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Alan Victor, W4AMV, applies and verifies Spice
models and FFT techniques to a systematic design
flow for Class C RF power amplifiers in the 1-to-10
watt class that are used as bipolar drivers or final
amplifiers in a small transmitter. The approach
includes finding the required impedance transform-
ing circuits, power gain and efficiency. All of this
capability is provided by freely available software
and simple tools that are easy to implement and
support in @ modest lab environment. The outlined
approach can also be applied to Class C designs
for MOSFETS, IGFETSs and larger bipolar devices.
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Perspectives

New Rules on RF Exposure Compliance

A lengthy 2019 RF Report and Order that went into effect on May 3, 2021 details
rule changes governing RF exposure standards. The new rules do not change exist-
ing RF exposure limits but do require that stations, including amateur radio stations,
be evaluated against existing limits, unless they are exempted. The 2019 Report and
Order changes the methods that parties use to determine and achieve compliance
with FCC limits on human exposure to RF electromagnetic fields.

One of the consequences is that the new rules no longer necessarily exempt
handheld transceivers used by hams from certification that their use will comply with
a specific absorption rate (SAR) limit. This is new to the amateur radio community,
but has historically always been a requirement for commercial handheld transceiv-
ers — those used outside the amateur radio service.

The ARRL RF Safety Committee, chaired by Dr. Gregory Lapin, N9GL, is monitor-
ing the new regulatory requirements and working to develop appropriate methods
to help hams in their compliance efforts. Simultaneously, a small group of UK ama-
teurs in the Radio Society of Great Britain (RSGB) along with the ARRL in the US
have been convening since mid-2020 to collaboratively attack the issues regarding
proposed new RF rules to be administered by Ofcom in the UK, and how the new
changes in the FCC rules are being applied to hams in the US. Stay tuned!

In This Issue

¢ Ric Tell, KSUJU, recounts how new FCC rules might now require RF exposure
compliance using specific absorption rate (SAR) limits.

 Alan Victor, W4AMV, applies a systematic design flow for Class C RF power
amplifiers.

» Tony Brock-Fisher, K1KP, describes a fixture for measuring Q of inductors.

* Jacek Pawlowski, SP3L, investigates the design of antennas considering com-
mon mode currents on the transmission line.

* Dan Koellen, AI6XG, uses Telegram to remotely command and monitor his ham
station.

» John Stanley, K4ERO, matches twinlead or ladder line feeders with a sleeve
implementation of a series-section transformer.
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Alan Victor, WAAMV

8809 Ross Ct., Raleigh, NC 27613; avictor73@hotmail.com

A Systematic Design Approach
to RF Power Amplifiers

Application and verification of current Spice models and
FFT lead to a design flow for Class C RF power amplifiers.

There are a number of circuits that are considered staples to the
radio communications enthusiasts. They include oscillators, mixers,
power supplies, amplifiers, filters and matching networks. These
are but a few, however each should have a cohesive approach to
their design and implementation if at all possible. Within each of
these classes of circuits there exist sub classes that represent special
applications and requirements when integrated with other circuits.
The amplifier is representative of this property as there are low noise,
linear, wideband, high power and high efficiency designs that are
unique in their own approach to design. Many of these circuits might
follow a variety of design paths. However, it would be beneficial if at
least one unified path might be identified to treat their design.

This article focuses on the Class C RF power amplifier. which
finds applications in the 1-to-10 watt class as a low power driver
or final amplifier in a small transmitter. After looking at a variety
of texts, published literature and handbooks, it was clear that two
avenues of design existed. One, either highly simplistic and not able
to deliver the required design routine or two, overly complicated
and circuit specific. Furthermore, these complex design approaches
although delivering extraordinary results are not easy to implement
or support within the scope of a modest lab environment.

In this article I discuss a straightforward technique for
approaching the design of non-linear RF power amplifiers operating
Class C. This includes finding the required impedance transforming
circuits, power gain and efficiency. All of this capability is provided
by freely available software and simple tools!

Overview

The RF power amplifier design flow presented here makes use of
device models if provided. Many excellent Spice models exist for the
bipolar and FET devices. RF devices must provide characterization
data particularly for power amplifier as the device is operated in a
nonlinear regime. Spice simulation tools [1], [2] are freely available
and several incorporate device models within the tool. Scattering
parameters are another tool, and computer aided tools which process
these parameters are presented. Scattering parameter equations
provided in this paper are presented without proof. However,

Gonzalez [3] provides an excellent resource and detail on the
equation derivations. As a precursor to device models, Scattering
(S) parameters serve a dual role. One, they assist in validation of
the model and two, they provide a reasonable first pass design to the
power amplifier if models are not available.

Central to the amplifier design is selection of a load impedance
that either maximizes the output power or the efficiency. The
efficiency is either the dc conversion efficiency, the ratio of RF
output power to dc input power, (2, / P,.) x 100%, or the power
added efficiency, PAE. The power added efficiency factors in the
gain of the amplifier and is a measure of how much of the input
signal power is responsible for providing the output power. The PAE
is defined as,
(P

out

i)

PAE = x100%.

de
While a high dc conversion efficiency is important, its impact

is severely limited if the power gain is small. If PAE is rewritten in
terms of the dc conversion efficiency and the power gain, the impact
of power gain, G, on efficiency becomes clearer if the gain is below
10 dB. As power gain decreases, so does the efficiency.

PAE =DC,, x[l —LJ ;
G
P

Assistance in maximizing the PAE is possible by calling on the
S-parameters of the device to guide the design of the amplifier.
However, because the S-parameters are obtained with small signal
device input, they are not totally applicable in the final determination
of the amplifier component values. Larger signal excitation is
required and for this work calling on the Spice model is required.
This model with the application of the Fourier series permits the
distortion that results to be used in design of the supporting circuits
for the power amplifier. It is interesting to note that some similarity
to vacuum tube power amplifier designs crossover to semiconductor
devices. Conduction angle tagged to efficiency and output power
tagged to load impedance are two.

QEX July/August 2021 3



Test Bed and Design Procedure

The test bed consists of a typical 1 to2 W
bipolar device for which S-parameters and
Spice models are available. The MRF3866
as well the 2N3866 are used to help validate
the design procedure. Additionally, newly
released RF devices are now characterized
with so called large signal parameters. These
parameters can be obtained from the Spice
models if they are not already provided
by the device manufacturer. However, the
S-parameters are an important guide to the
approximate location of the larger signal
impedance parameters. This is discussed in
the Model Validation section.

The test bed application is operated at 200
MHz, high enough in frequency compared
to HF to uncover another serious problem in
amplifier construction and design: parasitic
elements. Figure 1 illustrates the test bed
while Figure 2A points to the simulation
model that supports the design procedure.
The model parameters, Figure 2B, include
required definitions for the bipolar device
and package [4].

Supporting circuits and part of the
model simulation must include bias tees or
bias feed and input and output impedance
transformers. The device model must
include the device itself including an
accurate package model, for example,
a TO-39 or TO-220. In the case of the
MRF3866, I needed to convert the model to
the proper package for a 2N3866, a T0O-39.
I first drew a Spice model by stripping out
the surface mount package. SOS8, and then
reinserted the device back into a TO-39
package model [S].

Model Validation

Before starting a design, the Spice model
must be validated. Small signal S-parameters
are ideal. Older devices for which many
Spice models do exist are validated by using
other parameter sets such as the hybrid or H

Figure 1 —The small RF power amplifier
test set using a 2N3866, center with
attached heat sink. RF input is on the left,

and output is on the right.
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R o et sy, i Test bed circuit 2N3866

(A)

.MODEL 2N3866 NPN ( BF=100 VAF=240 VAR=24 RC=4.9 RB=12.2
+RE=0.132 |IKF=0.28 ISE=3.6E-14 TF=7.1E-11

+TR=8E-09 ITF=0.12 VTF=9.9 CJC=2.24E-12

+CJE=3.29E-12 XTI=3.0 NE=1.5 ISC=1.2E-14 EG=1.11

+XTB=1.5 BR=1.5 VJC=0.75 VJE=0.75 IS=4E-15

+MJC=0.33 MJE=0.33 XTF=4.0 IKR=0.28 KF=1E-15

+NC=1.7 FC=0.5 RBM=9 IRB=0.04 XCJC=0.5)

.ENDS

(B)

Figure 2A — Test bed model in Spice including the amplifier impedance transforming
circuits. The MRF3866 model is used for the 2N3866 while the package model is modified
from SO-8 to TO-39. Figure 2B — Spice model parameters for MRF3866 device or die.
These same parameters are used for the 2N3866 model.

parameters or Y, the admittance parameters.

These are easily converted to S parameters MODEL 240966 NPW (BF-400 VAF-240 VAR-24 RC~45 RB-122
[6]. The MRF3866 model is available +TR=BE09 ITF=0.12 VIF-9.9 CJC-224EA2
; : : +CUE=329E12 XTI=3.0 NE=1.5 ISC=1.2E14 EG=1.11
and is the SO-8 packaged version of the +XTB~1.5 BR-1.5 VJC=0.75 VJE-0.75 IS-4E15
+MJC=0.33 MJE=0.33 XTF=4.0 IKR=0.28 KF=1E-15
2N3866 TO-39 package, popular to QRP WNC-1.7 FC=0.5 RBM<9 IRB-0.04 XCJC=0.5 )

enthusiasts. The device model is wrapped =

in a package model, which depicts the bond =

a
L : 3 it 215

wire inductance and capacitance coupling 0.463p 01690

between the bond wires and the lead frame

of the package outline. The package and = (o,

device model are shown in Figure 3. 0.750n goses
Validation of the model requires setting =%m

the model into a bias circuit and adjusting

the supply voltage and collector current the

same as the measured data [7]. Not unlike

an actual test bench, the device is connected o;;ﬂ

to a set of bias tees, which provide the

base and collector voltage in a setting that

does not affect the device measurement. In

other words, the bias networks are totally Figure 3 — The 2N3866 device die is

transparent. The test set is shown in Figure 4. wrapped in a SO-8 package model.
The LTspice simulator [8] provides The resulting device is the MRF3866.

S purumetr anlysis by pplying a inple st b deico medel s xracted and_

one-line directive into the Spice list: .net model.

I(RL) V1 as shown in Figure 4. Note,
the V1 is the source V but it can take on  jmpedance, hence the voltage generator
any convenient number designation. The V] series R, RS and the load, RL, are set

S-parameters supplied by manufactu.re.rs to 50 Q. The measurement is a small signal
are usually based in a 50 Q characteristic  measurement. The analysis is simply an



MODEL 23056 NPH { BF=100 VAF240 VAR=24 RC=43 RB#122
FRE=0122 IKF=028 15E=36E-10 TF=T1EN
CIC2.UEN2

24650
V2
& i
k] ‘Rsarst
. 50
0.0%6p
SRV SOT package model
U d Device biased st 15V and 50 mh
156 deo 10 10066 100066 Use thes analysis to caompare to measured published § data.

Figure 4 — S-parameter validation test set in Spice for the
MRF3866 die in a SO package.

o

> >y
—o S0y,
g

(B)

Figure 5A — Model (circle and square) versus measured (triangles),
S11 and S22, Smith chart. Figure 5B —The S21 polar chart model
(circle), measured (triangle) all vs. frequency 100 MHz to 1 GHz with
dc power at 15V and 50 mA of collector current.

ac analysis. No transient or large input signal voltage is applied to
the input of the device. The S-parameter results provided by Spice
may be analyzed within the LTspice framework using its feature of
wavelorm arithmetic. Or, the results are exported to a text file and
then inputted to another freeware program, AppCAD [9]. A feature
of this utility is the ability to compare multiple S-parameter files and
the inclusion of a detailed Smith chart. Hence, I can easily compare
model to simulation, as shown in Figure SA and Figure 5B; this is
an important step in model validation.

Key to moving forward with a RF power amplifier design is to
ensure amplifier stability. As part of model validation, calculation of
the stability factor or K is useful.

~ ~ o |2 -
K = ‘SIISE2_‘SIZ‘SEI +l_5|1
2|S12| SII

Since the K factor includes all four of the S-parameters, both
magnitude and phase, calculation of K is useful for uncovering
any model disparity. Figure 6 shows the case for this model, the
MRF3866.

It is important to note that K > | is a necessary condition to
ensure device stability. Hence, this device requires no added circuits
to assist in that goal. However, note as the frequency decreases the
trend line for K appears to fall below unity. Below 100 MHz, it care
is not exercised in the design of the RF power amplifier, instability
may occur. This instability can appear as self-oscillation or unusual
behavior in the signal output power with increased input power. A
proper model will duplicate these highly nonlinear responses while
running a transient response simulation in Spice.

It is worthy noting that the S-parameters are a reasonable
guide to the approximate location of the large signal impedance
parameters mentioned earlier. These large signal Z parameters exist
for various other classes of amplifier operation. This includes AB, ,
where the 1,2 subscript distinguish the variation in amplifier current
conduction angle between 180° and 360°, Class B at 180° and Class
C, less than 180°.

If the device is inherently stable or can be modified by feedback
to achieve stability, then a search region exists for finding the source
and load terminations for reasonable amplifier performance. This
performance objective goes beyond power and efficiency and
can include linearity and reduction in intermodulation distortion.
Commercial test beds utilize a technique known as load pull or
source pull, so called termination pulls. This operation facilitates
a range of device termination impedances and can assess the

2

2

= Szz

20

174 J178 J180 1181 [181 181 180
’QZ/Q- —1.80
i Ve L 149
g — -
,—-—*"‘ VTR SR P 149 1.45 1.50
_ 124 A 142 Tyss 139 |14 4
8 105
1.0
i Unconditionally Stable {u1, u2, K)
0.5
0.0

100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)
QX2107-Victor06

Figure 6 — Model upper trace and measured lower trace K factor
based on S-parameters vs. frequency 100 MHz to 1 GHz. A K factor
above one is a necessary condition to ensure stability.
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device performance [10] for a variety of complex impedances.
These termination pulls permit the entire range of the Smith chart
to be mapped under control of measurement equipment including
network analyzers and software. This is beyond the scope of the
home lab and the casual construction of RF power amplifiers.
However, again the S-parameters provide a reasonable indicator
as to the approximate location of the relevant Z location. Their
application can be leveraged in Class C operation since the load is
fixed. This technique is noted in Figure 7 and discussed next in the
section.

Power Amplifier Design

The RF power amplifier operating Class C is efficient and
depends on the output current waveform, which is a pulse, while
maintaining a near sine wave output voltage. The phase of the

Z,.(Po) ®

(A)

Parallel Equivalent Rin and Cin for Class C Load

Rp and Cp(pF)

40
200 400 600 800
Frequency (MHz)

(B)

1000

Figure 7A — Smith chart small signal S-parameters at 200 MHz
provide locations for load and source terminations which maximize
power gain, GSmax and GLmax. The thin and thick circles are
locations of source and load terminations, thick circles providing
power gain less than Gmax. Search regions denoted by the
rectangular areas guided by the small signal parameters lead to
the locations of Po and Zin(Po) suitable for Class C operation.
Figure 7B — The parallel equivalent Rin (open triangle) and Cin
(open square) from S-parameters with a fixed load of 260 () for
the Class C termination. The Motorola large signal power amplifier
termination specifications are overlaid in solid triangle, Rin and
solid square, Cin. The frequency range is 200-to-600 MHz.
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output current is ideally maximum when the output voltage is
minimum. Thus, the device power dissipation is low. The RF device
model illustrates this nicely in operation. Since the input signal is a
continuous sine wave of voltage and the output current is a pulse, the
device conduction time is short. The Class C amplifier requires no
“bias” voltage and depends solely on the input signal to force device
operation. The dependence of the amplifier device on input signal
level implies operating characteristics are not so straightforward.
Simplified statements that the device input impedance is low in
Class C bipolar RF power amplifiers is partially correct. However,
the magnitude of the input impedance depends on the input signal
level. These details are observed in the Spice model and determined
by running a transient analysis. This transient analysis can be
distinguished from the S-parameter analysis as this is a large signal
analysis.

Although transient and large signal analysis is the preferred
method for the design of RF power amplifiers, it does not preclude
the application of scattering parameter information. As discussed
earlier, if the amplifier device is stable then a first level estimate
is provided by finding the input impedance of the device when
terminated by the Class C load resistance discussed in the next
section. This input impedance and its region near Z,(P,) depicted
in Figure 7A is provided by an input reflection coefficient of the
device, [';,, and the S-parameters, which are those of the device,

SIZ Sllrl.

