 4 — Equations used to solve
for the varied components of the
overall characterization process.
Temperature is in Kelvins.

Parameter value
Thermal voltage V. =kT/q
k, JIK 1.3806E —23
q,C 1.6022E —19
Emission coefficient y-_"2="
w{)
Saturation current /s =—1 i o2
. T I

V}—KNIH(%S)

iy
3

Bulk resistance
RS =

Conclusion

In most cases, the L'TSpice distributed-
error released model will be sufficient in
supplying reasonably accurate results for
any ambient temperature. However, it may
also be that the forward characteristics
with respect to the ambient temperature are
critical such as in applications where the
natural log characteristic of the silicon
diode is used to accurately detect and
quantify temperature changes within an
electronic or other device.



It may also be that the diode called for in
a design is not found in the LTSpice re-
leased library. A custom diode SPICE
model characterization would be required.
An example of a diode not found in the
LTSpice library at the time of this writing
is the 1N4729 Zener diode. Pick a tempo-
rally close proximity Zener characteriza-
tion from the LTSpice library and substi-
tute the 1S, &, and RS parameters solved
for here.

What we have shown in this paper is that
the SPICE model diode is capable of
accurate characterization for a published
IV profile (for a named ambient tempera-
ture) for virtually all silicon diodes.

Appendix
The equations for the SPICE diode
parameter characterizations are shown in

Table 4. This is a step-by-step process that
must be accomplished in order. Attempting
to skip a step will immediately reveal the
necessity of following an order since each
step develops a variable that is used in the
next step.

Refer to Figure 4 as an aid in following
the data-pair descriptions below. Data pair
number 1 is taken at the lowest published
current available. Data pair number 2 can
be tricky to evaluate and correctly select.
This data pair must be taken from the ideal
region of operation with care taken to be
certain that resistive effects are not signifi-
cant. Data pair number 3 is readily identi-
fied as simply the data-pair with the high-
est current.

Wesley Cardone , N8QM, graduated from
Cal Poly, San Luis Obispo with a BSEE. He
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| Dennis Sweeney, WA4LPR

1206 Westover Dr., Blacksburg, VA 24060 | dsweeney@vt.edu

Design and Construction of Round
Rod Interdigitated Filters

Simulate and design interdigitated filters with INTRFIL.

This paper describes INTRFIL, a pro-
gram intended to create band-pass filters
using interdigitated round rod % wave-
length long resonators between parallel
ground planes (slab line), see Figure 1 for
an example of a filter designed to have an
approximately 35 MHz (3 dB points)
bandwidth centered at 5760 MHz. The lid
is 1.00 inch wide. There are 7 rods. The
rods at the far ends of the filter are not
resonators but coupling rods.

A simulation technique synthesized
from pairs of coupled lines in the open
source circuit simulator QUCS (Quite
Universal Circuit Simulator) [1] is
described. This simulation technique is
useful for verifying a design. Test filters for
2304 MHz and 5760 MHz are included as
examples.

Introduction

INTRFIL began as an exercise to extend
the interdigitated filter program that
appeared in Ham Radio magazine in 1985
[2]. That program appears to correctly
calculate the rod spacing but the input/
output tap points appear to be more prob-
lematic, and its algorithms were not well
documented. While this program produces
very usable filters, I had to adjust the end
rod taps in order to get the passband and
ripple correct. In addition, tapping the
input/output lines becomes more difficult
as the frequency increases. Attempts to
make filters in the 6 GHz region were a
disappointment.

There is no real upper/lower frequency
limit for filters made with INTRFIL, and
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Figure 1 — INTRFIL 5 resonator interdigitated filter.

500 — 6000 MHz seems to be a reasonable
range. The lower frequency is limited by
how large you are willing to make the
filter, and the upper frequency limit is set

by how small you can make the resonators.

INTRFIL uses input/output coupling rods
rather than tapped resonators for the input/
output. This requires two extra rods
beyond the number of resonators but it
allows for more controlled input/output

coupling particularly at higher frequencies.

INTRFIL is intended to create a filter
design that has a high probability of suc-
cess if you follow its results carefully. The
simulation and test filters in this paper

are intended to verify the design.

The filters created by INTRFIL are
more complex than those using pipe caps
or hair pin PCBs. While relatively easy to
construct and tune, these filters offer mod-
est performance in the stop band. For
several microwave bands this is probably
adequate as the mixing and LO spurious
products from most transverters tend to fall
in band. However, consider 2304 MHz.
The LO and mixing products fall out of
band for low side LO injection. These out
of band emissions fall in the spectrum
below 2300 MHz that is used by weak
signal space and satellite systems. The



example 2304 MHz filter is capable of sup-
pressing the out of band 2248 MHz mixing
product for a 28 MHz IF by over 60 dB.
INTRFIL is written in Pascal program-
ming language. The Free Pascal Compiler
(FPC) [3] is a modern cross platform
compiler. You can compile INTRFIL for
Windows, MAC or Linux. In addition,

there is a light weight, easy to use inte-
grated development environment (IDE)
called Geany [4] that makes running and/
or editing INTRFIL source easy.
INTRFIL’s 1/O is text in a terminal window
with only minimal error checking. This is
crude, but it works. My hope is someone
with more advanced programming skills

might write a nice GUI for INTRFIL.

The source code for INTRFIL is avail-
able [5] under General Public License
(GPL). 32-bit Windows and Linux execut-
ables are available. While the GPL does
not preclude commercial use, it means that
INTRFIL is provided with no warranty.
You use it at your own risk, and it can’t

Screen dialog for INTRFIL Required input information is printed in bold.

INTRFIL: Interdigitated Filter Program Version 1.0
Copyright (c) 2021 Dennis G. Sweeney WA4LPR
Number of elements? 5

Center frequency (MHz) 5760

Butterworth (1) Chebychev (2) ? 2

Ripple Bandwidth (MHz) 30

Bandpass ripple (DB) 0.05

3 dB Bandwidth (MHz) = 35.26

Ripple Return Loss = 19.4 dB

Load impedance 50

ground plane spacing in = 0.375

rod dia in = 0.1875

d/h =0.500 Slab Zo = 55.76

Coax Zo = 56.08

Calculated odd/even impedances and coupling coefficients

Zoo[0] = 46.81 Zoe[0] =53.19

K =0.0639
Zoo[1]1=49.62 Zoe[1]1=49.97
K =0.0035
Z00[2] =49.67 Zoe[2] =49.92
K =0.0026
Zo0o[3] =49.67 Zoe[3]=49.92
K =0.0026
Zoo[4] =49.62 Zoe[4] =49.97
K =0.0035
Zoo[5] =46.81 Zoe[5]=53.19
K =0.0639

Odd/even impedances for fixed d/h = 0.500 with
s/h rod spacings

Z00=51.92 Zoe =59.01
s/h[01]=0.5953 c¢-c=04111in
Zoo =55.45 Zoe =55.84
s/h[12]=1.4481 c¢-¢=0.7311in
Zoo =55.51 Zoe =55.80
s/h[23]=1.5238 c-¢=0.759in
Zoo=55.51 Zoe = 55.80
s/h[34]=1.5238 c¢-¢=0.759in
Z00 =55.45 Zoe =55.84
s/h[45]=1.4481 c¢-c¢=0.7311n
Z0o0=151.92 Zoe =59.01

s/h[56]=0.5953 c¢-c=0411in

Parameters for filter cavity length = wavelength/4

Ct=0.2016 pF; Cf=0.1251 pF; Cp = 0.0765 pF
1=0.386 in; gap = 0.081 in; lamda/4 = 0.512 in

Cavity spacing width can be adjusted +10% of
wavelength/4
Spacing = (in) 0.5

Parameters for Filter cavity

Ct =0.1845 pF; Cf =0.1251 pF; Cp = 0.0593 pF
New Ct Rod Length = 0.395 in

New gap = 0.105 in

Rod + gap =0.500 in

Estimated resonator Q = 1040.2; Filter Q = 192.0
Loss =5.27 dB

Data for simulation model using coupled lines
Zs=111.52

Zooprime = 80.66 Zoeprime = 101.71
Zooprime = 89.40 Zoeprime = 90.54
Zooprime = §9.55 Zoeprime = 90.39
Zooprime = 89.55 Zoeprime = 90.39
Zooprime = 89.40 Zoeprime = 90.54
Zooprime = 80.66 Zoeprime = 101.71

Ct =0.1845 pF; Bar length = 10.044 mm

Figure 2
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Figure 3 — Even and Odd Modes. With the even mode, each line is charged to the same
potential and they have a characteristic impedance Zoe and for the odd mode they are
charged to opposite potentials and the impedance is Zoo.

appear as some proprietary software. My
intent is for anyone to be able to use it, and
it is not intended as a commercial product.

Running INTRFIL

Figure 2 is the INTRFIL screen dialog
for the 5760 MHz test filter. The required
Input parameters are shown in bold (bold is
absent in the actual computer I/O). This
example is for a 5-element 30 MHz wide
(35 MHz is the bandwidth at the 3-dB
points) 0.05-dB ripple Chebychev filter for
5760 MHz. It is intended for a 5760 MHz
transverter with a 28 MHz IF. While
designed for 5760 MHz, it was actually
tuned for 5770 MHz as will be explained
later. A 2304 MHz filter will be presented
as well.

In order to run INTRFIL, you need to
provide the parameters for the desired
filter. You specify the number of resonators
(elements) and the center frequency of the
filter. The end bars are not resonators but
provide the input/output coupling so a 5
resonator filter will have 7 bars. You then
specify a Butterworth or Chebychev
response. For a Chebychev filter, you will
be asked for the bandwidth between equal
ripple points and the band-pass ripple. The
bandwidth for Chebycheyv filters is defined
between equal ripple points and it is less
than the 3-dB bandwidth. INTRFIL then
calculates and reports the 3-dB bandwidth
and the minimum in band return loss. If
you specify a Butterworth filter, the band-
width is the 3-dB bandwidth and no addi-
tional information is needed.

INTRFIL proceeds by requesting the
load impedance. This is generally 50 Q.
INTRFIL then asks for the ground plane
spacing and the rod diameter dimensions.

INTRFIL calculates and reports the
diameter to ground plane spacing ratio,
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d/h, the impedance of the specified slab
line and the impedance of an equivalent
coax line. These data will be used later for
the approximations that determine the rod
capacitive loading and the resonator Q.

INTRFIL calculates rod coupling in
terms of even and odd mode impedances
depicted in Figure 3. The even/odd mode
impedances for each set of coupled lines
and the resulting coupling coefficient are
calculated and printed. You could build a
filter directly from these values, but each
set of lines will have a different rod diam-
eter.

INTRFIL then calculates a new set of
even and odd mode impedances where the
rod diameter is fixed, i.e., d/h is fixed. The
algorithm uses the fixed d/h and the cou-
pling coefficients calculated in the previous
step to calculate the rod spacing, s/h. This
is a compromise but it appears to work
well for narrow-band filters where the
coupling between adjacent sets of rods is
fairly weak. From s/h and the rod diameter,
INTRFIL calculates the center-to-center
(c-¢) distance for each set of rods.

Using the ¥4 wavelength at the center
frequency as the cavity wall spacing,
INTRFIL estimates the rod length. The
actual rod length is somewhat less than a
L4 wavelength. The rod is foreshorten by
the fringing capacitance, Cf, formed by
the open circuit at the end of the rod and
by the parallel plate capacitance, Cp,
formed by the gap between the end of the
rod and the cavity wall. The total capaci-
tive loading is the sum of these two capaci-
tors. See Figure 4.

The % wave dimension for the cavity
may not be very convenient so you have
the option of specifying a new cavity wall
spacing. However, you are limited to a
change of £10% from the Y4 wave dimen-

sion. In the example above, the actual

Y4 wavelength is 0.512 inches. A more
convenient dimension would be 0.500
inches. That paired with %4 inch thick side
bars will result in 1.0 inch wide top and
bottom covers. Covers for the test filter
were made with a 0.032” by 1.0” brass
strip obtained from K&S Precision Metals.
K&S material is available in many hobby
shops. With this new value of cavity spac-
ing, INTRFIL goes back and recalculates
the gap, a new capacitive loading (Cp), and
the resulting rod length. This is shown in
Figure 4.

