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Note: An easy way to use a DVM ohmmeter to check if
ferrite is made of MnZn of NiZn material is to ptathe leads
of the ohmmeter on a bare part of the test feite read the
resistance. The resistance of NiZn will be so higat the
ohmmeter will show an open circuit. If the ferrite of the
MnZn type, the ohmmeter will show a reading. Thadieg
was about 100k ohms on the ferrite rods used here.

#29 Published: 10/07/2006; Revised: 01/07/08
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PREFACE

The main purpose of these Atrticles is to show how
Engineering Principles may be applied to the desfgrystal
radios. Measurement techniques and actual measatemre
described. They relate to selectivity, sensitivityluctor (coil)
and capacitor Q (quality factor), impedance maighihe
diode SPICE parameters saturation current anditgéadtor,
audio transformer characteristics, earphone arehaatto
ground system parameters. The design of some trysias
that embody these principles are shown, along with
performance measurements. Some original techcicelepts
such as the linear-to-square-law crossover poiatdibde
detector, contra-wound inductors and the 'benmypagsented.

Please noteif any terms or concepts used here are unclear or
obscure, please check out Article # 00 for possible
explanations. If there still is a problem, e-nmaé and I'll try

to assist (Use the link below to the Front PagerfgiEmail
address).

Second noteThe two dates following the Article titles are,
respectively, the original publication date anddhée of the

last revision.



Original web location for book:
http://www.bentongue.com/xtalset/xtalset.html
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in the Fair-Rite catalog as being above 350 deg@e¥he
annealing process reduces the permeability somewdat
reduces the loss factor substantially.

The low loss-factor property of the annealed pewvanirferrite

can be easily degraded by mechanical shock, magsietick
or just physical stress (as from a tight mountitgnp). The
Fair-Rite catalog sheet for type 61 ferrite cawidStrong

magnetic fields or excessive mechanical stressgsresailt in

irreversible changes in permeability and lossestually, the

changes are reversible if one goes through the adinge
process again. The MMG catalog, issue 1A, in wgitabout
perminvar ferrites, adds: "Mechanical stresses asogrinding
and ultrasonic cleaning increase the permeabititylawer the
Q, especially at the higher frequencies, altholghchanges in
Q at the lower frequencies may be very small.

| suspect that there is now much less pressure eonitef
manufacturers to deliver a low loss product tharnhi past.
Since time is money, maybe they now skimp on theealing
process. Several years ago | took some 4" x &&'61 rods

| had purchased from CWS ByteMark and had them re-
annealed at the plant of a local ferrite manufastuiThe Q of
a litz-wire coil using the re-annealed core, a2\8Hz, was
increased by 12%. This indicates that the core was
originally properly annealed, or had been subje¢tedome
mechanical or magnetic shock after being annediynghe
manufacturer. | was informed, when | asked, that @oat
high frequencies could be expected to increasepbyo00%
from the pre-annealed value. | chose the besheset re-
annealed rods to be my "best ferrite core” rochia Article.
One source informed me that few ferrite manufacture
perform the annealing process anymore. Toroidsensédype
61 material are still made here in the USA.
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ohms overwhelming the increase in DC conductorstasce
from 0.16 to 2.62 ohms.

See Table 3 for measured inductance and Q valueanof
inductor similar to inductor BB, but wound with 126 litz
wire. Here the Q is even greater than in Tabled@abse litz
construction is less sensitive to proximity anchsidfect losses
than is solid wire.

Thanks must go to Brian Hawes for making me awdrthe
FEMM program and showing me how to use it.

Part 6: Perminvar ferrite, and what the term means

Normal nickel/zinc ferrites (NizZn), the types withkess

permeability as well as lower loss factors than gaaese/zinc
(MnZn) ferrites, are often used at RF becauseaif tow loss

at the higher frequencies. They do not suffer egipbly from

permanent changes in permeability or loss factamfr
exposure to strong magnetic fields or mechanicatlstsuch

as grinding, or dropping on the floor.

Special nickel/zinc ferrites, called perminvar s can
achieve a considerably lower loss factor for thenesa
permeability than normal nickel/zinc ferrites, aatl higher
frequencies. This result is achieved by adding allsamount
of cobalt to the ferrite power before firing, bhete is a catch.
In order to actually achieve the lower loss factbe ferrite
core must be annealed by raising it to a temperaibove its
Curie temperature (the temperature at which itdssall its
permeability), and then cooling it very slowly badown
through the Curie temperature, and then to loweptzatures.
This process usually takes about 24 hours. The eCuri
temperature of ferrite type 61 (a perminvar fejritespecified

182

TABLE OF CONTENTS:

P 001 ARTICLE 17 New ways to Increase Diode
Detector Sensitivity to Weak Signals, and a waglétermine
if a diode detector is operating above or belowiriesar-to-
square-law crossover point

P 009 ARTICLE 18 Get 3 dB More Output for
Greater Volume on Strong Stations plus...

P 016 ARTICLE 19 An explanation of how the
"Mystery Crystal Radio" works

P 024 ARTICLE 20 How to Measure the Impedance
of an AM Band Antenna-Ground System, what one @an d
with the results, along with some measurements

P 032 ARTICLE 22 Design, construction and
measurement of a single-tuned crystal radio segusitwo-
value inductor, along with a discussion of the eanfs'hash’,
short-wave ghost-signal and spurious FM receptionay is
presented to determine if the signal operatingigitector is
above or below its linear-to-square-law crossowentp

P 063 ARTICLE 23 How to Make a Very Efficient
Double-Tuned, Four-Band, MW Crystal Radio Set using
Version 'b* Single-Tuned, Four-Band, MW CrystalsSet

P 068 ARTICLE 24 Sensitivity and selectivity issues
in crystal radio sets including diode problems; stgaments

of the Q of variable and fixed capacitors, RF limsslide
switches and loss tangent of various dielectrics



P 089 ARTICLE 25 A new approach to amplifying
the output of a crystal radio set, using energyeeted from
the RF carrier to power a micro-power IC to drieatiphones
or a speaker

P 097 ARTICLE 26 Highly sensitive and selective
single-tuned four-band crystal radio set using\a centra
wound dual-value inductor, and having a 'sharpcsieley
setting'; along with a way to measure the unloa@exf an L/C
resonator

P 136 ARTICLE 27 Measurement of the senstivity of
a crystal radio set when tuned to a weak fixedaljgas a
function of the parameters of the detector diodeluiding

output measurements on 15 diodes

P 147 ARTICLE 28 How to Reduce Diode Detector
Weak-Signal Insertion Power Loss to Less thanPlasible
when the Input is Impedance Matched Originallgaskd as
Article #15, later withdrawn. Republished as Agig28

P 154 ARTICLE 29 About Maximizing the Q of
Solenoid Inductors that use Ferrite Rod Coresudiog charts
of Magnetic flux density and lines, with some att@aand
inductance measurements

P 185 NOTES

Vi

maximize Q, do not cover the whole length of theeagith the
solenoid.

Table 7: Simulation of inductor BB in FEMM at 1 MH&ith
various

conductor diameters (type 61 core material)

Wire dia. |Inductance | Resistive Hysteresis | Total losses DC Q
ininches | inuH | losses inohms | lossesinohms | inohms | resistance

0.02530 258.5 1116 132 1248 0.16 130.1
0.02320 2596 8.04 133 936 018 1742
0.02127 2605 626 133 759 022 2157
001951 261.1 513 134 647 028 253.7
0.01789 261.6 437 134 571 036 288.0
0.01265 2634 291 135 426 064 388.1
0.008995 | 264.0 248 136 384 125 4319
0006300 | 2644 3.02 136 438 262 379.7
0.008995* [ 2645 257 140 397 1.00 4186

* Simulates winding the 58 turn solenoid directly the 4"
long ferrite core (solenoid 1D=0.5013") insteadoof a former
having an ID 0f0.6263". Note that the the two siatioins
using a conductor diameter of 0.008995" show remtzyk
similar parameter values.

Table 7 shows the benefits of spaced winding wisemgusolid
wire. All the inductors in Table 7 use centerecesolds of 58
turns and a length of 1.624". The only variablénis diameter
of the conductor, which controls the spacing of tilnes (the
winding pitch is held constant). The lesson herthat, when
using solid copper wire, there can be a great @fiidry space
winding the solenoid and using an optimum size wiinethis
case a Q of 431.9 vs 130.1 at 1 MHz, with solidew®ne can
see that core losses change very little with theioua
conductor diameters (Hysteresis losses in ohmsjicéldow,
with a conductor diameter change from 0.02530
0.00006300", the AC copper loss decreases from th1302
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Part 5 - Ferrite-rod inductor simulation experingerall using
centered solenoids 1.624" long and having 58 turns

The solenoids used in the simulations in Table I6us¢ a
conductor having a diameter of 0.0253". The ordyameter
varied is the core length. The simulations in Eablall use a
4" long core. The only parameter varied is therditer of the
conductor.

Table 6: Simulation of solid copper wire inductoB Bn
FEMM at 1 MHz,
with various core lengths (type 61 core material)

Core length | Inductance |  Resistive Hysteresis || Total losses [ DC Q
in inches inuH | losses in ohms || losses in ohms | in ohms |resistance
No core 17.58 125 - 125 0.16 884
1.68% 1218 2112 023 2135 0.16 358
25 186.7 1381 058 1439 0.16 8151
40 258.5 1116 132 1248 0.16 130.1
80 3416 9.50 3.06 12.86 0.16 166.6
160 3742 948 439 13.87 0.16 169.6
320 3784 9.44 467 14.10 0.16 1686

* Solenoid winding covers the full length of thereo

Table 6 shows that about 77% of the maximum Q tiiretd
with a core about 2.4 times the length of the smittmvith the
turns number, solenoid size, core length, etc ised. About
68% of the maximum inductance is attained. Note &t
when the length of the core is shortened to appratély the
length of the solenoid, Q drops precipitously. Rexg losses
are mainly proximity effect losses. Hysteresis dsssare
magnetic losses in the ferrite core itself. Tdtalses are the
sum of the two. There is a good lesson to be éehhere: To
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ARTICLE 17A

New ways to Increase Diode Detector Sensitivity té/eak
Signals, and a way to determine if a diode detectois
operating above or below its Linear-to-Square-Law
Crossover Point

Quick Summary: The very low signal sensitivityatrystal
radio set can be improved by cooling the diode.sThi
possibility arises when the rectified DC currenbédow about
twice the Saturation Current of the diode. Also Aeticle #28
for more info on increasing weak-signal sensitivity

Definitions of terms to be used:

Plsc(i)  Input power at the linear-to-squime-crossover

point

Plsc(o) Output power at the linear-to-squave-crossover
point

Is Saturation current of the diode

n Ideality factor of the detector

DIPL Detector insertion power loss

Pi Available input power

Po Output power
sqrt Take the square root of the expoesfillowing

C Temperature in degrees Celsius

Ri Detector input resistance

Ro Detector output resistance

R1 Source resistance

R2 Load resistance

12 Rectified current

Rxc Slope of voltage/current curve ofiadé at the
origin (axis-crossing resistance).

Rxc=0.02568*n/ls, at 25° C.



Kt Temperature in ° Kelvin

S11 A measure of input impedance match.

S11=20*log|[(|Ri-R1)/(Ri+R1)]|
SPICE A circuit simulation computer prograniCAP/4
from Intusoft was used in all simulations.

The old Article #17 has been separated into twackes. This
new Article #17A is a revision of Part 2 of the éiti7. Part 1
has been broken out and renamed "Quantitative Htssigto
Diode Detector Operation Derived from SimulatiorSRICE,
and some Interesting new Equations.”. It is numd&bA.

Assume that a station one can barely read has aerpow
sufficient only to operate the detector at or bettwe "Linear-
to-square law crossover point" (LSLCP). This ie tboint
where the rectified diode DC current is about twise
Volume can be increased if the Plsc(i) point cdddshifted to

a lower RF power level. This will result in lesssértion
power loss since operation will now be closer te timear
region. The RF power required to operate a diaeteator at

its Plsc(i) point (at 25° C.) is shown as equatia) in Article
#15A. It can be rewritten as:

Plsc(i)=0.0010341*Kt*Is*n Watts (1)

When referring to the schematic of a diode detedtgure 1
will be used.

»1 425e-005
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1.425e005
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10500005 © 1.1250.005
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Density Plot: W, Mavm2

Fig. 17 GappedRodB_j: This is a zoomed in view of
GappedRodB to more clearly show the current density
distribution in cross-sections of the wire turnstsfsolenoid.
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Real Rectified DT
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25756010 - 30708010 Diode Detector Schematic
20802010 - 25756010
15862010 - 2.0802-010 )
10902010 : 1.£85e-010 Fig. 1
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Density Plot: |8, Tesla Diode Detector Output and Insertion Loss vs. Inpotver.

The LSLCP
is shown by the black arrow.

Fig. 16 GappedRodB_B: This is a zoomed in view of
GappedRodB to more clearly show the magnetic flux
distribution in the air and the cross-sectionshefwire turns of

its solenoid.
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Diode Detector Output Power vs. Input
Power. Is=38 nA, n=1.03, Rs=6.1

50 Diode Detector Loss vs. Input power
1s=38 nA, n=1.03, Rs=6.4
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Fig. 2 - A SPICE simulation of the relation | Fig. 3 - Data from a SPICE simulation showing
between oufput and input power. detector insertion power loss vs. input power.

Fig. 2 - A SPICE simulation of the relation
between output and input power.

Fig. 3 - Data from a SPICE simulation showing
detector insertion power loss vs. input power.

Input Power in DbW.

It is assumed that input and output are impedanatched.
One can see from equation (1) that if Is, Kt oran de
lowered, the Plsc(i) point is lowered and therefone volume
from weak signals can be increased. The reciprotahe
product of Is, n and Kt can be seen to be a sdfweék signal
diode figure of merit" (WSDFM). It has been shothat in all
semiconductor diodes, a small % drop in Kt willulesn a
much larger % drop in Is from its initial valuet rhust be
remembered that the reduction of Is or Kt incredgieand Ro.
If n is reduced, Ri and Ro are reduced. Re-matclufi
impedances (Ri and Ro) is required to gain the fitsrigeing
sought.
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Density Plot: [Bl, Tesla

Fig. 15 GappedRodD1250: Inductance=130.011uH.eSeri
resistive loss components: copper=8.68%%53errite magnetic
l0ss=0.339467), total resistive losses=9.02698 Inductive
reactance=816.883. Q @ 1 MHz =90.4934.
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Fig. 14 GappedRodC0625: Inductance=162.729uH.eSeri
resistive loss components: copper=6.85818errite magnetic
loss=0.523940, total resistive losses=7.382X2 Inductive
reactance=1022.4538. Q @ 1 MHz =138.5044.
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* Reduction of Is: The main limit to using éode of a
lower Is has to do with the resultant increase fifput (Ri)
and audio output (Ro) resistances of the detecfractical
low loss RF and AF impedance matching will be abjEo.
At input signal levels at or below the Plsc(i) goihose values
are about: Ri = Ro = 0.00008614*n*Kt/ls ohms. Ehample
in Figs. 2 and 3 are for a case where Ri and Rdeatte about
700k ohms, using a diode with an Is of 38 nA anch af 1.03.
This is close to the limit of practicality and ajgpble mainly
to crystal radio sets using a single tuned, higluatance, high
Q loop antenna with a high quality, high transfotiora ratio
audio transformer. A practical maximum value fo2 Rr
most high performance crystal radio sets desigoedde with
an external antenna is about 330k ohms. This mesjai diode
with an Is of about 80 nA instead of 38 nA, for eod
impedance match. The higher Is of the diode irsge#lsc(i)
by about 3 dB and that reduces the output of sigtiat are
well into the square law region by about 3 dB. nalg well
above the LSLCP are hardly affected at all. Ndiatt
"production process variation" of Is is usually het great.
This approach is practical and just requires silga diode
type having the optimum Is. Simple as that, no tmesjumbo.
See Table 1 in Article #27 for measured Is valueseveral
diode types. Keep in mind that some diode types loa
damaged by static electricity. If the diode is destroyed, it's
reverse leakage current gets elevated, ruining wsigkal
sensitivity. Usually, diodes that have low valussls also
have a low reverse breakdown voltage, increasingr th
susceptibility to static electricity damage.