S, +
I_Szz l—‘L

Irm | =

The example case study presented in the next section, for an
output power of 1.5 W positions the load reflection coefficient
magnitude or [ | near 260 Q or a value of 0.68. Applying the above
|| equation and substituting for I, and converting the reflection
coefficient to a parallel equivalent Z, reveals an interesting result.
Surprising in Figure 7B is noticing that the parallel equivalent
Z, represented by an R, || C;, from 200 — 600 MHz, lies close
to the measurement values for the 2N3866 reported in [11]. This
demonstrates the utility of small signal parameters to provide some
guidance towards large signal operation. Furthermore, it illustrates
how areas on the Smith chart dictated by the device scattering
parameters can guide termination pulls: load pull and source pull
regions. Consequently, [ can target the appropriate search regions for
proper transistor terminations.

Transient Analyses Applied to RF Power Amplifier
Operation

Class C RF power amplifiers require a large input signal, which
leads to distortion and harmonics. The relationship between input
voltage and input current is no longer linear. Since harmonics
are present, the voltage and current is distributed among many
frequency terms. The Fourier series assists in finding their values.
Spice provides this information in frequency and the FFT is called
upon to find the fundamental voltage and current; both their
magnitude and phase. Although the FFT routine is required for large
signal evaluation, it does not preclude its application at small signals.
This provides an additional check on the model performance and
validity. The Spice engine has excellent dynamic range, so despite
small input signal levels, the fundamental term which will be quite
small is easily extracted. The results of the FFT used to obtain the
input impedance of the amplifier, Z;, is found from,



_h<0,
! [140”
where the phase angle of the fundamental voltage and current
are reported in the FFT output data. The results obtained when
compared to the small signal S-parameter calculation are extremely
close. The test setup including bias tees for this exercise is shown in
Figure 8 where a 2N3904 transistor is used at 10 MHz.

bias at 20 mA 18k oo °=V1
| Bias Tee P 12
Rser=1
ioc2 P
J “ o L LT
: : 2N3904
; .1 ;

! v3 M \ i jm

SINE(0 2.6m 10e6 0 0 0 100)

Rser=50

tran 0 600n 0 1n

Figure 8 — Nonlinear transient test set is first operated at a small
signal excitation level.

+ T T T T T T T T T 24pA
Ons  SOaw  100as  150as  200as  250as  300ss  350ns  400ns  4S50ns  500ns
5 Viin) = ™ 01}
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Figure 9A — Small signal transient solution for the input voltage
and current for a 2N3904 at 10 MHz as illustrated in Figure 8. Voltage
and current time waveforms in (A) and their resulting transient FFT
fundamental base voltage and current in (B) and (C). The resulting
Zin matches very closely the S parameter analysis (reflection
coefficient) in Figure 10. Note in the time solution in (A), the input
current leads the voltage and therefore, the input is capacitive.

A voltage and current solution at the base terminal of the transistor
shows the current leading the voltage and the imaginary input Z,
component is capacitive. The frequency display of the fundamental
voltage and current is shown and the ratio of the voltage and current
magnitude and phase result in a Z;, of 61.6 Q2 with an angle of —64°,
Figures 9A, 9B and 9C. Converting this Z to its real and imaginary
parts results in a Z;, value of 27Q real and 550 capacitive. This
matches the S11 calculated reflection coefficient of the 2N3904 very
closely at 10 MHz, 27 Q real and 55 Q capacitive, Figure 10. Note,
Z,, from the transient and the FFT output data is 61.6 Q2 [cos(—64°) +

J sin(—64°)]. For reference, the equation to convert the S11 reflection

coefficient to impedance Z;, where Z; is 50 Q is:
1+8§;, (V2)
T T
1-8;; (VZ)

Although small signal analysis via the method of transient
analysis and FFT is straightforward, it is time consuming to run the
analysis and set up the graphs to extract the required data. Small
signal analysis is significantly easier within the Spice shell using the
S-parameter directive mentioned earlier. The real benefit of transient
and FFT analysis is when large signal excitation is present. As an
example, see the investigation of the dynamic input resistance of the
transistor which is mentioned earlier. Although it is usually stated
that the input resistance of the bipolar amplifier is low, this is not
quite correct. Successive runs in transient analysis for the 2N3866
were done for peak input values of 0.1 through 6 V. The device is
biased Class C. A bipolar transistor is essentially OFF if the input
drive is less than 26 mV, which is the thermal voltage of the device.
The input is essentially dominated by a reactance. As the input
voltage pushes towards 260 mV, there is a little deflection downward
in Z, and there is a clearly defined knee at 500 mV. As the input drive
voltage pushes past 500 mV peak, the dramatic decrease in |Z,| is
quite apparent, see Figure 11.

It is interesting to note that the |Z,| approaches a fairly constant
value with further increase in Vin and this value of Z,, is not too far
removed from the value one would obtain from S11 when Class A
operation is used. So if void of any device models for the device
selected, one could do an impedance search to maximize power

S11[v2)

TMHz 10MHz 100MHz

Figure 10 — Small signal S-parameter analysis of the 2N3904 at
10 MHz, 12V and 20 mA. This reflection coefficient needs to be
transformed to its equivalent series Z where Zo is 50 Q). This is
cross checked with the FFTs calculation obtained at a small drive
of 2.6 mV as shown in Figure 9.
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gain and cfficiency based on the S data. The case for maximum
power gain is synonymous with finding an input conjugate match
point. This facilitates designing an input matching network. Hence,
a search around S11%, the conjugate of S11, is useful. While the
input is addressed and somewhat complex to get a handle on, the
output termination of the Class C power amplifier is constrained.
The constraints are the selected supply voltage and maximum
permitted current which does not exceed device dissipation and the

400
300 \
N 200
100
0
0 1 2 3 4 5 6
Vin Peak (V)

QX2107-Victor11

Figure 11 — Input |Z| vs. increasing peak drive voltage at the base.
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Figure 12 — Device 2N3866 with TO-32 package and Class C bias.
The load is set to 260 Q.

desired output power. A good estimate for the real part of the load
termination is,

Vec?
L 2 PU 2

Finding the value of Z, for the amplifier is now easy. First,
terminate the collector in R, and then drive the input voltage to a
value providing the desired P, and power gain, G,. The case cited in
the prior section is obtained for a V.. of 28 V and an output power of
1.5 W. This has been done for the 2N3866 and has been published as
a reference document by Motorola, AN-282 [11]. In this document,
the disparity between small signal S-parameters and high power
impedance values are highlighted for a wide range of devices.
The output powers cited ranged from 1 W to 50 W. This reference
document is used to benchmark the technique discussed here and
includes data for the 2N3866.

Large Signal Amplifier Design / Class C

The supply voltage selected is 28 V and the lowest frequency
with comparative data from [11] is 200 MHz. Output power data
curves between 1 W and 1.5 W are available and they cited the
parallel equivalent input resistance and capacitance vs. frequency.
The real part of the output impedance is constrained by the desire
to have the collector swing twice the supply voltage and provide
the desired output power, | to 1.5 W. This dictates a value for R,
between 260 and 390 Q. A 260 € load is used in the test set, see
Figure 2. The input signal is provided by a voltage source with
a generator resistance of 50 Q. The source power peak voltage is
adjusted in model simulation until the output power is 1.5 W. The
simulation network is shown in Figure 12. The resulting large signal
input voltage and current are shown in Figure 13A, and fundamental
FFTs of V, and I, are in Figure 13B and Figure 13C. Figure 13A
demonstrates the capacitive input as the current leads the voltage.
The fundamental ratio for Z;, is expressed in parallel form by
dividing the |Z,| by the cosine and sine of the difference angles given
in Figure 13B and Figure 13C, —228°. This angle is corrected to
the proper rectangular impedance quadrant. This is accomplished

T
48.8 IMH2 199.97MHz

(R)

T
200.01MHz

(B)

T ¥
MHz  199.78MHz  199.99MHz  200.20MHz

©)

1 1
200.05MHz 1995

Figure 13A — The input voltage and current large signal response and Zin is obtained from the FFT of the model in Figure 12. Note the
current leads the voltage. The resulting Zin is 34 Q) and —48°. Hence the parallel equivalent Zin is 50.8 Q || —j45.8 O, or 17.4pF 200 MHz.
Figure 13B — FFT input voltage and phase. Figure 13C — FFT input current.
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by adding 180° to the resulting angle. The resulting angle is
—48° and therefore capacitive. Hence, the real parallel R input is
1/cos(—48°) or 1.49x(1.4 V / 41 mA) or 51 Q and the parallel
reactance is capacitive 1/sin(—48°) or, —1.35x(1.4 V / 41 mA) or
17 pF at 200 MHz. The real part of Z, compares favorably to the
results in [11] at 50 Q. While the parallel capacitance is 17 pF
and not 32 pF, there is no mention in the note addressing fixture
capacitance. It is suspected that a portion of the reported 32 pF is due
to additional stray parasitic capacitance of the fixture.

The Breadboard Response

The complex input impedance, Z,, is derived from the FFT
response for a large signal input power of 23 dBm. The real part of
the load is set for Class C operation based on swinging the collector
voltage by twice the supply. The FFT routine is also applied at the
output and determines the imaginary part of the output impedance.
The result returns 3 pF at 200 MHz which is nearly the equivalent
shunt C obtained from S22 of 2.4 pF. The results for Z;, and Z,, are
now determined as

Z, =51Q||17pF
7., =260Q||3pF.

A set of Pi networks are chosen to transform the 50 €2 source and
load to Z,, and Z,,,.. A Q of 4 is chosen for the input side and a Q of
10 for the output. Component values are chosen partly from what
is available and what would be reasonably free of parasitic effects
at 200 MHz. The parasitic problems are in themselves a challenge
and must include component losses. The initial values for the Pi
network ranged from 39 to 70 pF and the inductors from 20 to 30
nH. While the inductors were reasonable in size, the capacitors with
their lead lengths were not. The capacitor lead lengths and resulting
inductance from the component to component connections increases
the value of the capacitor. The resulting amplifier response centered
around 150 MHz, however it displayed a power gain of nearly 14
dB at | W power output with 17 dBm input power, the maximum
level available from the test equipment at hand. The dc conversion
efficiency measured 64%. Adjustment of the Pi networks can casily

10648 OCT 9 2020
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Figure 14 — Amplifier power gain frequency response. The supply
voltage is 28 V and the conversion efficiency is approximately 60%
at band center. Top scale is 30 dBm (1 W). Pin is 17 dBm. Center
frequency is 170 MHz; frequency span is 100 MHz.

be done with a SWR bridge or a directional coupler. First construct
the Pi network only and terminate it into the desired parallel
impedance. Then adjust component values seeking a return loss of
20 dB or better over the desired band. The results for the amplifier
gain response is shown in Figure 14 and the input and output
match response in Figure 15A and Figure 15B. The dc conversion
efficiency over the passband dictated by the output Pi-network Q is
60%.

The Class C power amplifier required a minimum of 20 dBm to
attain an output of 1 W to 1.5 W. The model assisted in verifying the
reduction of output power at 200 MHz with 17 dBm input power.
This is key. The beauty of model availability and tools which can
handle a large signal nonlinear response network are important
assets in understanding why circuits behave as they do. As an
example, component losses or their Q should be added to the model
simulation. The approach outlined here should be applicable to
Class C designs for other devices such as MOSFETS, IGFETSs and
larger bipolar devices.

ges42:32 OCT 03, 2020
ATTEN 10 &8
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(A)

(B)

Figure 15A —The measured amplifier input return loss versus
frequency at 17 dBm input power. The reference top level is 0 dB
at 3 divisions down from the top 5 dB/division. Near the amplifier

center frequency return loss is better than 15 dB. Figure 15B —

The measured amplifier output return loss versus frequency at
17 dBm input power. The reference top level is 0 dB at 1 division

down from the top, 10 dB/division. Near the amplifier center
frequency return loss is better than 15 dB.
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Conclusions

An approach to the design of Class C RF power amplifiers
was presented. Spice models were validated by using measured
S-parameter data. The Spice model supported transient operation
and the application of the FFT within Spice extracted the complex
input and output impedances under actual operating conditions.
These data points, namely large signal Z;, and Z,,, if not provided
by the manufacturer, which are key to RF power amplifier design,
can be supplemented by other techniques. In the absence of a model
or large signal impedance, the device small signal parameters do
provide a direction for searching and minimizing guess work to
achieve a successful design.

Alan Victor; WIAMV, was licensed in 1964. He operates mostly CW
using an all homebrew station and enjoys design, construction and
restoration of communication and test equipment. Alan worked in both
the communication and semiconductor engineering fields. He received
his PhD in electrical engineering from North Carolina State University
and is currently involved with their mentorship program assisting new
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Letters

https://www.nxp.com/docs/en/application-note/AN282A.pdf.

Protocol for Formatting and
Transmitting Binary Data over
Morse CW (May/June 2021)

Dear Editor,

I found the Brian Callahan, AD2BA,

article very interesting. The general approach
seems uscful. Based on my experience,
sending binary data blocks from Arduino
to PC with no hardware handshake, |
think that relying on the spacing between
blocks of data is risky. T have gone to using
markers, which cannot be data, similar to
the Motorola format. Also, I favor human
debugging over speed, so I propose a
different set of characters:
@=0, 1=E, 2=I, 3=A, 4=H, 5=5, 6=X, 7=V,
8=K, 9=N, A=A, B=B, C=C, D=D, E=Y,
F=F, also a marker, something like zero,
which is easy for humans and machines.

My proposed encoding is 16% slower
than the way [ interpret that in Callahan’s
table if we ignore spaces between characters
and assume a random distribution of digits.
If digits follow the Newcomb-Benford law,
it is probably slower by a similar amount,
since Callahan’s low digits are also shorter
codes. — Best regards, David Underwood,
KQIMH: sealions @earthlink.net.

The author responds

As someone who has been working on
free Unix operating systems for nearly a
decade, I appreciate the desire for human
debug-ability and the avoidance of the risky.
Admittedly, I may have perhaps left both a
little too much to the stations in my baseline
CW Record Protocol formulation.
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A marker between records may well be
wise; we could even go so far as assigning
a new AX prefix to data records without
separation and reassign AQ to data records
with separation, with Al termination records
not needing a termination character. Or
perhaps, similar to both Intel and Motorola,
the separation character may be the prefix,
avoiding the need for anything more in the
specification than a remark that records may
begin with five dahs (@) to increase legibility.

When devising the example encoding for
the article, I made a point to avoid the longer
characters. I still believe that avoidance of
long characters can be useful when both
stations are human. Otherwise, though a
16% slower encoding would certainly be
felt, it may not be of too much significance.
I appreciate your letter, giving me ideas for
expansion of the protocol. — Best regards,
Brian Robert Callahan, PhD, AD2BA;
callab5@rpi.edu.

Thoughts on Amplifier Output
Impedance (May/June 2021)

Hello Maynard,

Thanks for the illuminating article
(Maynard A. Wright, WO6PAP, in May/June
2021 QEX) on amplifier output impedance.
You reached the right conclusion. An
amplifier’s Thévenin equivalent source
impedance is not equal to the amplifier’s
load impedance, nor its conjugate. Thévenin
impedance does not tell anything about
dissipation inside a “black box™ Thévenin
source. In particular, one should not infer
efficiency from a Thévenin impedance.

Efficiency computation requires knowing
the internal structure and performing circuit
analysis. £DA software for circuit design
refers to numerical determination of amplifier
output impedance as “hot S11” calculation.
Programs like Microwave Office and Keysight
ADS are routinely used for amplifier design
and do such calculations correctly. Solid-
state amplifiers are designed for gain, noise,
and stability over a range of admissible load
impedances. Design trades can be understood
using various circles on a Smith chart.
Conjugate matching is a red herring and may
lead to instability or poor noise performance,
and is not a valid criterion for amplifier design.
1 am glad you set the record straight. — 73,
Steve Stearns, K60OIK; Saratoga, CA.

The author responds
Hi Steve,

Thank you for your kind words. They
mean a lot coming from such a gifted author.
I especially benefited from “Crest Factor of
Sinusoidal Electromagnetic Fields,” (QEX,
July/August, 2020) as I would have had no
idea that the ratio could deviate from \/5
without your explanation. — 73, Maynard
Wright, WoPAP; Citrus Heights, CA.

Send your QEX Letter to the Editor,
via email to gex@arrl.org. We reserve
the right to edit your letter for clarity,
and to fit in the available page space. QEX
Letters may also appear in other ARRL
media. The publishers of QEX assume no
responsibilities for statements made by
correspondents.



Richard (Ric) A.Tell, K5SUJU

Richard Tell Associates, Inc., 10037 Long Meadow Rd., Madison, AL 35756; rtell@radhaz.com

Amateur Portable Radios

(Handheld Transceivers): Exposure
Considerations Based on SAR

New FCC rules related to human exposure that went into effect on May 3, 2021
may now potentially require compliance with limits on specific absorption rate.