An estimate of the resonator Q and
filter loss is next reported. Measurement
suggests that this estimate is optimistic but
not unrealistic. Later in the paper is a
discussion of the limitations of the loss
estimate. INTRFIL also calculates a “filter
Q.” This is the ratio of center frequency to
specified bandwidth. A rule of thumb is
that resonator Q should be 10 times the
filter Q for reasonable loss performance.
This is not a requirement but it provides
insight into loss performance.

Finally INTRFIL creates data for a
simulation model using coupled lines.
These data can be used in simulators like
QUCS to create a simulation. Any simula-
tor that has a single coupled line model
should be able to employ these data to
create an array of coupled lines that mim-
ics the interdigitated structure. Information
for creating this simulation is provided
later in the paper.

F— Resonator Length

Cavity Wall Spacing

Figure 4 — Fringing capacitance, Cf, and
parallel plate capacitance, Cp, are formed
by the end of the resonator rod. INRFIL
adjusts the gap and resonator length for
small changes in the cavity wall spacing so
as to maintain the chosen center frequency.
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frequency than requested. In the final test filter, the rods were
lengthened 2.5% to 0.406” to make for easier tuning.

6.03425

S21 (dB)

5.9 6.0 6.1 6.2
Frequency (GHz)
QX2305-Sweeney05B (B)

Center Frequency Approximation

The rods in interdigital filters are nominally a ¥4 wavelength
long at the filter center frequency. However in practice, the rods
must be slightly shortened because they are loaded by the fringing
capacitance at the open end of the rod and the parallel plate capaci-
tor formed by the end of the rod and the side wall of the filter. The
INTRFIL algorithm used to correct the rod length is an approxima-
tion. There does not appear to be a model for the fringing capaci-
tance for slab line. However the work of Nicholson [6] uses a
mathematical concept called conformal mapping [7] to convert the
slab line into an equivalent coax line and then estimates the fring-
ing capacity of that coax line. A 5th order polynomial curve fit is
used to approximate Nicholson’s fringing capacitance. The data
were obtained by measuring the capacitance plot in Nicholson’s
paper with digital calipers and then doing a polynomial curve fit.
The curve fit coefficients were obtained with Octave's polyfit. This
works surprisingly well as it almost exactly reproduces Nichol-
son’s example.

There is good agreement between the center frequency reported
by the simulator and the measured center frequency of a built filter
but these results suggest that Nicholson’s algorithm makes a filter
that comes out high in frequency. This is fortuitous as the filter
can be tuned down with screws at the open end of the rods. The
2304 MHz filter, described later, came out high in frequency as
well.

As already noted, INTRFIL gives you the option to slightly
adjust the cavity width. You are limited to a change of +10% from
the ¥ wave dimension. With this new value of cavity spacing,
INTRFIL goes back and recalculates the capacitive loading, a new
rod length and the resulting gap between the rod end and the filter
wall. To accomplish this, INTRFIL uses an iterative algorithm [8].
It will return a “failed to converge after 40 iterations” error mes-
sage if it is not successful. You should not see this error as this
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Figure 6 — Measured results for the completed filter. The measured
3-dB bandwidth is 36.96 MHz and the mid-band insertion loss is
7.5 dB. This filter was tuned to 5770 MHz so 5760 MHz is at the
bottom of the passband. This filter is 33.4 dB down at 28 MHz
removed from 5760 MHz and 56.5 dB down at 56 MHz removed.

algorithm, while slower than the algorithm described later for
s/h, is mathematically guaranteed to converge to an answer.
If this error appears, it likely that the estimate falls outside
the range that the algorithm can test. This suggests that you
attempted too large a change in cavity width. The reason for the
+10% limit is to limit the range over which the algorithm will
work. There is some error checking to enforce this £10% limit
so you should never see this error.

The test filter center frequency was tuned to 5770 MHz with
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Figure 7 — Simulated results for the completed filter. Solid trace is

gain, dashed trace is return loss.

the tuning screws. This is slightly high so
5760 MHz is at the lower end of the pass-
band. This maximizes the LO and image
rejection when using a 28 MHz IF.

The measured center frequency for the
filter with the predicted 0.395” rods was
6034 MHz and the simulation reports
6017 MHz as the center frequency. See
Figure 5 for a QUCS simulation and the
measured results of the filter built to the
computer specification. The rods for this
test filter were then lengthened 2.5% from
the predicted 0.395” to 0.406” to make
tuning easier. Cf does not change although
with the longer rods Cp will be slightly
larger. The simulator was used to check the
center frequency. With the longer 0.406”
rods, the measured untuned center fre-
quency is approximately 5869 MHz and
the simulator reported the center frequency
as 5895 MHz.

Figure 5A simulator plot is for 0.395”
rods with 0.1845 pF capacitive loading.
The simulator plot does not account for
loss. Figure 5B is the measured filter, with
no tuning, built to the same parameters.
The simulated and measured center fre-
quency are approximately 4.5% higher in
frequency than requested. It was possible
to tune this filter down to 5770 MHz but,
in the final test filter, the rods were length-
ened 2.5% to 0.406” to make for easier
tuning.

Needless to say at 5.7 GHz a few thou-
sandths of an inch makes a difference but
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the simulator is useful in predicting the
center frequency. The filter still needs to be
tuned to get a flat passband. Filters this
narrow will never be “no tune” although
the filter with the 0.395” long rods has a
surprisingly well formed passband with no
tuning. Inevitably filters such as this must
be tuned but their predicted center fre-
quency should be close enough to allow
for predictable tuning. It is even better if
they have a reasonably formed passband
without tuning. That way they can be tuned
with a simple signal source. Figures 6 and
7 are the measured and simulated results
respectively for the completed filter tuned
to 5770 MHz. Figure 10 is a complete
mechanical drawing for the 5760 MHz
filter.

Figure 6 shows the measured results
for the completed filter. The lower trace is
the filter insertion loss (10 dB/division)
and the upper trace is the return loss (5 dB/
division). The measured 3-dB bandwidth is
36.96 MHz and the mid-band insertion
loss is 7.5 dB. This filter was tuned to 5770
MHz so 5760 MHz is at the bottom of the
passband. This filter is 33.4 dB down at
28 MHz removed from 5760 MHz and
56.5 dB down at 56 MHz removed. A
return loss of 10 dB corresponds to a SWR
of approximately 1.9:1.

Figure 7 shows the simulated results
for the completed filter. The loading capac-
itors were trimmed on the simulator to
move the frequency down to agree with the
measured filter. The 3-dB bandwidth is

Figure 8 — 5.7 GHz filter fed with 0.085” semi-rigid cable
soldered into the filter wall. This early filter was one with 0.125”
rods secured with 2-56 screws.

27 MHz. Filter loss was adjusted to reflect
the loss predicted by the computer synthe-
sis. Loss narrows the bandwidth as it tends
to affect the edge of the passband more
than the center. Without the loss, the simu-
lated 3-dB bandwidth is 31 MHz. The
QUCS simulation model used to create this
plot is shown later in Figure 14. The filter
rods were lengthened to 0.406” from the
0.395”reported for the simulation data in
Figure 2.

Chebychev Bandwidth
Specification

The band pass for Chebychev filters is
defined between equal ripple points and
that is less than the 3-dB bandwidth. When
a Chebychev filter is specified, INTRFIL
calculates the 3-dB bandwidth and the
minimum in band return loss for the speci-
fied ripple. For passive lossless networks,
power is either transmitted through the
network or reflected from it. Formally this
is:

1—|S2]|2 =|S“|2

which is the ratio of the reflected power to
the incident power. It is often referred to as
return loss and given in dB. Since the
ripple you specify for a Chebyshev filter is
actually an insertion loss and given the
lossless assumption, there will be a corre-
sponding reflection. If you are lucky
enough to have access to a network ana-
lyzer, return loss is a very sensitive way to
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Figure 9 — 2.3 GHz filter fed with a SMA
connector. The rods are 0.25” in diameter.

tune filters. Return loss is often specified as
positive number of dB and, the larger the
number, the better match. It is important to
remember that it is actually a numerical
ratio less than one and you need to know
when to include the negative sign in dB
calculations.

Resonator Q and
Loss Approximation

INTRFIL estimates the resonator Q and
calculates an approximate loss for the
center of the passband. The Q approxima-
tion was developed by Nicholson [9] and it
uses the equivalent coax line created by
conformal mapping. Resonator Q is esti-
mated on the basis of brass as the filter
material but it is possible to edit INTRFIL
to accommodate other materials. Brass is
more lossy than silver but brass, copper
and aluminum will probably be the most
common construction materials. There is a
note in the INTRFIL source code that tells
you how to edit the code to accommodate
a different construction material.

Resonator Q is used to estimate filter
loss. 5.27 dB is the predicted loss for the
5.7 GHz test filter. The actual measured
mid-band loss is approximately 7.5 dB. It
is not surprising that the accuracy of this
prediction degrades as the frequency
increases. The loss estimate is more accu-
rate for the 2.3 GHz filter described later.

Construction Thoughts

The easiest and most accurate way to
create a filter is to use a lathe and a milling
machine. The CNC machines, available in
some Makerspaces, would be ideal but not
all amateurs have access to such equip-
ment. [ have a manual table-top milling
machine and a 60+ year old Atlas lathe
(sold under the Sears, Roebuck name!).
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Figure 10 — Mechanical drawing for 5760 MHz test filter. While not specified in the drawing,
the edge and side bar holes are located along the bar and side center line.

The lathe has a set of 3AT collets, which
allow for precisely drilling and tapping the
end of the small diameter rods used for the
resonator rods.

It may be possible to get around the
lack of machine shop facilities. I published
a paper on making waveguide band-pass
filters in Microwave Update 1989 [10]. A
technique was outlined in that paper for
precisely placing the posts in the wave-
guide using only a drill press and a set of
calipers. I haven’t tried it, but that tech-
nique might be adapted for making
INTRFIL filters. A good set of calipers is a
must. The rod length can be increased by
the wall thickness and the filter wall drilled
for the rod diameter. The rods can then be
soldered in the side wall negating the need
to drill and tap the end of the rod. How-
ever, getting the rod length accurate this
way is more difficult. Find a friend with a
lathe!

Most of the test filters were made with
brass rods and copper/brass side walls.

Standard sized material was used where
possible. d/h = 0.5 is a convenient dimen-
sion and it creates slab lines close to 50 Q.
Material can be obtained on line. Most of
my material came from Online Metals [11]
but there are other vendors. The top and
bottom plates in most of the test filters
were made with brass K&S metal strips,
printed circuit board (PCB) material or
0.05” aluminum sheet. PCB material
results in a copper wall. The PCB top and
bottom plates were trimmed to size with
the milling machine. A word of caution
when working with PCB material: the
glass epoxy is very abrasive and it will
quickly dull a file or a high speed steel mill
cutter. I use a solid carbide mill cutter. It’s
more expensive but up to task.

Depending on rod size, the end of the
rods are drilled and tapped for 2-56, 4-40
or 6-32 screws. 4-40, 6-32 and 8-32 screws
were used for tuning screws. The top and
bottom plates are held on with 4-40
screws. A lid screw is placed half way
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Z00, Ze0
Zo1,Zel

Z02,Ze2

Zon+l, Zen+l l

Figure 11 — Half-wave edge coupled filter with grounded ends.

Zo0, Ze0

e -
Ze2
[
Zon,Zen

Zon+l,Zen+l V
Figure 12 — Folder filter. Elements 0 and
n+1 are the input/output coupling bars.

between each rod. Some early 5.7 GHz test
filters used smaller 2-56 screws. Avoid
these if possible as 2-56 taps are more
expensive and break easily! There are a lot
of holes and, if you break that small tap, it
usually means you have to start over.

The ends of the filter are left open. If
the side walls and top/bottom plate extend
for a couple of rod diameters beyond the
last rod, closing the end should have little
effect. This doesn’t seem to be critical.

Input/output can be done through either
0.085” or 0.141” semi-rigid coax soldered
into the side wall, see Figure 8, or SMA
connectors. If the side wall is more than
0.375 wide, you can drill and tap for an
SMA connector. The connector should be
threaded continuously over its entire length
so it can be screwed into the side wall, see
Figure 9. SMA connectors have a 14-36
thread. While this thread is somewhat
uncommon, taps are available. They can be
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found on eBay or at machinist supply
houses like Victor Machinery Exchange
[12].