* Reduction of n: The value of n does not vasymuch as
does Is among diodes of the same type. Schottégledi
designed for detector use usually have a low véduen. N
can range between 1.0 and 2.0. Probably so calguer
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diodes' have a low n and their values of Is ancersach that a
good impedance match is realized in the particelystal

radio set used. The use of a diode with a reducedt only

reduces Plsc(i), but also reduces Ri and Ro, arseveffect

than that from reducing (Is). Most diode typeedafor use as
detectors or mixers usually have a low n.

* Reduction of Kt: The temperature of any diocan be
lowered by spraying it with a component cooler gp{221
degrees K.) every so often. A longer lasting, lbsser cooling
effect can be had if the diode is placed crosswissugh two
diametrically opposite small holes in a small hagsfsuch as
a 1" dia. by 2.5 inch long plastic pill containenth a stack of
old style copper pennies in the bottom to act émeemal mass.
This assembly is used after being cooled in a hiseezer to
about 0 degrees F. (255 degrees K.). It is theentaut and
connected in the crystal radio set. An even loteeperature
can be attained if some pieces of dry ice (195eEgK.) are
substituted for the pennies. The problem with oéuy Kt is
that (Is) is very temperature sensitive, so it atémnges.
Agilent states in App. note #1090 that the junctiesistance
of HSMS-2850 Schottky diode increases 100 timesafatO
degree K. reduction in temperature. That indicaesuch
greater % change in (Is) than in degrees Kelvinperature.
A 70 degree K. temperature drop may reduce they$0®
times, raising Ri and Ro by 100 times. That rimpedance
matching and increases loss greatly (the signab gueay).
The answer is to experimentally try diodes thatehavhigh Is
at room temperature (298 degrees K.), that willpdto the
correct value at the reduced temperature. Oneidzztedis the
Agilent HSMS-2850 (room temperature Is = 3000 nA).
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Fig. 13 GappedRodB0313: Inductance=193.324uH.eSeri

Another is a 2N404A Ge transistor with the base @oitbctor resistive loss components: copper=6.34@3%rrite magnetic
leads tied together (room temperature Is = 1500. nAjost loss=0.73628@), total resistive losses=7.0806Y. Inductive
modern diodes sold as 1N34A have (Is) values rangiom reactance=1214.62. Q @ 1 MHz =171.55. Note that this
about 200 to above 600 nA. Measurements show fthat simulation has the highest Q.
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Fig. 12 GappedRodA0000: Inductance=258.539uH.eSeri
resistive loss components: copper=11.163%errite magnetic
loss=1.320060, total resistive losses=12.484D. Inductive
reactance=1624.48. Q @ 1 MHz =130.122.
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germanium or non-zero-bias type silicon Schottkgs,10
degree C (18 degree F.) change in temperatureaesililt in an
approximately two times change in Is. Other meaments
show that with zero-bias-type Schottkys, a 14 dedte (25
degree F.) change in temperature will result inrapimately a
two times change in Is. This approach is not jraksince the
desired results can be attained by selecting aedigge having
the required Is at room temperature.

The ideality factor (n) of the diode is an impottparameter in
determining very weak signal sensitivity. If alther diode
parameters are kept the same, the weak signal amglioutput
resistances of a diode detector are directly ptapuwl to the
value of n. Assume a diode with a value of n eqoaldn is

replaced with an identical diode, except that it laan n of
newn, and the input and output impedances are teheth

The result will be a detector insertion power losange (weak
signals only) of: 10*log(oldn/newn) dB. That isdaubling of

n will result in a 3 dB increase in insertion powess,

assuming the input power is kept the same. Thistiktion

shows the importance of a low value for n.

Warning: Don't use two diodes in series if you wtm best
weak signal sensitivity. The result of using twdertical
diodes in series is the simulation of an equivagmgle diode
having the same Is but an n of twice that of ongirtal diode.

A diode detector is operating at its LSLCP (usualith about
a 5 dB insertion power loss), if the average rictifDC
voltage across the resistive component of its legd*51) mV
(See Atrticle #15 for a discussion of this). Whéeaking this,
use a large enough bypass capacitor across theo8xC tb
maximize the voltage. If one doesn't know the pmd's diode
detector, it can usually be assumed to be about. 1.8
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requirement for the (n*51) mV relation to be cotriscthat the
detector be approximately impedance matched anptst for

RF and accurately matched at its output for DC aundio.

Specifically, the DC load resistance must be seé.0626*n/Is

ohms (see Part 4 of Article #0 for info on n and ISee Fig. 5
in Article #26 for a typical method of adjustingettDC

resistance of the diode load and monitoring thetifred

voltage. Typical values for n and Is for many disdnay be
found in Articles #16 and 27. The audio load AGédance
matching requirement is not very important if osénterested
only in hearing the volume delivered from ones ipdmdhes
when the diode is operating at its LSLCP. Theagds that
volume is a slow and gradual function of audio naisrh, for
moderate mismatches. A two-to-one audio mismatises a
loss in audio output of only 0.5 dB. A four-to-omésmatch
causes a loss of 1.9 dB (hardly audible).

#17A Published: 04/10/01; Revised 11/29/2006

coaxially, and spaced apart by 0.0000", 0.03130605" or
0.1250". Ferrite rod diameter=0.5", Permeability fefrite
rod=125. Loss factor of ferrite at 1 MHz=30*10"-H) of
solenoid=0.6263". Number of turns=58. Wire: solidpper,
0OD=0.0263". Length of solenoid=1.624". Frequencyvaich
the simulations are made=1 MHz.

It is interesting to see in Figs. 16 and 17 thetdlstribution of
magnetic flux in the cross-section of the turns tres same
shape as that of the current density.
Please note in the text accompanying Figs. 12-Hf the
copper series loss component corresponds to theo$uRa
and Ra*(FDF-1) as shown in Fig. 1.

Results of the simulations:
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The first group of four simulations have centrap geidths of
0.0000", 0.0313", 0.0625" and 0.1250". They are mdm

GappedRodA0000, GappedRodB0313, Gapped RodC0625 and

GappedRodD0125. They are intended to show magfiexic
density distribution in the ferrite and the air.eThimulations
are made at a frequency of 1 MHz with an AC curgdrt uA
RMS in the solenoid. The actual magnetic flux dignealues
can be estimated by comparing the color displashéocolor
chart to the right of the images.

A second group of two simulations shows magnifiezive of
two parameters of the GappedRodB0313 simulatioey Ere
called GappedRodB0313_B (for showing flux densityinB
Teslas in the cross-sections of the individual viires) and
GappedRodB0313_j (for showing the current densitin j
MA/m”2 in the cross-sections of the individual witens).

If one looks closely at the GappedRodB_B image, caresee
how flux density is distributed in the wire crogstons as a
function of distance along the rod. As the text#msay, very
little flux exists in the interior of the wire. Whethe external
flux density is great, as it is at the ends ofribe and near the
gap, the flux that penetrates the copper is codfinear the
outer periphery of the wire.

The distribution of current density in the turnsaafinction of
position along the length of the rod is shown inaga
GappedRodB0313_j. This illustrates skin effect. eNahe
current density is not uniform in the wires because
proximity effect and the fact that the length of tolenoid is
not very long, compared to the length of the rod.

Some specifications common to the inductors in .Fit@
through 17: Ferrite rod length: two 2" long rodsieated
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ARTICLE 18

Get 3 dB more Output for Greater Volume on Strong
Stations plus...

Quick summary: Over the years many experimertere
realized that one could get "free” power from astalradio
set and operate an amplifier with it. This hasnbeeccessfully
done by coupling an additional tuned circuit antedi®r to the
antenna and tuning it to a strong station. Theifiett DC
from the station was then used to power an ampliie
boosting the audio output of the crystal radio wéthout
appreciably affecting its normal operation, whenetl to a
different station far enough removed in frequencyhis
Article describes, possibly for the first time, @timod of using
the carrier power of the station being receivedptover an
amplifier.

One third the total power in a 100% modulated Alyhai is in
the sidebands that carry the audio modulation.id&al, 100%
efficient Crystal radio set will convert all of theeceived
sideband power to audio output power. Call it augdwer
output #1. What about the other two thirds ofpbever? That
is the power in the AM carrier that carries no audi
information but has twice the power of the sidelsagad 100%
modulation). This Article shows the circuit of avite that
can be used to extract that carrier power andtuseoiperate a
micro-power op-amp. The op-amp uses the detectelib au
voltage from the diode detector for its input andvides an
additional source of audio power. Call it audio gowutput
#2. These two audio power sources, #1 and #2 eaadted
together to create a final output at least 3 dBerthan the
normally available audio power output #1.



1. Background

Within the last year or so, Burr-Brown (now owrtgdTexas
Instruments) came out with a micro-power op-ampA8¥D)

specified to work with as little as a 1.8 volt DOwger source.
It draws a minuscule 1 uA quiescent supply currefiis op-
amp opens the possibility of building a device Il ed'Free 3
dB Detector Load" (F3dBDL). | have found that f@dBDL

will actually operate with an input signal low ergbuto
generate a rectified voltage as low as 1.2 volts daybe all
the OPA349s will work in this circuit at 1.2 volts.My

F3dBDL requires a minimum input carrier power &3-dBW
and a rectified DC voltage of at least 1.2 volts.

2. A conventional diode detector with standard outipads
(DC and audio)

Any crystal radio set that uses an audio outpuisfoamer can
be represented by the simple circuit shown in Eig.V1, R1

represent the antenna-ground power source, impedanc

transformed to the tank circuit. The detectedieapower is
dissipated in the resistive load R2. The detesidé-band
power is delivered to the audio load R3.
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out and has little effect on Q, showing a Q rataween the
two of about 0.97. Compare these figures with éhiasTable
3 for a similar conventionally wound solenoid usiclpse-
spaced 125/46 litz wire. Proximity loss is greatygluced in
close-wound litz wire, compared to close-wounddsabpper
wire. The Q ratio here is about 0.75. Loss in tbeite core
swamps out the much lower proximity loss in the \itre, and
a much higher Q results.

Part 4 - The effect on impedance parameters ofiragap in
the center of a ferrite rod inductor and on magneti
flux/current density in the wire cross-sections.

The images and text are based on FEMM simulatiohs o
inductor BB, shown in Figs. 6 and 7, the specs bictv are
shown below Table 4, but with the following differe:
Instead of using one 4" long ferrite rod, two 2"-asially
oriented rods are used in each simulation withedsffit air
gaps between them (0.0000", 0.0313", 0.0625” al@%D").
The solenoid is centered on the gap. When the g&p000"
the result should be the same as if one solid d"were used.
The inductance and Q values for inductor BB arghsly
different than the values in the new simulations, stated
below for a 0.0000” gap between two 2" rods. Thibécause
the “meshing” parameter in the FEMM simulation was
changed to reduce the time taken for the simulation

The top half of a full image of a core/solenoid dmmation is a
mirror image of the bottom half. In figures 12-ddvantage is
taken of this characteristic by zooming in and stwwing the
entire rod so as to be able to get a larger imidyss, supplying
more detail.
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wire, OD=0.0253", solenoid length=1.624", ID of
solenoid=0.5013", Number of turns=58, Inductancd=26
uH, Q=118.4. Solenoid construction is similar tduotor A in
Tables 1 and 2.

*

Inductor BB: ferrite core length=4", core miister=1/2",
core type=61, wire type=22 ga. solid copper wire,
0OD=0.0253", solenoid length=1.624", ID of solendd5263",
Number of turns=58, Inductance=259.11 uH, Q=130.7.
Solenoid construction is similar to inductor B iables 1 and
2.

*

Inductor DD: Same as inductor AA except ttia wire
diameter is reduced to 0.01765". This creates a@cesp
winding. Inductance=265.37 uH, Q=267.6.

*

Inductor EE: core length=1.680", core diameté&2", core
type=61, wire type=22 ga. solid copper, wire, OM233",
solenoid length=1.624", ID of solenoid=0.6263", Nwem of
turns=58, Inductance=121.80 uH, Q=36.2.

Table 5: Measurements at 1 MHz of a physical indiusaving

the same parameters as simulated inductor BB.

Inductance=~236 uH

"Best core"

""Worst core”

Frequency in Hz

Q

Q

540

130

127

943

141

138

1710

150

145

Note that the Q difference between the "Best camd the
‘Worst core" is very small. This is because themhass in this
inductor is the high proximity loss in the solidbsé-spaced
copper winding. The much lower ferrite core lossvisamped
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Impedance transfarmaton |

| RF source Detector circuit | and output loads

e T o T |
M
T I -
w1 W2 T o1

l T TE2 R2

L

Fig. 1 - Equivalent Circuit of a Conwentional Crystal Set
Schematic of crystal set with conventional load

3. Conventional crystal radio set detector with E3dBDL

The F3dBDL is intended to be used with signalsreirenough
to cause the detector to operate in its peak-detentode. In
this case, the DC load R2, seen by the diode Duildhegual
to two times the RF source resistance R1. D1 shaisb see
an AC load resistance of two times R1, at the prymaf
transformer T1. (See Article #0 , Section 4, fareninfo on
this.) The power dissipated in the DC load Rzhia ¢ircuit in
Fig. 1 will be used, in Fig. 2, to power the op-abip. In Fig,
1 the audio output power is delivered to the outpad R3. In
Fig. 2 audio output power is delivered to two loafisalue R3
and k*(R3). With proper selection of the relatimepedance
transformation ratios of T1 and T2, the value ofnky be
made equal to about 1. In addition, the outputenis of T1
and T2 become about equal. In this case, no duvirflow
in connection X, and it can be eliminated. Thigegi us one
600 ohm instead of two 300 ohm outputs. The restlibad
resistance of twice R3 will absorb twice the aupéover than
did R3 in Fig. 1, although at twice the impedar®@0(ohms).
The resistive network R4, R5, R6 and R7 biases putin
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terminal of U1 at 1/2 the DC supply voltage appegcross
C2 and attenuates the detected audio voltage dpgesross
C1 so that it will not overload U1. The value apacitor C2
is made quite large to enable it to hold steadywvibléage it
supplies U1, between bursts of speech.

‘Hquuvce Detector cicuit ‘ processing and output loads

Impedance ransformation, signal ‘

‘ Rl D1 I8l

o
T ]
RARC & I a
l 2
1

A3
T ¥ X
oo
Rb ui
RS — [SGE]
— R

Fig 2-Cioit of Fig. 1 withiits Output Loads Replaced by the Free
‘308 Signal Processing Circut and its Dutput Loads (F3dBDL]

Schematic of crystal set with active load

Parts List
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Table 4 - Simulation of inductors using solid coppére of
0OD=0.0253"in Figs. 4, 5, 6, 7, 10 and 11. Wire<D1765"
in Figs. 8 and 9. No litz wire is used. All indurtchave 58
turns.