Introduction

In what might have been unnoticed by
most hams, the FCC has instituted new
rules related to human exposure that went
into effect on May 3, 2021 that may now
potentially require compliance with limits
on specific absorption rate (SAR) [1]. This
new rule, among others, is a part of what is
called the FCC’s ET Docket No. 19-226 that
changes the way that parties determine and
achieve compliance with the Commission’s
limits on human exposure [2]. Of special
interest to amateur radio licensees, the
new rules no longer necessarily exempt
handheld transceivers (handhelds) used by
hams from certification that their use will
comply with an SAR limit, something that
historically has always been a requirement
for commercial handhelds — those used
outside the amateur radio service.

According to the FCC announcement,
it appears that the commission intends
to grandfather any equipment that was
presumed to be compliant prior to the May
3 date. Since amateur radio equipment
has never been required to be certified as
to performance, except for certain power
amplifiers, it seems reasonable to assume
that all existing handhelds, the focus of
this article, would remain designated as
compliant devices. Nonetheless, new
handhelds purchased after the effective date
would presumably need to become certified,

External RF field

Figure 1 — RF electric and magnetic fields
external to the body result in internal
electric fields that can produce tissue
heating based on the specific absorption
rate (SAR).

but any SAR testing, if mandatory by the
FCC, might conceptually only become
required after some to-be-determined
review period. The most likely scenario is
that, going forward, manufacturers will be
required to evaluate SAR for amateur radio
handhelds. In summary, amateurs are no
longer relieved from compliance with FCC
RF exposure rules by exception. Rather the
amateur service will now be treated similar
to all of the other services regulated by the
FCC.

Aside from the question of exactly
when operation of a particular handheld is
expected to comply with the new rules, the
whole matter of SAR and how it relates to
exposure of the user and others nearby is a
complex subject and generally not familiar
to most hams. Indeed, the assessment of
SAR itself is beyond the capability of the
vast majority of licensees. This article helps
provide a basic understanding of what SAR
is all about and how it relates to the safety
of operating equipment, whether hand-
held of not, that produces radio frequency
(RF) fields. The following presents 1) a
simplified explanation of SAR to help in
appreciating the complexity of the new
FCC requirements as they may relate to
controlling SAR and, 2) insight as to the
likely SARs that might result from use of
amateur handhelds.

Background

Fundamentally, RF fields interact with
objects in an environment, often inducing
RF currents to flow in those objects. If
the exposed object is composed of a lossy
(absorptive) material, such as human
tissue, the induced currents largely lead to
heating. If the heating effect is sufficiently
robust, associated with very intense RF field
strengths, there may be an increase in the
temperature of the exposed tissues. Hence,
tissue heating is directly related to the
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strength of the electric field strength within
the tissue. The preferred way to quantify this
internal heating effect is a quantity called
the SAR expressed by the unit watt per
kilogram (W/kg) of tissue. SAR expresses
the rate at which an electromagnetic field
delivers energy to the subject tissue. SAR
is an expression of energy absorption rate
because power is the time derivative of
energy; | W is equivalent to 1 J/s. Thus, an
SAR of 1 W/kg is equivalent to an energy
absorption rate of 1 J/kg-s.

RF electric and magnetic fields external
to the body result in internal electric fields
that can produce tissue heating based on the
SAR, see Figure 1.

SAR limits for safe exposure

The FCC RF exposure limits are based
on limiting the SAR averaged over the
whole body and as averaged over any one
gram of tissue. These limits are designed to
protect against increases in core temperature
of the body and of localized regions of tissue
that might result in an adverse health effect.
For amateur radio licensees, members of
the licensee’s household and persons who
are occupationally exposed to RF fields, the
whole body SAR limit is set at 0.4 W/kg
(averaged over the entire body mass) and a
local (spatial maximum) SAR limit of 8 W/
kg (averaged over any single gram of tissue
in the body). For members of the general
population (all persons who are not amateur
licensees or occupationally exposed), the
corresponding SAR values are 0.08 W/
kg whole body and a local value of 1.6 W/
kg. The FCC RF exposure limits specify
maximum permissible exposure (MPE)
values of RF fields that exist outside the
body that are expressed as values of electric
(E) field strength (V/m) and magnetic
(H) field strength (A/m) as well as power
density (W/m? or mW/cm?). Compliance
with the MPEs is intended to ensure that
the whole body SAR and local SAR limits
within the body are always respected and,
clearly, electric and magnetic field strengths
in air are much easier to measure (and
calculate) than those values inside the body.
Because cell phones are used by the general
population with no particular expectation
they may be exposed to RF fields, the
applicable limit is the more stringent SAR
value of 1.6 W/kg. Handhelds used in
commercial activities must comply with the
less restrictive limit of 8 W/kg.

It should be noted that the FCC in the
US references the limit for local SAR to an
average over a one gram cube of tissue. The
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Determining SAR

SAR can also be determined
through theoretical analysis but, in
practice, cell phones and commercial
handhelds are always evaluated for
SAR using the described laboratory
procedures. The analysis approach
makes use of the so-called finite
difference time domain (FDTD)
method, a complex computer based
computation wherein the human body
is modeled by breaking it into a very
large number of small voxels — typi-
cally measuring one or two mm on
a side — each with an assigned set
of electrical properties to mimic the
electrical characteristics of human
tissues. The computations can take
hours to run on super-fast machines
with the output data ultimately pro-
cessed to display local SAR values in
a three dimensional fashion.

recommended local SAR limit developed
by the Institute of Electrical and Electronics
Engineers (IEEE) in their /EEE Std™
C95.1-2019 specifies a larger averaging
tissue mass of 10 g in the shape of a cube [3].
This greater averaging mass has been found
to better correlate local tissue temperature
increase with local SAR. This same larger
averaging mass is also specified in the
International Commission on Non-ionizing
Radiation Protection (ICNIRP) guidelines
widely applied in Europe [4]. More about
this later.

For RF sources that are sufficiently
far from the body, MPE values accurately
correlate with SAR. A complicating factor,
however, is that a measurement of the £ or
H fields (or power density) outside the body
does not necessarily accurately correlate
with the local SAR in tissue when the
RF source is extremely close to the body
surface. This is why the FCC requires all
commercially used handhelds including cell
phones to be evaluated on the basis of local
SAR, not MPE, before they are allowed to
be sold in the US. As might be suspected, for
cell phones as well as handhelds, the greatest
SAR in the body is usually at the point where
the transmitter is positioned. This might be
the ear in the case of a cell phone or the
front of the face in the case of a handheld.
During SAR measurements, the transmitter
is positioned either in direct contact with the
head or other part of the body such as when
cell phones or handhelds are mounted at the
waist. When test laboratories evaluate SAR

for common handheld use, the handheld
is positioned at typically 2.5 cm in front
of the face, similar to when the handheld
is held in front of the mouth. A specially
shaped phantom is often used for laboratory
measurements of SAR, the phantom
being similar to a manikin filled with a
material that simulates the RF absorption
characteristics of human tissue. Cell phone
and commercial handheld manufacturers
must commit to these detailed laboratory
measurements for every model of their RF
emitting product, revealing the maximum
local SAR that can result when the device
is operating normally at its maximum rated
power. This has led to a gigantic database
of equipment certifications resident in the
FCC’s equipment authorization database
[5]. In each testing case, the product is
placed in appropriate positions relative to
the phantom while miniature probes are
robotically moved throughout the interior of
the phantom to measure the £ field strength.
Based on the measured E field in the
phantom and the conductivity of the tissue
equivalent material filling the phantom,
the SAR is determined. See the Sidebar:
Determining SAR.

A challenge for amateur radio
licensees

Fortunately, this SAR evaluation
process has never before been required
for equipment used in the amateur radio
service, which can lead to increased costs of
equipment. It remains to be seen how these
new FCC rules will impact the certification
of amateur radio handhelds for conformance
with the local SAR limit. Just as important,
though, is the matter of how amateur radio
operators would be able to conclude that
their use of a ham handheld complies with
the relevant SAR limits for the equipment
that they currently operate.

Confronted with this challenge, an
alternative but practical approach to
assessing compliance of amateur radio
handhelds against the fundamental exposure
criterion of SAR is required. This paper
suggests that, at this point in time and
supported by the extensive database of
equipment certifications available from
the FCC, most amateur radio handhelds
already can be expected to comply with
local SAR values that underlie the FCC
RF exposure rules. For example, the FCC’s
equipment authorization database represents
more than two decades worth of detailed,
time consuming and expensive SAR test
results for cell phones and commercially



used handhelds as well as for all kinds of
other RF emitting devices that may be used
close to the body. It is proposed that this
extensive set of SAR certification data can
be used to amateur radio’s advantage. Of
particular interest are the many reports filed
in the database on commercial handhelds
that operate in frequency bands that are
extremely close to — or, in some cases,
actually within — those authorized for
the amateur service. Fortunately, there are
several bands allocated for commercial
communications that are essentially similar
to those used by hams in the VHF and UHF
spectrum. For example, the US amateur
bands at 2 m (144-148 MHz), 1.25 m
(219-225 MHz), 70 cm (420-450 MHz)
and 33 cm (902-928 MHz) are frequency
allocations very close to those used for
commercial communications activities
and for which SAR evaluations have been
conducted.

By examining SAR measurement results
for commercial handhelds operated in
these close-by frequency bands, significant
insight can be gleaned on the likelihood
of compliance of similar amateur radio
handhelds despite the fact that the amateur
versions of these radios have not necessarily
been directly measured for SAR. For
instance, say that 2 W commercial handhelds

that operate just below and just above the
two-meter band are found to comply with
the SAR limit. It would seemingly be
reasonable to conclude that a 2 W amateur
handheld that operates in the two-meter
band would also be found to be similarly
compliant.

A practical example

To help illustrate this concept, an
example search of the FCC equipment
authorization database was conducted of
a limited number of SAR certifications;
the sheer size of the database begs the
question of how much effort would be
required to query every certification to
determine its relevance to VHF/UHF
handheld compliance. Ideally, some sort of
automated process would be very helpful in
sorting through the thousands of reports but
that remains to be determined, if feasible, by
the FCC. The manual approach to searching
the database and extracting relevant SAR
data, while extremely time consuming, can,
nonetheless, result in helpful insights.

Of great utility, virtually all of the SAR
certifications of commercial handhelds
contained in the FCC database include the
results of SAR measurements averaged
over both the FCC’s 1 g averaging mass as
well as a 10 g averaging mass applicable

to most markets outside the US. Figure 2
for 1-gram averaging mass, and Figure 3
for 10-gram averaging mass illustrate the
results of an initial and limited inspection of
the FCC’s database for SAR certifications
of commercially used handhelds across the
VHF/UHF spectrum for compliance with
the FCC limits. The indicated local SAR
values retrieved from SAR reports have
been normalized to 1 W and are relative to
a duty cycle of 50% based on the push-to-
talk (PTT) operation of the handheld. For
compliance determination purposes, the
FCC applies a presumed duty cycle of 50%
for PTT operation of the handheld.

Figure 2 shows the local one-gram
averaged SAR produced by commercial
handhelds that operate near or within
amateur radio bands (based on 50% PTT
duty cycle and 1 watt). These data are
potentially applicable to US amateurs
regulated by the FCC should the FCC
require compliance with SAR limits.

Of particular note is the lower normalized
local SARs associated with VHF handhelds
as opposed to those used in the UHF range;
the higher frequencies result in a shorter
depth of penetration resulting in higher
surface region SARs. Also apparent from
the data in Figure 2 is the relatively wide
margin by which the VHF local SARs

M Body M Face

ol ol corill ottt skt o
oORrNWRUOO

25
)

Normalized local SAR (W/kg/W)
o
w

OO0 0000
oRrNMWRULON

Frequency bands (MHz)

Figure 2 — Local one-gram averaged SAR produced by commercial handhelds that operate near or within amateur radio bands (based on

50% PTT duty cycle and 1 watt).

QEX July/August 2021 13



W Body M Face

Lol ol
o = N

09 |

o
©

Normalized local SAR (W/kg/W)

Frequency bands (MHz)

Figure 3 — Local ten-gram averaged SAR produced by commercial handhelds that operate near or within amateur radio bands (based on

comply with the more stringent local
SAR required for devices used by the
general population, i.e., 1.6 W/kg. The
FCC applies the occupational MPEs (and
by association, a higher local SAR limit,
i.e., 8 W/kg) to amateur radio operators
and members of their households. In the
US, the application of occupational limits
to hams is based on the presumption by the
FCC that licensed radio operators have a
basic awareness of their potential exposure
and are knowledgeable of how to prevent
excessive, unsafe exposures.

A practical application of Figure 2 is the
extrapolation of the normalized local SARs
to a local SAR of 8 W/kg (the FCC limit
for amateurs) to determine the power level
that would result in 8 W/kg. For example,
in the 2 m band, it might be presumed that
an handheld operating with a power of up to
22.9 W (not realistic for an handheld) could
be used before exceeding the amateur radio
operator SAR limit (8 W/kg divided by 0.35
W/kg/W). For a 70 cm handheld, a power of
5.3 W could be used that would just comply
with the local SAR limit (8§ W/kg divided by
1.5 W/kg/W).

A similar display of normalized local
SAR based on an averaging mass of 10 g,
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50% PTT duty cycle and 1 watt).

rather than just 1 g, is provided in Figure
3. It shows the local ten-gram averaged
SAR produced by commercial handhelds
that operate near or within amateur radio
bands (based on 50% PTT duty cycle and
1 W). These data are potentially applicable
to amateurs subject to regulations based
on SAR limits as specified by ICNIRP.
Whether regulatory agencies in countries
other than the US presume a PTT duty cycle
of 50% is not certain.

The same attribute of relatively lower

local SAR for VHF handhelds is apparent,
but the actual normalized values are less
than those that would result from the smaller
averaging mass of 1 g. This characteristic
results from the greater volume of tissue
over which highly localized points of
SAR within tissue may be averaged. The
practical upside of this is, obviously, that
10 g averaging allows for higher handheld
operating powers.

It is also noteworthy that there is a
variation in the normalized SAR values,

their compliance efforts.

Work in progress

In the US, the American Radio Relay League (ARRL) is working diligently
toward development of guidance to amateurs to help in their compliance
efforts in view of the new FCC RF rules. In this context, the ARRL RF Safety
Committee, chaired by Dr. Gregory Lapin, N9GL, (email: n9gl@arrl.org) is
monitoring the new regulatory requirements that are applicable to the amateur
radio service and working to develop appropriate methods to help hams in

Simultaneously, a small group of UK amateurs in the Radio Society of Great
Britain (RSGB) and the ARRL in the US have been convening since mid-2020 to
collaboratively attack the same issue, i.e., how amateurs can best assert and/or
demonstrate compliance with the proposed new RF rules to be administered by
Ofcom in the UK and the new changes in how the FCC rules are being applied
to hams in the US. For more information on this activity, see articles in RadCom
from the RSGB or contact John Rogers, MGJAV (email: mOjav@rsgb.org.uk).




sometimes among different handhelds that
operate in an identical frequency band. This
is likely to reflect differences in the antennas
or other accessories that may be used with
the specific radios.

For hams outside the US who must
comply with ICNIRP guidelines, assessing
compliance would be based on applying the
10 g averaging mass and on somewhat greater
SAR values. For instance, the ICNIRP local
SAR limit for occupational exposure is 10
W/kg as compared to the FCC’s 8 W/kg
while the local limit for the general public
is 2 W/kg compared to the FCC’s 1.6 W/
kg. Hence, the normalized SARs shown in
Figure 3 should be extrapolated to a value
of 10 W/kg for estimating the maximum
handheld power that would comply with
the ICNIRP occupational SAR limits. This
results in greater permissible handheld
powers than could be permitted with the
smaller averaging mass specified by the
FCC. Two competing factors are potentially
relevant to the handheld compliance issue
where exposure limits are based on ICNIRP.
First is whether hams are considered as
members of the general public or whether
they are treated as occupationally exposed
workers, the public exposure limits being
a factor of five more stringent. Second, the
greater local SAR averaging mass would
help mitigate against noncompliance.

Irregular ham Handheld
configurations and SAR

When reviewing the SAR certification
reports in the FCC database, it is evident
that the SAR testing procedures can become
rather onerous. This is reflected in the
multiple configurations of an handheld
with different antennas, battery packs and
other accessories such as microphones and
headsets that are each individually evaluated
for many commercial handhelds. From a
ham’s perspective, however, this extensive
testing process for commercial handhelds
would seem to help support an argument
that common amateur use of third-party
accessories such as higher gain antennas,
etc., will not materially change the rather
clear conclusion that ham handhelds would
continue to comply with exposure rules
requiring assessment of SAR. Of particular
relevance, for the handhelds identified in this
limited exercise, a variety of antenna lengths
were found to have often been included in
the tests. The results plotted in Figures 2
and 3 encompass the absolute maximum
reported local SARs for each handheld,

regardless of a particular accessory, in the
interest of conservatism. An important
principal, relative to local SAR associated
with handhelds, is the physical size of
the antenna; for a given power, contrary
to how gain is generally proportional to
antenna size, smaller antennas result in a
higher concentration of energy absorption.
For hams, replacement of antennas on
handhelds to improve potential coverage is
most often accomplished with larger, longer
antennas. This fundamental relationship
between antenna size and local SAR likely
means that using third-party antennas on
handhelds results in lower SARs.