Be sure the connector is long enough to
go through the side wall plus accommo-
date a lock nut and the SMA plug. It
appears that SMA connectors threaded
over their entire length are getting harder
to find. A header rear mount connector
from Jameco [13] part number 153286 was
used for the 5760 MHz test filter. The side
bar is 0.25” thick so the %4-36 mounting
hole had to be counter sunk about 0.06” to
allow the end of the connector to came
through. A close examination of Figure 1
shows the counter sink.

Connectors similar to the Jameco part
can be found on eBay. However, be careful
of eBay connectors. Their insulation might
not be PTFE. As a result they may be very
lossy at microwave frequencies or they
may have unexpected discontinuities.

One end of an end coupling rod will be
drilled and tapped for a screw to hold it to
the side wall. The other end is drilled with
a small center drill (#0) so the center pin of
the SMA connector or the center conductor
of the coax can be soldered into the hole.
That way the connector or the coax can be
connected to the coupling rod with a mini-
mum of discontinuity. Since the coupling
rod is a not a resonator, its length is less
critical. Adjusting its length is one way to
optimize the connector projection. A close
examination of the mechanical drawing in
Figure 10 shows that coupling rods were
lengthened from 0.406” to 0.420”.

Internal to INTRFIL, all dimensions are
calculated in cm but the dimensions are
reported in inches. (My apologies to my
metric colleagues.) You can obtain metric
dimensions by editing everywhere
INTRFIL has 2.54 and replacing it with 1.0
and replacing all the “in” labels with “cm”.
INTRFIL reports the rod length in mm in
the simulation data because the QUCS

coupled line model specifies the line length
in mm.

Figure 10 is the mechanical drawing
for the 5760 MHz test filter. It is dimen-
sioned in such a way that it uses the bar
end as the reference and the dimensions
are accommodated by advancing the mill
table. The mill has a digital readout that
makes this accurate and relatively easy.

Inside INTRFIL

INTRFIL is built around the algorithm
published by Matthaei [14] for an edge
coupled filter as shown in Figure 11. The
resonators are ¥2 wavelength long and their
ends are grounded. The Matthaei paper
also has an algorithm for the dual of this
filter where the ends of the resonators are
open circuited. That topology is probably
more common in amateur use.

An examination of this structure sug-
gested that it might be modified to make an
interdigitated filter by folding it in half as
shown in Figure 12.

While not immediately obvious, this
doubles the bandwidth because the filter
impedance is cut in half. The % wave
sections that were once in series are now in
parallel. This was discovered almost by
accident while simulating the interdigitated
implementation of this filter. To correct for
this, INTRFIL simply divides the band-
width you specify by two.

The dimensions for an interdigitated
filter are usually determined by the capac-
ity to ground and the rod to rod capacity of
each set of rods. The classic way to do this
is from the graphs of E. G. Cristal [15].
Unfortunately this creates different sized
rods for each set of resonators and the
graphs do not lend themselves to computer
aided design. Vadopalas and Cristal [16]
suggest that approximations for even and
odd mode impedances could be used to
analytically synthesize the rod to ground
and rod to rod capacitance. This could be
the basis for a computer algorithm.
INTRFIL does not require this step. The
folded version of INTRFIL is already
defined by its even and odd mode imped-
ances.

Using the even and odd mode imped-
ances, INTRFIL calculates the coupling
coefficient, K, between pairs of rods:

_ Zoo — Zoe
Zoo + Zoe

It is possible to enforce equal diameter



rods and adjust rod spacing, s/h, to obtain

%gg i gx 2:1 new even and odd mode impedances that
e e produce the same value of K. However,
this compromises the internal impedance
of the filter. Simulation suggests that this
has little effect for narrowband filters
where the coupling between rods is rela-
tively weak and where the difference
between the two different sets of imped-
ances is not that great. Exactly where this
approximation breaks down is not known.
Filters for amateur use tend to be fairly
l narrowband. Some 5-element 5% BW

Z000 Zoon
Zoe O Zoen

filters made for 1900 MHz exhibited an
unexpected decrease in return loss (poorer
match) in the center of the passband. The

%Zgg i %-gg 2:1 narrowband test filters in this paper did not
—— — show this decrease in return loss. This
— pam— suggests that the internal coupling in the
I E—H— 1 47 L wider band filters may not be correct. The

bandwidth and response of these wider
band filters were very close to the predic-
tion and they were still quite usable filters.
Similar wide-band 3-element filters did not
exhibit this effect. It is not clear if this is
related to the filter synthesis, to the tuning,

1T “EHEE = 1 T o= T
/ ‘I___' — \1_—]_ = = I_T‘\ or to construction anomalies. This might

—— —— be an exercise for the simulator.
Z's 7'00 0 Z'oon Z's A computer algorithm that calculates
Z'oe 0 Single Coupled Z'oen the even and odd mode impedance of a

Line pair of coupled lines from d/h and s/h is
implemented in INTRFIL [17]. This algo-

Figure 13 — Synthesis of coupled line model for simulating an interdigitated filter.

SP1 |Equation |Equation
Type=lin Eqnl Eqn2
an qn.
S parameter 2:“?':25?2 G=dB(S[2,1]) RL=dB(S[1,1])
op=>5. z
simulation Polnts=1001
Linel Line4 "
Line5 Ze=90.54 Ohm & Line7
7=111.52 Ohm Z0=8941 Oh = ce=a0.29/0nm = Ze=101.7 Ohm
P2 L=10.3 mm i p £0=89.55 Ohm Z0=80.67 Ohm
Num=1 =i mm c5 L=10.3mm c4 L=10.3mm
Z=50 Ohm Tc=o.zo7o pF Tc=o.207o pF
i = o i - 1
<R3 R4
R=60k < R=60k R=60k JF
Rl - I - - I - -
R=60k = = = R=60k= = Line6
c c2 c3 Z=111.52 Ohm
A C=0.2066 pF C=0.2070pF C=0.2066 pF L=10.3 mm
Line8 Line2 Line3
Ze=101.7 Ohm Ze=90.39 Ohm Ze=90.54 Ohm
Z0=80.67 Ohm Z0=89.55 Ohm Z0=89.41 Ohm
L=10.3 mm L=10.3 mm L=10.3mm

Figure 14 — QUCS simulation for the 5-element 5760 MHz filter example using an array of parallel coupled lines.
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rithm calculates Zoo/Zoe from rod dimen- K = f(Zoo,Zoe) = f(d/h,s/h)

sions.

Here is where INTRFIL has to do some
heavy computing. You have K and d/h but
not the rod spacing, s/h. K is a function of
Zoo/Zoe, which are a complex function of
d/h and s/h:

Given the complexity of the Zoo/Zoe
algorithm there is no direct way to solve
for s/h. INTRFIL uses an iterative numeri-
cal technique [18] that creates values for
s/h until the difference between the com-

puted value of the coupling coefficient K
and the original value of K is less than a
specified error. For some values of d/h, s/h
or K, this algorithm may not converge
propetly to an answer. The resulting s/h
and Zoo/Zoe may still be usable but with
reduced precision. The simulator can

INTRFIL: Interdigitated Filter Program Version 1.0
Copyright (c) 2021 Dennis G. Sweeney WA4LPR

Number of elements? 5

Center frequency (MHz) 2310
Butterworth (1) Chebychev (2) ? 2
Ripple Bandwidth (MHz) 30
Bandpass ripple (DB) 0.05

3 dB Bandwidth (MHz) = 35.26
Ripple Return Loss = 19.4 dB

Load impedance 50

ground plane spacing in = 0.5

rod dia in = 0.25

d/h =0.500 Slab Zo = 55.76
Coax Zo = 56.08

Calculated odd/even impedances and coupling coefficients

Zoo[0] =44.97  Zoe[0] =55.03

K =0.10056
Zoo[1]1=49.07  Zoe[1] =49.93
K =0.00871
Zoo[2] =49.18  Zoe[2] =49.81
K =0.00643
Z00[3] =49.18 Zoe[3] =49.81
K =0.00643
Zoo[4] =49.07 Zoe[4] =49.93
K =0.00871
Zoo[5] =44.97 Zoe[5] =55.03
K =0.10056

Odd/even impedances for fixed d/h = 0.500 with s/h rod spac-
ings

Screen dialog for INTRFIL Required input information is printed in bold.

s/h[56] =0.4607 c¢-c=0.480in
Parameters for filter cavity length = wavelength/4

Ct=0.2674 pF; Cf = 0.1668 pF; Cp = 0.1005 pF
1=1.103 in; gap = 0.110 in; lamda/4 = 1.277 in

Cavity spacing width can be adjusted £10% of wavelength/4
Spacing = (in) 1.25

Parameters for Filter cavity

Ct=0.2485 pF; Cf = 0.1668 pF; Cp = 0.0817 pF
New Ct Rod Length = 1.115 in;

New gap =0.135 in

Rod + gap=1.250in

Estimated resonator Q = 1058.1; Filter Q = 77.0
Loss =2.08 dB

Data for simulation model using coupled lines
Zs=111.52

Zooprime = 75.36 Zoeprime = 108.63
Zooprime = 87.61 Zoeprime = 90.40
Zooprime = 87.97 Zoeprime = 90.03
Zooprime = 87.97 Zoeprime = 90.03
Zooprime = 87.61 Zoeprime = 90.40
Zooprime = 75.36 Zoeprime = 108.63

Ct = 0.2485 pF; Bar length = 28.322 mm

Z00 =49.67 Zoe = 60.78
s/h[01]1=0.4607 c¢-c¢=0.480in
Zoo=155.14 Zoe=56.11
s/h[12] =1.2009 c¢-c¢=0.8501in
Zoo =55.28 Zoe =55.99
s/h[23]=1.2854 ¢-¢c=0.8931in
Z00 =155.28 Zoe =55.99
s/h[34]=1.2854 ¢-¢c=0.893in
Zoo=155.14 Zoe =56.11
s/h[45]=1.2009 c¢-¢=0.8501n
Zoo =49.67 Zoe =60.78
Figure 15
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validate the results. INTRFIL returns a
“failed to converge™ error if the algorithm
does not converge correctly. This error
shouldn’t occur very often but slight
changes in bandwidth and/or ripple
usually correct the problem.

Simulation

The ability to simulate a filter was an
important part of the development of
INTRFIL and it is useful for verifying the
results generated by INTRFIL. It allows
trimming the resonator length and/or the
loading capacitors and checking filter
bandwidth. Design followed by simulation
followed by construction and measurement
was the work flow. Good agreement
between simulation and measurement
gives one confidence in the design. Once
there is confidence in the design, filters can
be built without sophisticated test equip-
ment.

Simulators such as QUCS have a model

Table 1: 5760 MHz Test Filter.

Design Simulation Measured
3-dB bandwidth | 35.26 MHz | 31.0 MHz w/o loss 36.96 MHz
Loss 5.27dB - 7.5 dB
Center 5760 MHz | 6017 MHz (6034 MHz Tuned to 5770
frequency measured) MHz
Rod Length 0.395” 0.395” 0.406”

Table 2: 2310 MHz Test Filter.

Design Simulation Measured
3-dB bandwidth |35.26 MHz | 31.3 MHz w/o loss 35.92 MHz
Loss 2.08dB - 217 dB
Center 2310 MHz | 2371 MHz (2359 MHz Tuned to 2310 MHz
frequency measured)

Rod Length 115" 115" 1124”
odd mode impedances are adjusted to 1

accommodate this parallel connection.
INTRFIL calculates these new impedances

2'00=————
IR
Zoo 2Zs

for the parallel connection as Z’oo and

; s ol : ; Z oe:
izrcgsilnglfop?igezﬁlug:f l;r;ecs(.)lllt 11?3 d The model requires an extra transmis-
lines tl?g model the filter %‘his canl;)e done 7Zs = slabZo sion line at the input/output to balance the
: ey array. Its impedance is given by:
with the technique outlined in [19]. Frage 1 ’ Y P & y
Single coupled lines are connected in 1 1 Z's =2slabZo
parallel to create the array. The even and Zoe 27s where slabZo is the impedance of the slab
2.304
40 I T |
2304 GHz _ 2.3289 GHz 20 ‘
—0.2265 dB -3.315dB }
20 L ;
~ S11 }
5 Return Loss “ + 0 =S XW’—
———— \ 4 T 1
g =T/ A T A\
2 0 | 22976GHz / e Al \ 20 f“" Y ]
o -3.1156 dB AN / v \
2 VARYATE BN R
[an]
40 VAR LR AN 2 / \
. t AN 5 —40
Gain | § / \
it / ha 2.320 GHz S21
B / 16.30 dB / \
2.276 GHz 60
g -47.63 dB / \
_80 ‘\ ./
2.25 2.30 2.35 80 | \\
Frequency (GHz)
QX2305-Sweeney16
-100

Figure 16 — Simulated response of the 2310 MHz test filter.