Fig. 4 Simulation of inductor AA

Fig. 5 Close-up view of flux density near uppernturof
inductor AA

Fig. 6 Simulation of inductor BB

Fig. 7 Close-up view of flux density near the uppemns of
inductor BB

Fig. 8 Simulation of inductor DD, same as AA excfgptusing
wire of a smaller OD

Fig. 9 Close-up view of flux density near the uppems of
inductor DD

Fig. 10 Simulation of inductor EE, short ferritereo

Fig. 11 Close-up of flux density near the uppemsuiof
inductor EE

Parameters of simulated inductors AA through DBpgtance
and Q at 1 MHz:

*

Inductor AA: ferrite core length=4", ferritecore
diameter'1/2", core type=61, wire type=22 ga. saapper
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Table 4~ Simulton of nduciors wing S0 Sopper S of OD-1AESY" I Fiy - ; : —
L Wi 0D 0017 5500 - s wie by e AL mductor e S8 s C1 47 pF - RF bypass. Physially, it wil probably be supplied by the winding capaciiance of TL

d 9. N

C2 (10 uF low leakage electrolytic - voltage holding storage capacitor for the supply voltage of U1

C3 [1aF - audio coupling capacitor
C4 [10aF - DC blocking capacitor

DI [IN34A or several Agikent 5082-2833 or HSMS2820 in paralle]

k(A constant, which when multiplied by R3 gives the value of the load on T2
R1

R2

3

Transformed source resistance of antenna across tank T - assumed to be 150k obms

IDC diode load resistance in Fig. 1 - Assumed to be 300k ohms

[Audio load resistance in Fig. 1 and 2 - Assumed to be 300 obms

R4 [2.2 Meg resistor

R5 [5.1 Meg resistor

R6 |[5.1 Megresistor

R7 [10 Meg resistor

R [AC resistance seen looking into the primary of T2 v tion X i present

[Transformer vith 1000:1 transformation ratio - such as Staney 100k to 100 ohm

funit, available from Fair Radio Sales as part # T3/AM20, or UTC C-2080

[Transformer vith 100:1 transformation ratio - such as Calrad 43-700, available

ffrom Ocean State Electronics.

[Burr-Brown Opamp £PA349 - available from a Texas Instruments distributor. A convenient way
connect to the finy leads of IC1 s to firt solder it to a surfboard such as one mamifactured by

|Capital Advanced Technologies (http:/swww.capitaladvanced.com). Their models 9081 or 9082

Jare suitable and are available from various distributors such as Alironics, Digi-Key, etc.

[aternal voltage of RF power source (antemna induced voltage after impedance

fransformation to the tank circuit “T")

4. Comments

If all the power in the carrier could be changeduaio power
and added to the main detector audio output, tte &udio
power would be tripled, a 4.8 dB increase. It wio nice if
the op-amp had 100% efficiency in converting itpuin DC
power to output audio power, but it doesn't. Aeaidclass B
amplifier has a theoretical efficiency of 78.5%heTefore, we
lose at least 21.5% (1.05 dB) right off the bathe® losses in
the op-amp, the 1 uA quiescent current of the Ul tae bias
network R5, R6 and R7 use up some more of the B.8Tthe
transformer T1 has losses and uses up some mdte ¢f.3
dB. We are left with an output power from the U2
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combination about equal to that of a conventiomgstal radio
set. The two added together gives the 3 dB inereas

There are some limitations in using the F3dBDL.e T8 is

specified to operate over a supply voltage rangé.®fto 5.5
volts. In this circuit it seems to work well over supply
voltage range of 1.2 to greater than 5.5 voltsis Thrresponds
to an input carrier power range of -53 to >-40 dB\Whave

found, that for me, the volume to be too greattfeadphone
use but barely adequate for high efficiency horeaker use.
If more than -40 dBW of AM signal carrier poweragailable,

the F3dBDL can be made to handle it (and give atgre
sound volume) if the F3dBDL is operated at a lowatput

impedance level. In this case, transformers T1Eanight

have to be changed to ones with a lower transfoomaatio.

The impedance at the + signal input terminal of i8dvery
high. Use care to minimize stray capacitance twgd at this
point. Too much will roll off the highs. The highudio
frequency output capability of U1 falls as signaesgth and,
as a result, supply voltage increases. This casecaudio
distortion.

The F3dBDL can also be used to increase the vobmmeeak
stations. This is done by connecting a ceramictetedouble
layer high capacitance capacitor across C2, chargirup
overnight on a strong station and then switchirig ppower the
opamp for weak station listening later on. A 0.08&rad

capacitor will hold its charge for many hours inisth

application. One manufacturer of this type capacis
Panasonic, and one of their distributors is DigisiGorp.

If the load on the F3dBDL is a SP headphone seh whe
elements wired in series, bass response can bevegpwith a
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simulation. It's made up mostly of air. The maggé of the
flux density can be seen from the colors on thpldjs(see the
chart). The range of flux density values for thepthy was
purposely limited to about 20 to help supply fllendity detail
around the outer turns of the solenoid. That iy wiost all
the core is colored purple (the flux density is wbd.000e-9
Tesla). Fig. 5 is a close-up simulation of theaanear the
upper turns of the solenoid. If one's browser Aasoom
control, one can easily see how the flux densipselto the
surface of the wires of the end turns of the sdterfeven
numbered Figs.) is greater than it is in the manetral turns.
High flux density in the copper equals high powess| (Q
reduction).

Comment: Look at figs. 6 and 11 in Table 4. IndustBB and
EE are identical except for the length of the ferrod. It
appears that about 10% of the end turns of soleB8idare
exposed to a flux density above 2.8e-9 Tesla (2eBw the
maximum plotted value of 4e-9 T). The correspogdin
percentage in solenoid EE about 50%. This shoetsathigh
flux density around a greater percentage of tussllts in
lower Q. A parameter listing of the inductors &dw Table
4. Note the Q values for inductors BB and EE.
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David Meeker's "Finite Element Method Magneticsbgnam
FEMM was used to generate Figs. 4-17. First advadiout
the displays: FEMM, as used here provides a 2-diineal
display of flux density (the colors) and flux lin¢the black
lines). Only half of the object being simulatedaisalyzed and
displayed since only axisymmetric objects can balyaed
with the program. This saves simulation time, \hitan
become very great. FEMM, at this time, cannot $ateuusing
litz wire. That is why the following simulations @n
measurements use 22 ga. solid copper wire instéatheo
125/46 litz used in Part 2.

Understanding the images: Visualize the axis efférite rod
as coincident with the y-axis of a conventional 30y and z
coordinate graphing system with the center of the at the
origin. The FEMM program discards everything to t&f of
the y, z plane that intersects the origin and digpla view of
the other half. The images show field densitie$ éxist in an
X, ¥ plane that intersects the origin. The vettasject at the
left in each image is the ferrite rod. Its horizinyvidth is %2
that of the diameter of the actual round ferrite since the
parts of the inductor to the left of a vertical ¥, plane
intersecting the origin have been discarded (sewxejb The
vertical line of little circles to its right shovné cross-sections
of the turns of the solenoid wires. Fig. 4 is atglf magnetic
flux density and flux lines on an imaginary plarmett cuts
longitudinally through the center of ferrite roddirctor AA,
shown mostly in purple. The outline of half thex#2" rod is
shown at the left of the plot. If one measuresthencomputer
screen, the height and width of the rectangle, caresee that
their ratio is 16. This is equal to the ratio bét4" length of
the rod to 1/2 of its 1/2" diameter. The largefaicle
defines the area around the inductor that willrwduided in the
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small subjective increase in volume. Consider the t
headphone elements as the two impedance equal R&adad
k*(R3), in Fig. 2. Restore the connection X. Télement
k*(R3) will have a much better bass response tihendther
one because it is driven by the low output rest#anf the
opamp. See "It is interesting to note" at the @hBection 1 in
Article #2 for more info on this.

Last, but not least, one should not expect too nftmim the

F3dBDL. After all, a 3 dB or so increase in volumidi not be

perceived as a lot. The challenge of this projeas to devise
a way to use all of the power in an AM modulateghal, |

believe that has been accomplished.

#18 Published: 07/09/01; Revised: 04/06/2007
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ARTICLE 19

An Explanation of how the "Mystery Crystal Radio"
Works

Quick summary: Plans for a crystal radio callegl thlystery
Crystal Set" were published in the newspaper "Sheday
Mail" of Brisbane, Australian in 1932. The "Mysgerin the
name comes from the fact that, in the schematizetbeems to
be no ground return to which the antenna curreats flow.
The design was used by entrant Ray Creighton ii@ngstal
Set Competition" held on March 19 2000 by the Seash
Queensland Group of the Historical Radio Societpustralia
in Malaney, Australia . His entry won first priza one
category and third prize in another. see it h&he design has
recently become popular in the US as shown bynthay
messages posted on the Yahoo! Groups site
"thecrystalsetradioclub”. On 6/6/2000, in messa2E& and
2173, | posted the following explanation (editedehef how |
believe the Mystery Set works:
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length? If one wishes to use solid wire, it shopidbably be
wound directly on the ferrite, not on a former. eTéwverall Q
will still be much less than when using litz, amhe foss from
the high (tand) dielectric of the ferrite will be pretty well
swamped out because of the now higher losses fhenskin
and proximity effect losses. The Q values, usinglase-
wound solenoid of 22 ga. solid copper wire on a@iblylene
former, as in 'Coil and Former' B in Table 2 ar20 %Hz: 130,
943 kHz: 141 and 1710 kHz: 150 when using the "bes¢".
The Q drops only 3, 3, and 5 points respectivelhéf "worst
core" is used.

Measurements to determine the (&nof the dielectric of a
‘medium core". Two adhesive copper foil coupons)xd.75"
were affixed to the 4", 0.5" diameter rod made efrife
material 61 (3M sells rolls of thin copper foil Wwian adhesive
on one side). The long dimension of each coupapeaalle!
to the axis of the rod with the two coupons setosjip to each
other, 180 degrees apart. They formed a two mapacitor
having curved plates with the dielectric of the roetween
them. The capacitance of this capacitor camembet6.5 pF.
Measurements, using a Q meter and a high Q indwetoe
made that enabled calculation of the Q of thisgf=Eapacitor.
Q was 25 at 520 kHz, 35 at 943 kHz and 55 at 1M9. k
Even though the distributed capacity of a ferriteé inductor is
only made up partially of this poor dielectricjst | believe, a
previously unrecognized cause of the usual Q dtapeahigh
end of the band. It is also, | believe, the canfs® reduction
in ferrite toroids when no gap is provided betw#enstart and
finish of the winding.

Part 3 - Flux density and flux line simulationsdirctance and

Q of several ferrite-cored inductors along with som
measurements
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The Q values given above were measured on an HPAG4
meter and corrected for the distributed capacithefinductor
(Co). The ferrite cores were purchased from CW&Bgprk
in the third quarter of 2002. They may have changsttlors
since then because some rods | purchased in thguarter of
2004 resulted in lower Q coils than the values regbhere.
These rods also had two small, 180 degree apadgitiainal
flats along their entire length. CWS gracefullycepted a
return of those rods and quickly refunded my mofiéwe 'best’
and 'worst' cores used in these measurements weame &
group purchased from CWS ByteMark in the 3rd quaste
2002.

Note the better high-band Q values recorded forciietra
wound inductor. This is because the low Q distebutapacity
from the dielectric of the ferrite (Co and Ro) isnoected
across an inductor having 1/4 the inductance (@adtance)
value of the conventional wound solenoid. An obagon: If
the hot/cold connections to the contra wound eoffig. 3 are
reversed, Q at 1710 kHz drops. This is becausee riums
from the low Q dielectric of the ferrite is coupléul to the
stray capacitance.

Solid wire instead of litz?: Keep in mind that theork
described here used close-wound 125/46 litz wité.one
duplicates 'Coil and Former B' in Table 2, excegihg 22 ga.
solid copper wire (having the same diameter) ag4B28itz,
the Q values drop to about 1/6 of the values aekievith the
litz wire. The cause is the large proximity effeesistive
losses, as well as skin effect, in the solid wilhe proximity
effect, but not the skin effect loss may be muatuced if the

wires are space-wound. New trade-offs now must be

considered: Same wire diameter, and therefore @elon
solenoid, or a smaller wire diameter and the saweradl
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Equivalent Schematic analysis of the Mystery CiyS&d

Two assumptions made in the analysis: They are tta
distributed capacity between the two coil windingsy be
represented by one lumped capacitor, Cc, conndmagdeen
the center of one winding to the center of the othgee Fig.
B. The other is that the magnetic coupling betwélea
primary and secondary windings is very high.  This
assumption is close to reality for the bifilar wauportion of
the transformer, provided the capacity couplingastoo high.
The magnetic coupling between the bifilar-ed partd the end
windings is not as close as that between the bifith parts.
This does not affect the validity of the analysigeep in mind
that in transformers with unity coupling, the ratid the
voltage on any winding to any other is directly podional to
the number of turns on each winding. This alsoliepgo a
portion of one winding. (Just use the number ofgun that
portion.) Figures A through E show the inductiviecuit
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through various changes as the following reductamd
simplification proceeds.

Simplification and reduction of the circuit of tHdystery
crystal set using the "Broad" non-earthy antenmaneotion:

The physical circuit of the Mystery set is showrfig. 1 with
the antenna connected to the non-earthy side optineary.
The black dots on the windings show the start ohe®inding,
assuming that they are both wound in the sametiirec

Figure 2 shows a coupling capacitor Cc, between tie
windings. It represents the parallel combinatioh two

distributed capacitances: One is formed of théedigc of the
wire insulation between the bifilar-ed primary asetondary
coil turns. The other is also between the primand

secondary coil turns, but in this case, there lareetdielectrics
in series. They are: (1) The dielectric of theulation on,
say, the primary winding that is in contact witle ttoil form.

(2) The dielectric of the coil form between thenpary and
secondary windings. (3) The dielectric of the lagian on the
secondary winding that is in contact with the doilm. Cc is
in a series circuit with the antenna and ground.

Fig. 3 shows Cc shifted up to the antenna and btheoway.
No change in performance will result.

The top and bottom leads of the secondary are coeméeach
12.5 turns from the center), to the correspondivigtp on the
primary (12.5 turns up and down from the centefhis is

shown in Fig. 4. Since the points that are coretetbgether
have the same AC voltage on them, no current Volvf
through their connection and the circuit operatioii be

undisturbed.
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Ferrite rod length=4", Diameter=0.5", Material=typ@l,
pi=125, Ferrite loss factor (FEF)=30*10"-6,
Former=polyethylene (not vinyl) tubing, ID=0.5", @D.625",
length=5", Wire=125/46 ga. litz, Construction=claseund
contra wound solenoid of 58 turns and length o23"6(not
wound as tightly as the conventional solenoid apove

Polyethylene tubing

L AL L S ]

Ferrite core

a b ¢ de ot

Fig.2 - Convertional solencid, 6 spaced fns  Fig.3 - Cortra-wound solenaid, 6 spaced tums

Winding format for conventional and contra wountesoid

The winding format for solenoids #1 and #2, belave shown
in Figs. 2 and 3. For clarity, the windings arewh as space
wound, but the actual solenoids #1 and 2 close doun
Connections for the contra wound inductor showrFig. 3:
For the series connection, join leads c and e. ldeisdhot and
lead f is cold. For the parallel connection, jtéads ¢ and f.
Join leads d and e. d/e is the hot and c/f iz tie connection.

Table 3 - Conventional vs contra wound Ferrite-Roated
Solenoids

Table 3 - Conventional vs contra wound Ferrite-Rod Cored Solenoids
/#1 Conventional solenoid [#2 contra wound solenoid
‘Best core' "Worst core' "Best core' "Worst core'
[Freq.in [ [Wdin[Coin[ (\ [Indin[Coin [ o [Iadin [Coin][ ) [Tad i [Coin
KHz wH | pF wH | pF wH | pF wH | pF
520 960 | 237 [28 [740][ 240 [ 28 [895 [ 231 [40 [700 [ 234 [ 40
043 |[~1030 [ 237 [2.8 [775 ][ 240 [ 2.8 [[990 [ 231 |40 [765 [ 234 [ 40
043 - - - - [~1030] 578 [ 47 [7s0 [ 585 [ 47
1710 |[s55 | 237 [ 28 [655][ 240 [ 28 [[945 [ 578 [ 47 [725 [ 585 [ 47
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that used in 'Coil and Former' B, above. The wigdiad 39
turns, close wound, of 270/46 litz. The "bestifercore” was
selected from a small batch of cores that werenrealed by a
local ferrite manufacturer. See the third-frontfsaragraph.