Conclusions

A careful but limited examination of
SAR test results available in the FCC’s
equipment authorization database suggests
that handhelds commonly used in the
amateur radio service would not exceed
exposure regulations based on the magnitude
of local SARs. This tentative conclusion
could be used to support an amateur radio
operator’s contention that their past use of
existing handhelds as well as acquisition
and use of new handhelds complies and will
be expected to comply with possible SAR
based exposure regulations. Extension of
this initial data analysis is recommended
to further clarify this conclusion. Operation
of relatively higher power handhelds could
result in exceeding local SAR limits for
members of the general population and
care should be exercised in permitting
unlicensed persons to use such handhelds
even under the supervision of a licensed
control operator. See the Sidebar: Work in
progress.

Outside the jurisdiction of the FCC,
Ofcom in the UK has announced that it
will impose new license requirements for
UK hams that are based on the ICNIRP
guidelines. The RSGB has developed useful
information on this upcoming requirement
[6]. At this time, however, it remains to
be seen exactly how such new regulations
might impact UK hams. Interestingly,
Ofcom is only concerned with radio
operations that cause exposure of the general
public, not with the potential exposure of
hams themselves. However, Public Health
England and/or the UK Health and Safety
Executive, separate government entities in
the UK, could recommend RF exposure
limits that might include exposure limits
for hams. Whether any of the possible
regulatory provisions in the UK would

apply the more permissive exposure limits
for occupational exposure to amateur radio
operators, similar to the FCC, or the more
restrictive limits applicable to the general
public, is unknown.

Ric Tell, K5UJU, received his Novice
ticket in 1959, first operating with a home
brew 7.5 W transmitter during the greatest
solar cycle of his life. Eventually achieving
an Amateur Extra class license in 1970,
his predominant activities have included
his professional pursuits in the areas of
RF safety, RF instrumentation, antenna
analysis, hazard assessments and compliance
evaluations. After spending 20 years with
the Environmental Protection Agency. he
has operated his own scientific consulting
business since 1987. His ham radio interests
are primarily QRP CW operation and
experimenting with antennas. He holds a
BS degree in physics and an MS degree in
radiation sciences and is a member of the
ARRL RF Safety Committee and is a Life
Fellow of the IEEE. Ric chairs the IEEE
Committee on Man and Radiation (COMAR)
and Subcommittee 2 on RF safety programs
in the IEEE International Committee on
Electromagnetic Safety, Technical Commitiee
95.
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Designing Antenna Systems for
Low Common Mode Current
in Coaxial Feed Lines

With antenna simulation programs you can reveal common-mode current
problems and reduce them while still in the design phase.

I once built an antenna that did not work
as the computer simulation had predicted.
The antenna was heavily unbalanced with
one arm much longer than the other one, so it
was not difficult to identify the main suspect
— large common-mode current (CMC) on
the coax feeder shield detuned the antenna
and changed its radiation pattern. I had used
a common-mode choke wound on a ferrite
core from the very beginning and even later
added an additional air-wound choke in
series with the first one but it did not help. |
had no choice. It was time to study the CMC
related publications in depth. I read whatever
I could find on the internet, including
various books and catalogs. | realized that
I needed to write down the things I had
learned and organize this information in
a logical way. That was the origin of this
article. Except for the information I found in
the other publications, I added to the paper
my own conclusions resulting from many
hours of simulations and calculations. My
goal was to understand how the CMC is
excited on the coax shield and how one can
calculate its value using antenna simulation
programs. I realized that with the addition of
some figures, this paper might be helpful to
other antenna designers.

Standard Way of Modeling
Antennas

Most antenna models created for
computer simulations neglect the presence
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of the coax feeder and its impact on antenna
performance. Let’s consider the simplest
case: a horizontal dipole. A typical model of
this antenna consists of just a source and two
equal length legs (Figure 1A). The hidden
assumption in this model is that the impact
of the feeder can be completely neglected. In
fact, it is assumed that such an antenna is fed
by a symmetrical (balanced) transmission
line, and that the signal source Us is also

T
-

(A)

Symmetrical
Transmission Line

112 Uge

1/2 Ugg

QX2105-PawlowskiO1

Figure 1 — A common way of modeling a
half-wave dipole (A), and the circuit that is
actually assumed in this way (B).

symmetrical with respect to the ground.
In other words, the source Usc is replaced
by two sources each of half the voltage of
the original one, connected in series with
the common node grounded (Figure 1B).
Moreover, itis assumed that the symmetrical
feed line runs perpendicularly to the antenna
all the way down to the signal source and,
thanks to the symmetry, it does not pick up
any RF energy radiated by the dipole.

Modeling an Antenna with a Coax
Feeder

In the majority of implementations
of ham antennas, a 50 Q coaxial cable
rather than a symmetrical line is used for
antenna feeding. The actual circuit is shown
in Figure 2A. Let’s ignore for the time
being any matching networks or baluns or
common-mode chokes at the feed point.
As you can see, the signal source and the
transmission line are no longer symmetrical.
In such a network, some imbalance of the
transmission line currents must happen.
There are two reasons for this. The signal
source is no longer split in two equal sources
with a grounded common point, but is now
a single source with one terminal grounded.
The two conductors of the transmission line
have different electromagnetic coupling to
ground and to the dipole legs what becomes
important when the feeder is not exactly
vertical. The imbalance of the transmission
line current is called the CMC, and is almost
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Figure 2 —The circuit of the coax-fed
antenna (A) can be modeled as in (B) or (C).

never desirable because it makes the feeder
radiate RF energy. It would be useful to
simulate how much CMC we can expect
in the shield of coax if we connect it to the
feed point of our antenna. Knowing that, we
could decide if such a value is acceptable
and if not, introduce some modification to
the antenna or to the feeder to reduce this
current.

Current antenna simulators available
to amateurs do not offer the “coax cable”
object that could be added to the antenna
model like a wire or an RLC trap. However,
as Roy Lewallen, W7EL, explained it in his
user manual to the EZNEC program, we
can use an idealized transmission line along
with a wire for the purpose as presented
in Figure 2B. In computer simulations,
the idealized transmission line does not
pick up any electromagnetic radiation
from the antenna elements nor does it
interact with the ground. It only transfers

the source power to the antenna feed
point and transforms antenna impedance
in accordance with its parameters (length
and characteristic impedance). That’s what
is available in 4nec2. EZNEC as well as
AutoEZ in combination with EZNEC do
allow the designer to additionally specify
coax loss. Nevertheless, such a transmission
line is still an idealized object and it does
not matter where you put it in the antenna
model. Even if you place it at an angle as in
Figure 2 B, it will not pick up any radiation
from the antenna and will not impact its
radiation pattern.

In order to simulate the coax feeder
interaction with the antenna and the ground,
an additional wire is needed in the model.
It should be placed in the same position
as the actual feeder. For the most accurate
results, this additional wire should be made
of the same material and have the same
diameter as the coax shield and have the
same insulation as the coax cable. This
wire should be grounded in the place where
the actual feeder touches the ground. If the
feeder does not touch the ground in the
actual application, you should extend the
wire emulating coax in the model with an
additional wire connected between the end
of the coax and ground. This will emulate
the grounding wire of your station.

It is possible to simplify the circuit to
the form shown in Figure 2C. Knowing
the coax parameters and the SWR at the
antenna feed point, you can calculate how
much transmitter power will be lost in the
coax before it reaches the feed point. To do
that, you can use TLDetails program by Dan
Maguire, AC6LA, or a similar calculator. In
the circuit shown in Figure 2C the signal
source is placed directly at the feed point,
but the transmitter power is reduced by the
loss in the coax. In such a model the current
that flows in the wire emulating the feeder
is equal to the CMC or, in other words, to
the difference between the two currents that
flow in the center wire and on the shield of
the real coax.

When doing routine antenna simulations
with a single signal source, you normally do
not care how much power the signal source
delivers. The input power of the source
does not influence the antenna radiation
pattern, SWR or feed point impedance. But
when you want to assess the currents in the
antenna wires or the CMC in the feeder
during transmission, you should set the
expected value of input power. The antenna
input voltage U,y shown in Figures 1 and
2 depends on the antenna input impedance

and the RF power that is delivered to the
feed point. When simulating an antenna,
you do not specify Ujy but rather the power
input. When you run a simulation, the
software calculates the antenna impedance
and then, knowing the input power, it
calculates the input voltage Uy. Examining
simulation results, you can find out the input
voltage calculated by the program.

When simulating an antenna with a
coax feeder, except for the normal antenna
parameters, you will also be interested in
the current flowing in the wire emulating
the coax shield. Simulators like 4nec2 or
AutoEZ+ EZNEC can deliver information
on the current flowing in every segment of
this wire. Generally, the CMC will have
different values in different segments of the
feeder. You need to find the maximum value
of the current along the whole length of the
feeder and compare it with the limit you
want to put on the CMC. More on this limit
setting later.

To analyze the CMC mechanism in
more detail, it is convenient to think of the
antenna as a common-mode voltage source
Ucy connected in series with the antenna
common-mode impedance Z,,. In many
antenna installations, there are chokes
or current baluns inserted between the
antenna and the feeder. Let’s assign symbol
Zecy to the choke/balun common-mode
impedance. Z;,x symbol will be assigned
to the impedance of the feeder (coax shield)
as seen from the choke perspective. Zgyp
will be the impedance representing losses
in the ground. The circuit for calculating the
maximum value of the CMC is in Figure 3.

Ucyss Zyenr depend on the antenna type
and Ugy, additionally depends on Up. Zey

Ucm
29
I LN
Zacm
Zey
Zror
ZGND
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Figure 3 — Equivalent circuit of the antenna
and feeder for calculating maximum value
of the CMC.
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depends on the choke/balun design. If the
antenna is fed without a choke or with a
voltage balun, Zq; equals zero.

Impedance of the feeder Zg, as seen
from the choke perspective, changes from
nearly zero for the lengths equal to the even
multiples of 2/4 (A/2, &, 31/2, ...) to very
high impedance for the lengths equal to odd
multiples of 2/4 (A/4, 3/4, 5)/4, ...). For
the antennas with low input impedance, the
most unfortunate feeder lengths are those
close to the even multiples of /4. If no
choke is used, a very high CMC will flow
through such a feeder.

Zonp 1s usually considered to be a pure
resistance. In normal cases, its value is in
the order of tens of ohms and it has marginal
effect on the CMC reduction and can be
neglected.

Electrically Balanced Antennas
Let’s examine (Table 1) U, and Z,.,
for a few symmetrical antennas: half-wave
dipole, intermittent half-wave quad loop
(monoband Cobweb) and a folded dipole
with three different wire spacings d. All of
them were designed for the 75/80 m band
(3.75 MHz center frequency) and placed
40.86 m (A/2) above ground level. The input
power was set to 100 W. The wire simulating
the coax was positioned vertically from one
terminal of the source to the ground. The
simulation results are shown in Table 1.
For the half-wave dipole and the Cobweb,
the common-mode voltage U, equals half
the input voltage U,y. However, this is not a
rule as the results of the folded dipole show.
For that antenna type, Uy, is closer to 2/3
of Uy. All of the simulated antennas had
quite small common-mode impedance, not

Table 1 — Input and common-mode parameters for different symmetrical

antennas.

Antenna Uw, V Zn, Q Uem V Zacw, Q
Half-wave dipole 82.1 67.5+ j0 40 23+ /0
Cobweb 35.2 122 +/1.8 17 23 - ji1
Folded dipole, d=02m 164 270+ jO 106 66 + JO
Folded dipole,d=0.5m 164 269 + jO 104 80+ /0
Folded dipole, d=1m 163 267 + jO 105 95+ JO

helping much in reducing CMC.

Based on the above simulations, we
can say that antennas having larger input
impedance will create greater common-
mode voltage and will require higher value
of Zey; and/or Zrpy to keep the CMC below
the threshold.
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Figure 4 — Asymmetrical antennas can be
electrically balanced if they have their feed
points located in current maximum spots.
The dotted lines show current magnitudes.

When the antenna is not used at its
resonant frequency, its input impedance
changes, it usually grows. As a result,
the input voltage is greater and also the
common-mode voltage is greater. For
example the half-wave dipole shown in
Table 1, when operated at 3.5 MHz, will
have the following parameters: U= 168 V,
Z=62-j120Q, Uy =82 Vand Z,, =48
—j4 Q. As you can see, the common-mode
voltage Uy, has doubled.

Another important observation is that
the antenna does not need to be physically
symmetrical to behave like an electrically
balanced antenna, that is, to have a small
value of Ugy. An example of such antenna
can be a modified dipole having one leg 2./4
long and the other 3A/4 long, sce Figure 4A.
Another example is in Figure 4B. This is
the end-fed Zepp with a vertical half-wave
radiator and horizontal /4 stub (only a
fragment of the antenna is shown for better
clarity). Antennas like that have their feed
points located at the current maxima. In
such a case, the antenna input impedance
is small and current distribution around the
feed point is symmetrical. Thanks to that,
the antenna is electrically balanced from
the perspective of the signal source and its
common-mode voltage Uey, is small — less
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Figure 5 — Antenna common-mode voltage Uy, (for 100
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fed half wave dipole.
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Table 2— Equivalent RLC circuit components calculated for a choke wound
on a 2.4” O.D. ferrite toroid core of #43 material. RLC values are valid for 1 to
55 MHz range. Calculation based on the data published in [1]. The resonance
frequency is provided for orientation only.

No. of turns Rc, kO Le, uH
6 2.3 32

7 2.8 46

8 3.6 60

9 4.4 80

10 5.2 95

11 6 120
12 7 140
13 8 170
14 9 200
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than 100 V for 100 W power input for both
exemplary antennas.

If the antenna is physically symmetrical,
it is easy to say how to route the feeder so
that it picks up minimum radiated RF energy
by the antenna. It may not be so obvious if
the antenna is electrically balanced but not
physically symmetrical as those in Figure
4. Then, a simulation can help find the best
way of routing the feeder.

Unbalanced Antennas

The off-center-fed dipole (OCFD) is
definitely an unbalanced antenna. Figures
SA and 5B show plots of its common-mode
voltage and common-mode impedance as a
function of the feed point offset. The more
the feed point is moved off the antenna
center, the greater the common-mode
voltage is generated. The voltage rise is
steep. The most popular version of the
OCFD has a leg length ratio of 1:2. The U,
for such a version is about 330 V compare to
41 V for a center-fed dipole. The difference
is striking. It is evident that achieving small
CMC in the feeder of an unbalanced antenna
is more difficult. A very high impedance
common-mode choke or even a number of
such chokes is needed.

Common-mode Chokes

The two most popular common-mode
chokes are the air-wound ones — coiled
with a lengths of coax without any magnetic
core — and the ones wound on the toroid
ferrite core(s). There are also chokes made
of ferrite beads or multi-aperture ferrite
cores but they are less popular in ham
antenna designs.

The air-wound chokes have very sharp
parallel resonance curve and because
of that their performance are hard to
control. Their reactance depends on the

dimensions, winding style and coupling to
nearby conductors. Even relatively small
change of any of these factors will shift the
resonance from the desired frequency where
the chokes have maximum impedance.
When they are operated below or above
resonance, their impedance and thus their
impact on the CMC is greatly reduced.

Let’s focus on the chokes wound on the
ferrite cores. It has been established that
their common-mode impedance can be
approximated by a parallel RLC resonance
circuit. Depending on the material, they can
have either one or two resonances: circuit
resonance or a dimensional resonance. The
nickel zinc ferrites (materials #43, #61) have
only a circuit resonance but the manganese
zinc ferrites (material #31) have both. Their
equivalent circuit consists of either a single
parallel RLC circuit (Figure 6A) or two
parallel RLC circuits connected in series
(Figure 6B).

Let’s consider the simpler circuit shown
in Figure 6A. The highest impedance
occurs at circuit resonant frequency and is
equal to R.. At the resonant frequency F
the choke impedance Z.y, is equal to its
resistance:

Z.o=R:. forF=F, .

For frequency F,, which is lower than
the resonant frequency F;, the choke Z.y,

impedance has an inductive reactance
component:

Zoyn =R+ jX, for F=F<F, .