The simulated 3-dB BW is 31.3 MHz. The rods were lengthened
approximately 0.009” to 1.124” (approximately 1%) and the loading
capacitors trimmed. No loss was added to this simulation.

23 24

Frequency (GHz)

2.2

QX2305-SWEENEY17

Figure 17 — Measured response of the 2310 MHz test filter. The
measured 3-dB bandwidth is 35.92 MHz and the mid-band loss is
217 dB. The LO at 2276 MHz for a 28 MHz IF is attenuated 36.5 dB.
The image frequency at 56 MHz below 2304 MHz is attenuated
63.5 dB.
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Figure 18 — Mechanical drawing for 2310 MHz test filter.

line reported by INTRFIL for the specified
d/h.

The array is shown in Figure 13. As
part of the synthesis process INTRFIL
calculates all required values for the simu-
lation. An implantation of a QUCS simula-
tion is shown in Figure 14. The simulation
is based on all the pairs of lines being the
same impedance as the specified slab line.
This can be checked by:

slabZo = \[(Zoo)(Zoe)

The largest error occurs for the end pair
of rods since they are the tightest coupled.
However, the error is only a few tenths of
an ohm.

Figure 14 shows the QUCS simulation
for the 5 element 5760 MHz filter example
using an array of parallel coupled lines.

The line impedances for this simulation
were obtained from the “Data for simula-
tion model using coupled lines” in Figure
2. C1 — C5 are the rod end capacitances
and they were manually adjusted to tune
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the filter. You can use the value Ct reported
by the computer as starting point. R1 —R5
simulate loss although there is a line loss
parameter in the QUCS coupled line model
that could be used instead. The resistor
values were adjusted empirically to simu-
late the loss calculated by INTRFIL.

2304 MHz Filter

A second test filter was constructed
using INTRFIL. The screen dialog is seen
in Figure 15 for convenience, and is the
INTRFIL input/output for this filter. It is a
five element 30 MHz wide (at equal ripple
points) 0.05-dB ripple Chebycheyv filter for
2310 MHz. It is intended for a 2304 MHz
transverter with a 28 MHz IF. It is tuned to
2310 MHz so 2304 MHz is at the low end
of the passband. This maximizes the atten-
uation of the LO and image frequencies.
The simulated and measured response of
this filter are Figures 16 and 17 respec-
tively.

The cavity width was adjusted to 1.25”

from the Y4 wave dimension of 1.277”.

Figure 16 shows the simulated
response of the 2310 MHz test filter. The
simulated 3-dB BW is 31.3 MHz. The rods
were lengthened approximately 0.009” to
1.124” and the loading capacitors trimmed.
This increase in rod length is approxi-
mately 1%. No loss was added to this
simulation. With the 1.115” rods originally
predicted by the computer (and no tuning),
the simulated center frequency was
approximately 2371.0 MHz and the actual
measured center frequency of the test filter
without tuning was 2359 MHz. This is
~2.0% high. Even with 1.115” rods this
filter tuned down to 2310 MHz easily.

Figure 17 is the measured response of
the 2310 MHz test filter. The upper (at the
center) trace is the filter response and the
lower (at the center) trace is the return loss.
The measured 3-dB bandwidth is 35.92
MHz and the mid-band loss is 2.17 dB.

The LO at 2276 MHz for a 28 MHz IF is
attenuated 36.5 dB. The image frequency at
56 MHz below 2304 MHz is attenuated
63.5 dB.

Figure 18 is a mechanical drawing for
2310 MHz test filter. While not specified in
the drawing, the edge and side bar holes
are located along the bar and side center
line.

Conclusion

INTRFIL creates interdigitated band-
pass filters using Y4 wavelength long round
rods between parallel ground planes. Table
1 and Table 2 summarize the designed,
simulated results, and measured results for
the two test filters, one for 5760 MHz and
the other for 2310 MHz.

The 5760 MHz filter had significantly
higher loss than predicted but the agree-
ment between design, simulation and
measurement is encouraging. The 5760
MHz filter has a passband at 6034 MHz
with the shorter rods and no tuning. The
2310 MHz filter with the short 1.115” rods
had an almost perfectly formed passband
centered on 2359 MHz with no tuning. All
the rods in the 2310 MHz filter were
+0.001 of the 1.115”. Precision is impor-
tant but the results were encouraging
enough that you could build a filter from
the computer design and have confidence
in its performance without sophisticated
test equipment.

This article shows how to use INTRFIL
and obtain useful results. It provides some



insight into how INTRFIL operates.
Finally, a simulation technique is pre-
sented. Network simulators like QUCS
offer a way to build your filter in the com-
puter and verify its performance.

INTRFIL should be useful in designing
filters in the 500 to 6000 MHz range that
will satisfy almost any amateur need.

Dennis Sweeney, WA4LPR, was first
licensed as novice, WN4LPR, in the sum-
mer of 1963. He subsequently upgraded
to Technician, Advanced, and now Ama-
teur Extra class. He is currently retired
faculty from VA Tech in Blacksburg, VA.
His last job was managing the undergrad-
uate lab program for VA Tech’s Electrical
and Computer Engineering Department.
He taught electronics, satellite communi-
cations and radio engineering. He also
worked with satellite systems for the
Aerospace Corporation. Dennis holds a
PhD in electrical engineering and is a
Senior Member of the IEEE. He is active
on 6 m, 70 cm, 23 cm, and 3 cm using
home brew equipment. He enjoys building
things. Dennis is one of the founding
members of the Blue Ridge Microwave
Society.
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Digital Filter Design

Using Oclave

An example illustrates the filter design process.

Digital filter design has two parts. The
first part, addressed here, is deriving a set
of decimal fractions. The second part is
using those decimal fractions in a proces-
sor circuit.

A digital filter comprises three parts.
The first part is an analog to digital con-
verter (ADC) with which one periodically
measures the input signal and passes that
value to the processor. The second part is
calculation by the processor with a set of
recent input samples. The third part is a
digital to analog conversion (DAC) of the
processor calculation result as filter output.
Filtering action is accomplished by multi-
plying the set of signal samples by the set
of decimal fractions and summing the
results for output. Determination of this
set of decimal fractions is the subject of
this note.

Gathering the set of input signal sam-
ples is controlled by the ADC sampling
rate, a crucial frequency in filter design.
Harry Nyquist proved that the sampling
rate must be greater than twice the highest
filtered frequency. For example, if the
highest filtered frequency is 3 kHz, then
the ADC sample rate must be at least
6 kHz. The processor must perform the
filter calculations at this same sampling
rate.

A second important filter design param-
eter is the number of input samples to be
used concurrently. This is not a critical
number, but consider that more samples
means more stop-band depth. Since the
Arduino Uno processor has 32 registers in
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the Arithmetic Logic Unit (ALU), and your
author prefers to write programs in assem-
bly language, good results have been
obtained by using 27 registers to hold 27
input samples.

The Octave language is free on the web
and provides useful functions for filter
design. It is easy to download and install,
but make sure to also get the free Signal
Processing library extension.

A digital filter can be crudely viewed as
a signal tube with a series of equally
spaced taps providing signal samples.
Think of the degree of opening of each tap
as a tap weight. These tap weights are the
decimal fractions described above as pro-
viding the actual filtering action. Adding
the product of each tap weight times the
corresponding sample determines the filter
output value.

One may use Octave in either a com-
mand line or program invocation mode
The low-pass filter is a first example.

First, invoke the Signal library:
PKG LOAD SIGNAL

Next enter Sampling Frequency in hertz:
SF=10000Now find tap weights for a
low-pass filter:
LPTW=FIR1(26,0.5)

The FIR in the FIR1 function refers to
Finite Impulse Response, which is one of
the two main types of digital filters. The 26
in the first parameter actually gives 27 tap
weights. Note that the tap weight number
must be an odd number. The 0.5 in the
second parameter is 0.5 or half of the
maximum filter design frequency, which is

itself half of the sampling frequency. This
low-pass filter will have a cutoff frequency
of 0.5 x 0.5 x SF = 2500 Hz.

Octave will calculate the required
low-pass tap weights into variable LPTW.

To find frequency response use:

[LPM,LPF]=FREQZ(LPTW)

where LPM is low-pass magnitude
response and LPF is low-pass fre-
quency response.

Put LPM in a useable decibel format:
LPMDB=20*LOG10(ABS(LPM))
then plot the filter response:
PLOT((SF/2)*(LPF/PI),LPMDB)

Add documentation:
TITLE(“Lowpass
Response”,“FONTSIZE”,25)
XLABEL(*Frequency
Hz”,“FONTSIZE”,18)
YLABEL(*“Magnitude
dB”,“FONTSIZE”,18)

One can use the command:
HELP FIRT1 to find information and syntax
for other filters, such as:

HPTW=FIR1(26,0.5, “HIGH”) for a high-
pass filter. Frequency response is found
similarly as with low-pass filter above.

The FIR2 function allows more design
complexity. One designates frequency
ranges in pairs along with a magnitude at
each band edge. How about a CW band-
pass filter with a 450 Hz to 600 Hz pass
band?
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Figure 1 — Low-pass response.

PKG LOAD SIGNAL
SF=2000
FR=[0,0.45,0.45,0.6,0.6,1]
MAG=[0,0,1,0.9,0,0]
BPTW=FIR2(26,FR, MAG)
[BPM,BPF]=FREQZ(BPTW)
BPMDB=20*LOG10(ABS(BPM))
PLOT((SF/2)*(BPF/P1),BPMDB)
TITLE(“Bandpass Response”,
“FONTSIZE”,25)

Figure 2 — Band-pass response.

XLABEL( Frequency Hz”,
“FONTSIZE”,18)

YLABEL(“Magnitude dB”,
“FONTSIZE”.18)

Figure 1 shows the low-pass response,
and Figure 2 shows the band-pass
response.

Please note the “customized” upper
cutoff response (0.9) in the Magnitude

definition and the plot. Normal value is 1.0.
Deriving the filter tap weights is the first
part of digital filter design. Now one uses
those weights in a program on the proces-
sor of user’s choice. Many types of micro-
controllers include an ADC. One may
safely disregard the smaller half of the nine
decimal digits provided by Octave for the
tap weights. The DAC function can be
provided cheaply and simply by an R — 2R
ladder circuit.

It is standard practice to include a
comment on every line of a computer
program, but education clarity has been
provided by the interspersed text.

Russ Ward, W4NI, was first licensed in
1967 as WA4ZZU, then received the
WA4NI call sign in 1996. He has earned
DXCC, WAC and WAS, and is Life mem-
ber of ARRL. Russ has been volunteer
examiner since 1986 with the Nashville
VE team. He operates HF contests using
phone and CW. His previous QEX article
was 30 years ago.

TAPR

TAPR is a non-profit amateur radio organization that develops new communications technology, provides useful/afford-
able hardware, and promotes the advancement of the amateur art through publications, meetings, and standards. Mem-
bership includes an e-subscription to the TAPR Packet Status Register quarterly newsletter, which provides up-to-date

news and user/technical information. Annual membership costs $30 worldwide. Visit www.tapr.org for more information.

1 Glen Ave., Wolcott, CT 06716-1442
Office: (972) 413-8277 » e-mail: taproffice @tapr.org
~ Internet: www.tapr.org ¢ Non-Profit Research and Development Corporation

TAPR has 20M, 30M and 40M WSPR TX Shields for the Raspberry Pi.
Set up your own HF WSPR beacon transmitter and monitor propagation
from your station on the wsprnet.org web site. The TAPR WSPR shields
turn virtually any Raspberry Pi computer board into a QRP beacon trans-
mitter. Compatible with versions 1, 2, 3 and even the Raspberry Pi Zero!
Choose a band or three and join in the fun!