Some observations:

1.

Inductance does not change much between encidl

diameter of 0.5" and 1.5".
2.

At low and medium frequencies, Q is the highehen the
wire is wound directly on the ferrite. It dropsbstantially at
the high frequency end.

3

Q at the high frequency end increases aswtne is
separated farther from the core, except for coil E.
4.

Q at the low frequency end decreases asdhevae is
separated further from the core.

Comparison between a conventional and contra wéenmite-
rod cored solenoid using a "best" and a "worst" rod

See Article # 0, Part 12 for a mini-Article abobe tbenefits of
the contra-coil construction.

Ferrite rod length=4", Diameter=0.5", Material=typ@l,

pi=125, Ferrite loss factor (CLF)=30*10"-6,

Former=polyethylene (not vinyl) tubing, ID=0.5", @D.625",
length=5", Wire=125 strand/46 ga. litz, Construstiolose-
wound conventional solenoid of 58 turns having rgte of
about 1.625"
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Figure 5 shows the resulting equivalent circuit nfrche
connections made in #4. Since all portions ofwireding are
assumed to be unity-coupled to each other, perfocenavill
not change if the tuning capacitor C1 is conneetedhown in
Fig. 6, as long as its value is changed approfyiat€1 is
connected across 50 turns of the inductor. C2oimected
across 37.5 turns. The inductances of a unity leduf:1
transformer are directly proportional to the squafethe
number of turns. The number of turns across wi@i¢his
connected is 3/4 of the number of turns turns acvasich C1
is connected, therefore, the inductance acrosshwBiz is
connected will be 9/16 the inductance across wi@dhis
connected. C2 must be increased from the the @il to
16/9 of C1 for the circuit to work the same as befthe
transformation. The bottom portion of the coilFiy. 6 can
be eliminated since nothing is connected to it.

The final result is the equivalent circuit showrFiig. 7. Here
we see a conventional crystal set circuit with #menna-
ground components connected directly across thetduk,

with isolation from full antenna resistive loadisgpplied by
the capacitor Cc. The detector load is tapped &2 of the
tank voltage to reduce its resistive loading effectthe tuned
circuit.  That's it for the non-earthy "Broad" amte
connection.

Simplification and reduction of the circuit of tHdystery
crystal set using the "Selective" earthy connection

Figures 8 through 14 show the simplification anduion of
this circuit. It proceeds in an manner similathe one for the
"Broad" connection. Now look at Fig. 14. The ahbf Cc is
unchanged from that in Fig. 7. C3 will have tosoenewhat
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larger than C2 was for the circuit to work the sarfibe
antenna-ground components and Cc are now connacteds
only 1/3 of the tank instead of the full tank. Tdetector load
is still tapped in at 2/3 of the tank voltage. Tat for the
earthy "Selective" antenna connection.

What might the value of the magnetic coupling degfht
between the bifilar-ed portion of the windings be?

To think about this, consider: Mentally unwind théilar
portion of the coil from the coil form, but imagirtee two
wires are still in the same relative positions @&xte other.
Stretch them out. The ends of one wire are thmiteds of
one winding of a transformer and the ends of thkemt
winding, the terminals of the other. Now you hawveo
parallel wires closely spaced and several tensetflong. The
spacing (from the wire insulation) between themmiaybe
0.005". It should seem obvious that the magneticpting
between them could not get much greater (withoutitée
cores), no matter what one does with the wires. cal,
however become greater when the bifilar wire is mebon a
form. The reason is that places a primary wireach side of
every secondary wire and vice-versa, providing nmoagnetic
coupling between the windings than when the wires a
stretched out.

Here is an approach for determining the couplingffi@ent of
a bifilar winding: Construct a bifilar wound cafiat has about
the same inductance as the bifilar-ed wires in andsrd
Mystery" set. This inductance calculates out toBeuH. No
wire of the gage originally used was available tls® largest
bonded bifilar wire | had available was used. #swnade by
MWS Wire and consisted of two #30 ga. film insuthteires
bonded together. Its cross section measures M2K'.
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Coil and Former > A B c D E
Col former dia.
and len. in inches

0s 0625x45% | ~0.75xd5% 104225 150530

No former- wie | Polyethylenc | Splt polyethylene | Orange colored | White Polypropylenc.
woud directlyon | sleeve, 1/16" | tubing placed over | polypropylene | drain pipe from
forrterod | wall thickness former B pil bottle: Genova Products

Coil former
Material

Tnd. of coil in N

] 193 259 48 9

Qofcoil,air N e - N -
core, 2520 kHz 25 0 40 20
Tnductance of
coilin uH with hest” 07 248 28 240 241
forrite rod

Table 2 - Q of a ferrite-cored conventionally-woucail of
fixed length and number of turns as a functiontsfdiameter
(uses 'best ferrite core'’)
Coil and Former > 3 B c B E
V Freq. in kHz V Q Q Q Q Q
520 1060 960 945 820 670
943 1035 1030 1045 995 890
1710 780 855 878 885 845

* Piece of polyethylene tubing having an OD of ®&62nd an
ID of 0.50"

** This coil former has a cross section somewhas lehan
from a full 0.75" piece of tubing. It is construdtdy first

sliding the 1/2" dia. 4" long ferrite rod into a Bhg piece of
0.625" OD polyethylene tubing. A full longitudinelit is then
made in a second piece of similar tubing, so it banfitted

over the first one. A gap of about 3/8" is lefttie second, slit
piece of tubing, and that is what causes the cseston to be
less than that of a true 3/4" tube.

Note 1: Q values are corrected for distributed ciipa

Note 2: 'best ferrite core', 'medium ferrite comed ‘worst
ferrite core' refer to Q measurements of a largantity of 4"
long, 1/2" diameter ferrite 61 cores purchased frGWS
Bytemark over a period of years. The Q measuremesats
made at 1710 kHz with a test coil wound on a forgietilar to
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LFEF, which also provides an intermediate value rfeal-
world inductance. See Table 6, next to last entry.

In my experience with 1/2" diameter ferrite 61 radsing for
250 uH and using Litz wire, most of the time LFEffns out
to be greater than the value for maximum Q. Andation of
this condition can be obtained by placing two extrees, each
co-axially aligned with the solenoid's core, oneeath end of
said core, to increase the LFEF. The Q is usuatiyced even
though the inductance is increased, showing th&H.I5 too
high for maximum Q. Proof of this can be attaineg
discarding the two extra cores and reducing the heunof
turns on the rod. Of course, inductance goes downQ will
increase. To get the inductance back up and rétairhigher
Q, a solenoid and ferrite rod of larger diameterraquired.

** Note the "no core" entry in Table 6 for inductBB. The
solenoid (with no core) has a Q of 88 (and an itahme of
17.6 uH).

Part 2: Measurements

Comparison of several conventionally wound Ferciteed
solenoids having the same winding length and nunifer
turns, but different diameters

Ferrite rod length=4", diameter=0.5", material=typ&i,
pi=125, ferrite loss factor (CLF)=30*10"-6, the Ybeferrite
core" was used, former=low loss thin wall tubingvafious
lengths, wire=125 /46 ga. litz, construction=corti@mal close
wound solenoid of 58 turns having a length of allo625".
Table 1 - Coil and Former data (uses 'best fecdre')
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Twenty turns were wound on an available 3 1/2"estgr coil
form since a 3" diameter coil form, as used in thiginal
Mystery set was not available. The winding lengéime out
to be a very small 0.475" because of the small wize. This
is much less than that in the original Mystery Iset, tough,
that wire is all that was available. The leadsrfrihe coil were
still bifilar-ed, 10" long ends.

Several resonance measurements were then takem aish
meter. The first was with one winding connectedthe
inductance terminals of the Q meter, the other inmdeing
open circuited (Loc), at several frequencies frab16 to 2.36
MHz. The indicated capacitance readings on thee@@nwere
noted. The other was with the same winding stiirected to
the inductance terminals of the Q meter but wita tdther
winding shorted (Lsc), at frequencies from 3.0 001MHz.
Again, the indicated Q meter capacitance readingie woted.
At frequency extremes these readings will be distbby the
presence of distributed capacitance between theatwdings,
1020 pF in this case. The conventional Mysteryvsetld
have considerably less capacitance between the ingimd
because of the much thicker insulation on the witdste: The
capacitance between the windings cannot be detedh@ih RF
by the use of a Q meter. It can be measured bysheof an
RLC bridge operating at 1 kHz or a DVM having aaeimnce
measuring function (if it operates at about 1 kHz).

Over the frequency range of 0.515 to 1.71 MHz, Weas
calculated to be: 66.5 +/- 2.5 uH. Over the fregpyerange of
3 to 7 MHz, Lsc was calculated at: 2.01 +/- 0.06. uA
derivation results in the following relation forethcoupling
coefficient between two identical magnetically cleap
inductors:  k=sqrt(1-Lsc/Loc). The calculated cangpl
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coefficient between the two bifilar-ed winding<i®84, which
| consider very close to unity.

The bifilar wire was re-wound on the same form, speced to
cover a 1" length. The coupling coefficient canut at 0.966
and the distributed capacitance: 895 pF. Anotbémas then
wound from the same piece of wire on a 1.5" diamete
polypropylene form. The winding was slightly spageund
and had a length of 1.5 ". Coupling coefficient988 and
distributed capacity coupling: 945 pF.

Of course, manufactured, bonded, bifilar wire ist no
recommended for use in a Mystery set. Usually two
independent, insulated wires are wound close spacEus
practical case results in substantially less disted
capacitance than when using bonded wires.

Conclusion:

The beauty if the Mystery set is that it provides antenna
decoupling capacitor (Cc) (made from the distridutepacity
between the bifilar-ed windings), along with théeef of two
different points for its connection to the tank; without any
specific physical capacitor or taps on the inductéurther, the
diode is effectively tapped 1/3 down on the tankifisproved
selectivity. The only downside to this arrangemisnsome
loss caused by the probable relatively low Q of Cc.

When using the "Broad" antenna connection, the rmate
ground components are connected through Cc achestuli
tank. This arrangement puts a relatively large @mhoof
antenna resistive loading on the tank. The loadisglts in as
reduced selectivity, but stronger signal strengmtone gets
in the "Selective position. See Fig. 7.
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the coil. Generally the core providing the leastlictance will
provide the highest Q.

Comments: Consider the schematic in Fig. 1. La,aRd
Ra*(FDFa-1) define the inductance and Q of thecaied
solenoid (Before a ferrite core is inserted in ancared
solenoid, FDF=1).

Lp and Rp define the inductance and Q of the added
inductance produced when a ferrite core is inseiteal the
solenoid (now FDF becomes FDFf greater than befeoause
of greater flux density in the conductors). Théugaof Lp
depends upon ui of the ferrite material, La and EFESome
methods of changing LFEF are: 1) Increase the amthen
bare rod core extending beyond the solenoid. Thiis
increase the value of LFEF and consequently theevaf Lp.

2) Use a smaller diameter ferrite core than theoidthe
solenoid. This will reduce the value of LFEF and
consequently Lp.

The L and Q values of the air-cored solenoid arellis quite
low**. The inductance of Lp is usually high andued) to
LFEF*ui*La. The parallel resistance Rp equals ¢taace of
La)*LFEF/CLF. If LFEF equals 1 (This can be apprioed
when using a toroid having a high permeability, thg Q of a
real-world  ferrite-cored toroid inductor is  about:
Q=1/(ui*CLF). The Q of a ferrite-cored toroid inctor using
ferrite 61 as the core can have a Q of about 330MHz, as
shown in the 11th Edition of the Fair-Rite catalog.

Summary: With no ferrite core present one has a @ow
inductance inductor. If one could construct a yfuflux-
coupled ferrite 61 core (LFEF~1.0), the Q at 1 Mitauld be
1/ui*CLF=267. Highest Q occurs with an optimumuslof
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the conductor at the high end of the band more &ahe low
end. The use of litz wire reduces the loss aciessand, but
more so at the high end. If solid wire is used,cegaurns
winding will reduce the losses from proximity effec An
advantage of using Litz wire in a ferrite-rod inttucis that
there seems to be little downside to Q from clopaced
winding. This helps with obtaining a larger indaiete with a
smaller solenoid and ferrite core. The use ofdamjameter
wire to reduce one of these losses usually hasefieet of
requiring a larger solenoid and ferrite core inevrth keep the
inductance the same, requiring mind-numbing trefdeof
Experimentation with 4" long by 1/2" diameter feerb1 rods
and litz wire of 50/46, 125/46, 270/46 and 420/4@struction
with an inductance 250 uH suggest that a windimgtle of
about 1.5" of close-wound 125/46 litz wire is close
optimum, from the standpoint of Q. I've tried teeu660/46
litz with a 4"x1/2" ferrite 61 rod to attain a high inductance
of about 250 uH. It never worked, probably becahsdength
of the rod, being close to that of the solenoidyseal a high
flux density condition to occur near the ends & #olenoid,
creating extra copper loss. Lesson: For high Qroeshould
be longer than the solenoid, maybe three timesras |

Ferrite cores of the same specification often ekhdther wide
variations in their ferrite loss-factor (thus afieg the
attainable Q when used as a core). They also t@ay,lesser
degree, in initial permeability (1i). This affe¢t® inductance.
Generally, when selecting cores from a group haidegtical
specifications, the ones with the least initialmpeability will
have the least hysteresis loss, especially at figduencies.
This provides a convenient way to select cores whihtyield
the highest Q coils, without actually measuring @/ind a
solenoid on a thin walled, low loss form and measits
inductance after placing each core, in successientered in
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When using the "Selective" antenna connection,atiitenna-
ground components are connected through Cc acrdgsl(8

of the tank coil turns. This results in a reductio about 1/9
of the resistive loading by the antenna on the tanknpared
to the loading in the "Broad" connection. See Hig. This

reduced loading increases the loaded circuit Q, laewce
selectivity. The ratio of unloaded to loaded Q@educed, thus
reducing sensitivity.

For practical purposes the ‘leakage inductancevesst that
part of the primary that is bifilar wound with tisecondary is
very low. To the extent that it is not zero, idaihe leakage
inductance between the outer turns of the primawy the
inner bifilar-ed 25 turns can be considered to headded
"leakage inductance" in series with C2 in Fig. iid én series
with C3 in Fig. 14. The main effect of this leakagductance,
compared to having none, is to somewhat lower igbeist
frequency than can be tuned. The low end of thengurange
will be extended a small amount.

#19 Published 08/11/01; Revised 12/29/2002
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ARTICLE 20

How to measure the impedance of an AM-band antenna-
ground system, what one can do with the results, aig
with some measurements

Quick Summary: This Article describes a methodneasure
the series capacitive and resistive parameteriseoimipedance
of an antenna-ground system vs frequency. Residis
measurements on an attic antenna are given.

Aligato
ciplad

Algator
clplead

u 5 2
Nete: Connect i meter
e e

phores betwesn
poirts Aand

Fig 1 -Ver. 201 e pourd messurenent kg P12 Ver. 801 Antemne-gromd messurenent ridge

Schematic using a half wave rectifier Schematingua
full wave rectifier

The circuit in Fig. 1 was inspired by an Article Tine Crystal
Set Society Newsletter of Jan 1, 1995. It was temitby
Edward Richley. He used a 1 MHz crystal oscilldtor his
source, so had no problem with using a 200 uA meiterse a
sine wave function generator for my RF source, dutdio
Service man's oscillator may also be used if it @asugh
output. Either of these sources cannot supply ashnsignal
as the xtal oscillator, so | had to increase seitgit That's
what the 2.5 mH chokes and 5 nF caps are for. ZenH
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creates the effect of adding a parallel RL in seviéh the air
coil. When a core is inserted into the air-coretksoid, the
series resistance of the solenoid in air is in@édsy the factor
(FDFa-1) to account for the increased power logséncopper
wire caused by the increased flux density fromctie

Magnetic flux density surrounding the solenoid #urn
conductor is not uniform along the length of théesoid. It is
greater at the ends than along its central partrebsing the
length/diameter of the solenoid reduces the peagenof total
flux that penetrates the copper and thus reducsistive
copper losses (especially at the two ends of thediwg).
Increasing the ratio of the length of the ferribel to that of the
solenoid further reduces the percentage of totax fihat
penetrates the copper, further reducing resistissels.