Note that the resistive component of this
impedance is smaller than R

R <R,

and even the magnitude of the total
impedance is smaller than the R

I Z(.‘H] = VR12 + X12 < R(.' ‘

We have a similar situation when
frequency [ is higher than the resonant
frequency £, The choke impedance Zep
now has a capacitive reactance component:

Zego =R, —jX, Tor F=F>F, .

The resistive component of the
impedance is again smaller than R

R, <R

and the magnitude of the total impedance
is also smaller than R

| Z ey I= \/R22+X22 <R. .

You can see all these relationships in the
plot shown in Figure 7. Plots of this kind
have been published for different ferrite
core chokes by Jim Brown, K9YC [1], and
Tan White, GM3SEK [2]. With such plots,
you can find the R and X components for a
frequency of interest. R is given explicitly on
the plot and X can be calculated from:

where X is positive for the frequencies
smaller than the resonant frequency and
negative for the frequencies greater than the
resonant frequency.

Using R and X is not very convenient
when modeling antennas because they are
valid only for a single frequency. If you want
to change frequency (for example to check
the band edges) you need to edit the model
file and substitute R and X values with the
new ones.

If you knew the values of the equivalent
circuit components: R, L; and C. (and for
some materials also Ry, L, and Cp), you
could use them directly in the model as a
parallel RLC circuit (or two such circuits
in series) and have the correct choke
impedance for any frequency. Because the
RLC component values of the equivalent
circuits are rarely available, I have calculated
them for a number of chokes for which the
|Zcw| vs. F plots were available. The results
are gathered in Tables 2 through 5.

Two Ways of Exciting CMCs

The CMC can be excited by conduction
and by radiation. When we consider the
common-mode voltage Uy and a series
of impedances as shown in Figure 3,
we deal only with the current excited by
conduction. But the coax shield can pick up
electromagnetic radiation from the antenna.
This generates a CMC and the feeder
becomes an additional unwanted antenna
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Figure 6 — Equivalent circuits of common-
mode chokes - single resonance circuit
(A), and double resonance circuit (B).

element. Exciting currents by radiation
always happens if the coax is not placed
such that it does not pick up any radiation
from the antenna, for example, if the feeder
is not perpendicular to a center-fed dipole.

Let’s consider an OCFD with a choke of
infinite impedance installed at the feed point
(Figure 8). The wire emulating the coax is
disconnected from the antenna to simulate
a choke of infinite impedance. Obviously,
there is no CMC due to Ugy, because the
circuit is broken. Yet, if the coax length
is about A/4 long, a large current will be
induced on its shield due to radiation from
the antenna. The same situation will happen
if the coax of a center-fed dipole is not
routed vertically down but is askew. Even
with the very best choke, the CMC will be
excited in the feeder.

The good news is the antenna simulators
calculate the CMC excited in both ways at
the same time. No need to worry that the
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versus frequency F for an example common-mode choke.
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QX2105-Pawlowski08 center-fed half-wave dipole with the feeder

run askew.

Figure 8 —The CMC excited by radiation in
OCFD. The dashed lines show the current
magnitude. Note that the 3/4 long feeder is

disconnected from the antenna to simulate

a choke of infinite impedance.

Table 3- Equivalent RLC circuit components calculated for a choke wound
on a 2.4” 0.D. ferrite toroid core of #61 material. RLC values are valid for 1 to
55 MHz range. Calculation based on the data published in [1]. The resonance
frequency is provided for orientation only.

No. of turns Re, kQ Le uH Ce, pF Fo, MHz
6 41 8.6 2.6 33.5
7 5.2 10.5 2.9 29.0
8 7.8 13.2 2.9 25.5
9 17.0 16 3.0 23.0
10 17.5 20 3.0 20.5
11 18 24 3.1 18.5
12 20 28 3.1 17.0
13 22 325 3.1 16.0
14 18 38 3.2 14.5




simulation results will be in disagreement
with the real world values. Nevertheless,
it is good to understand these two ways
of exciting CMCs because the simulation
results might otherwise be confusing.

Impact of Feeder Length

The feeder impedance Zgpy influences
the CMC excited by conduction. The
impedance depends on coax length. If
the feeder is about A/4 long, it can be
represented by a parallel RLC circuit with
large R component (> 3 kQ). However, if
the feeder is about 2/2 long it is equivalent
to a series RLC circuit with small R value
(<50 ).

The CMC excited by radiation depends
on coax length. Table 6 can help you predict
what coax lengths are most likely to cause
the CMC problem due to conduction and
due to radiation. Note that the coax length is
measured from the feed point (or the choke

if used) to the point when we can consider
it grounded. It is usually assumed that this
is the point where it touches the ground for
the first time.

The prediction depends on antenna feed
point impedance. Most of the currently used
antennas have a low feed point impedance
but, for example, the extended Zepp has
high feed point impedance.

Systems with low feed point impedance
antennas benefit from the common-mode
choke only if the coax length is close to
the even multiples of /4 (A/2, A, 30/2, ...).
But the choke is not effective and can even
increase the CMC when the coax length
is close to odd multitudes of A/4, that is,
(W/4, 304, 5)/4, ...) unless the antenna
is symmetrical and feeder is run in such a
way to not pick up any radiation from the
antenna.

An interesting article by Rich Quick,
W4RQ, and Kai Siwiak, KE4PT [4], shows
how CMC varies depending on the length of
a coax feeder connected to a dipole.

Table 4 — Equivalent RLC circuit components calculated for a choke wound
on a 2.4” 0.D. ferrite toroid core of #31 material. RLC values are valid for 1 to
55 MHz range. Calculation based on the data published in [1].

No.of turns  Rp, kKQ Ly pH Co, pF
6 0.65 110 55
7 0.95 170 28
8 1:2 200 25
9 1.55 240 23
10 2 290 17
11 2.5 350 12
12 3 440 10
13 3.55 520 8.5
14 4.4 620 6.7

Rc, kQ Lc, }.I.H Cc, pF
1.95 15.5 2.6
2.4 19 2.8
2.7 26 2.9

3.1 36 3

3.4 40 3.5
3.2 44 3.9
3.1 55 4.4
3.0 67 5

2.75 59 6.7

Table 5 — Equivalent RLC circuit components calculated for the chokes
described in [2] and wound on the oval ferrite cores of #43 material. RLC
values are valid for 1 to 30 MHz range. The resonance frequency provided for

orientation only.

Choke type Re, kQ Le, uH
Low Bands 6.2 280
Mid Bands 4.7 95
High Bands 2.3 23

Ceo pF Fo, MHz
14 2.5

3.5 8.7

2.2 224

Table 6 — Types of the CMC excitation (c - by conduction, r - by radiation)
depending on the feeder length in wave lengths, antenna feed point (FP)
impedance and presence or absence of common-mode choke.

Antenna system N4
Low FP impedance, no choke -
Low FP impedance, high Z choke r
High FP impedance, no choke
High FP impedance, high Z choke

w2 34 b 5)/4 312
c - [o} - [
- c&r - c&r -
- c&r - c&r -

Antenna System Examples

When simulating the antenna-choke-
feeder system, you should use the circuit
shown in Figure 2C or 2B. The feeder
geometry should be the same as the your
coax geometry. If the coax is not routed
vertically but at some angle, model the wire
emulating coax shield at the same angle. If
the choke is used at the feed point, add a
parallel RLC circuit to the first segment of
the coax emulating wire. If you need two
RLC circuits, you can add the second one to
the second segment of the wire or again to
the first segment of the wire. Contemporary
antenna simulators will allow you to add
two parallel RLC circuits connected in series
to the same wire segment (www.arrl.org/
QEXfiles).

Before we move on, we need to establish
the limits we can tolerate for the maximum
CMC and maximum power dissipated in
the choke (if used). When setting the first
limit, I compare the CMC to the current
flowing in a center fed dipole with 4 watts
of RF power applied to it. That is the power
level we have in our hand-held transceivers,
and it corresponds to 240 mA of the CMC.
This may seem like a large current if you
remember that for a center-fed dipole fed
with 100 W power, the current near the feed
point is 1.2 A. Everything is okay, since if
the current is reduced by a factor of 5, the
power is reduced a factor of 25.

I usually accept 10 W as the maximum
power that can be dissipated in the common-
mode choke when the system is fed with 100
W at the feed point. This may again look
high but losing 10% of power weakens your
signal by just 0.5 dB.

Example #1

Let’s analyze a few antenna systems. The
first one is the horizontal center-fed half-
wave dipole with vertical feeder. This is a
symmetrical antenna with the feeder located
in a manner to pick up as little radiation from
the antenna as possible.

My model looks like Figure 2C. The
most problematic feeder lengths are even
multiples of a A/4. I used the antenna
simulator to find out what is the feeder
length range near A/2 that would result in a
CMC greater than 240 mA when 100 W is
applied to the feed point. The simulations
were run for a dipole tuned to 3.75 MHz.
For this frequency, the feeder length range
causing problems was 0.46. to 0.56%.
Such range of ‘prohibited’ coax lengths
seemed to be relatively narrow, but that
was true only for the single frequency 3.75
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MHz. Simulations for the same antenna but
frequencies between 3.5 MHz and 4 MHz
revealed that troubles could be expected for
the feeder lengths between 0.392 and 0.65A.
The worst case CMC reached 1.8 to 2.3 A
depending on frequency. These calculations
proved that you should simulate the CMC
not only for the frequency in the center of the
band but also at the band edges.

The next step was simulating the same
antenna with a common-mode choke added
at the feed point. The system was simulated
with the following chokes:

* choke A: 2.4” ferrite toroid core,
material #43, 14 turns.

* choke B: 2.4" ferrite toroid core,
material #31, 14 turns.

» choke C: the “Low Bands” choke
wound on three oval cores, material #43,
S turns.

Every choke reduced the CMC down to
15 to 25 mA when the feeder length was
close to /2. This is a dramatic improvement
over the system without a choke.

The feeder lengths close to A/2 were no
longer the worst cases. Note that modeling
a center-fed dipole in the way shown in
Figure 2C introduced a small imbalance.
The signal source was in one antenna leg
only. This caused a small asymmetry in
the current distribution over the antenna
wires that in turn excited some CMC.
Table 7 shows that if a choke was added,
the worst case current happened for the
feeder lengths near A/4. There are some
differences in the worst-case lengths
depending on the choke type because their
impedances are not equal and differ not only
in resistive components but also in reactive
(capacitive or inductive) components at a
given frequency. Fortunately, the worst case
currents for all the systems with chokes
were below the limit of 240 mA, also for the
feeder lengths near A/4. Power dissipated in

the chokes was negligible so we achieved
a design good for any coax lengths. But
remember about the initial condition: the
feeder goes perfectly vertical and touches
ground below the center of the dipole.

Example #2

The next example is the horizontal
center-fed half-wave dipole with fixed length
feeder run askew (Figure 9). The antenna
was 2 times 19.64 m long, 16 m above
ground and its feeder consisted of 16.8 m
long tilted section, and 2.5 m long vertical
section. So, the total feeder length was close
to A/4.

When simulated at 3.75 MHz with choke
B placed at the feed point, the CMC in the
feeder exceeded 530 mA. At the same time,
the power dissipated in the choke exceeded
13 W. So, both limits, 240 mA and 10 W,
were exceeded.

However, when the choke was removed
and the feeder was connected directly to the
right arm of the antenna, the CMC dropped
to 91 mA and. of course, there was no
power loss in the choke because it had been
removed. It demonstrates that sometimes it
is much wiser not to use a common-mode
choke.

Example #3

The third example is the antenna known
for its high common-mode voltage Uy,
— the C—pole. The design I started with
was proposed by B. V. Cake, KF2YN [3].
I modeled and simulated the 20 m band
version repeating the antenna dimensions
after the author.

I selected the best choke for this
frequency which was the 14-turns choke
wound on material #61 (see Table 3). The
calculated maximum CMC was only 35
mA at 14.175 MHz. That’s very good but
unfortunately the power dissipated in the
choke was no less but 17.5 W. It often

happens with the unbalanced antennas
using chokes that the power dissipation is
the limiting factor not the CMC. One way to
overcome this problem is to add yet another
identical choke in series with the first one.
Five watts will be dissipated in every choke,
so 10 watts in total. The CMC will drop to
17 mA.

The other possible way to make this
antenna work efficiently is to move the
feed point to the current maximum spot as
shown in Figure 10 (B) and connect the
feeder without any choke. The CMC will

P
oS

(B)

QX2105-Pawlowski10

Figure 10 — Example #3: the C-pole as
originally designed (A), and with the feed
point moved and choke omitted (B).

Table 7 — Worst case CMCs excited in a 80/75 m band center-fed dipole for different chokes.

CMC type Freq., MHz Worst case
CMC, mA

No choke 35 2200

No choke 3.75 1800

No choke 4.0 2300

A 3.5 97

A 3.75 75

A 4.0 124

B 3.5 71

B 3.75 62

B 4.0 114

C 35 87

C 3.75 85

C 4.0 175

Power dissipated in Worst case feeder
choke, W length, m
n/a 44.4

n/a 40.8

n/a 37.8

0.5 22.4

0.2 20.6

0.6 19.2

0.1 21.0

0.01 19.4

0.3 18.0

0.3 19.8

0.3 18.2

1.4 16.8

Worst case feeder
length, i

0.52

0.51
0.50
0.26
0.26
0.26
0.25
0.24
0.24
0.23
0.23
0.22
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be then 206 mA and of course there will be
no power dissipated in the choke. The feed
point impedance will change from about
50 €2 to about 30 Q, so you will have to
decide whether to add a suitable un-un (not
introducing common-mode impedance)
or to accept some mismatch. T would
personally go for the second option.

Conclusion

The battle with the CMC in the coax feed
line does not end once you add a common-
mode choke at the antenna feed point. As a
matter of fact, in some cases, the presence of
the choke may worsen the situation. In badly
designed antenna systems, it may happen
that too much power is dissipated in the
choke that can lead to a failure and is a waste
of the transmitter power. Fortunately, thanks
to the antenna simulation software, we can
first simulate various cases and avoid nasty
surprises. This is a much better approach
than trial and error method when the real
antenna is already built and installed. 1 hope
that this article will encourage my fellow
antenna designers to simulate antennas
along with the chokes and feeders. It is not
very complex!

Announcement

Jacek Pawlowski, SP3L, is an electronics
engineer with a MSc degree. He started his
professional career as an electronic designer,
in testing and measurements. After about
15 years as a circuit and PCB designer;
he switched to a management career path.

He has been an R&D project and R&D
department manager in several companies
since then. Jacek caught his radio bug when
he was still in a primary school in the early
1970s. In the years 1978 to 1999 he was
active as SP3LFV. After that he suspended the
hobby for 15 years. In 2014, he became active
again under the new call sign, SP3L. Jacek
maintains a web page, https://fsites.google.
com/view/sp3l-hf-antennas/home-page, of

his antenna designs.
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Cross of Merit of the Federal Republic of Germany Awarded to Professor

Ulrich L. Rohde, N1UL

Component
Parts

Following the nomination by Dr. Markus Sdder, President of the German State of Bavaria
and Member of the Bavarian Parliament, the Federal President has awarded Professor Ulrich
L. Rohde the Cross of Merit of the Federal Republic of Germany. The Award recognizes
Dr. Rohde’s significant contribution to Germany’s technological advances, prosperity and
sccurity work as a scientist, university lecturer, developer and entreprencur in the fields of
radio frequency and microwave technology.

The Order of Merit of the Federal Republic of Germany, established in 1951 by then
Federal President Theodor Heuss, is the highest tribute the Federal Republic of Germany can
pay to individuals for services to the nation. The Order comprises nine classes in the groups
Medal of Merit, Order of Merit, Great Cross of Merit and Grand Cross, and may be awarded
to Germans and foreign nationals alike.

QEX joins in congratulating Professor Ulrich L. Rohde, N1UL, a frequent QEX author,
on achieving such a high honor.

Feedback

A Four-Band Two-Element W7SX (Zavrel) Array (Mar./Apr. 2021)

Dear Editor,

A description of a mono-band extended-clement beam was published by:
R. C. Fenwick, K5RR, R. C. Fenwick Jr., N5SBXB, and B. Schroeder, “The Extended-
Element Beam,” OS7,, Dec., 1983. — Best regards, Bob Zavrel, W7SX.
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Tony Brock-Fisher, KIKP

15 Webster St., Andover, MA 01810; k1kp@arrl.net

Fixture and Method for

Measuri

ng Q of Inductors Using

a VNA or Spectrum Analyzer

Use a capacitor in parallel with the inductor under
test to measure the Q from transmission loss.