The TICC is a two channel time-stamping counter that can time
events with 60 picosecond resolution. Think of the best stopwatch
you've ever seen and make it a hundred million times better, and
you can imagine how the TICC might be used. It can output the
timestamps from each channel directly, or it can operate as a time
interval counter started by a signal on one channel and stopped
by a signal on the other. The TICC works with an Arduino Mega
2560 processor board and open source software. It is currently
available from TAPR as an assembled and tested board with
Arduino processor board and software included.
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A Graphical Method to Determine
the Impedance of a Parallel
Resistor and Reactance

A graphical solution to the parallel resistance and reactance problem.

In the September/October 2022 edition
of QEX Eric Nichols” Self-Paced Essay
#13 included an invitation for readers to
explain the graphical solution of the paral-
lel impedance problem shown in his Figure
4. I attempt to do that here for his inductive
reactance example, although the result is
the same for a capacitive one.

It is instructive to derive the mathemati-
cal expression for the parallel impedance,
and from Figure 1(A) we find it to be:

JX R

rr

) _JXR,(1-)X,)
TR +JX,

2 2
RP+XP

or

R X
Z= {—Rzi;z }(XP +jR,)
P r (1)
Note that T format Eqn (1) as a com-

plex number modified by a scaling factor.
Obviously, the phase angle is

R
tan (@)= XP
P

which will be negative for a capacitive
reactance, and

R .X
Zl=| =L | J( X2+ R
I | |:R[2]+X;} ( 4 P)
or
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Figure 1 — (A) the parallel combination of
reactance and resistance to be analyzed.
Although an inductance is shown, the use of
capacitance produces the same result, with
just the phase angle becoming negative. (B)
the equivalent series circuit that can be
designed to have the same impedance and
phase angle as the parallel combination.

2= —=—
RP+XP

The expression (X, +JR,) in Eqn (1) is
reminiscent of a series combination of
resistance and inductance where the resis-
tive part has the numerical value of the
parallel inductance that we have been
analyzing. Similarly, the imaginary (reac-
tive) component has the numerical value of
the parallel resistance. Clearly, we can
construct a series combination of R and L
(Figure 1B) with the same characteristics
as the parallel one provided we assign
values as follows:

X :|: prp2:|R (2A)
s r
R +X?
(2B)

R X
R =7 |%,
R+X,

where the subscripts “p” and *“s” indicate
parallel and series components, respec-
tively.

Taking the ratio of these two equations
yields:

X R
Le=r o
R Xp

from which Eqns (2A) and (2B) can be
manipulated to yield:

R,=R (1+0’) (3A)

X, =X (1+1/0%) (3B)
which are the familiar impedance-match-
ing equations.

We see immediately that the common
term in [brackets] in Eqns (2A) and (2B) is
a scaling factor relating parallel to series
equivalent as can be shown in a diagram of
Figure 2, which demonstrates the validity
of Eric Nichols’ Figure 4.

Since, from Eqns (2A) and (2B), R, is
proportional to X, and X| is proportional to

(Continued on page 24.)
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Precision Blocks for
Machining Waveguides
and Matching Circuits

Repurposed waveguide sections serve as drilling guides.

Accurately and securely holding sec-
tions of waveguide while drilling, cutting
or sanding can be difficult, particularly
when flanges are attached to the wave-
guides. The problem can be overcome by
using what would otherwise end up as
scrap metal. In this case I repurpose wave-
guide circulator blocks. The blocks have
three important features. First, three pri-
mary faces are already drilled and even
sometimes threaded, for standard broad-
band waveguide flange layout patterns and
screw holes. Second, the faces are mutually
perpendicular. Third, the blocks are much
cheaper than buying precision ground
machinist blocks. My intent was to take
advantage of the precision machining
already done by the original manufacturer.

Not all waveguide circulators are
usable. I am always on the lookout for ones
machined to tight mechanical tolerances
and if tuned, for frequencies not used for
amateur radio work. After all, it would be
wasteful to modify circulators having reso-
nant cavities and ferrite structures covering
the 3 cm amateur radio band and/or in my
case popular civil and military aircraft and
marine radar frequencies. I am primarily
interested in three main sizes, WR75,
WRO90, and WR112. Most useful are circu-
lator blocks with standard flange patterns
and holes.

Figure 1 shows five examples of circu-
lators I have used; two WR75, two WR90,
and one WR112. The two WR75 circula-
tors, labeled 1 and 2, are narrowband and
tuned for commercial satellite television
downlinks and commercial digital link
frequencies. The WR90 and WR112 circu-

lators, labeled 3, 4, and 5, were intended
for use on civil and military radar frequen-
cies. Currently, I am on the lookout for a
WR284 circulator.

The circulators are easily checked for
“squareness” using a machinist or carpen-
ter try square. An alternate test is to simply

slide pairs of circulators together on a com-

mon flat surface. The faces should all meet
with no significant gaps. Once accepted,
the circulator can be clamped in a drill
press vice and extraneous material

removed using an appropriate size drill or
mill bit.

Attaching waveguide sections to the
blocks is easy, see Figure 2. With the
waveguide sections mounted, it is easy to
clamp or hold everything in position for
accurate machining. The flanges also serve
as accurate hole layout guides. Figure 3
also shows a section of WR90 waveguide
attached to a circulator having a flat stabi-
lizer plate, which was added to facilitate
bolting on a drill press stage or sliding

Figure 1 — WR7S5 circulators labeled 1 and 2 are for commercial satellite television
downlinks and digital links. The WR90 and WR112 circulators, labeled 3, 4, and 5, were
intended for use on radars.
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Figure 2 — Clamping or holding every-
thing in position for accurate machining
is easy. Flanges can serve as accurate
layout guides.

about on a disc sander work table. With the
multiple, mutually perpendicular faces, it is
easy to position a block to present the most
desired orientation for drilling, marking or
machining.

Figure 3 — A section of WR90 waveguide attached to a circulator having a flat
stabilizer plate facilitates bolting to a drill press stage or sliding about on a work table.
The multiple, mutually perpendicular faces, makes it easy to position a block to
present the most desired orientation for drilling, marking or machining.

John M. Franke, WA4WDL, earned

a Novice license in the mid-sixties.

and currently holds an Amateur Extra
license, WA4WDL. He also holds a
General Radiotelephone Operator
License, with Ship Radar Endorsement.
He used the license to work through
college as a transmitter engineer at two
AM broadcast stations. John’s degrees
include AAS, BSEE and MS, in phys-
ics. He retired from NASA in 2005 after

more than 30 years. He also served

as a radar operator onboard E-2B
Hawkeye aircraft in the Naval Reserves.
John was a member of the Association
of Old Crows for over 25 years. Interests
include electronic warfare, microwaves,
VLF, and precision timing. He is an
inventor or co-inventor on three US pat-
ents. John has authored or co-authored
130 professional and amateur radio
publications.

(Continued from page 22.)
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Figure 2 — Shown is the relationships
between the series and parallel element
magnitudes. The magnitude of the imped-
ance is the same for both parallel and equiv-
alent series forms, and the impedance
vector is perpendicular to the X, — R, line.
The phase angle is shown.
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R, (with the same scaling factor) the
impedance vector is necessarily perpen-
dicular to the X -R, line as shown in Eric’s
Figure 4.

Note in particular that the ratio

R
X—” = jg“' = tan(H)

P s

as before, and will be negative for a capaci-
tive reactance.

As Eric implies, with the advent of
hand calculators the use of the graphical
solution is probably of historical interest
only, but a glance at Figure 2 shows that
one can convert quickly between series and
parallel resistance/reactance — for exam-
ple when impedance matching — and
measure quickly the impedance of the
combination by drawing the perpendicular
from the hypotenuse to the origin. The
figure shows also that the phase angles for

the parallel and equivalent series arrange-
ments must be the same, by similar trian-
gles. One still needs to calculate the reac-
tance from the value of the reactive
element (and vice versa) but many people
will have such conversion routines already
programmed into their smart phone or
computer.

Keith Stammers, GASXG, worked in sev-
eral research environments until retire-
ment in 2007, including in archaeological
dating by thermoluminescence for which
he gained an MSc. He also worked in
various positions at the UK Atomic
Energy Authority. Keith has had a life-
long fascination with wireless communi-
cation, and has dabbled in the theory
and experiment of basic RF electronics.
He is a member of the Institute of Physics
and the Society for Radiological Protec-
tion.
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The Lentz Receiver:
Tayloe Evolved

This design is purpose-built to provide high image rejection.

In an effort to design my own pocket-
sized transceiver, I've been working with
different receiver designs for a couple
years now, and I'm ready to share my latest
design. Unlike current direct-conversion
receivers utilizing “Tayloe Detectors,” this
design is purpose-built for high image
rejection of >70 dB, see Figure 1, with a
low MDS (minimum discernible signal)
sensitivity across all the HF bands, Fig-
ure 2. Technically, my receiver design can
be characterized as a direct-conversion
receiver (i.e., homodyne, first developed in
1932). It uses Hartley [1] image rejection
architecture and builds on the work of
Tayloe [2] and Campbell [3]. There are
three new things here: 1) a method of
sampling I and Q that is slightly different
from Tayloe, 2) a finished amplification
stage, and 3) the incorporation of a DSP
(Digital Signal Processing) integrated
circuit for the phase shifting to perform
image cancelation as suggested by Camp-
bell and Youngblood [4].

Before going into the specifics, let’s
take a step back and review why image
rejection matters. With a direct-conversion
receiver, there is no IF (intermediate fre-
quency) — the oscillator in the receiver
operates at or near the frequency of inter-
est. So for example, if you want to receive
a CW transmission at 14.100 MHz with a
500 Hz tone, you would program (or tune)
your oscillator to 500 Hz below that fre-
quency, i.e. 14.099500 MHz. Unfortu-
nately, with a direct-conversion receiver,
the problem comes from transmissions that
are 500 Hz below your oscillator fre-
quency, at 14.099000 MHz. Commonly
called the opposite sideband, it is techni-

cally also the undesired image in a direct-
conversion receiver, and without image
rejection, you receive this signal just as
strongly as the frequency of interest. For
CW operations, this can result in confusing
the receive frequency and then transmit-
ting back a kilohertz or more away from

whom you’re trying to QSO.

How does image rejection help?
When I say that there is >70 dB of image
rejection with this new receiver design, it
means that the signal of the image must be
>70 dB, or 10 million times, stronger than
the desired frequency to have the same
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Figure 1 — Image rejection of the Lentz and
modified Tayloe receivers using either (a)
DSP with a simple Hilbert Transform of 90°
for image rejection, or (b) DSP precision
phase and gain alignment for image
rejection. Higher values are better.

Figure 2 — The minimum discernible signal
by frequency using the ARRL's 3 dB-over-
noise CW method with a 500 Hz filter.
Lower values are better.
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Figure 3 — The 90° sampling of a Tayloe
detector.

signal strength as the desired signal. This
amount of image rejection is similar to
superheterodyne receivers that are much
more complex; see the specifications for
the popular Yaesu FT-991A.

How does image rejection work? Put
simply, you sample or mix your received
signal with in-phase and quadrature clocks,
typically just called I-Q. The quadrature
clock is delayed 90°, or in other words,
one-fourth the time period of the frequency
of interest. Now that we have sampled [
and Q, we have baseband (audio) in two
channels, which are also 90° shifted. By
post-sample shifting (delaying) the audio
quadrature channel another 90° and adding
the signals back together, the signals either
double (for the desired signal, i.e. the
proper sideband), or the signals cancel (if
the image, i.e. the wrong sideband). One
way that has been common to do the phase
shift is with operational amplifiers using
tuned phase delays — see Campbell [3]
and also the QCX line of transceivers by
QRP Labs. Youngblood [4] proposed some
complex PC based manipulation, but
modern DSP integrated circuits allow us to
simply add a single design block called a
Hilbert Transform, which will do the 90°
rotation for us. As described later, we will
do some fine tuning of the phase and gain,
but we’ll use DSP for that too.