The amount of electric field that penetrates theecos
important, especially at the high end of the bandhe
Nickel/Zinc cores such as type 61 have a very hégtistivity
dielectric as well as a rather low dielectric canst¢) that has
a high dielectric loss tangent (tét Losses caused by the
high (tand) may be minimized by using construction methods
that keep the parts of the solenoid that are agla électrical
potential spaced away from the core. For instamceoil
former sleeve made of low loss, low dielectric ¢ans
material can be used to isolate the high impedaaces of the
solenoid from the core.

I-squared-R resistive power loss in the conducaoised by the
AC current flow: Increased series resistance efdblenoid
reduces Q, especially at the low end of the banmpened to
the high end, since the inductive reactance is atiramum

there (if the resistance, as a function of freqyesconstant).
Proximity and skin effect losses increase the Ritstance of
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La=inductance of solenoid in air

FDF(suffix a or f)=flux density factor. This is aumber,
greater than 1, that corrects the value of theese®C
resistance of the solenoid to its actual AC vallibe "a"
denotes air surrounding the solenoid, the "f' desothe
inclusion of a ferrite core.

LFEF=leakage flux effect factor, the ratio of Lp fo*La.
(LFEF is always less than 1)

when the solenoid conductors are bathed in magfietic It
has a suffix"a" when referring to the solenoid in and a
suffix"f* when referring to a solenoid having arfez core.
Lp=parallel inductance representing the increasedfctance
caused by the ferrite core. Lp=LFEF*ui*La Henrys
Ra=series RF resistance of solenoid in air
Ra*(FDF-1)=additional series resistance causednbyeased
average flux density around the conductors wheerritd core
is placed inside the solenoid

Rdc=DC resistance of the wire used in the solenoid
Ro=represents resistive power loss in Co. This losCo is
contributed by the dielectric loss tangent of teeife and that
of the solenoid former, if one is used.

Rp=parallel RF resistance across Lp, representiagnetic
losses in the ferrite core. Rp=LFEf#La/CLF Q

ui=initial permeability of the ferrite. [125 forpg 61 ferrite]
Qa=Q of the solenoid in air Qa*_a/(Rdc*FDFa)

Qt=Q of the real-word ferrite-cored inductor asresented in
Fig. 1

o=2*pi*frequency

The simplified equivalent circuit shown in Fig. topides a
convenient way of think about the effect of placiderrite
core in a solenoid. Ra and La represent the hesiltss and
inductance of the air-cored solenoid without theeqave want
to increase the resultant Q and inductance). Addingore
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chokes eliminate RF loading by any resistive conepoiof the
meter or phones on the diode detector. The 5 n#s ca
eliminate resistive DC loading on the detector frtm two
680 ohm resistors. | lay out the components breaidtbstyle
on a nonconductive table to minimize stray capadigep
connections short, and especially keep the signake lead of
J1 away from the connections to each end of D1myrsetup
D1 is a IN34A, M1 is a 0-20 uA DC meter, R1 is acisn
non-inductive carbon pot and C1 is a two gang éeigap of
365 pF per section. | parallel the two sectionsemvithe
antenna capacitance is above 365 pF. A lower taghsi
meter can be used than the one used here, at #heota
requiring a higher applied signal to J1.

If a sensitive enough meter is not available, a paihigh
impedance phones (2000 ohms DC resistance) orabéfea
sound powered pair with the elements wired in seci&n be
used. In this case, the generator must have its afdio
modulation turned on at its highest level. A matioh
frequency of about 1 kHz is recommended. If theemés
used, do not connect the phones. If phones am dsenot
connect a meter.

To use the bridge, tune the generator to a frequehimterest.
Adjust C1 and R1 for minimum deflection on M1 onall of

the modulation tone in the phones. Increase thesigfal to

J1 as much as possible in order to get the shagmesimost
precise null. Measure the resistance of R1 witlolammeter.
Use any desired method to measure C1. | use the ca
measurement range of my Fluke DVM. [I'm sure thedee
does not need to be reminded that this test ingaladiating a
weak RF signal from the antenna when making the
measurements, so the length of time the genesatwm should

be kept as short as possible.
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Possible issues: More sensitivity is needed oerfietence
from antenna pickup of local stations obscurestidge null.

If insufficient signal is available from the RF geator to
provide satisfactory meter readings, one can usentbre
sensitive broadband circuit shown in Fig. 2. Th&ues of L1
and L2 are 2.5 mH and C2 is set to zero in the divaad
version. A full wave rectifier is used insteadto¢ half wave
one used in Fig.1 and it gives about twice the wut®ne can
also change from using 1N34A diodes and try Schafiro
Bias detector diodes such as the Agilent HSMS-2858ther
circuit. The HSMS-2855 Zero Bias diode is espécwiitable
for use in the circuit shown in Fig. 2 since itaspackage
having two independent diodes, one for D1 and therofor

D2. One must be cautious when using the HSMS-2855

because the diodes can be damaged by the appiicHtimo
strong a signal to J1. This can happen if theadigenerator
signal is very strong when the bridge is greatlpalanced.
It's best to start with a weak signal, balance litidge, then
increase the signal if necessary.

If the signal from the RF generator is not strompugh to

override local pickup, thus obscuring the metet, mallectivity

may be added to the bridge shown in Fig. 2 by ntpkise of
C2 and changing L1 and L2. If L1 and L2 are charge say,

10 uH inductors and C2 is made equal to 1200 p=btidge

will be tuned to about 1 MHz. These changes eitluce the
influence of local pickup upon measurement of amaen
ground impedance at 1 MHz. One suitable 10 uHdratuis

Mouser's "Fastron” #434-23-100.

If one uses headphones instead of a meter as thedicator,
even greater sensitivity can be achieved by AF riabig the
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* dielectric constantef, dielectric loss tangent (t&§) and
length of the ‘former' upon which the solenoid sund (if one
is used)

* resistivity of the ferrite rod

* length (If) and diameter (df) of the rod, atheir ratio

* length (Is) and diameter (ds) of the solenaidd their
ratio

* Ratio of the length of the solenoid to thexdéh of the
ferrite rod

* size and type of wire (solid or litz) and spay of the turns

A simplified equivalent circuit model for a ferriteored
inductor is shown in Fig. 1.

“ La Ra RaFDF-11

Rp
Fig. 1 - Simplified equivalent circut of a ferrte cored inchuctor
Simplified equivalent circuit of a ferrite corectinctor

CLF=ferrite core loss-factor at a specific frequef(@0*10"-

6) at 1 MHz for ferrite 61]

Co=distributed capacitance. This is made up of Ikyost
capacitance from the hot parts of the solenoidoutin the
ferrite dielectric, to ground (assuming that onel ef the
solenoid is grounded). If a solenoid former is disés
dielectric is in the path and will affect the ovetass. Another
part of Co is made up of capacitance from the laotspof the
solenoid through air, to ground.
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ARTICLE 29

About Maximizing the Q of solenoid inductors that se
ferrite rod cores, including charts of magnetic flx density
and flux lines, with some actual Q and inductance
measurements from simulations in FEMM

Summary: Many factors interact to affect the Cfefite rod
cored inductors. Part one of this Article ideesfi and
comments upon some of them. A simplified model and
equivalent circuit is also discussed. The secatl giescribes
several ferrite cored inductors, along with measents of
inductance and Q. The third part displays graphsflwt
density, flux lines, inductance and Q of severatitie cored
inductors. The fourth part shows how flux densihamges
when an air gap is inserted in the center of atéerod. It also
includes simulations showing the distribution ofgmetic flux
density and current density in the turns of thesold. The
fifth part shows how Q varies when the ratio of taegth of
the solenoid to the core changes Also shown ishartc
showing the change of Q when the conductor spagng
changed. The sixth part discusses important ihfuaferrite
61 and similar materials.

Part 1: Modeling ferrite cored inductors
Bulk factors that affect inductor Q:

* Initial permeability of the ferrite materigii) and ferrite
loss-factor (LF)

* dielectric constantef and dielectric loss tangent (t&nof
the ferrite core
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bridge signal generator and connecting a parall@ltuned to
the modulating frequency of the generator acrossptibnes.
This will filter out much of the interfering crosalk from local
pickup and pass the modulation tone with little slos
Suggested values are L=47 mH and C=0.5 uF if the
modulating frequency used is about 1 kHz. A lovstocoil
having an inductance of 47 mH and a Q of aboutBldtiz is
available from Mouser as a Fastron Plugable Stdelctsil,
#434-02-473J ($1.20 each). Greater selectivityrsgaross-
talkk can be obtained by decreasing the inductance a
increasing the capacitor.

I live about 9 miles from WOR and 12 from WABC, b&0
kW stations. 10 volts peak-to peak applied to bhielge
overrides the local radio station pickup sufficlgrib provide
a clear null on the meter when using the circuitvahin Fig. 1
when using a 1N34A diode. A useable null with apled
signal of only 1.5 volts p-p can be obtained wheing the
circuit in Fig. 2 with zero bias detector diodesyisd-powered
phones instead of a meter and the parallel LQ filte

Notes:

* If the RF source has too great a harmonictextn the
bridge balance null will become less deep and sharpat's
why | used a sine wave function generator to assutew
harmonic content. If one uses a function generfopure
sine waves, make sure the symmetry control is metést
symmetry (minimum reading on the bridge microammmet
In April 2004 Tom Polk published a description aathematic
for a low distortion medium wave home brew sigreerator.

It looks very good, and can be found at:
http://www.beecavewoods.com/testequipment/sinevnan .
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* If the resistance of a specific antenna-gbsystem is
greater than 100 ohms, use a pot of a higher vidiale 100
ohms.

* A typical antenna-ground system will showapacitance
of a few hundred pF at the low end of the BC baBecause

of the series inductance in the system, the medsure

capacitance will rise at higher frequencies. Atigh enough
frequency the system will go into series resonaawé the
bridge will not be able to be balanced. To measiueesystem
series resistance at or above this resonance, @labe Q
capacitor of, say 100 to 220 pF in series with &iméenna.
That will raise the resonant frequency sufficiergty that the
capacitor-antenna-ground circuit will be capacitisenull can
be obtained and the resistive component determidedNPO
ceramic or mica cap should be OK.

* At my location, detected signals from locabsig stations
show up as fluctuations at about 15% of full scafe the
meter, but are not strong enough to obscure thigérhulls
from of the signal generator's signal.

* Unless the signal generator connected to sJbaittery
powered (most aren't), it is important to put a owm-mode
radio frequency choke in the power line to the getoe. |
made mine by bundling a length of 18 ga. lamp d¢otal an 18
turn coil having a 9 inch diameter, and then fgtm male AC
plug on one end and a female socket on the otlibe turns
were kept together using twist ties.

What can one do with the measurement results?

The main practical thing one can do with the bridgeto
Measure and Monitor antenna-ground circuit resegtanThis
resistance comes primarily from the physical groumat the
antenna and ground connecting leads or radiatisistamce of
the antenna. Any increase in the antenna-grousistaace
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#28 Originally published as Article #15 in Feb. 200ater
withdrawn. Republished as Article #28: 03/04/05

153



Practically speaking, what does all this mean? nMai
improved theoretical understanding of diode detsct¢see
last bullet point)

* Compared to the impedance matched conditian,
increase in the volume of weak stations can beezetiif the
RF source resistance driving the detector is droppel/2 its
RF input resistance, leaving the diode and outpudioa
matching unchanged. Looking at it in another wagain
compared to the impedance matched condition, theediould
be be replaced with one having half the Is, andotiteut load
resistance doubled. Put a third way, the audid lesistance
should be twice the RF source resistance and bal éguhe
axis-crossing resistance, Rd, of the diode.

* A higher value for the audio load resistanvay be
created by changing the impedance transformatidheo&udio
transformer. Be aware that the insertion powes lo an
audio transformer tends to increase when one ageiatat
higher input and output resistances than it wagded for. It
is possible for increased transformer loss to damsesome of
the 2.0 dB improvement. See Article #5 for info loss in
various audio transformers. Fig. 4 and Part 4 igeinfo on
some ways to audio-impedance match diodes havih@la
axis-crossing resistance (ones having a low Savarat
Current).

* Changing to a diode having a lower Is willciease
selectivity since the RF loading resistance valfe tlee
detector, on the tank is increased. This will iaseethe loaded
Q of the detector tank, but will also increase theerall
insertion power loss caused by the inherent losséise tank
inductor and tuning capacitor, nullifying some bet2 dB
improvement.

* By cut-and-try, many crystal set experimestprobably
have already converged their designs to includeitifio.
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serves to reduce the signal power available froenatfitenna.
Any decrease, of course increases it. A halvinthefantenna-
ground system resistance provides a 3 dB increnaeailable
signal power, if one properly rematches to thetalysdio set
input circuit.

Measure: One can experiment with different grounds
various ground paralleling schemes to come up wighone
that has the lowest resistance. Use of this orleregult in
maximizing the available signal power (more volume)
Experiments using a counterpoise ground can be made
Monitor:  As has been recently been posted on théog
Club:  thecrystalsetradioclub, earth ground reséan
deteriorates (increases) over time. This resulta igradual
decrease in available signal power (less volumBeriodic
measurement can alert one if this is happeningeggs £an be
taken to correct the problem.

The other thing one can do, if one is mathematicall
engineering a crystal radio set, is to use the R@walues as
parameters in the design. See Article #22.

Measurement results on an indoor attic antennasyst

My present external (as opposed to loop) antennia ihe
attic. The horizontal element used to be madeofuptwisted
strands of #26 copper wire (17 ga.), suspendedrings about
1 1/2 feet below the peak of an asphalt shingled. rdt runs
along under the peak and parallel to it for 53.feEhe wire is
about 24 feet above ground level. The lead-inneoted to
the center of the horizontal wire, runs horizontalit a right
angles for about 9 feet and then drops down véitita the
crystal radio set location, about four feet aboweugd level.
The ground system consists of a connection to ofek water
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supply in parallel with a connection to the hot evdtaseboard

heating system. To achieve a low inductance ground

connection | use 300 ohm TV twinlead, both condisto
soldered in parallel, for each lead. The additiba oonnection
to the AC neutral does not seem to reduce the tadoe or
resistance of this antenna-ground system. | alveaggest
trying the addition of a connection to the AC naltr
Sometimes it helps.