During the course of several projects I
needed to measure the Q of an iron powder
core toroidal inductor. For high values of
Q, this is not a simple or easy measurement
to make. I had a couple of VNAs and a
spectrum analyzer (SA) available to me as
possible measurement tools, but I needed to
determine the best way to measure Q without
introducing unacceptable measurement
errors. This note describes a method of
measuring inductor Q with reasonable
accuracy using cither an inexpensive VNA
(or antenna analyzer) or an SA.

One of my VNAs is the recently
introduced nanoVNA, which is an
inexpensive two-port VNA that provides
excellent capabilities. It can be calibrated
using the customary short, open, 50 Q
load standards. As a two-port VNA, it
can be calibrated to make transmission
loss measurements. An inductor can be
connected directly to the CHO input and
the nanoVNA. Use the NanoVNASaver
software [1] to directly report the inductance
and Q at a chosen frequency. However, for
reasonably high values of Q, the accuracy
of the Q value reported by the nanoVNA is
questionable and highly dependent on the
calibration in effect.

The measurement of Q requires knowing
the inductance and series resistance of the
unknown inductor, then,

2z fL

=T
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For high Q inductors, Ry is typically
very low, and attempting to measure a
small resistance in series with an inductor
becomes difficult and error prone. It’s
similar to measuring very small resistances
at dc with an ohmmeter where a different
approach, such as a 4-wire measurement
technique, is required to get accurate results.
Clearly a different approach is needed.

Circuits for Measuring Q

[ searched the web and found another
technique [2], wherein the unknown
inductor to be measured is connected in
series with a known capacitor to form a
series resonant circuit. This series LC circuit
is then connected in series with a fixed 50 Q
resistor, and the VNA is used to measure the
resistance at resonance, see Figure 1.

The Q of the capacitor is assumed to
be much larger than the Q of the inductor,

as is usually the case [3], so the resultant
measured resistance is assumed to be the
sum of Ry of the inductor with the fixed
resistor. The typical VNA (or antenna
analyzer) is presumed to be most accurate
near 50 €, so small deltas can be measured.
I tried this approach with the nanoVNA,
but found that the measurement was highly
dependent on the calibration, and often
gave negative values for Ry. Therefore the
technique was not useful when using the
nanoVNA.

The combination of the unknown
inductor with a capacitor to form a parallel
resonant circuit gives a circuit that can be
measured and the response curve can be
analyzed to determine the Q of the parallel
circuit. Again, the Q will be dominated by
the Q of the inductor, which is typically
lower than the Q of the capacitor by a factor
of 5 or more, so the Q of the circuit largely
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Figure 1 — Inductor Q measurement circuit by Phil Salas, AD5X.



represents the Q of the inductor.

A parallel resonant circuit can be
analyzed using a VNA or SA in the two-
port mode. The parallel resonant circuit
is inserted between the output of CHO of
a nanoVNA (or the tracking generator
output of the SA) and the CHI1 input of the
nanoVNA (or the signal input of an SA). In
this configuration, the parallel LC circuit is
driven from a 50 Q source and terminated
by a 50 Q load impedance of the CHI or SA
input, see Figure 2.

Simulating the Circuit

This configuration was simulated in
LTspice. The ac response of the circuit was
measured and the Q determined from the ac
response. The inductor Q was adjusted over
arange of interest by entering nonzero values
for the series resistance of the inductor in the
simulation. Reasonable agreement between
the measured and directly computed values
of Q was found. To investigate the effect of
loading by the source and load impedance
of the measurement instrument, the 50 Q
termination resistances for the source and
load were changed to 100 €, for a case with
no series resistance in either the inductor or
the capacitor (theoretically an infinite Q).
No change was seen in the measured Q as
the termination values were changed. The
measured Q of 1605 was less than infinite
due to finite sampling of the frequency
response curve, which in this example was
200 points over 2 MHz. If the sampling
was increased to 200 points over 5 MHz the
measured Q increased to 6417.

Additionally, the assumption that the
Q of the capacitor was not a large error
in measuring the Q of the inductor was
investigated. Two analyses were run in
LTspice. The first was with 1 € series
resistance for the inductor and 0 € series
resistance of the capacitor. This gave a Q
of 181. Then the series resistance of the

1.74 pH

=

—

56 pF
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Figure 2 — Parallel resonant Q
measurement circuit.

capacitor was set to 0.1 Q, which represents
a Q of 1020. The measured Q of the inductor
came down to 160. This was not a large
discrepancy. Furthermore the Q of the
capacitor acts to underestimate the Q of the
inductor, which would be a conservative
error for most applications — higher Q is
nearly always better.

This measurement technique is best
suited for inductors using iron-powder cores
where the coil Q is around 200. For air
core inductors, the inductor Q can be much
higher [4], and in these cases the Q of the
capacitor can have a greater effect on the
accuracy of the measurement.

The capacitor value used can be
adjusted to change the resonant frequency.
The frequency of resonance defines the
frequency where the Q of the inductor is
measured. Often it is desired to measure
the Q at a specific frequency, or at multiple
frequencies. Therefore it is useful to use a
variable capacitor.

Test Fixture

A test fixture specifically for measuring
the Q of inductors was fabricated, see
Figure 3. | used a dual-section air variable
capacitor with about 380 pF per section.
For small inductors and low frequencies,
the second section of the capacitor can be
added to the circuit with a short clip lead,
or a toggle switch could be added. Because
the frame of the capacitor is one terminal
but is not connected to ground, I mounted
the variable capacitor to a piece of copper
clad PCB material using nylon screws and
washers. SMA connectors were added to
use the fixture with the nanoVNA, but BNC
connectors could be used with another VNA
or SA. Alligator clips were included to
connect to the inductor to be tested.

To use the fixture, connect it to the VNA
in two-port mode. The measurement to
be made on the VNA is the transmission

Figure 3 — Parallel resonant circuit fixture
for measuring inductor Q.

loss measurement between port 1 and
port 2 (CHO and CH1). With a parallel
resonant circuit, the transmission loss
will be low above and below the resonant
frequency, and will be much greater at the
resonant frequency. To measure Q, two
or three points must be measured on the
curve. The resonant frequency and the
upper and lower frequencies where the
transmission loss is 3 dB lower than the
peak must be measured, see Figure 4. The
center (resonant) frequency can be directly
measured as the frequency of maximum
transmission loss, or it can be assumed that
the response curve is symmetrical and the
resonant frequency can be interpolated as
the average of the two other points. The Q
of the circuit, which approximates the Q of
the inductor is,

Q -— I::‘e.\' "
= Tt o
F_xdu i Fsas

If your VNA can export the transmission
loss data, you can import the data into
an Excel spreadsheet and automatically
compute the Q. If you're using an older
SA or VNA, then you'll have to make the
measurements and computations manually.
An Excel spreadsheet for computing Q
from such data is available at www.arrl.
org/QEXfiles.

Using the measuring instrument
in transmission loss mode reduces the
dependence of the measurement on any
calibration. Most calibration routines are
used to adjust the exact phase response
and impedance levels of the measurement.
However, the transmission loss measurement
is measuring the magnitude of the signal so
it is not sensitive to phase. Furthermore,
for high Q inductors, the frequencies
of measurement are close together so
frequency dependent errors are reduced.
Similarly, at the amplitude levels where
the frequencies are measured differ by
only 3 dB, so errors in the log amplitude
measurement are also reduced.

Conclusions

A method for measuring the Q of an
inductor that is accurate and relatively
insensitive to instrument calibration was
found. Using a capacitor to form a parallel
resonant circuit with the inductor under
test provides a circuit where Q can be
measured from transmission loss. The
measurement circuit was analyzed with
LTspice to confirm that it was not subject
to errors due to the termination loads,
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and to demonstrate that the finite Q of the
capacitor did not degrade the measurement
significantly. A measurement fixture was
described that facilitates connecting an
inductor to be measured into the parallel
resonant configuration in a transmission
loss measurement using a VNA or SA. The
computation of Q from three points of the
transmission loss versus frequency curve is
described. The measured Q of the circuit is
a reasonable approximation of the Q of the
inductor, as long as the Q of the capacitor is
much higher than that of the inductor.

First licensed in 1967 at age 13 as
WNIIKP, Tony Brock-Fisher upgraded to
Amateur Extra class, changing his call sign to
KIKP, in 1976. After getting his BS in Physics
and MS in Ocean Engineering he enjoved
a 35 year career as an electronics engineer
designing cardiac ultrasound systems for
HP, Agilent, and Philips. A past president of
Yankee Clipper Contest Club, Tony enjoys
contesting, DX, and station construction
projects, as well as writing for QEX!
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Figure 4 — Transmission loss plot shows the upper 3 dB, resonant,
and lower 3 dB frequencies.

Upcoming Conferences

Digital Communications Conference (DCC)
September 17 — 19, 2021
Virtual

https://tapr.org/digital-communications-conference-dcc/

The 40th annual ARRL and TAPR Digital Communications Conference (DCC) will
take place, September 17 — 19, 2021. Due to the coronavirus pandemic, this year’s confer-
ence will be held online.

Technical papers are being solicited for presentation. Papers will also be published in the
Conference Proceedings. Authors do not need to participate in the conference to have their
papers included in the Proceedings. The submission deadline is August 15, 2021. Submit
papers via email to Maty Weinberg, KB1EIB, maty @arrl.org. Papers will be published
exactly as submitted, and authors will retain all rights.

Paper and presentation topic areas include, but are not limited to, software defined radio
(SDR), digital voice, digital satellite communication, digital signal processing (DSP), HF
digital modes, adapting IEEE 802.11 systems for amateur radio, Global Positioning System
(GPS), Automatic Position Reporting System (APRS), Linux in amateur radio, AX.25
updates, Internet operability with Amateur Radio networks, TCP/IP networking over ama-
teur radio, mesh and peer-to-peer wireless networking, emergency and homeland defense
backup digital communications in amateur radio.
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A Smmple Way to Tune Out SWR
on a Balanced Transmission
Line at VHF and UHF

Match twin lead or ladder line feeders with a sleeve
implementation of a Series-Section Transformer.

Twin lead or ladder line feeders can
be matched by using a Series-Section
Transformer without cutting the main line.
This highly adjustable match uses a foil
sleeve that slides along the twin lead. The
method is very practical tor VHF and UHF
applications. It could be used at HE, but the
length of the sleeve becomes quite long.

The Series-Section Transformer is well
discussed in Section 24.4 of the ARRL
Antenna Book. This matching method is
very useful but has not been applied as often
as it might have been because it requires
cutting the main line to insert a section
with a different Z,, and because it is not
easy to adjust for a perfect match. Formulas
are available for determining the location,
length and Z;, of the inserted line and are an
easy way to design such a match. Actually,
the well known and used quarter wave
section at the matching point is a sub-set of
this method, as is the twelfth-wavelength
transformer. This method was also described
in the July, 1978 QOST. It would be well
worth a look at the material in either the
QST article or the Antenna Book for a better
understanding of this method.

The use of the QST/Antenna Book
formulas for design of these lines is perfectly
workable. However for those who are
familiar with a Smith chart, I think it is more
intuitive and faster to simply look for the
solution using Smith chart software. That
is the method I have used in my study of

this subject. We will begin by looking at
some examples and finding a Series-Section
matching solution.

Consider the case of a 300 Q line that is
matched at the antenna. At the transmitter
we wish to feed it through a 50 to 200 Q
balun. This balun would consist of a half
wave section of coax connected as shown
in Figure 1. A 300 Q load on the 200 Q
balun output would present a 1.5:1 SWR
to the transmitter. While that is possibly
acceptable, it could cause the transmitter

Figure 1 — A 50 to 200 Q2 balun.

power to begin backing off. Getting the
SWR lower is very simple.

With a Smith chart [1] we can design a
match at 144 MHz between 300 and 200
Q (Figure 2). At the 300 Q point a 2 inch
section of 100 € line is inserted. This is
followed by an 8 inch section of 300 Q
line. However, one may ask, “Isn’tit a lot of
trouble to cut the 300 Q line and insert the 2
inch section of 100 €2 line, and in any case
where do I get 100 Q balanced line?” A foil
sleeve provides a very simple solution. If we
wrap the twin lead or ladder line with a strip
of aluminum foil, it will reduce the Z, of that
section by a large amount, typically down to
about 100 Q. Further discussion of how the
foil affects the Z;, of the line can be found
in Appendix 1, and power limitations are
discussed in Appendix 2. So we cut a piece
of aluminum foil to about 2 by 2 inches, and
wrap it on the twin lead. We place it about

O 0
200 300
. .
¥ 2in 100 ohm
8in /
300 ohm  ©254-j101

Circuit elements

Cor El Value Description

= 2 48.1mm @ 100.00 VF=0.95 (no loss)
= % 209.4mm @ 300.0¢ VF=0.95 (no loss)

300 ohm twinlead  any length
200 gin  2in 300

Figure 2 — A 300 to 200 Q2 match. The Smith chart is centered on 200 Q. LinSmith was used
for these plots.
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8 inches from the 200 Q balun connection.
But here is the really nice part. We can slide
the aluminum foil up and down the twin
lead until we get the lowest SWR at the 50
€ point. If it is not perfect we can easily
shorten or lengthen the 100 Q section of foil.
With a few quick adjustments of length and
position of the aluminum foil we can get a
perfect match.

Here is another example of the same
method. Suppose that we have a low loss
300 Q2 line feeding an antenna with an SWR
of about 2:1. This means that the complex
impedance near the transmitter end will fall
at each point on the 2:1 SWR circle at some
place along the line. A 79 mm (3.1 inch)
sleeve should be installed where the Zis 193
+/ 132 Q, see Figure 3.

Slide it up and down the line to find the
best match and if needed, change the length
of the foil section. Putting the sleeve in the
wrong place on the 2:1 circle will increase
the mismatch. The location of the matching
sleeve is important, but easily found.

This match could have been done at a
193 +j 132 Q point near the transmitter end
of the line, rather than at the antenna end.
Matching at the antenna has two advantages:
1) the line loss will be less as there is no
SWR on the line; 2) the bandwidth of the
match will be broader. The disadvantage
of doing it at the antenna might include:
1) the matching has to be done up in the
air, where it might be hard to reach; 2) the
SWR measuring instrument will be at the
transmitter, and thus two people might be
required to do the adjustment, one to make
the changes and another to read the SWR.

If done at the transmitter end, the same
technique would be used. Slide the foil
sleeve — which would still be close to
the same size as when matching at the
antenna — up and down untl you find the
place where the match is best. If done at
the transmitter end we get a narrower band
match. However, most of our VHF bands are
narrow as a percentage of frequency. If the
results are too narrow, put the match closer
to the antenna. Outdoor matching sleeves
should be well protected from weather,
perhaps by using self amalgamating rubber
tape, as is commonly done with coax
connectors that are exposed. Even if
indoors, the sleeve should be protected and
kept in place with tape.

The approximate width of the aluminum
foil sleeve will be related to the amount of
SWR reduction required. As we have seen
in the above examples, for 144 MHz, about
2 inches (Figure 2) will reduce an SWR of
1.5:1, and a 3.1 inch sleeve (Figures 3) will
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Figure 3 —The circle is the locus of all possible 2:1 SWR values for Z. If a 100 Q section is
inserted where the Z is 193+132j it will pull the Z to 300 Q for a 1:1 match. Sliding the sleeve
along the coax moves it around the 2:1 SWR circle.

any length

to xmtr

100 ohm section

antenna

300 ohm line

Figure 4 — A 3.1 inch sleeve is wrapped on the 300 Q line and moved to find the best match.

tune out an SWR of 2:1. For other bands,
the length of the basic sleeve (Figure 4) will
be proportional to the wavelength. Below
6 meters the sleeve may be impractically
long. There is no problem with using several
sleeves either overlapping or separated by
some distance. Overlapping is an easy way
to change the total length of the sleeve.
There are no longitudinal currents in the
sleeve along the twin lead, although there
are currents in the circular direction around
the wires. For that reason, several turns of
foil should be used to provide a good path
for those circular currents.

I did some ‘real world’ tests on JCS
#1018 18AWG twin lead. Listed as 300 Q,
Peter Schuch, WB2UAQ, tested it and found
it closer to 230 Q [2]. My measurement
showed 233 Q, which is probably the same
within the margin of error. This impedance
can be lowered to 100 Q in actual tests, by
wrapping it in foil.

I used a short piece of twin lead that
measured 1/8 wavelength at 63 MHz to
determine the line impedance. The exact
length is not important and the electrical
length is easily measured by seeing which

frequency rotates 1/4 of the way around a
Smith chart. T used the formula

Z() ™ \j Z.\'hananm o

The real part of Z will be small so we can
simply use the reactance Xc, ., and X g
Then Z;, is equal to the geometric mean of
the reactance of a 1/8 wave shorted line and
the reactance of a 1/8 wave open line, using
absolute (positive) value for both reactances.
This method is described in hamwaves.
com/ze.measuring/en/index.html.