Now that you know the final trick, let’s
walk through the design to see how I opti-
mized for it. I spent two years working
with the Tayloe detector with which most
of you will already be familiar. The Tayloe
detector is an I-Q sampler patented more
than 20 years ago and is included in the
current ARRL Handbook. Tayloe functions
by chopping the incoming signal at the
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receive frequency into four segments with
a multiplexer, see Figure 3. In other
words, it takes 90° samples of the incom-
ing RF wave, and stores the sampled volt-
age in capacitors before forwarding the
differences on to amplifiers, either opera-
tion amplifiers, like OpAmps, or instru-
mentation amplifiers, like InAmps. Using
a generic Tayloe design and a 90° Hilbert
Transform, I get 60 dB of image rejection
at 3.5 MHz, but rejection drops off to
only about 25 dB at 28 MHz. Again, see
Figure 1.

I realized that what I really needed was
to have better phase and gain matching
between I and Q. I can’t emphasize this
enough. Phase matching and gain match-
ing are the keys to success here. If you do
something that influences either of those,
you must control the error it induces, with
higher precision components.

In my attempts to optimize for image
rejection, I have made several modifica-
tions to the Tayloe detector. The results of
these are shown as “Tayloe with Lentz
modifications” in Figures 1 and 2. Note
that the “Generic Tayloe” is for general
reference only — these results are from an
earlier experiment of mine, which does not
contain any of the “Lentz modifications”
nor the INA849 InAmp. Your results may

vary.

1) — I do not bias the receive signal.
Because I felt that adding a source of
common-mode noise into the signal
was counter-productive, I used a
capacitively-coupled RF signal
throughout the design.

2) — In his example circuit, Tayloe uses
four relatively large (0.22 pF) sam-
pling capacitors that are each con-
nected to ground. Unfortunately, I
found that I get a significant dc offset
on my sampling capacitors with this
configuration, especially at higher HF
frequencies (>14 MHz). I'm not sure
if this is due to charge injection pump-
ing from the multiplexer, but it defi-
nitely occurs. Further, [ found that
mismatching of capacitors leads to
larger phase errors, especially at the
higher values recommended by Tay-
loe. The fix here is to cross-connect
one capacitor between the positive
and negative samples instead of using
two to ground for each signal path (I
or Q). Reducing the number of capac-
itors from four to two increases stabil-
ity of the amplifier and reduces this

source of phase and gain errors.

3) — I reduced the value of the capacitors
considerably. I found that I got flattest
performance in MDS across the HF
bands, and best stability of the
InAmps, with a cross-connected
capacitor of only 100 to 1,000 pE. By
using 1% COG rated caps, you don’t
have to worry about heat from your
transmitter throwing the receiver out
of alignment.

This is the point where we are ready to
amplify the signals, and where Tayloe’s
design ends its specifications. To finish the
design:

1) — We need to match the gain between
the two signals, and this is where
InAmps are better than OpAmps.
Unlike OpAmps, InAmps require
only a single resistor to set their gain,
and by selecting high precision
(0.1%) resistors with low temperature
coefficients (25 ppm/°C or less), we
can get high gain and very good gain
matching between the two channels.
I have had the most success with one
particular low-noise, high-speed
InAmp, the Texas Instrument
INAB849. The Analog Devices version
of this, the AD8429, might be a suit-
able alternative, but I haven’t tried it
yet. I've successfully pushed the
INAB49 to provide 1000 V/V gain, so
you get | mV out from 1 pV in up to
30 MHz. With the INA849, only one
chip is required for each signal chain
(in-phase and quadrature), and no
other hardware amplification is
required. Since digital decimation
filters are built in to the DSP chip
low-pass filters aren’t needed; just
feed the outputs through dc-blocking
capacitors into the DSP ADC (Analog
to Digital Converter) inputs. Other
InAmps I've tried worked fine at
lower frequencies or lower gains. If
you use a different InAmp, you’ll
know when the gain is too high
because the output of one or both of
the InAmps gets pegged to a power
rail, e.g. 4 V or -4V, in my case.

2) — As required by the InAmp datasheet,

[ experimented with various current-
return resistors and determined that
very low values of 50 to 100 Q on the
InAmp inputs worked best to prevent
high noise floors.

3) — I used an easily programmed DSP
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Figure 4 — The 180° sampling of the Lentz
receiver.

chip, the Analog Devices ADAU1761,
because it comes with the free Sigma
Studio graphical programming inter-
face (which also helps author the final
C-code for a microcontroller) and
because it comes with Hilbert Trans-
form as a built-in design block. Ana-
log Devices has other DSP chips that
do the same thing if you search on
“Audio Codecs” on their website.

At this point in the modifications, with
only hardware changes and a simple 90°
DSP Hilbert Transform rotation on the
quadrature channel, image rejection is in

the 35 to 55 dB range, see Figure 1, and
MBDS is greatly improved compared to my
previous experiments with Tayloe, see
Figure 2. Using further DSP programming
for gain (i.e. balance) and phase alignment,
I was able to push the image rejection up to
60 to 70 dB, again, see Figure 1. This
amount of rejection (60 to 70 dB) is pretty
good, but my goal was to match a super-
heterodyne with >70 dB of rejection.

So, I took a step back and, inspired by
Campbell [3], I redesigned the Tayloe
sampling scheme. Personally, I think that
with this new scheme and all my modifica-
tions combined, the end result is different
enough to warrant a distinct name. This is
the Lentz Receiver. Through experimenta-
tion, I took what I’ve already described to
improve Tayloe, and then determined that I
could get better phase matching and better
MDS by splitting the incoming RF signal
in half using a simple “Y” in the PCB
traces and sampling I and Q separately.
Campbell had used a 50 Q power splitter
for this purpose, but a simple Y in the
circuit board traces along with 4x100 Q
current-return resistors on the InAmp
inputs, two of which are exposed to the
incoming signal at any one time, leads to a
50 Q match to the coax.

Like Tayloe, I chop the signal up and
store-and-forward the differential results in
capacitors — yes, I tried removing the
capacitors completely — but instead of

taking a single signal and cutting it into
fourths with a 1x4 multiplexer, see Figure
3, T use two clocks and two 1x2 analog
switches — one precisely delayed by 90°
— and cut each signal into halves, see
Figure 4. This means I'm sampling 180°
of the in-phase signal, which is forwarded
to the amplifier positive input, and then
I'm sampling the next 180° of the in-phase
signal (the negative half), which is for-
warded to the amplifier negative input. The
same thing happens with the quadrature
signal chain, except that it is sampled 90°
out of phase compared to the in-phase
clock. I fully expected my MDS level to be
3 dB worse with this split, but tests showed
this design was more sensitive than my
best modifications of Tayloe, see Figure 2,
presumably due to the longer sample time.

One additional change from earlier
designs, I had used two CMOS clocks to
control the multiplexer. One at the fre-
quency of interest, and one at two times
that frequency, in order to match the truth
table of the multiplexer. In my current
design, I conditioned the clocks with flip-
flops because I found a small technical
specification in the oscillator chip data-
sheet that explained some of the phase
error I was getting: “Duty Cycle 48 —
52%. In other words, the CMOS clock
output wasn’t guaranteed to be a symmetri-
cal square wave, it was only guaranteed for
the rising edge. So, like several people

Y-

wenbs

FlipFiop 1
D

Oscillator 1 Seyians O
71JL >

FlipFiop 2
D
‘Oscillator 1b r
- >

Figure 5 — The basic design of the Lentz receiver minus the power supply tree. Oscillator 1b is the complement, or inverse, of Oscillator 1.

The two flip-flops are rising edge triggered.
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have already published online, I selected
flip-flops that are rising-edge triggered to
create the square wave CMOS clock
needed at the two analog switches. As
usual, to get a given frequency out of the
flip-flop, the oscillator chip operates at two
times the receive frequency and every
rising edge of the clock represents a
change from low-to-high or high-to-low
CMOS level output from the flip-flop. For
the quadrature clocking, fortunately, the
oscillator chip I chose, the Skyworks Solu-
tions Si15340D [S], can provide “comple-
mentary” clocks (180° out of phase on its
rising edge) from a single programmed
output. Because I'm already operating at
twice the receive frequency, the base clock
and the complementary clock combine for
four times the receive frequency to equal a
quadrature clock. So the complementary
clock gets its own flip-flop and analog
switch, and the two signals are 90° out of
phase. This is simple and a much more
precise phase shift than using the CMOS
outputs of the Si5340D directly.

If you build the clock section and use
the flip-flops that I did (without set/reset),
add a high value (1 M Q) resistor from the
flip-flop D to ground, and then for proper
startup: 1: Switch on the power to the
oscillator first and “disable” but don’t
“power down” the clock, 2: Switch on the
power to the flip-flops (and to the rest of
the board is okay too), and only then, 3:
Enable the clock. This ensures that the
flip-flops are properly initialized so that
you always get the same sideband when
you turn it on. After turning the clock on
this way, you can manipulate the clock
frequency without fear of selecting the
alternate sideband because this clock IC
has zero-crossing frequency changes
(which also means, say good-bye to those
annoying clicks when changing fre-
quency!).

The end result is the design shown in
simplified form in Figure 5, and com-
pleted schematics with the specific parts
shown in Figures 6 for the receiver signal
chain, and Figure 7 for the power tree.
Note that the DSP and oscillator sections
are not displayed because I used manufac-
turer-provided development boards. Please
refer to the datasheets for those products to
determine the ancillary components for a
complete and final receiver design.

Without specific phase and gain align-
ment, just a simple 90° Hilbert Transform,
I get 45 to 55 dB of image rejection and
MBDS levels — using ARRL’s CW method,

3

£ 1010 ———

=] had ¢| ——t
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Figure 8 — The amount of gain applied to
the quadrature channel to balance with the
in-phase channel for the maximum image
rejection values displayed in Figure 1 for the
“Tayloe with Lentz modifications” and for
the Lentz Receiver. The flatter line is better.

which is 3 dB rms over noise with a
500 Hz filter — of around 0.05 to 0.08 nV
rms at 50 Q (=133 dBm to —129 dBm).
My testing method mimics the ARRL
Lab. I use a Behringer UCA202 line level
USB interface between the DSP head-
phone output and a laptop running True
Audio TrueRTA Audio Spectrum Analyzer
Level 4 Software. The RF signal is gener-
ated with a Siglent SDG1032x arbitrary
waveform generator set for 50 Q output of
sine waves measured in rms voltage output
levels in the low millivolt range. The gen-
erator has an SDR-Kits Mini Low-Jitter
Precision GPSDO Reference Oscillator
connected to it for accuracy. A 50 Q cable
connects to the antenna port of the receiver
board through several 50 Q RF fixed atten-
uators that sum to either —40 dB, —70 dB,
or —100 dB. I turn on the radio under test,
set the DSP for 500 Hz-wide filtering
centered on 500 Hz (my preferred side-
tone). I also use a peaking filter and head-
phone amplifier in the DSP, which adds
15 dB and 6 dB respectively to the gain of
the InAmp in these measurements. Without
any input signal, I record the rms dBm of
the noise level shown in the software. I
then turn on the signal generator and adjust
the signal for approximately 3 to 4 dB
higher rms to determine the MDS. I say
approximately because these levels fluctu-
ate with the noise up to about +0.5 dB, and
my measurements are conservative, which
means I make sure there is at least 3 dB
difference. Next, I retune the signal genera-
tor to 500 Hz below the oscillator for the
image (and usually remove 30 dB or 60 dB
of attenuation) then increase voltage on the

Figure 9 — The amount of phase rotation
applied to the quadrature channel before
adding to the in-phase channel for the
maximum image rejection values displayed
in Figure 1 for the “Tayloe with Lentz
modifications” and for the Lentz Receiver.
The flatter line is better.

signal generator until the 500 Hz sound
level reads the same value of 3 to 4 dB
over noise rms. I record the voltage level of
the input in millivolts rms, and do the
attenuation and logarithm math in a
spreadsheet for the reject level.

With DSP band-specific gain and phase
alignment, I get image rejection numbers
approximately 25 dB better (70 to 82 dB)
and MDS levels a couple hundredths of a
microvolt lower (=136 dBm to —130 dBm),
see Figures 1 and 2. Although you can use
DSP gain and phase alignment of I and Q
for any quadrature receiver, the Lentz
Receiver requires much less alignment
than Tayloe (with Lentz modifications) for
maximum image rejection, see Figures 8
and 9.