The measured antenna-ground system capacitanc29sgs-

at 0.5 MHz, 325 at 1.0 MHz, 410 at 1.5 MHz and &60 at

2.0 MHz initially. The respective series resisesimeasured:
17, 12, 10 and 14 ohms. The equivalent reactaeceeets of
this antenna are a capacitance of 285 pF in serigs an

inductance of 12.5 uH. Since my ground is compaxfeithe

house cold water supply pipes in parallel withttie hot water
baseboard heating system pipes, much of the ¢apaeifrom

the horizontal attic antenna wire is to them arel ibof, not a
real resistive earth ground. That, | think expdaihe low

resistance and high capacitance readings. Probablground
system is acting as a sort of counterpoise.

| decided to see if | could get greater signal pitkby
changing to a very crude simulation of a flattopeana. To
do this, | paralleled the antenna wire with a piedfeTV
twinlead connected to it at each end and at thet pdidown-
lead takeoff. The twinlead was separated from7t2é wire
by about 2 1/2 feet. The new measured antennaagrsystem
parameters became: Capacitance: 430 pF at 0.5 Btz at
1.0 MHz and 860 at 1.5 MHz. The respective segsistance
values became: 15, 12 and 11 ohms. The equivadantance
elements became a capacitance of 405 pF in seribsaw
inductance of 14.2 uH. Signal pickup increased dy
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1. Series 1: The diode has an Is of 38 nA and af1.03.
R1= R2=Rd The graph shows that Ri is about 700ksat
low input power levels and that it decreases towaB80k
ohms at high input levels, where the detector asts peak
detector. Not graphed, Ro, changes from about ¥®@k00k
ohms as the input power goes from -95 dBW to -50/dBt is
1190k ohms at the LSLC input power point of -788d

2. Series 2: The Is of the diode is change®toA. All else
stays the same. Ri approaches 1400k ohms at fout power
levels and decreases towards 350k ohms at higlislevdot
graphed, Ro is approximately 1400k ohms at low tirgmwer
levels and 1400k ohms at high output levels.

3. Series 3: The diode Is stays at 19 nA, nte 1.03, R1 at
700k ohms and R2 is changed to 1400k ohms. Riggsan
from about 1400k to 700k ohms when going from lovhigh
power levels. Not graphed, Ro is approximatelyQk46hms
at low input power levels and 1400k ohms at higlele

Look at Fig. 3. At the -95 dBW end of the graphe @an see
that changing Is from 38 to 19 nA, and keeping Rd R2 at
at 700k ohms reduced the detector insertion powss by
about 1.5 dB (Series 1 to series 2). This comes fthe
increased voltage, Vi, at the detector input. iRgishe output

load resistance from 700k to 1400k ohms reduces the

mismatch loss at the output to approximate. zetbraduces
the overall insertion power loss by another apprate. 0.5
dB for a total improvement of 2.0 dB at low inpuatvyer levels
(Series 3). The detector insertion power loshat-50 dBW
input level is is also reduced by 0.5 dB becausethef
elimination of the output impedance mismatch.
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the diode D with a different one having 1/2 theusaion
current, Vi will increase. The reason is that dle¢ector input
resistance Ri is now twice R1. The voltage dividede up of
R1 and Ri will reduce Vi to only two thirds of Vinaking the
new value of Vi=4/3 the old value. Since the deteds
operating in square law mode, the internal soudeage in
the detector that drives its output terminals wike
(413)72=1.77... times as much as before. This higltage
will be divided down by the voltage divider actiohthe now
twice-as-large diode output resistance and R2wve gh output
voltage 1.185 as large as before. This equatemtoutput
power 1.476 dB greater than in the original impesan
matched condition.

Input Resistance vs. Available Power Insertion Loss vs. Avalable Power

! I
- e

214

Resistance In Megohm

8288

Insertion Loss b Db

£
S5 90 85 80 75 70 65 60 85 60 95 -0 85 80 75 70 -65 60 65 60
Avallable Power n dBW Avallable Power In dBW.

Fie2 Fg3
Theoretical calculation and SPICE simulation shbat that in
a crystal set having equal values for R1 and Re,diode
parameters that give to lowest insertion power lasdow
signal power levels fits the equation: R1=R2= 28@h7*n/Is)
at room temperature.

Now let us look at the effect on Ri and insertimwer loss if
Ri does not match R1. Look at Fig. 2.
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negligible 0.8 dB at 710 kHz, and even that was, dure,
within experimental error.

One may want to compare these equivalent impedance
components with the 'Standard Dummy Antenna’, esifigd
in 1938 by the IRE (Institute of Radio Engineers)Standards
on Radio Receivers'. My reference for this is Tants Radio
Engineer's Handbook, first edition, 1943, pp 978 ai4. A
rather complex equivalent circuit for the antenmahown on
page 974. It is stated that a simpler alternatizvork, given
in footnote #2 on page 973, can be used when dwelyBC
band is of interest. It consists of the series lwioation of a
200 pF capacitor, 25 ohm resistor and 20 uH induct@rman
states that the two antenna equivalent circuit® ldosely the
same impedance characteristics in the BC band. The
impedance graph on page 974 and the impedance tiiem
series combination of 200 pF, 25 ohm resistor a@duB
differ, particularly in the resistive curve in theomplex
equivalent circuit. The 25 ohm resistance in thepéfied
circuit is probably taken from the resistance ie tomplex
circuit, at the geometric center of the BC bandhis Fesistance
is shown as constant in the simplified circuit, &®da strong
function of frequency in the more complex circuitlt is
suggested that the complex equivalent circuit eotétically
derived, assuming a perfect ground and therefores dwt
include the resistance of the ground return pathe ground
circuit can easily add 15-50 or more ohms to theudi

#20 Published: 11/24/01; Revised 04/16/2004
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ARTICLE 22

Design, construction and measurement of a singlested

crystal radio set using a two-value inductor, alongnith a

discussion of the cause of ‘hash’, short-wave ghesignal

and spurious FM reception. A way is presented for
determining if the signal is operating a detector hove or

below its linear-to-square-law crossover point

Summary: This article describes Version 'b' ofrgle-tuned
four-band crystal radio set, sometimes called antBigne"
(constant bandwidth with maximum weak-signal sérisit
across the whole BC band). It is an attempt tdexehthe
following two objectives at a -3 dB RF bandwidthaifout 6
kHz (relatively independent of signal strength)d amnstant,
high efficiency across the entire AM broadcast bapdising
two values of inductance in the tank: 1) Best jas
sensitivity on weak signals; 2) Loudest possibiume on
strong signals. Version ‘c' of this crystal radit uses Litz
wire, introduces a contra-wound coil and has a rtvar
selectivity" setting. It may be viewed in Artici26.

Means are provided for increasing selectivity atsraall
sacrifice in sensitivity. This crystal radio setiot designed to
have strong immunity to local pick-up from localdWtorch”
stations. Selectivity and insertion power lossifegs from a
computer simulation are given and compared witlse¢haf the
actual physical crystal radio set. A way to tethie detector is
operating below, at or above its 'Linear-to-Squam@w
Crossover point' (LSLCP) is described. No extearkenna
tuner is necessary. An explanation of 'short wagbhest
signals' and ‘hash' is provided along with someyesiipns on
how to combat them. This version 'b' uses only dinde and
audio transformer configuration, as compared totth@ used

32

approach the same value and equal 0.0257*n/Is sHRas at
room temperature when the input signal strengthlois
enough. See Article #0, part 4, Article 4, paer@l Article 16
for information on Is and n, and ways of measutirem.

Fig. 1 represents a conventional diode detectohe Fank
circuit T is shown with no internal loss. A reabsid tank will
have loss that can be represented by a shuntaeststnected
across it. For convenience of analysis it is agshithat this
loss resistance is absorbed into the source V1(fRit a more
complete explanation, see Article #1, first parpbrafter the
third schematic.). Assume that the impedance efsthurce
(antenna) and load (headphone) are transformedqtml e
values (R1 = R2) and select a diode that has aedrdl to
them. This will result in a reasonable impedanegcimat both
the input and output if the signal power level properation
below +10 dB of the linear-to-square law crossopeint.
Little of the input power directed towards the d&te will be
reflected back to the source and most all of thpwupower
from the detector will be absorbed in the load, R2he diode
detector were a linear device with linear input anaput
resistances, this impedance-matched condition wiasdlt in
the least detector power loss (greatest sensitiobyainable.
It would seem clear that the crystal set detectadct not be
made more sensitive. Actually, not so! Very wesigmnal
sensitivity can be improved by about 2 dB by appete
mismatching at the input. This provides a ratrendHo-hear
increase in volume, but every little bit helps.

In the impedance matched condition discussed so far

R1=Ri=Rd and R2= Ro. Simple math shows that theatier
input voltage Vi will equal one half the internalsce voltage
V1. If we create an impedance mismatch betweersdiece
resistance R1 and the detector input resistand®y Réplacing
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See Atrticle #15a, Figs. 2 and 3 for info on the CSoint of a
diode detector.

Definition of terms:

Rd: Resistance of a diode atiis crossing.
Rd=0.0257*n/Is at 25 degrees Celsius

Ri: RF input resistance of tieettor

Ro: Output resistance of the ciete

R1: RF source resistance lookinvgard the tank

R2: Output load resistor

Is: Diode Saturation Current

n: Diode ideality factor

T: Parallel LC tuned circuit

LSLC point: The detector operational point half
between linear and square law operation

Plsc(i) Max. available input powetlae linear-square-
law crossover point

Diode
R1
»
M
RF —= Ri t o ~«— Fa
Source Look tawards Look towards
Woltage (=) Load from vig T C2== Sowcefiom R} Output
W1 Source at RF ‘ Load at audio Wolkage
frequency fequency v2

}c— Source ——\e Diade Detectar Cireuit +|-— Load *»I

Fig 1 - Diode Detentor Schematic with Signal source and Dutput Load
Diode Detector Schematic with Signal Source andpQut
Load

It has been asserted in these Articles that theinREt and
audio output resistances, Ri and Ro, of a diodeatiet,
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in the original obsolete version (now called Versia). Also
a new way to make a higher Q, low inductance csihg all
the wire and coil form of the high inductance dsitlescribed.
Finally, the small performance sacrifice at thehhémnd of the
band that occurs when more readily available ameedocost
parts are used is discussed.

Additional benefits of the "Benodyne" type of tatikcuit are:
(1) Reduction of the the sharp drop in tank Q orsiwity at
the high frequency end of the BC band often expegd when
only one value of tank inductance is used for th®h BC
band. (2) Reduction of the tank Q from loss inthsable cap
when using lower cost units that use phenolic atsuh, such
as the common 365 pF cap (see Figs. 2, 3, 4, andAicle
#24). The "two inductance value benodyne* cirésiitised in
the crystal radio sets in Articles #22 and #26. A¥sume here
that the two "Benodyne" component inductors (seee"Tank
Inductor” in Article #26) provide a tank inductana®250 uH
in the low frequency half of the BC band (520-94&k and
62.5 uH in the high half (0.943-1.71 MHz). If tleege 250
uH inductance setting were used all the way uphéotop end
of the BC band (as in the usual case), a totahtuoapacity of
34.7 pF would be required at 1.71 MHz (Condition A) the
"Benodyne" circuit, with the 62.5 uH inductancetiset used
for the high frequency half of the BC band, a tdtating
capacitance of 139 pF is required at 1.71 MHz (@QardB).
Benefit (1) occurs because in condition A, a larfgaction of
the total tuning capacitance comes from the typicaw Q
distributed capacity of the inductor than in coiditB. This
results in a higher Q total capacitance in condit®than in
condition A. Benefit (2) occurs because The effecQ of a
typical 365 pF variable cap, when used with a 25Qank, is
about 500 at 1.71 MHz (see Fig. 3 in Article #24)he Q of
the 365 pF variable cap, when set to 139 pF, istgrehan
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1500 (see Fig.5 in Article #24). This higher Quiesin less
loss and greater selectivity at the high end ofBeband in
condition 2. A further benefit of the Benodynecuit at the
high end of the BC band is greater immunity frone @
reducing effects of surrounding high loss dielecmiaterials
such as baseboard etc. The lossy stray capatibdirced is
better swamped out by the high shunt tuning capasied.

The Crystal Radio Set Design, in a (large) Nutshell

* The design approach is to divide the AM bamtd several
sub-bands in an attempt to keep the selectivitygtzon and the
insertion power loss low. Many concepts descriipecarious
Articles on my Web Index Page, as well as some owes, are
used in the design.

* The first step is to divide the band into twalves: Lo
(520-943 kHz) and Hi (943-1710 kHz). Two-step ghun
inductive tuning is employed to switch between Isand tank
inductance of 250 uH is used in the Lo band ang26 in the
high band.

* The Lo band is further subdivided into twobsands:
LoLo (520-700 kHz) and HiLo (700-943 kHz). The Ibfind is
also subdivided into two sub-ands: LoHi (943-12Hzkand
HiHi (1270-1710 kHz).

* Two different operational resistance levelsresonance,
measured at the top of the tuned circuit (poininAtig. 5), are
used at the center of the sub-bands. This impedewe! is
125k ohms for the LoLo and LoHi bands and 250k tfoe
HiLo and HiHi bands (excluding the resistive lossdsthe
components used). These resistance values areupaufehe
parallel combination of the transformed RF antergsastance
and diode input RF resistance (at point A). Théese
resistances should be equal to each other to axhéev
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ARTICLE 28

How to reduce diode detector weak signal insertiopower-
loss to less than that possible when the input impedance
matched

Quick Summary: Diode detector insertion power loss be
reduced below the value achieved under impedandehet
conditions provided it is operating below its LSp@int. The
optimal conditions are: (1) The output audio loadistance
equals twice the RF source resistance. (2) Ther&an
Current and Ideality Factor of the diode are sinzt the very-
low-signal output resistance of the detector (axassing
resistance, aka Rd, of the diode) equals the oulpad
resistance. These conditions insure an impedaatehmat the
audio output and a 1:2 mismatch at the RF inputr(s
resistance = half the RF input resistance of toele). Please
bear in mind that the LSLC point is a point on apjr of
output DC power vs input RF power of a diode detect
system. It is not a point on a graph of DC currenvoltage of
a diode. Info on the LSLC point is available irtiéle #15a.

It has usually been assumed by myself and othetspibwer
loss in a two port device (here, a crystal setjnisimized

when its input and output ports are impedance neatchrhis
article will show that this is not true in the caska diode
detector operating at a signal power level welbbethat of its
region of essentially linear operation. It is rbewever, when
a strong signal (well above the LSLC point) is lpefaceived.
In the linear region, audio output power is projpml to RF
input power. That is, for every dB of change ipuh power
there will be one dB change of output power. la tbwer

power region, called the 'square law' region, anghaof one
dB in input power results in a two dB change inpamitpower.
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it simulate several in parallel. These approatiz@® not been
experimentally investigated.

#27 Published: 08/14/2003; Revised: 05/23/2007
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minimum insertion power loss, at the design bantwidThis
means that the transformed antenna and diode Rétamses
are each 250k in the LoLo and LoHi bands and 5@0thé
HiLo and HiHi bands at point 'A. The two diffeten
transformed RF antenna resistance values (at @d)ntat the
top of the tank are achieved by proper adjustméat\ariable
capacitor in series with the antenna (C7 in Fig. She two
different diode RF tank loading resistance valsgint ‘A’)
are achieved by tapping the diode onto the tark@int that
is 70% of the turns up from ground for bands Hilml &iHi.
The tank is not tapped for the LoLo and LoHi banasd
connection is to the top of the tank.

* The weak-signal audio output and RF inpuistesices of
a diode detector are approximately the same andlegu
0.026*n/ls. The strong-signal audio output resiseaof a
diode detector approximately equals 2 times thed?#stance
of its source. Compromise audio impedance transfton
ratios are used to optimize performance on bothkwasad
strong signals, thus maximizing sensitivity anduoé.

* The design is scalable. Less expensive péuds may
have somewhat greater losses may be used with pensty
in sensitivity and selectivity at the at the higideof the band.
See the Parts List for a listing of more easilpilble and
lower cost parts than the ones used in the origieadign. A
tradeoff between sensitivity and selectivity carabbieved by
changing the ratio of C7 and C8. Less capacitanc€7
increases selectivity and reduces sensitivity,\acel versa.
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N
Fig. 1 - Single-Tuned Four-Band Crystal Radio Set,éion )
‘B

The design objectives for the crystal radio set are

1. To achieve a relatively constant -3 dB badtiwof 6 to
8 kHz across the full range of 520 to 1710 kHz,hwét
relatively constant RF power loss in the RF tunidugs of
less than 4 dB.