If done with complex values for the Z,,,
and Z,;,,, lines, the sign of the values should
be retained. Complex value for Z, can be
calculated if the real parts of the measured
complex Z values are sufficiently accurate.
Since R values are very small they are
difficult to measure, but it may be worth a
try. Complex values for Z; can be used in
programs such as 7LW to give more accurate
calculations. However, for most practical
RF transmission lines the imaginary part of
Zy values can be ignored and results will be
sufficiently accurate.

Since my nanoVNA in the Smith



chart display rcads R plus capacitance
or inductance values, I converted them
to reactance using standard formulas, or
an online calculator [3]. Later software
versions of the nanoVNA and most lab VNA
instruments read R and X directly. For taking
the square root of a product of two complex
numbers I used an online calculator [4].

A finite element analysis of a reasonable
approximation of this line also shows less
than 100 €2 to be possible [S].

Figure 5 shows a test of the foil sleeve
method described above. A 50 to 200 Q
balun is used at the nanoVNA. A 150 Q
resistive load is on the left end of the twin
lead. Without the foil sleeve, the SWR at
the 50 Q2 point (VNA) was 1.7:1. The sleeve
took the SWR down to 1.01:1, essentially a
perfect match. The sleeve was slid along the
twin lead until the best match was found.

Using the same test setup with 150 Q on
the left end of the twin lead, a match was
found at 432 MHz using two smaller sleeves
(Figure 6). The 50 to 200 Q balun was
operating on its 3rd harmonic. A solution
with a single sleeve should be possible, but
I quickly found this one using the two small
sleeves. By chance, one sleeve affected both
the real and imaginary parts of the Z, at the
50 € point and the other mainly adjusted
only the reactive part (center frequency).
This made the tuning very easy. The SWR
and Smith plots were very similar to those
taken on 2 meters. The SWR could be
reduced to 1.01 or 1.00 with ease. However,
without tape securing the sleeves, they were
easily bumped off the optimum point with
the SWR rising to 1.05 or so, indicating a
need to secure the sleeves with tape.

Application to a Practical Antenna

I have a two-meter band commercially
made antenna that has a T match (Figure 7),
which is connected through a built in balun
to feed 50 Q coax. The loss in the rather long
main coax was a concern. So I disconnected
the balun at the antenna and connected
twin lead directly to the T match, which is
inherently balanced. At the transmitter end,
Tused a 200 to 50 €2 balun. This left me with
an SWR at the 50 Q point that varied rapidly
with frequency between about 1.3:1 and 2:1.
As luck would have it, it was 2:1 at 144.2
MHz, the desired operating frequency. I
could have shortened the twin lead by a foot
or so to move me to one of the 1.3:1 match
points, but it was easier to simply use the foil
sleeve method to get a perfect match. I didn’t
have to shorten the twin lead, which was
barely long enough already. Furthermore,
if I need to operate on a different frequency,

I can simply shift the foil sleeve as needed.
However, all of the frequencies used in weak
signal work were well within a very low
SWR range.

I could go back and put the sleeve at
the antenna end, but that would require a
lot of running back and forth or else help
from someone to read off the SWR values
at the transmitter end and report to me at
the antenna end. T will probably do that
sometime, but for now, operating at 144.2
MHz plus or minus a few hundred kHz,
matching at the transmitter end is fine. A
1.5:1 SWR on the twin lead line causes
little loss. My estimations show that this
arrangement has about 1 dB less total feed
line loss than with the coax previously used.
It was a worthwhile change.

For another practical test, I found a

Figure 7 —T match connection to twin lead on 2-meter antenna.

dipole in my junk box that was somewhat
longer than a half wave on 2 meters and fed
with 20 feet of twin lead. Neither dimension
was chosen for any particular frequency,
so this approximated a ‘random’ antenna.
Connecting to the VNA through a 200 to 50
Q) balun, I began to wrap randomly chosen
foil strips on the twin lead and slide them
around. With about 5 minutes of *fiddling’
I found a prefect match. T used two sleeves
about 2 inches and 1 inch long near the
antenna, and did a final tweak with a 1/2
inch sleeve near the VNA. I am not saying
that you will always find a solution without
doing a complex impedance measurement at
the antenna and using Smith chart analysis to
see where to try the matching sleeves, but at
least in this case I easily found the match by
simply trying different lengths and locations

)
b, j
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of the sleeve. Since the major part of the
match was done near the antenna, I believe
that the SWR on the twin lead over the major
part of its length was less than 1.3:1.

This opens the possibility of taking
whatever antenna you have, say a typical
TV antenna or even a pair of ‘rabbit ears’
and getting it to match on your band of
choice. Of course, your balun will have to be
suitable for that frequency. I tried to match
on 220 MHz using a 144 MHz half wave
balun as described above and couldn’t find
a match even though the balun worked on
both 144 and 432 MHz. A broad band ferrite
core balun would probably allow almost any
antenna to match any band. A larger TV
antenna could also be matched and it might
have some gain in a useful direction. It is
easy enough to give it a try, if you have a
twin lead fed TV antenna left over from the
days before cable TV [6].

Appendix 1 — How the Foil Sleeve
Changes the Z, of a Parallel Wire
Line

The Z, of a lossless transmission line is
given by:

Zy=4/ 5t

where L is the inductance per unit length,
and the C is the capacitance per unit length.
These can be measured by shorting the end
and measuring the L at low frequencies, and
by measuring the C of the line with the end
open. The length of the measured line is not
important as long as it is a small fraction
of the wavelength at the measurement
frequency, since it is only the ratio of the two
numbers that matters.

The formula tells us that if C is increased,
the Z; will go down. Wrapping a foil sleeve
around the insulation that joins the two
conductors provides additional capacitance
since each wire will ‘see’ the sleeve. The
closer the sleeve is to the wires the greater
the additional capacitance. The L is also
affected as A fields are limited.

Figure 8 (top) shows a finite element
simulation of the magnetic and electrical
fields along the line without the sleeve. The
H (magnetic) fields encircle the wires, and
the E (electric) field lines connect one wire
to the other. When a metal sleeve is added,
the L value is decreased since the magnetic
fields will be restricted to the inside of the
sleeve. This effect is similar (o what happens
when an inductor is enclosed in a can such
as was done with IF transformers. This
effect is shown in Figure 8 (middle). With
the shield the £ field lines are much shorter
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and connect mainly between the wires
and the sleeve. This is shown in Figure 8
(bottom). These shorter E field lines mean
higher capacitance.

Since C goes up and L goes down, the
net result is a reduction in the Z; of the line.
In the lines I checked, tightly wrapping
the sleeve with aluminum foil lowers the
7 to about 100 Q. This is consistent with
simulations I made using finite element
analysis software. If less effect were desired,
one could use a dielectric spacer between
the foil and the line. For non-adjustable
effects, one could apply copper tape to only
one side of the twin lead. Such tape with
adhesive is available from stained glass
suppliers. Sticky aluminum tape is also sold
in hardware stores for sealing HVAC ducts.
One could even slip a piece of aluminum
tubing over the twin lead. This would be
adjustable, but would not lower the Z, as
much as other options. It might serve for a
section that was to pass through a wall.

Appendix 2 - Power Limit
Considerations

There may be some concern as to power
limits being made lower by the application of
the foil sleeve to a balanced line. The voltage
rating of the line will certainly be lower
as the total space between conductors is
reduced. Since the sleeve is applied at a point
near the matching circle, both the voltage
and current at that point will be no worse
than the peak voltage and peak currents on
a matched line with the sleeve. Thus SWR
on the line does not add to the peak voltage
or current limits at the sleeve. Operating
with high SWR on any transmission line
must of course consider the fact that voltage
and current will be high at the minimum
and maximum reflection points along the
coax and this reduces the power rating —
peak power rating at the voltage peaks and
average power rating at the current peaks.

My tests on the twin lead type JCS #1018
18AWG show no arcing at the sleeve with
up to at least 1200 V rms (60 Hz ac), which
is equal to 4.8 kKW on a 300 € line. At 1500
W, a300 Q line would carry 2.24 A. The 100
Q section pulls the line Z to 300 €2, never
lower. Other types of twin lead would need
1o be tested, especially very thinly insulated
TV type ribbon line — probably not a good
choice for high power. If needed, Teflon
plumber’s tape could be wound on under
the sleeve or other means used to increase
the voltage rating. This would of course
place some limit on how low the Z, of the
matching section could go, meaning it might
have to be made longer.

N V2
AN (TN \

Figure 8 —The top plot shows the twin
lead seen end on.The E and H fields fill
all of space out to some distance. In the
middle and bottom cases, the two wires are
enclosed in a metal sleeve. This confines
the H fields as shown in the middle plot. In
the bottom E field plot, the sleeve allows the
E fields to go mainly to the shield instead
of to the other wire. More RF current will
flow meaning the capacitive reactance is
reduced, and the C is increased.

John Stanley, K4ERO, and his wife
Ruth, WB4LUA, retired to Rising Fawn,
Georgia after 45 years in international
broadcasting, where they did engineering,
consulting, and training with Christian radio
stations in many countries. As an ARRL
Technical Adviser for the past 30 years, John
has contributed to many ARRL publications.

Notes

[1] Smith chart analysis was done using
Linsmith: jcoppens.com/soft/linsmith/
index.en.php.

[2] https:/fforums.grz.com/index.
php?threads/jsc-wire-and-cable-twin-
lead-data.580208/.

[3] You can convert capacitance and induc-
tance to reactances using standard for-
mulas, or use this handy calculator: www.
electronics2000.co.uk/calc/reactance-
calculator.php.

[4] Math Is Fun, Complex Number
Calculator, www.mathsisfun.com/
numbers/complex-number-calculator.
html.

[5] Finite element analysis was done using
ATLC2, see: www.hdtvprimer.com/
KQ6QV/atlc2.html.

[6] For modifying a typical LPDA TV antenna
for ham band use, see the article by John
Stanley, KAERO, that comes with the ARRL
Antenna Book CD as a supplementary file.
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lelegram Your Commands

Remotely command and monitor your ham station
from anywhere that you have internet access.

My station, AI6XG, operates its
transceiver and antenna remotely. The
transceiver, a Flex 6400, is located in an
adjacent lot near the station antennas. Being
remote, [ want to be able to monitor the status
of the station and power the transceiver ON
and OFF. Since I can operate from anywhere
I have an internet connection, | wanted
system control and monitoring available
anywhere [ have internet access as well.

In this article 1 describe how to set up
your own remote command and monitoring
system so you can build a system to meet
your needs and configuration.

Why Telegram?

[ looked at various applications and
other solutions for remote monitoring and
control. 1 chose Telegram, a cloud based
messaging app. With the Telegram app
you can send and receive messages and
commands. Telegram has apps for iPhone,
Android and Windows phones, and iPad
tablet as well as desktop apps for PC/Mac/
Linux, MacOS and web browsers. Telegram
is very versatile, allowing its use from many
different operating systems.

Modules for Arduino and Raspberry Pi
have been written using the Telegram Bot
API (https://core.telegram.org/bots). A
Telegram Bot can be built that will respond
to messages and commands sent to it.
The Telegram Bot can also send Telegram
messages trom the system it is installed on
to a Telegram app.

This means that from your Telegram app
on your mobile phone, tablet or desktop you
can send and receive messages to and from a

Telegram Bot that is installed on an Arduino
or Raspberry Pi. I used a Telegram Bot on a
Raspberry Pi to implement a monitoring and
control system for my remote station. I will
show you how to design one for your station.

Set up the Telegram app and Get
Your Bot Access Token

To take advantage of Telegram you must
first install the Telegram app (Figure 1) on
your mobile phone by downloading the app
from Google Play or Apple App Store. Your
Telegram account is tied to your mobile
phone number so it will follow you with any
phone change.

Once you have the app installed and your
account set up, you are ready to build a bot
to be used in your application. To do this
you will name the bot and receive an access
token that will be used in your program.
The access token is quite long and looks
something like this:

123456789:ABCdefGhlIJKImNoPQRsTUVwxyZ

You may want to do the next steps on
your computer so the access code is casily
copied and inserted into your program.
Simply download the Telegram app from the
Telegram website (https://telegram.org);
for your operating system and sign in.

Telegram
Telegram FZ-LLC

Figure 1 — Telegram logo.

To create a new bot, search for
‘BotFather” in the Zelegram app to bring up
BotFather (Figure 2).

BotFather is a bor itself and will assist
you in generating a new bot. Type in “/start’
to start BotFather, notice that commands in

19:46 Wi W W W - RO Y6 & 65%

< (\' BotFather

* bot

/start g4

| can help you create and manage
Telegram bots. If you're new to the
Bot API, please see the manual.

You can control me by sending
these commands:

/newbot - create a new bot
/mybots - edit your bots [beta]

Edit Bots

/setname - change a bot's name
/setdescription - change bot
description

/setabouttext - change bot about
info

/setuserpic - change bot profile
photo

/setcommands - change the list of
commands

/deletebot - delete a bot

Bot Settings
/token - apnerate antharizatinn

@ Messag @ 2 9

Figure 2 — Start building a new bot with
BotFather and the ‘/start’ command.
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going to call it? Please choose a
name for your bot.
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How2Telegram ...

Good. Now let's choose a
username for your bot. It must
end in ‘bot". Like this, for example:
TetrisBot or tetris_bot.

How2Telegram_bot ...

Done! Congratulations on your
new bot. You will find it at t.me/
How2Telegram_bot. You can now
add a description, about section
and profile picture for your bot,
see /help for a list of commands.
By the way, when you've finished
creating your cool bot, ping our
Bot Support if you want a better
username for it. Just make sure
the bot is fully operational before
you do this.

Use this token to access the HTTP

Figure 3 — After entering the /newbot’
command, enter the Bot name
(How2Telegram) and username
(How2Telegram_bot), and the BotFather will
return your access token.

Telegram start with a forward slash (more
on this later).

Select /mewbot to create your bot (Figure
3). You will be asked to name your bot (e.g.
How2Telegram) and provide a username (e.g.
How2Telegram_bot) that must end in ‘bot’.
Once you enter the username the access token
is generated. Copy it for later use.

Setting up the Botin Python 3

We will be using python-telegram-
hot python package to use the Telegram
bot on a Raspberry Pi. The GitHub
page (https://github.com/python-
telegram-bot/python-telegram-bot): for
python-telegram-bot has extensive docu-
mentation, references and examples.

First, we must install python-telegram-
bot on the Raspberry Pi by using the
following from the command line:

sudo apr-get install python3-pip

sudo pip3 install python-telegram-bot
--upgracde

This will install python-telegram-bot
for Python 3 on your Raspberry Pi. Now
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let’s use a short script that will build your
Telegram bot. Use the Python IDE in the
Raspberry Pi desktop and try the script test_
account.py. Scripts are at: https://github.
com/phase2682/HowToTelegram and
www.arrLorg/QEXfiles.

In test_account.py we will use Telegram
API to confirm that your bot is functional.
After we import 7elegram the bot is built by

hambot = telegram.Bot(token)

where token is the access token generated
carlier. The function hambot.getMe( )
returns basic information about the bot.
The information that is printed out should
match the information you supplied when
you made the new bot. It can take a minute
or two before the information is returned by
the function.

Listening and Replying

For monitoring and control we want the
Telegram bot to listen for any messages or
commands sent to it. We want the bot to wait
for amessage or command, act on it and then
wait for more messages and commands. To
do this, we use the python-telegram-bot to
link to the bor and handle any messages or
commands sent to the hot. The class updater
is used to establish the link to the bot; we
will setup updater as a polling service.
When messages or commands are received
by the bot, dispatcher (part of updater class)
will send them to the appropriate handler.
The handler will act by taking an action you
define. These classes and modules must be
imported by using:
from telegram.ext import
Updater, CommandHandler,
MessageHandler; Filters

In the script listen_for_message.py, we
set up hambot as the Telegram bot and a
message handler to respond to a dispatched
message by directing to the function
action(msg). See Code Snippet — 1.

Here the bot replies with the message
sent to it and the sender’s id; this is defined in
the action function. Take note of your sender
id, we will use that later. In this message
handler we use the very handy Filters
module, which has several predefined filters.
In this example the message handler will
react to messages (Filters.text) but not to
commands (~Filters.command).

Now that we have the bot listening and
replying to messages, we can make the bot
take actions depending on the content of
the message. The script reply_to_message.
py, action(msg) will test for specific words
or phrases contained in the message. For

example, the Code Snippet — 2 will return
the current date if either ‘date’ or ‘Date’ is
received in the message.