So that’s all the good stuff; what are the
downsides to my design? The biggest
drawback is also its biggest benefit. The
design obviously requires a DSP chip,
which in turn requires software on a micro-
controller to program and adjust the DSP.
You will also need to write the microcon-
troller code for the oscillator and probably
a display, but with a modern radio, you are
probably doing this already. This is a
software intensive design; one that some
would call a “software defined radio.” I'm
at the stage where I've finished the receiver
design using development boards from the
manufacturers for the oscillator and DSP
chips plugged into a laptop to control them
over USB (that’s the bus not the sideband)
using manufacturer provided graphical
interfaces. I've spent two years getting to
this point, and I’ll probably spend a month
on the C-code software for a microcon-
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Figure 10 — A minimalist Sigma Studio
software schematic for quadrature and
in-phase baseband (audio) inputs, 15 dB gain
peaking filter, digital input for single channel
gain (for balance alignment), 500 Hz CW filter
(6th order Butterworth), sideband selection
switch, and phase rotation (with digital

input for phase alignment), and finally the
re-combined output.
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troller to control and display my final
transceiver design.

Note that whether you incorporate
some or all of my modifications, or adopt
my final design, I want to make it clear that
I have no interest in patenting these devel-
opments. I intend them to be “Open Source
Hardware” for the good of all, and upon
receipt by the public of this article, should
be considered “prior art.”

Here are a few more notes that I'd like
to share on programming the DSP chip.
Please refer to Figure 10 for the DSP
software schematic, which is also available
on the www.arrl.org/QEXfiles web page,
as a complete Sigma Studio file download
to program your DSP chip. If you wish to
mimic my simple 90° Hilbert phase shift
results without gain and phase alignment
(the solid lines in Figures 1 and 2), delete
the gain block and then simply connect the
imaginary output from the quadrature
Hilbert Transform block to the I-Q addition
block, and skip the sine and cosine table
multiplications and addition.

First, a software trick is needed, which
is not well documented. In order to get the
Hilbert Transform to work correctly for
this usage, you need two Hilbert Transform
blocks — one that has the input from the
in-phase channel and one that has the input
from the quadrature channel. For the in-
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phase channel, you are just passing one
channel through the “Real” side to apply
the appropriate time delay so that both
channels match properly. It won’t work if
you don’t do this.

For phase alignment, the configuration
is a bit complex with multiplication by sine
and cosine lookup tables on the quadrature
output from the Hilbert Transform block,
but the actual usage is to enter a single
number for phase rotation. I followed the
design example published online (https:/
ez.analog.com/dsp/sigmadsp/f/q-a/65849/
how-to-use-sigmastudio-software-to-
realize-an-external-potentiometer-to-
control-phase-the-phase-of-the-range-is-
0-t0-180), and I modified it to include a dc
input block (0 to 1 V in decimal form)
instead of a potentiometer and reduced the
range of phase adjustment of 90° to 100°
degrees for Tayloe or 90° to 91° for the
Lentz Receiver. My lookup table multiplier
values (31 values each) for the cosine and
sine interpolators are shown in Table 1,
also on the QEXfiles web page.

Next for gain (balance) alignment:
place a gain block on the quadrature audio
line before the Hilbert Transform, and
adjust as necessary for maximum image
reject. This is a multiplier block, so you set
it to 1.0 for no change, or greater than 1.0
for gain on the channel, or less than 1.0 for

attenuation of the channel. In tweaking this
value with the Lentz Receiver, note that
0.0005 steps actually make a difference.

During my experiments, I found that
I needed to go back and forth between
phase alignment and gain alignment 2 or 3
times to get the best image rejection for
that band. Now that I see the final values
graphed (Figures 8 and 9), a bit of linear
interpolation between the alignment of
7 MHz and 28 MHz will probably get me
pretty close to the bands in between, and I
may be able to let the microcontroller do
the math.

Obviously the DSP chip can do a lot
more than just our image rejection. This
DSP chip has 2-channel (i.e., stereo) ADCs
(Analog to Digital Converters) and DACs
(Digital to Analog Converters) built in. It
has a headphone amplifier, greatly simpli-
fying output circuitry. In software we can
swap the input channels to select upper or
lower sideband by swapping which chan-
nels get the quadrature processing. We can
easily create a very helpful peaking filter.
We can drop in a 3000 Hz voice filter, or a
500 Hz CW filter or narrow it down even
further. Obviously, we have attenuation
and volume control, etc.

Looking ahead, I’m sure it is only a
matter of time until some company
releases a flip-flop or clock buffer that




Table 1 — Lookup table multiplier
values for the cosine and sine
interpolators.

Degrees I(“;zski:: Sine lookup
90.00000 [0.000000000 |1.000000000
90.03333 [-0.000581776 |0.999999831
90.06667 [-0.001163553 |0.999999323
9010000 |-0.001745328 |0.999998477
9013333 |-0.002327104 |0.999997292
9016667 |[-0.002908878 |0.999995769
90.20000 [-0.003490651 |0.999993908
90.23333 [-0.004072424 |0.999991708
90.26667 [-0.004654195 |0.999989169
90.30000 [-0.005235964 |0.999986292
90.33333 [-0.005817731 |0.999983077
90.36667 |-0.006399497 [0.999979523
90.40000 [-0.006981260 |0.999975631
90.43333 |-0.007563021 [0.999971400
90.46667 |-0.008144780 |0.999966831
90.50000 |-0.008726535 [0.999961923
90.53333 [-0.009308288 |0.999956677
90.56667 |-0.009890038 [0.999951092
90.60000 (-0.010471784 |0.999945169
90.63333 |-0.011053527 [0.999938908
90.66667 [-0.011635266 |0.999932308
90.70000 |-0.012217001 0.999925370
90.73333 |[-0.012798732 |0.999918093
90.76667 |-0.013380458 [0.999910478
90.80000 |-0.013962180 |0.999902524
90.83333 |-0.014543898 [0.999894232
90.86667 |[-0.015125610 |0.999885601
90.90000 |-0.015707317 |0.999876632
90.93333 [-0.016289019 |0.999867325
90.96667 |-0.016870716 |0.999857679
91.00000 [-0.017452406 |0.999847695

utilizes one of the better differential clock-
ing methods, e.g. LVDS (Low Voltage
Differential Signaling) with the CMOS
outputs necessary for the analog switch, or
even LVDS-controlled analog switches.
Better yet, someone will probably release a
single quadrature sampling chip that
includes the oscillator and switches. Also,
watch the market for even lower noise,
high-speed InAmps and DSP chips with
more memory and MIPS than currently
produced.

Software

FINAL_DSP_program_for_Lentz_
Receiver_article.dspproj is the DSP
software needed by the Lentz Receiver. It
is available from www.arrl.org/QEXfiles
web page, and requires the user to down-
load and install the free SigmaStudio
software from Analog Designs in order to
program their DSP development board.

H. Scott Lentz, AG7FF, holds an Amateur

Extra class license. He was first licensed
in 2003. His ham radio interests shift

Errata

every few years, and most recently he
has been working on designing a CW
transceiver from scratch. Scott retired
early from the US Forest Service where
he was a fisheries biologist for his regular
Jjob and a communications technician for
his fire job. He holds a BS in Aquatic
Wildlife Biology and an MS in Organismal
Biology and Ecology, both from the Uni-
versity of Montana.

Notes

[1] R. Hartley, “Modulation System,” US
patent 1,666,206, 1928.

[2] D. Tayloe, “Product detector and method
therefore,” US patent 6,230,000, 1998.

[3] Campbell, R. KK7B, “High-Performance,
Single-Signal Direct-Conversion Receiv-
ers,” QST Jan. 1993, pp. 32-40.

[4] G. Youngblood, AC50G, “A software-
defined radio for the masses, Part 1,” QEX
July/Aug., 2002, pp. 13-21.

[5] The oscillator development board comes
with capacitive coupling of the clocks. These
capacitors must be removed and replaced
with 0604 sized resistors or jumpers to use
the CMOS clocks. See the development
board datasheet for more information.

HIn S. Geers, KASBUW, “DSP CW Filter,” QFEX Jan./Feb. 2023, in Figure 1 the +
and — inputs on op-amps Ul and U2 should be reversed. Thanks to Bob Liesenfeld,

WB@POQ, for pointing out the error.

mIn Dr. U. L. Rohde, N1UL, “AM and FM Noise in Oscillators,” QFX Mar./Apr. 2023,

p. 5. Eqn (8-11) should be:
I di(t)
dt

+(R, — Ry (:))i(z)J% [ityde = e, (1)

Thanks to James McNamee, KEANRE, for spotting the error.
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Addendum to Tuned
Transformer QEXArticle

The recently published tuned transformer
performance is clarified and improved.

Clarifications and improvements of the end-fed half-wave
antenna tuned transformer performance that was recently pub-
lished in QEX are presented. The reduced SWR afforded by the
presence of a parallel primary capacitor is affirmed using a more
realistic circuit analysis.

Gerald Julien Lemay, VA2GJ, published a very interesting and
informative article [1] in the July/August 2022 QEX magazine in
which he described how the SWR performance of an end-fed
half-wave antenna can be improved by the addition of a capacitor
parallel to the impedance transformer primary winding. The
Lemay article clearly describes the operation of such a tuned
transformer and provides performance equations. However,
several steps of the derivation were not included, and the final
equations for the SWR were not printed correctly.

The correct expressions for the final SWR equations will be
presented in this addendum. In addition, the theoretical descrip-
tion of the tuned transformer operation will be improved and a
more realistic calculation of the SWR performance will be pre-
sented.

In his QEX article, Lemay presents a thorough and very clear
explanation of the tuned transformer operation. His performance
equations through his Eqn (10) are well developed and easily
understood. The difficulties appear with his definition of SWR
and his subsequent Eqns (11) and (12). Following his derivations,
the corrected version of his Eqn (11) should read:

2
— ZO _éNé (NP VP ]‘F].

[SWR

without C CCZL - ZL N—F2> FSISCOLP

the corrected version of his Eqn (12) should read:

2 %
_Z _Z N [N, Vell-e'L,C)
vinC gz, Z, No\| Ny 1oL,

[SWR +1

All equation numbers refer to equation numbers in the original
Lemay [1] article. These equations are correctly plotted in Figure
4 of [1] using the parameters:
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C,=150pF, Z,=50Q, Z; =3200 Q, V, =50 uV, Np =3,
Ng=24,I,=1pA

At a resonant frequency of 14 MHz the inductance of the
transformer primary is given as L, =0.8616 pH.

The current in the transformer secondary is calculated from
the transformer equation:

I, = Ip& =0.125uA
N.Y

However, Eqn (5) states that (using sL,=Z):

IP=£+£IS=£+N“‘IS
sL, N Z N,

P P

The first term on the right hand side, the primary circuit mag-
netizing current, has been neglected in the Tuned Transformer
article [1]. It is straightforward enough to include the primary
circuit magnetizing current using the equations presented in [1].

In order to determine the SWR, we need to calculate the
impedance mismatch between the transformer primary, Z, , and
the transmission line, Z,. Z, can be calculated using the equations
presented in [1] as Eqn (8),

Z,=aZ,
and Eqn (9),
= NP/N.S'
Ve (N,
1Z N,
leading to Eqn (5) for 7.
vV, N V., N
IL=—L+—=] =Lyt -=s]
sL, N, Z N,

The first term in the denominator of Eqn (9) can be written as:
B_EL 71
1z

LZ1 Z I,



Then Eqn (5) can be used to show that:

L_Y N _Z 1 N,
I 1Z N, Z I N,
This equation can be solved for I,/I;
I, _N,/N,
]s l_é
z

which is then substituted into the expression for the first term in
the denominator of Eqn (9):

Yo _Voldp _Zplp N, Zp
1Z 1,ZIl, Z 1, N,Z-Z,

When this is substituted into Eqn (9) we get an equation for o
in terms of the impedances and transformer turns ratio:

2
g=| | 2%
Nz

Substituting this expression for o into Eqn (8) yields an
expression for Zp:

2
(N,,) 2z,
N,
Z = S

P N 2
ZJ{VFJ Z,

The impedances are complex functions with both real and
imaginary parts:

Z,=R, +iX,
Z, =R, +iX,

Except for the inductor and/or capacitor impedance, which is
purely imaginary, and the transmission line impedance, which is
purely real:

Z=R+iX =iX
Z,=R,+iX,=R,

Complex variable algebra yields the real part (resistance) and
imaginary part (reactance) from the above expression for Z:

(N./N,) X°R,
(N, /N) (R} +X})+2(N,/ N,) XX, + X*

P

(N, /N X[(V, )N Y (R + X7 )+ X, |

"N N (R4 X )+2(N, /N, ) XX, + X

The ARRL Handbook defines the SWR in terms of the magni-
tude of the reflection coefficient, |pl as:

1+]p|

SWR =
1-|p]

We are interested in the reflection coefficient arising from the
impedance mismatch of Z,=R,+iX,, and Zy=R,,. The ARRL Hand-
book gives the equation for the magnitude of this reflection coef-
ficient:

|o| =

These equations were used to calculate the SWR for two cases
derived in the Tuned Transformer article [1]:

1) Without a parallel capacitor X o= a)Lp

2) With a parallel capacitor
L

E o e B
withC 1 _ C!)2 LpC,

Using several of the same parameters as those used in the
Tuned Transformer article [1]:

C,=150 pF, Rj=50 Q, R,=3200 Q, N;=3, N=24, L,=0.8616 uH

Note that these parameters assume a purely real Load Imped-
ance, X;=0 considerably simplifying the expressions for R, and
X,

' Assumptions concerning the voltage and current in the trans-
former primary winding are not required in this improved analy-
sis which more realistically depends only on the physical param-
eters of the equipment.