2. To to provide adjustment capability for gexagelectivity,
or less RF loss when needed.

3. To provide optimal performance with exteraatenna-
ground systems having a fairly wide range of impeda

4. To provide a simple-to-use switching setupr fo
comparison of a 'test' diode with a 'standard one'.

5. To provide a volume control that has a malipossible
effect on tuning, having a range of 45 dB in 15si&s. This
was incorporated in the design because the twd BZ&W
blowtorch stations ABC and WOR (about 10 miles gway
deliver a very uncomfortably loud output from SRadehones
from my attic antenna. A means of volume reducticas
needed. This method of volume reduction actualtydases
selectivity by isolating antenna-ground resistarficen the
tank circuit.

6. Introduce a new (to me) method for consimgchigh Q
low inductance value inductors.
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#11. The simulated crystal radio set consisted twd

impedance-matching/tuning capacitors (C7 and CAiriitle

#26) with a tank inductor having a Q value extraped from
the values given in Table 4 of Article #26. Thensiation

program was 'SuperStar', by Eagleware. Those uioctable

with the concept of 'Available Power' may find P&rtin

Article #0 helpful. Note that the diodes having tbwest n*Is
value (and the lowest detector loss) result ingreatest loss
from the tuning components in the crystal radio. séthis

means that to gain the greatest benefit from usingiode
having a low n*ls, the parallel resonant loss tesise of the
tank circuit must be made as high as possible(turiately
reducing selectivity).

Note re diode performance when receiving strongadig A
high diode reverse-breakdown voltage rating is irtgd in
this case to prevent tank resistive loading frooddireverse
conduction caused by the high reverse voltage ptehaing
the non-forward-conduction half-cycle. When thisppens,
volume is reduced. Diodes that have a high revemsakdown
voltage rating usually have a high value for thedpict of their
saturation current and ideality factor and are Bmsbbtaining
maximum volume on strong stations. The diodes ahatbest
for weak signal reception usually have a low n*leduct.
Many of those who use the HP 5082-2835 report imfer
volume on strong stations. | believe the causexjslained
above. One solution to this problem is to provigeétching
means for two diodes as is done in the crystatiestribed in
Article #26. Another possible approach might betdouse
several HP 5082-2800 high-reverse-breakdown-volthigées
in parallel. Several diodes would probably be eeebecause
of the low saturation current of one '2800. Oneld¢@lso use
only one ‘2800 and supply a little forward biastagé to make
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digital voltmeter was connected to the "T" connednoFig. 1
and used in the final measurements. Since there ineernal
noise issues with the Fluke, the 20 dB attenu&WY3) in the
AMCS was switched in to enable increasing the sigmahe
DVM by 20 dB to overcome the noise. The resis@ues in
the “inverted L" pad in the AMCS (45.0 and 5.55 shnalong
with the 25 ohm resistor, provide a source restgtasf about
30 ohms and an attenuation of 22.98 dB, exclusivany
attenuation introduced by SW1, SW2 or SW3.

At first an HP model 3312A function generator waedias the
RF source. Final measurements quoted were madg asi
HP model 33120A synthesized signal generator.

Measurements of the diodes having the lower vadfiés were
made at 892 kHz (Band A, sub-band 1 of the crysidib set).
Insufficient impedance transformation range wasilalvie to
match diodes having the higher values of Is, ssdhaere

measured at 1205 kHz (Band B, sub-band 3). These

frequencies were chosen so as to eliminate sigolalp from
local stations.

The actual insertion power loss in the crystal oasBt caused
by losses in its L and C components was accouwteih ach
diode measurement by feeding an RF signal of
84.95+20.98+20+X dBW into the AMCS. (The raw imigr
power loss in the AMCS is 22.98 dB, and the 20 tBraiator
(SW3) was activated). X represents the L/C lossms the
tank inductor and C7 and C8 in the crystal radioused for
the tests. Its value was determined from a comsitteulation
of the crystal radio set, using a source resistaficg0 ohms
and a load resistance equal to the Rxc of the dindbe tested,
and noting the insertion power loss as X. The evadfi X
varied from 0.378 dB for diode #1 up to 1.711 dB diode
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1. Theory
Rs

vs f Lt

Fig.2 - Single-tuned circuit
Basic single tuned schematic

The frequency response shape of the circuit showig. 2 is
that of a simple single tuned circuit and can heugit of as
representative of the nominal response of a singied crystal
radio set. Consider these facts:

1. If Lt and Ct have no loss (infinite Q), zensertion power
loss occurs at resonance when Rs equals RI. Tkislled the
‘impedance matched' case. The power source (Vss&S a
resistance value equal to itself (RI). Also, tlead (RI),
looking towards the input sees a resistance (R&)aleto
itself. In the practical case there is a finiteslan Lt and CT
This can be represented by an additional resist&icénot
shown), shunted across the tuned circuit. Thetingsistance
seen by (Vs, RS) is now the parallel combo of Rt Rhand it
is less than RS The impedance match seen by (SswRen
the tank Q (Qt) was infinite is now destroyed. Tigedance
matched condition can be restored by placing aredtapce
transformation device between the source, (Vs, &%) the
tank. In the crystal radio set to be described, Gh@f the
highest Q practical inductor thought suitable fog tesign was
found to be sufficient to enable about a 6 kHz émhd
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bandwidth to be obtained with about a 4 dB insarfiower
loss over the tuning range of 520-1710 kHz.

2. In Fig. 2, if tuning could be done with Loak, leaving
CT fixed, the bandwidth would be constant. Thebfgm here
is that high Q variable inductors that can be whdeer an
approximately 11:1 range, as would be needed te from
520 to 1710 kHz do not exist. On the other handing by
varying the value of CT by 11:1 will cover the rangut have
two disadvantages. (1) Bandwidth will vary by 1fidm 520
to 1740 kHz. (2) In the practical case, if the daidth is set
to 6 kHz at the low end of the band, and an attésptade to
narrow the bandwidth at 1710 kHz by placing a cépadn
series with the antenna, the insertion power loisbecome
great.

3. The compromise used here is a coil desigh ¢aa be
switched between two inductance values differingtdy The
high inductance setting is used for the low halftef band and
the low inductance setting for the high half. Gafee tuning
is used to tune across each band. The technigeehese, in
creating the two inductances, enables the Q oiaivevalue
inductance to to be much higher than would be & df a
single coil of the same diameter but with fewensuwas used.
This technique uses two coils, closely coupled, andthe
same axis. They are connected in series for thge la
inductance and in parallel for the small one. Tmall
inductance has a value 1/4 that of the large odeadout the
same Q at 1 MHz. The innovation, so far as | knisvtp use
the full length of wire used in the high inductarmsl, occupy
the same cubic volume, but get 1/4 the inductandekaep the
same Q as the high inductance co il.

4. The high and low bands are each further sidefi giving
a total of four bands (LoLo, HiLo, LoHi and HiHi)f this was
not done, we would be faced with a bandwidth vinabf
about 1:3.3 in each band. The bands are geonibtritteided

38

Two charts are presented in Article #16 showing
measurements of Is and n for 10 different diodeShe
Schottky diodes seem to have fairly constant vadiés and n

as a function of current. The silicon p-n junctiamd
germanium measurements show how Is and n can vary,
other diode types, as a function of current.

Appendix: The objective of these measurements imegasure
the performance of various diodes when used astdeseat a
signal level well below their LSLCP so that theieak signal
performance can be compared. The measurementsbeesc
in this Article were made with an ‘available RF gowof -
84.95 dBW (3.2 nW) applied to the diode. Here dsvithat
value was chosen:

Initial measurements were made using a Tektronideho
T922 scope having a maximum sensitivity of 2 mV/cithe
scope was connected to P1 in Fig. 1; the horizawakp rate
was set to display about 3 cycles of RF. The RiEage that
could be read on the scope, with reasonable poecisias
considered to be about 2 mV minimum peak-to-peak,
providing a vertical display of 1 cm. The voltagfeP1 drives
a 25 ohm resistor, the resistance of which is foanged in the
crystal radio set up to a value that matches tpatiresistance
of the diode. The correct input impedance matcltaned by
interactively adjusting C7 and C8 on the crystaligaset to
maximize the rectified DC output voltage. 2 mV R¥F
voltage equates to 2/(sqrt8) mV RMS. Since avhilab
power=Pa=(Erms”2)/(4*source resistance), Pa=5 rif\one
allows for about 2 dB loss between the input to thestal
radio set and that to the diode, the available paka actually
reaches the diode becomes about 3.2 nW. To obtther
measurement precision a Fluke model 8920A true RRFS
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audio distortion will come in sooner on strong sitgh because
of its low reverse breakdown volt age. It perfotmest if used
in a crystal radio set having RF source and audiad |
resistances of about 400k ohms, rather high values
excellent diode for both weak and strong signa¢péion is the
obsolete ITT FO-215 germanium diode, still avaigtthink
from Dave Schmarder at
http://iwww.1n34a.com/catalog/index.htm . Crystadio sets
having RF source and audio load resistances ofta®@dk
ohms may have better sensitivity with two of theM&286L
arrays in parallel. One section of the InfineonTB&-08S
triple diode should work the same as two HSMS-286iays
in parallel. Agilent semiconductors are carried Ngwark
Electronics and Arrow Electronics, among othersgilekt or
Infineon may sometimes send free samples to expetins
who ask for them.

The apparent error in output power for diode #1 basn

checked many times. The figure appears to be ateurl

don't know the reason for the anomaly, except tiatdiode
probably has an increased value for n*Is at thélaTectified

current, compared to the value of Is*n from the soeaments
in Table 1 (made at a higher current). It is kndwat there
are extra causes for conduction in a diode beydmbet
modeled by the Shockley equation. Other measurenséow
that this diode also does not follow the Shocklegdd

equation at high currents (see Article #16). D®éAeB and C
are randomly selected 1N56 germanium units. Tiseyshow

poorer performance than would be expected from tEcho
diodes of the same Is and n. Note that germaniioded

diodes #1, A, B and C provide less output than dolbog

expected from Equation #5. The output from geronani
diode #5 is close to that expected from Equatiorags the
output from all the Schottky diodes.
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and are: 520-700 (LoLo), 700-943 (HiLo), 943-12T@H)
and 1270-1710 (HiHi) kHz. The bandwidth shouldyarl.8
across each sub-band. The same relation shouddbetieen
the HiHi and LoHi band. The bandwidth at the ceatieeach
of the four bands are made approximately equabth ®ther
by raising the loading resistance of the antenmhdinde on
the tank by a factor of two in band HiLo comparedtte value
used in band LoLo. The same adjustment is useddads
HiHi and LoHi.

2. Design Approach for the Center of each of the fdands.
RTU o, '

}—:1:3 e
vt :&mm " %}5 T LZ% e :&Taam
LE T R LE R R

! Simpliied circut Curtent sourced equivalent | Simpliied circuit
! ofciystal set. cicutof an anlerra ofcrysal set.

Valtage saurced equivalent
cicuit of an anterna

Fig. 36

Fig 3
Simplified Schematic of Crystal Set

Fig. 3a shows the simplified Standard Dummy Antecinzuit,
described in Terman's Radio Engineer's Handbook, fo
simulating a typical open-wire outdoor antenna-grbaystem

in the AM band. R1=25 ohms, C1=200 pF and L1=20 uH
See Article #20 for info on how to measure thestesice and
capacitance of an antenna-ground system. The s/ah@wn
for Fig. 3a are used in the design of the crysadia set. R1
represents primarily the ground system resistanc€l
represents the capacitance of the horizontal wicklead-in to
ground and L1 represents the series inductandeecdntenna-
ground system.

The values of R1, C1 and L1 in Fig. 3a will be ddesed to
be independent of frequency. To the extent they tho vary

39



with frequency, C7 and C8 in Fig. 5 can be adjusted
compensate. The current-source equivalent cirofiithe
antenna-ground circuit is shown in Fig. 3b. Torstfilegree of
approximation, in the practical case, C2 in Fig. Bb
independent of frequency. R2 will vary approxinhate
inversely with frequency. We will ignore the effeaf L2,
since its value is large, except when approachhg first
resonance of the antenna-ground system. The depjgoach
is to place a variable capacitor C3 in series whit antenna
circuit (Fig. 3a) to enable impedance transfornmataf the
antenna-ground circuit to an equivalent parallel (Rg. 3b),
the R component of which can be adjusted by chantfie
value of the C3 to follow a desired relationshipfresjuency.
One of the objectives of the design is to enablecasstant a
bandwidth as possible vs. frequency. This requites
aforementioned equivalent parallel R2 componentvaoy
proportionally with the square of the frequencycé#pacitive
tuning is used as it is here, in each sub-band (@t rhe
proportional to frequency for a constant bandwidth)his
design attempts to accomplish this in the centereach
frequency band. Performance is close at band edges

3. The single tuned crystal radio set

The topology of the single tuned circuit is chandedn band
to band as shown in Fig. 4 below.

b b t T
frteons 71 C7 o frtema 21 7 risnna €7 rtenns #1 €1
4 e u e u e u

B 126 Do 26 |Bha £

Giound Giound Giound Giound

b c ]

it topnogy fo the LoLo bard (o) Cicut topologyfor he HLo band.
poloay for th Lot band. (9 it topelogy fo he Hiibard,
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low loss manner. A low loss high input resistiveuise is
easier to achieve with a high Q loop driven crystalio set
that uses the loop as the tank than with one driveran
external antenna and ground that uses a sepagteChtank
coil. This is because one of the sources of loatietk
resistive loss, the external antenna-ground sysésistance, is
eliminated. The radiation resistance of the lospusually
negligibly small compared to the loss in the loofmew
considered as a stand alone inductor. It is assumehis
discussion that the diode is connected to the faghe loop,
the point of highest source impedance. Don't tde as a
recommendation to go to a loop antenna for the testk
signal reception. A good outside antenna-groursdesy will
outperform a loop by picking up more signal power.
Conclusion: A diode with the lowest n*Is may bedretically
the best, but achieving impedance matching of inpod
output may not be possible. In practice, a comsemust be
struck between a diode with the lowest n*Is and lbaging a
lower axis-crossing resistance (Rxc). This meangeneral, a
higher Is. It can be achieved by paralleling saveiodes or
using a different diode type.

A good diode array to try in high performance caysadio
sets intended for weak signal reception is an AgildSMS-
286L, with all three diodes connected in parall@his diode
array is packaged in a small SOT-363 SMD packagdeisu
easy to use even without a surfboard to aid ircdtsnection.
The three anode leads exit from one side of thé&aggcwith
the three cathode leads from the other. A quichneotion
solder blobbing all three anodes together and thirawire,
and a similar connection to the cathodes is easjotoUse a
low temperature soldering iron and as little hesapassible to
avoid injuring the diodes. This triple diode perfis about the
same as six Agilent 5082-2835 diodes in paralletept that
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Measured and calculated DC power output of diode detectors at235°
C. vs. the product of their ideality factor and saturation
current, when driven by an RF power of 3.2 nW CW.

100

DC output power in nW

~
ce|c

0 100 1000 10000
Product of saturation current and ideality factor of diode, in n.

Fig.2

The red data points indicate actual measuremeitits. blue
values are calculated from equation #5 in ArticlbA. The
blue line is a connection of the points calculdtedn equation
#5. Note the close fit.

Discussion: Fig. 2 shows the close correlatiormefasured
output power with measured diode n*ls, as predicbyd
equation #5 in Article #15A. This suggests thasns a valid
‘figure of merit' for a diode used to detect weadnals.

Remember: The detector power loss figures showtherast
column of Table 2 would be even larger if the sghal of 3.2
nW were smaller. The assumption in all of thighist both the
input and output ports of the crystal radio set r@@sonably
well impedance matched.