You can also set up the action for specific
commands that in Telegram are preceded by
a forward slash. We do that with the “ftime’
command by using a handler for commands
only; see Code Snippet — 3, which will
return the current time if only “/time’ is
sent. The text can not contain any other
content. The handler class has other specific
handlers; we will use only command and
message handlers in this article but take a
look at the other handlers that can be used.

The function context.hot.send_
message(chat_id, text) sends a message to
the Telegram user with the id ‘chat_id’; ‘text’
is the string content of the sent message. If
you are responding to the user that sent the
original message you can use the simpler
update.message.reply_text (text).

My experience working with dispatcher
has been that handlers are called in order.
This script uses that to respond to unknown
commands by the very last handler to react
to commands not handled by preceding
handlers.

Try different combinations of words and
capitalization to see how the bor responds.

Make the Bot do Something

We are going to set up a simple circuit to
show that the Telegram bot will respond to a
message by changing an output. This can be
used to turn ON equipment, or to SWITCH
antennas. For example, the Flex 6400 will
power up or shut down according to a logic
state applied to a back panel input.

We will also monitor the status of
the circuit and respond with a message
indicating the status. At my station,
Al6XG, +5 V from the Flex 6400 USB
port is monitored to determine whether the
transceiver is powered up or not.

In this example an LED will be turned
ON and OFF by the Telegram bot. When
the LED changes state, Telegram sends a
message with the LED status.

We will be using the script do_something.
py to demonstrate changing an output and
monitoring for changes. As shown in Figure
4 we are using the Raspberry Pi to turn
the LED ON or OFF (GPIO 21) while the
Raspberry Pi is also monitoring the status
of the LED (GPIO 20). Normally we would
not use one pin to monitor another pin but
this is just a demonstration circuit.

To turn the LED ON or OFF, the bot
will change GPIO 21 state according to
the incoming message or command and
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Figure 4 — Circuit for bot demonstration.

send a confirming message that the LED is
changing state. In this script both message
and command handlers are used to turn the
LED ON or OFF, or report its status. In an
actual application two types of handlers
would not be used for the same response. In
this example though, we are demonstrating
two different ways of implementing bots to
take action. Also, only one output is used
in this example, while the Raspberry Pi has
several more GPIOs that can be used in a
similar fashion.

We use an interrupt on the input that is
monitoring the LED to detect a change of
LED state and then send a status message
(Code Snippet — 4). This is executed by the
function on_off{pin) that is pointed to by the
interrupt (Code Snippet - 5).

Since the bot is running in a different
thread we can not send a message using the
bot during an interrupt. Instead the message
is sent using the Telegram APl (Code
Snippet - 6).

For this demonstration script we added
a test for authorized users before reacting
to a message. First a list of authorized users
is built, ‘you’ is your user id from running
listen_for_message.py script. You can also
use the ‘get id” bor in your Telegram app to
return your user id, (Code Snippet - 7).

By using Filters it is very easy to specify
that a handler acts only on messages or
commands from authorized users:
LedOn_handler =
CommandHandler( ‘LedOn’,

LedOn, Filters.chat(users))

The application here is a simple example
of what can be done with a Telegram bot.
We can do more than just turn ON an LED;
the Raspberry Pi outputs can be used to turn
ON or OFF equipment, change antennas
through a digital antenna switch, turn ON
indicators, etc.

Likewise, monitoring can be done with
many other applications. At my station,
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Figure 5 — Isolating a RPi output. R1 limits the current to the opto-isolator internal LED; for
the Raspberry Pi 3.3 V output a 180 to 200 Q2 1/8 W resistor can be used for 10 mA of LED
forward current. For a typical 5V input, R2 can be 10 k{2 to 100 kQ 1/8 W.
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Figure 6 — Isolating a RPi input. R1 limits the current to the opto-isolator internal LED; for
5V targets a 330 2 1/8 watt resistor typically is used for 10 mA of LED forward current.
For a 3.3V input, R2 can be 10 k(2 to 100 k2 1/8 W, or the internal pull up on a
Raspberry Pi can be used.

AI6XG, the temperature and humidity
of the outdoor enclosures is monitored in
addition to the status of the transceiver.
A simple message to the Telegram bot
returns a temperature and humidity report.
I use this monitoring to determine if the
transceiver needs to be shutdown during
some of our extreme summer heat to prevent
overheating. Conversely, the monitor
instructs me to keep the transceiver idling to
maintain the vented enclosure humidity at a
safe level during winter rains.

A Few Notes on Interfacing to the
Raspberry Pi

The Raspberry Pi is a very useful single
board computer but one has to be careful
when using its inputs and outputs. The
inputs and outputs are not 5 V tolerant; no
more than 3.3 V should be applied to an
input. Likewise, an output driven high will
deliver only 3.3 V with limited current.

For the installation at AI6XG all inputs

and outputs going to external equipment
were connected through an opto-isolator.
The opto-isolator has a few important
roles. It isolates the Raspberry Pi from the
transmitting and receiving equipment that
could be operating at higher voltages than
the Raspberry Pi can tolerate. It also acts
to isolate the common returns (ground)
of the Raspberry Pi from the transmitting
and receiving equipment. The opto-isolator
can be used to convert the 3.3 V output to
another voltage (like 5 V) or protect the
Raspberry Pi inputs from signals greater
than 3.3 V.

In Figure 5 the opto-isolator is isolating
the Raspberry Pi output from the target
equipment. The pull up resistor on the
output of the opto-isolator can be used
to shift the voltage required by the target
equipment, often 5 V.

Likewise, in Figure 6, the input of the
Raspberry Pi is isolated from the monitored
target. An external pull up resistor can be
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uscd on the opto-isolator output to pull to 3.3
V or an internal pull up can be used.

The resistor on the input of the opto-
isolator is the current limiter for the internal
LED. I recommend using opto-isolators
with LED forward currents that are less than
10 mA for compatibility with the Raspberry
Pi GPIO.

The circuit shown in Figure 7 does not
provide any isolation but can be used for
voltage translation or provide more current
than the Raspberry Pi can provide. A FET
can also be used for this circuit.

To switch higher voltages and currents
there are a number of components that can
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Figure 7 — Non-isolated voltage translation. Q1 is a general purpose NPN transistor. Use
R1 to set the appropriate base current, and R2 is a pull up and current limit for the target.

R1
200 Q
RPi_output_turn_on a—Wyi U1 it
. L 8 1 7o) To Flex Remote On
RPi_Common o . (Interal Pullup)
2 —- 7 2

J2
— — 1 3 6 e

VBUS AAA _ ) y RPi_input_Flex_on
2 2 yyy = l l { (Internal Pullup)

p- |0 35020 4 — 5 C1 + c2
—13 0.1 pF 10 pF
From Flex D+ |O ) oo
USB Output o o] 4 ILD207 : : { RPi_common

R

GND | O
—16

Shield | O

USB_B_Micro
138V All resistances are 1/8 W.
u2 S R4
R3 $ 1000

200 Q

RPi_Common (

1 .S
RPi_GPIO_RED ——AM——oF—A }
- :j— 5
== DC
) 2 :: 4
c I s

LED1

LH1540 i &
13.8V 2
’T’ 3 +13.8V_return
i u3 S R6
< 100Q Q14P1BZZRYG12E
200 Q

RPi_Common

_~—

1 , S
RPi_GPIO_GREEN )_ANV_ A b
:l_ 5
o DC
2 :] 4
C I s

LH1540

QX2107-Koellen08

Figure 8 — Schematic of the system used at AI6XG to control and monitor the status of a Flex 6400. U1 is a ILD207 dual opto-isolator. J1 is
a phono jack and J2 is a microUSB jack. C1 and C2 are noise reduction capacitors rated 6.3 V or greater. U2 and U3 are LH1540 normally
open SSRs, LED1 is an APEM Q14P1BZZRYG12E red and green LED weather proof assembly.
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be used with the Raspberry Pi. There are
multi-channel solid state relay (SSR) boards
available from Amazon and eBay that can
switch ac voltages up to 240 V and 2 A.
These boards have integral opto-isolation
to completely isolate the switched output
from the input logic signal. Some of these
boards can require 5 V logic signal to switch
the SSR, the circuit in Figure 7 is handy for
translating the Raspberry Pi 3.3 V logic to 5
V logic. Remember that the logic signal is
inverted when using this circuit.

There are also single channel devices
that are an opto-isolated SSR in a small
footprint. I have successfully used the
LH1540 for low current switching. Also,
IXYS has a nice selection of opto-isolated
SSRs including the CPC1510 for moderate
currents. For higher current and voltage, the
OMRON G3MC-202P-DCS5 is suitable.

Figure 8 shows an example of different
interface configurations, and is a portion of
the system used at AI6XG to control and
monitor a Flex 6400. An output from the

Code Snippet — 1.

Raspberry Pi is used to drive the ‘remote
power on’ input of the Flex 6400 to power it
ON and OFF. The +5 V from the Flex USB
output is used as a power up monitor, driving
an input of the Raspberry Pi. In addition, a
weather tight dual LED indicator is driven
using LH1540 SSRs. When the Flex is
powered up the green LED is illuminated,
while the red LED is illuminated when the
Flex is powered down. The indicator LED is
mounted on the enclosure so the status can
be casually checked from the outside. Also,
the Raspberry Pi tracks how long the system
has been ON or OFF and if the bor was
successful in executing a command.

Summary

There are many possibilities for
monitoring and remote operating using
Telegram and a Raspberry Pi single board
computer. | have shown a few examples of
how to implement an internet-connected
control and monitoring system that you
can connect to anywhere you have internet

access. Use these examples to expand and
adapt for your setup and have some fun
while you are at it!

Dan Koellen, AI6XG, has held an Amateur
Extra class license since 2017. He earned
his Novice license, WN9JHZ, in 1973 and
the Advanced class license, WBITCU,
inl981. Dan has been designing and building
electronic projects since his teen years. He
holds a BS in applied math, engineering and
physics from the University of Wisconsin-
Madison, and an MS in engineering and
applied science with from Southern Methodist
University in Dallas. He is now retired from
a profession in the semiconductor industry
where he specialized in semiconductor
device reliability physics, failure analysis,
quality program implementation and
supply chain management. Dan’s ham
radio interests include SOTA activation and
chasing, HF CW, and building antennas
especially for SOTA. He is also interested in
microcontrollers and single board computers,
using assembly language, C, C++ and
Python. Dan especially enjoys applying
technology to his garden.

updater_hambot = Updater(token)

updater_hambot.start_polling()

#handler for messages

dispatcher_hambot = updater_hambot.dispatcher

#establishes update link to bot
#dispatches the updates
#starts polling service

#to get updates from Telegram

msg_handler = MessageHandler(Filters.text & (~Filters.command), action)
dispatcher_hambot.add_handler(msg_handler)

#adds msg handler

Code Snippet - 2.

elif 'date’ in message or 'Date' in message:

context.bot.send_message(chat_id, str('Date: ') + now.strftime ("%B %d, %Y UTC"))

Code Snippet — 3.

#handler for /time

time_handler = CommandHandler('time', time)
dispatcher_hambot.add_handler(time_handler)

#adds /time handler

Code Snippet — 4.

#add interrupt on LED_mon

gpio.add_event_detect(LED_mon, gpio.BOTH, on_off, 100)
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Code Snippet - 5.

#thread that runs on an interrupt
def on_off(pin):
if gpio.input(pin):
turn_on_time = datetime.datetime.utcnow()

telegram_send_message("LED just turned on" + turn_on_time.strftime(" at %H:%M:%S on %B %d, %Y UTC"),
token, you)

if not gpio.input(pin):
turn_off_time = datetime.datetime.utcnow()

telegram_send_message("LED just turned off" + turn_off_time.strftime(" at %H:%M:%S on %B %d, %Y UTC"),
token, you)

Code Snippet - 6.

#define send message to telegram
def telegram_send_message(message_text, bot_token, chat_id):

send_text = 'https://api.telegram.org/bot’ + bot_token + '/sendMessage?chat_id=" +str(chat_id) +
'‘&parse_mode=Markdown&text="+ message_text

response = requests.get(send_text)

return response.json

Code Snippet - 7.

#list of authorized users
users = [you, ham2]

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!

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.

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.

TAPR

1 Glen Ave., Wolcott, CT 06716-1442
Office: (972) 413-8277 » e-mail: taproffice @tapr.org
w  Internet: www.tapr.org ® Non-Profit Research and Development Corporation
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Get Prepared for POTA, SOTA, YOTA, and More!

Coaxial Cable Assemblies

These low-loss cable assemblies are available
in standard lengths with DX Engineering’s ,))
revolutionary patented PL-259 connectors.

Use the online Custom Cable Builder at ENGINEERING .~
DXEngineering.com to build assemblies made %§ d
to your exact specs. DX Engineering’s coaxial

cableis also available by the foot or in bulk spools. Enter "Coaxial

Cable Assemblies" at DXEngineering.com.

PicoAPRS and PicoAPRS-Lite

Developed for balloon tracking, the WiM
versatile PicoAPRS-Lite Transceiver ,YYIMO
Module features automatic or manual

frequency tuning, integrated GPS module with

balloon mode, and temperature/air pressure sensor.

It easily fits in your pocket or installs out-of-sight in

your vehicle. Version 3 of the matchbox-size, fully

configured PicoAPRS Transceiver with GPS Receiver

has an APRS tracker, a receiver for APRS data, Terminal Node
Controller, up to 1W of transmit power, and loads more. Enter “WIMO
APRS” at DXEngineering.com.

Headsets and Headphones

DX Engineering carries a great selection

of hands-free headsets and state-of-

the-art headphones from bhi, Heil, INRAD

and other top brands. Don’t accept anything less than clear, intelligible
speech fidelity whether you’re doing the speaking or listening. Click
on ‘“Audio” at DXEngineering.com for the full lineup.

$ plasticase R . ®
NANUK RigExpert

\ RigExpert Analyzer and
NANUK Case Combos
Inthe field, an antenna analyzer is especially
at risk for weather and shock damage.
\ We've paired select RigExpert Antenna
Analyzers with perfectly sized NANUK
- equipment cases. Each case is filled
with cubed, sectioned foam for custom
g, configuration. Available separately
orin combos. Enter “Analyzer
Combo” at DXEngineering.com.
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Icom IC-705 HF/50/144/430
Portable Transceiver
With the features and functionality of the IC-7300, IC-7610, and
1C-9700, Icom’s new QRP rig is like owning a base transceiver you can
hold in one hand. It boasts SDR Direct Sampling technology for stellar
transmit and receive performance; 4.3" color touchscreen; real-time
spectrum scope and waterfall display; built-in Bluetooth®; wireless
LAN; and full D-STAR capabilities. IC-705 accessories include backpack
(ICO-LC-192), compact automatic tuner (ICO-AH-705), and magnetic
loop antenna (ICO-AL-705). Enter “IC-705” at DXEngineering.com.

SB'

SOTABEAMS
SOTABeams Masts and Portable
Wire Antenna Kits
SOTABeams’ lightweight, pre-assembled
multi-band dipole antenna kits make it
simple to receive and transmit strong
signals anywhere you go. Choose from several models, including
the 80/40/30/20M Band Hopper, rated at 125W. Also bring along
SOTABeams’ masts, such as the heavy-duty Tactical 7000hds and
MINI Telescopic Fiberglass Pole, for fast deployment and worry-free
operating. Enter “SOTABeams” at DXEngineering.com.

AlexLoop HamPack Portable
Magnetic Loop Antenna System
PY1AHD, Alexandre Grimberg brings
more than five decades of Amateur
Radio experience to the new AlexLoop
HamPack, the ultimate magnetic loop
antenna solution for portable operating.
The HamPack comes with the widely
acclaimed transceiver QRP 40-10M AlexLoop antenna; relnforced
full-size backpack that accommodates the antenna, accessories,
and any size QRP rig; and upgraded, easy-to-use tuner. Enter
“AlexLoop” at DXEngineering.com.

I 1CO-IC-705

YAESU Scom KENWOOD ALINGO @-===o~ VEEOPEX P

Request Your New Catalog Today!

Ordering (via phone) Country Code: +1

9 am to midnight ET, Monday-Friday

9amto 5 pm ET, Weekends

Phone or e-mail Tech Support: 330-572-3200
9 am to 7 pm ET, Monday-Friday

9 am to 5 pm ET, Saturday

800-777-0703 | DXEngineering.com

ENGINEERING

Ohio Curbside Pickup:
9 am to 8 pm ET, Monday-Saturday
9amto 7 pm ET, Sunday

Nevada Curbside Pickup:
9 am to 7 pm PT, Monday-Sunday

3y @ Voulube © We’re All Elmers Here! Ask us at: Elmer@DXEngineering.com
Ll Email Support 24/7/365 at DXEngineering@DXEngineering.com
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