The results are presented in Figure 1. These calculations show
the benefit of the capacitor, and a higher SWR than those shown
in Figure 4 of [1].

The discontinuity in the slope of the lower SWR trace at the
resonance frequency of 14 MHz is caused by the lack of resistive
damping in the tuned circuit of the transformer primary. Any real
transformer primary winding will exhibit resistance as well as
inductive reactance. Figure 2 shows that the inclusion of 5 Q of
series resistance provides damping of the tuned primary circuit
and eliminates the slope discontinuity at the resonant 14 MHz fre-
quency.

The coil series resistance for this application is estimated to be
less than 0.05 Q (3 turns of #18 copper wire around a % inch
diameter core, including skin effect), so that the primary resis-
tance damping should be negligible, and the SWR performance
should follow the solid lower curve. The inductive reactance of
the primary winding is 75.8 Q at 14 MHz.

The most interesting results are shown in Figure 3, which
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Figure 1 — SWR comparison with and without parallel capacitor
over 8 to 18 MHz.

Figure 3 — SWR comparison with and without parallel
capacitor in 20 m band.
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Figure 2 — Resonance with and without resistive damping.

shows that the addition of the parallel capacitor reduces the SWR
to near 1:1 across the entire 20 meter band.

The impedance of any real antenna exhibits both resistance
and reactance. This improved analysis includes the effects of both
antenna load resistance and load reactance. The performance of a
20 meter end fed half wave antenna located 30 feet above a real
ground was calculated using the 4nec2 computer program. The
variations of antenna load resistance and reactance as a function
of frequency across the 20 meter band were used as input param-
eters to calculate SWR. As shown in Figure 4, the calculated
values of SWR for this reactive antenna were higher than those
calculated for a constant antenna resistance without reactance, but
the addition of the capacitor is again seen to improve the SWR
performance.
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Figure 4 — Reactive antenna SWR with and without capacitor.

Reference
G. J. Lemay, “Tuned Transformer; QEX Jul./Aug. 2022, pp. 31-33.

Dr. Phil Cassady, K7PEC, is a retired Boeing Senior Technical
Fellow living on a farm with his wife in rural Washington state.
He is 82 years old and has been a ham for 10 years, operating
only CW mostly on 40 and 80 meters. He is an Amateur Extra
class license holder, an ARRL Volunteer Examiner and a mem-
ber of the Straight Key Century Club. More interested in learn-
ing than operating, he has concentrated on antenna design
and has constructed four horizontal and two vertical antennas
on his farm property. He studied fluid dynamics, plasma phys-
ics and lasers at MIT and CalTech, and started in electronics
and radio after he retired. Phil is interested in Software Defined
Radlo, elk hunting and vintage motorcycles.
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Self-Paced Essays — #17
Taking the Lumps Out

Distributed components have physical dimensions that
are a significant fraction of the signal wavelength.

Up to this point, in describing electrical
circuits, we have dealt exclusively with
lumped constants. These are electrical
components that are located at a single,
physical point in space. One of the
assumptions when working with lumped
constants is that the speed of electricity is
essentially infinite. We know, of course,
that electricity does not travel infinitely
fast, but in most bench top applications, we
can ignore the propagation time of electric-
ity through our circuitry.

When the physical dimensions of a
circuit component or components become
a significant fraction of the wavelength of
the signal that we’re working with, we can
no longer ignore the propagation time
through a circuit.

This brings us to a different way of
describing electrical circuits. Rather than
describing circuits in terms of discrete
components like resistors, capacitors, and
inductors at some location, we speak of
distributed components. Any length of wire
has some amount of self inductance per
foot — though generally quite small —
and any two conductors near each other
exhibit some mutual capacitance.

We trust you have taken the time to
view the two film clips suggested in Essay
16. The Tektronix clip has a great descrip-
tion of a transmission line being composed
of an infinite number of infinitesimal
inductances, shunted with an infinite num-
ber of infinitesimal capacitances. In such a
transmission line we can describe this
many-component circuit’s behavior in
terms of its wave transmission and reflec-
tion characteristics.

In fact, and perhaps surprisingly, any

electrical circuit can be described by its
transmission and reflection characteristics.
We’ve mentioned a few times before that
there will always be more than one way of
solving any electronics problem, and this is
no exception. We can even look at some-
thing as simple as a single resistor’s trans-
mission and reflection properties and still
come out with the right value of resistance
or complex impedance!

One of the most wonderful develop-
ments in recent years is the arrival of the
affordable vector network analyzer, such as
the NanoVINA. We will explore the
NanoVNA in depth in the next essay, and
perhaps in a few subsequent ones.

One term that shows up when speaking
of network analysis is scattering param-
eters, which is really just a formalized way
of describing what happens to an electric
wave when it encounters a component
— either a lumped constant, or something
more complex, like a transmission line.

An interesting aspect of distributed
circuits is, while with lumped constants we
speak of phase shift in terms of time —
such as the time difference between volt-
age and current — with a transmission line
or an antenna, we also have to be con-
cerned with phase shift with respect to
position. Different things happen at differ-
ent locations. This will become even
clearer when we get to antennas. Just as an
introductory comment, a simple wire
antenna that’s perfectly resonant will have
the voltage and current in-phase at any
particular location on the wire, but the
voltage at one point will not be the same as
the voltage at another point. It is this fact
what is primarily responsible for an

antenna being able to radiate.

But back to transmission lines. It’s a
good idea to become comfortable with the
reciprocals of resistance, reactance, and
impedance, namely: conductance, suscep-
tance, and admittance. As a “normal”
electronics technician, you can spend most
or all of your career without referring to
these reciprocal values. In fact, most elec-
tronics courses relegate the reciprocals to
not much more than a footnote at the end
of class. But when working with transmis-
sion lines, these will make your life a lot
easier. This is why, in my in-person elec-
tronics classes, I teach the reciprocals right
up front, along with Ohm’s Law. Interest-
ingly enough, the power utility folks use
the reciprocals a lot more than most elec-
tronics techs. This is because power trans-
mission involves the use of many paral-
leled circuits where the reciprocal values
are more convenient.

Now, this is a good time to address the
fact that there’s nothing magical about
“radio frequencies” that make transmission
line theory come to life. Our friends at the
power company, working with the virtually
subterranean frequency of 60 Hz, have to
deal with all the distributed component
behavior that one has to deal with at micro-
wave frequencies. It’s just a matter of
degree. To exhibit noticeable transmission
line behavior at 60 Hz requires that you
have a transmission line tens or hundreds
of miles of length but guess what. The
power folks do!

Because a transmission line has distrib-
uted “components,” lengths of transmis-
sion lines can indeed be used as substitutes
for lumped components. Later on, as we
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discuss more of the practical applications
of transmission lines, we consider this
application a lot more.

Ladder Line to Eternity

Most of the time, when we’re working
with transmission lines, we actually want
the power to do something. Real transmis-
sion lines have a finite length, and are
normally used to convey power from one
location to another. But as we’ve suggested
before, one needs to study the ideal before
one dives into the real world. Because of
this, it’s often useful to explore the infinite
length transmission line. The reason for
this is that we don’t have to contend with
reflected power, which always makes
things a little more complicated. In the
ancient of days in ham radio, the open wire
feed line or “ladder line” was the standard
type of transmission line. Coaxial cable
became available to hams only after World
War 2, much to the surprise of most hams
born in the 21st Century.

If we look at the input terminals of an
infinitely long pair of parallel wires, we
would suspect the input resistance (at dc)
would read infinity. It is, at first inspection,
an open circuit. If we were to take an
impedance bridge and just measure the
capacitance, we would come up with some
finite value of capacitance, which is a
function of the diameter of the wires them-
selves, and the spacing between them. And
we would probably assume that we can’t
actually measure the inductance, because
you can’t measure the inductance of an
open inductor (or even really define it).

With our lumped-constant understand-
ing of the world, we would not normally
expect any current to flow into the input
terminals of an open transmission line
upon applying a dc voltage. But we’d be
wrong. In fact — again, assuming an
infinite length transmission line — we
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would find that a finite current will flow.
The amount of current that flows will be
determined by Ohm’s Law. But where is
the resistance? It is the “mysterious™ entity
known as the Characteristic Impedance.

For the general case, one in which there
is no resistance, the characteristic imped-
ance of a uniform transmission line, Z,, is
determined by the formula:

Z,=4JL/C

Now, obviously, for an infinite length
transmission line L and C will also be
infinite, so the formula won’t make much
sense, so we have to qualify those terms as
inductance per length, and capacitance per
length. And these are things you can actu-
ally measure. So now, we can treat Zas a
real resistance, and can thus figure out how
much current flows.

Here’s a little side note to ruminate on.
Remember in our “traditional” interpreta-
tion of impedance, the reactances (imagi-
nary) values are assigned to energy storage,
while resistances (real) are assigned to
energy dissipation. In a perfect transmis-
sion line, where no energy is dissipated as
heat (in other words, no ohmic power loss),
7, is a real value, but no energy is dissi-
pated. So we have a lossless real “‘resis-
tance.” How can this be?

Your homework assignment is to come
up with a sensible answer to this paradox.

While you’re cogitating on this, we’ll
add a few practical notes.

1) Every type of transmission line, be it
open wire feed line, coaxial cable, or
microwave waveguide, exhibits the identi-
cal behavior in terms of transmission and
reflection parameters.

2) For most transmission lines used at
low frequencies, most of the power loss is
due to J*R (copper loss) heating. At VHF,
UHEF, and microwave frequencies, the
dielectric losses can become significant,
which is one good reason to be comfort-

able with conductance (G).

3) Transmission lines can be measured
at one end (single port) or both ends (two
ports), which can both be fully described
with scattering parameters. We'll describe
this further as we explore the NanoVNA.

4) A properly terminated (matched)
transmission line is easiest to analyze, but
it isn’t always necessary (or even desirable)
to use a matched transmission line for
many applications.

For a number of historical and practical
reasons, 50 € is the “default” impedance
for coaxial cable. 50 Q turns out to be a
compromise between maximum power
handling capacity for a given diameter and
minimum loss. Somewhat less common is
75 € coax, which has somewhat less loss
than 50 €, all other things being equal;
which they sometimes aren’t, which is
used primarily for VHF reception. There
are also some specialized coaxial cables,
mostly for instrumentation, that use char-
acteristics that can diverge widely from
those above.

Mr. Smith’s Contribution

Whenever the Smith Chart is men-
tioned, many new technicians, and not a
small number of “well-seasoned” engi-
neers tremble with trepidation. We will
spend some time taking a lot of the mys-
tery out of the Smith Chart, which contrary
to popular opinion, was not invented to
make life miserable for hams or other radio
folks. Mr. Smith’s wonderful chart is much
much easier to work with than the hyper-
bolic trigonometric functions of transmis-
sion line formulas that it is based upon.
The NanoVNA also helps with understand-
ing the Smith Chart in a way that was not
available to us “well-seasoned” folks.

Coming up next time we’ll take a close
look at the NanoVINA (or even a big VNA,
if you have access to one). — 73, Eric.
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