Note that the input and output resistances of delidetector

using diodes #10 and 11 are very high. Matchedtispurce
and output load resistances this high are harcthéeee in a
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Four band equiv. ckt. schematic

The resonant RF resistance values at the top ofF@g 4),

from the transformed antenna resistance, (at theecef each
sub-band) are designed to be: 250k ohms for baotls nd
LoHi, and 500k ohms for bands HiLo and HiHi. Sinte

diode is tapped at the 0.7 voltage point for baHd> and

HiHi, it sees a source resistance at resonancel2gk for
bands LoLo and LoHi and of 250k ohms for bands Helnal

HiHi. These figures apply for the theoretical caseero loss
in the tuned circuits (infinite Q). In a shunt eajpively tuned
crystal radio set, loaded with a constant resistbad, the
bandwidth will vary as the square of the frequenc{o

understand why, consider this: When the resonagufncy of
a tuned circuit loaded by fixed parallel resistaigéncreased
(from reducing the total circuit tuning capacitapdée shunt
reactance rises proportionally, giving rise to apartionally

lower circuit Q. But, a proportionally higher Qriseded if the
bandwidth is to be kept constant. There for, thease
relation.

In the practical case, we are faced with two pnoisle (1)
How should we deal with the fact we work with feniQ
components? (2) At high signal levels (above tB&CP), the
RF load presented by the diode to the tuned ciisw@ibout 1/2
the audio load resistance, and at low signal leffeéow the
LSLCP) the RF load presented to the diode is abd&6*n/Is
ohms. Compromises are called for.
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Schematic diagram og version B
Parts List - All components are chosen for the Ipestsible

sensitivity at a -3 dB RF bandwidth of 6 kHz (excégr not
using litz wire in the inductor).

*

C1, C3: 200 pF NPO ceramic caps.
C2: 100 pF NPO ceramic cap.

*
C4, C6: 270 pF ceramic caps.

C5: 18 pF NPO ceramic cap.
*

** C7, C8: 12-475 pF single section variaktpacitors,

such as those that were mfg. by Radio Condensgy. Cbiney
use ceramic stator insulators and the plates arer gilated.
Purchased from Fair Radio Sales Co. as part # CEN25.
Other capacitors may be used, but some of thosephignolic
stator insulators probably will cause some reductibtank Q.
The variable capacitors are fitted with 8:1 raternier dials

calibrated 0-100. These are available from OcetateS

Electronics as well as others. An insulating sleaftipler is

used on C7 to eliminate hand-capacity effectsis &ssential,
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* |s and n were measured using forward voltage39cdnd 55
mV (average current of between 3.8 to 5 times Is).

Table 2. CW measurements of output power at 23.5°
detector input power: 3.2 nW (-85 dBW)

Diode | Diode [Measured | Measured | Measured | Product | Calculated | Measured minus | Detector

 |loadin |DCoutput | ouput | ouput |ofnand | output | calculated output | power loss
obms* | inmV | inoW | indBW |IsinnA | indBW indB in dB!
C [295k [ o065 | 001614 1391 | 10752 “1.00 236
1 [ 4% [ 101 | 002160 6633 | -104.30 215 27
B 505k [ 125 | 003094 6655 | 10438 132 208
A 630k | 136 | 003875 5203 | 10341 131 1938
2 [ s 005855 4593 | -10280 047 174
3 |15k 0.09038 2455 | -100.63 019 155
1 |1 01049 2283 | 9990 011 148
5 [k 01181 1740 | 9880 048 143
6 | 21k 01744 1332 | 9788 <030 126
7 296k 02195 5707 | 9640 019 1.6
8 | 400k 02753 740 | 9590 =030 107
9 || 400k 02746 | 9561 | 724 | 90544 2017 107
10 | 658k 04038 | 9394 | 418 | 9334 040 9.00
1 | 676k 04530 | 9344 | 416 | 9355 011 85

* Diode load is equal to Rx, its axis-crossing seeice

Note: The rectified DC current ranges betweeni2l 20 nA,
with most diodes close to 25 nA

Graph of Power Output vs n*ls
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The input conditioning device (AMCS), used to aid i
measurement of input power is shown in Fig. 2 dfche #11.
There, it was used in a procedure to measure it
sideband and output audio power. Here it is usedaa
convenient way to provide an accurate source veltaying a
known internal resistance. A CW signal generatmed to,
say, 1 MHz is connected to the AMCS as the soufcRFo
power. If the generator has an AM modulation céjpgbthat
can be used with headphones as an aid in initiaityng the
crystal radio set to the test signal. Table 2 ligd 2 show the
results of the measurements.

Table 1. Measured values of saturation current idedlity
factor for some diodes, normalized to 25° C

Diode Diode type Is*inoA | o
A |[IN56 germanium marked GE 553 | 1.06
B |[IN56 germanium marked GE 692 | 1.07
C [1N56 germanium marked GE 1317 | 117
1 |[Biuc Radio Shack LN34A germanium, no markings 678 | 1.09
2 |[Two high Is Agilent HBAT5400 Schottkys in parallel 438 | 116
3 [Aglent high Is HBAT5400 Schottky 236 | 116
4 |Infincon BAT62-03W Schottky 243 | 104
5 |Radio Shack 1N34A germanium marked 12010-3PT 167 | 116
6 |infincon BAT62-08S Schottky 143 | 104

65 |[TTFO-215 glass germanium (rare, athough Mike 109 |10z
[Pecbles and Dave Schmarder have them)

7 [Agtent low Is HBAT3400 Schottky 104 | 104

8 [Aglent HSMS-286L Schottky, all three diodes inparallel | 78 | 1.05

9 [Stx Agilent 5082-2835 Schottkys in parallel 77 104

10 |Aglent HSMS-282N Schottky, all four diodes inparallel | 456 | 1.02

11 [Four Agilent 5082-2833 Schottkys in parallel 449 [103

138

for maximum sensitivity, to mount C7 in such a whgt stray

capacity from its stator to ground is minimizedeeSPart 9 for

info on mounting C7. The variable capacitors ugedhis

design may not be available now. Most any oth@ackor

with silver plated plates and ceramic insulatioouti do well.
*

C9: 47 pF ceramic cap.
*

C10: 0.1to 0.22 uF cap.
C11: Approx. 1.0 uF non-polarized cap. TiBisa good
value when using RCA, Western Electric or U. Strimsents

sound powered phones, with their 600 ohm elements

connected in series. The best value should berdieied by
experiment. If 300 ohm sound powered phones hathierg
600 ohm elements connected in parallel are usetl,sBauld
be about 4 uF and a different transformer configomashould
be used.

** L1, L2, L3 and L4: Close coupled inducsowound
with uniformly spaced Teflon insulated 18 ga. sily®ated
solid wire. This wire is used only to gain the éfinof the
0.010" thick low-loss insulation that assures nondeing
turns can become ‘close-spaced’. L1 has 12 tuéhias 8
turns, L3 has 6 turns and L4 has 14 turns. Thefoon is
made of high-impact styrene. | used part #S401&0m fr
Genova Products  (http://genovaproducts.com/faditmy.
See Fig. 6 for hole drilling dimensions.

*

** SW1, 2: DPDT general purpose slide swétsh

*SW3, 4, 5 and 6: Switchcraft #56206L1 DPDini
Slide switches. This switch has unusually low eent
resistance and dielectric loss, but is expensi@ther slide
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switches can be used, but may cause some smattiauwf
tank Q. SW6 is used as a SPDP switch. Don't thieetwo
halves in parallel.

*

T1, T2: Calrad #45-700 audio transformer.vaifable
from Ocean State Electronics, as well as othefs300 ohm
phones are to be used, see the third paragraphrafdée 1.

*

R3: 1 Meg Pot. (preferably having a log tape

Baseboard: 12" wide x 11 1/8 " deep x 8ftk.
*
Front panel is made of 0.1" high-impact stgre Other
materials can be used. | was looking for the ldwess,
practical material | could obtain.

** For lower cost, the following component substibns may
be made: Together they cause a small reduction
performance at the high end of the band (about dB/greater
insertion power loss and 1.5 kHz greater -3 dB taih).
The performance reduction is less at lower freqigsnc

* Mini air-variable 365 pF caps sold by mangtdbutors
such as The Crystal Set Society and Antique ElaatrSupply
may be used in place of the ones specified forr@7G8.

* 18 ga. (0.040" diameter) "bell wire" suppliéy many
distributors such as Home Depot, Lowe's and Seap Ine
used in place of the teflon insulated wire spedifidhis vinyl
insulated bare copper wire is sold in New Jersegonble or
triple twisted strand form for 8 and 10 cents peotf
respectively. The cost comes out as low as 3 dsgper foot
for one strand. The main catch is that one hastangle and
straighten the wires before using them. | havel usdy the
white colored wire but | suppose the colored stsanil work
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A 3.2nW (-84.95 dBW) un-modulated source of avadaRF

power of is applied to the diode for all measuretsienThis
power level is about 12 dB below the LSLCP(i) of thverage
diode used in these tests. An AM broadcast sigfichis

power level will result in quite a weak sound in SRones
impedance matched to the output of a crystal radio The
RF input power is applied through the AMCS desdfilie
Article 11. If the input to it is monitored by aMM connected
to the "T" connector, the AMCS should be considecete an
attenuator having an input resistance of 50 andoatput
resistance of 30.244 ohms. lIts attenuation is72dB. The
crystal radio set used in these measurements ilbled in
Article #26. It was used because its performanee lheen
well characterized and its input impedance can tenged
over a wide range. The output resistor into whiudh output
power is dissipated is R3. The primary windingg dfand T2
are shorted when taking measurements.

The measurement procedure, for each diode, consists
applying an RF power source having an availablegoaf 3.2
nW to the diode detector, adjusting the input ingmemst
transformation (C7 and C8 in the crystal radiodeicribed in
Article #27) for maximum output voltage and recoaglithat
value.

Block diagram

To RF A

Use sither a scope or

millvokmeter.  an AC RF milvolmeter
T
ore 1 sove
Source T
= | o D] Bur
- S &0 ohin CRYSTAL
IpUT | | .
connetor cs Aof—fos  SET Diods & | g,
col—rtoo DCV.o Tt
See Fig 2, See iy 5,
Artiele #11 Article #26
Fig. 1 - Connection biock diegram



ARTICLE 27

Measurement of the sensitivity of a crystal radio &t when

tuned to a weak fixed signal, as a function of the
parameters of the detector diode; including output
measurements on 15 diodes

Summary: This Article shows how the ‘weak sigpakver
loss, from the resultant operation in the squanesiegion of
the detector, of a crystal radio set, varies asnetion of the
parameters of the diode. The measurements clshdwn
how ‘weak signal' detector loss is reduced whedegichaving
lower values of the product of saturation curremti &eality
factor are used. This results in obtaining greatdume from
weak signals. Actual measurements compare claseelyose
predicted from equation #5, developed in Articl&A1 It is
assumed that the input and output impedances odetector
are reasonably well matched.

Acronyms and Definitions of Terms

|AMCS |Apparatus used when Measuring Crystal Radio Set Insertion Power Loss and Selectivity.

CRYSTAL RADIO |A crystal radio set, such as that described in Articke #26 that has the capabilty of a
SET lcontimously adjustable input impedance transformation.

iis [Diode Saturation Current in Amps

LSLCP® [Linear-to-Square Law Crossover Point in dBW (referred to the input power)
n [Diode Ideality Factor
Rxc [Asis-crossing resistance of a diode. Rxc=0.026"n/ls

1. The Measurements:

The measurements of output power are made usinges
and quicker method than that used in Article #Iicesa CW
instead of a modulated signal is used. This meihedives
measuring DC output voltage into a resistive lodtemvthe
input of the detector is fed from a fixed sourceagdilable RF
power.
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the same (re dielectric loss). The measured auti@meter of
the wire from various dealers varied from 0.0650t679".
The high dielectric loss factor of the vinyl, comga to the
teflon specified above will cause some reductiosenfsitivity
and selectivity, more at the high end of the bdwhtthe low
end. | don't think the difference would be notieato a
listener.

* Radio Shack mini DPDT switches from the 275/B
assortment or standard sized Switchcraft 46206kiRckes
work fine in place of the specified Switchcraft 8621 and
cost much less. See Article #24 for comparisorh wither
switches. Any switch with over 4 Megohms Rp shaw®art
2 of Article #24 should work well as far as loss@ncerned.
Overall, losses in the switches have only a verglkeffect on
overall performance.

15 0.156 dia, holes

T
666 ! “

l 08
094 —sfs]
242 —+

305 —+

Dimensions ininches.  3.90 —»p

[~— 517

fe—E.10—>

Fig. 6 - Coil form diiling dimensions [Version B
Coil form drilling dimensions

The coil should be mounted with its axis at a 3@rde angle

to the front panel as shown in Fig.1. The cenfethe coil
form is 2 7/8" back from the rear edge of the baseth and 5

45



5/8" to the left of its right edge. These dimensioare
important, as is the actual size of the breadbafodie wishes
to construct a double-tuned four band crystal ragib out of
two Version 'b' single-tuned four band crystal cadets as
described in Article #23.

Table 1 - Switch Functions for Version 'b'":
SW1 |15 dB vohme control "capacitive” attenuator. ‘Down'’ places a 15 dB loss in the input.

[SW2/[30 dB volume control "capacitive” atteruator. "Dovn places a 30 dB loss in the input.

[ Up' position for operation in the LoLo (520-700) and HiLo (700-943 kHz) band
'Down' position for operation in the LoHi (943-1270) and HiHli (1270-1710 kHz) band
SW4![Same as SW3.

SW3:

'Up' position for operation in the LoLo and LoHi band

WS
SW 'Down' position for operation in the Hil.o and HiHi band

Up' position for normal crystal radio set operation, using a diode having an Is of about
SW6: 100 nA. Down' position for increased selectivity, using a diode having an Is of about 15
InA i the #2 position, or for comparison testing of diodes.

[ Down' position for normal operation. "Up' position to bypass the onboard audio

SWT- . "
(transformers. if one wishes to use an external one.

The diode: This design is optimized for use witidiade
having an n of 1.03 and a Saturation Current (fgbmut 82
nA, although this is not critical and other diodes be used
with good results. See Articles #0, #4 and #16irfto on n
and saturation current (Is) of diodes, and how éasuare them.
If desired, and one has a favorite diode, its &ffeqls) can be
changed by applying a DC bias voltage, using peshépe
‘Diode Bias Box' described in Article #9.

One suitable diode, the published parameters aftwétiow an
(Is) of 100 nA is a Schottky diode, the Agilent HBA400. It
is a surface-mount unit that was originally des@jnier
transient suppression purposes. Measurements ofy ma
HBAT-5400 diodes seems to show that there are avities.
One type measures approximately: n=1.03 and (Is)+80
The other type seems to have an n of about 1.1&arfts) of
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single or double-tuned Benodyne, it is suggesteat the
design be based on version "c" described in thisclar and
not version "b", described in Article #22.

#26 Published: 02/10/2003; Revised: 10/23/2006
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resistance, and the audio output resistance afetector diode
is about 2 times the RF source resistance drivingTle

conditions for weak signal reception are differeBtth the
input RF and the output audio resistance of thelelidetector
are equal to the axis-crossing resistance of theledi This
resistance is Rd=0.026*n/Is (see Article #0 foristuksion on
this). The compromise selected was to make théododd

resistance about 325k ohms. The design is optiniee a

compromise diode having an Is of about 100 nA amah &f

about 1.03. This diode has an axis-crossing eesist of 265k
ohms. Most ITT FO-215 diodes have this charadterislany

others can be used, with little effect on strongnal

performance. The diode has more effect on weak ta
strong signal performance. A ferrite stick inductould do
well for the coil in the antenna tuner (unit #1)tihas a high
enough Q.

Bear in mind that the secondary coil should be wanted
with the 250/62.5 uH contra wound arrangement aadt707
voltage taps. For this unit, the detector tuner3éd pF
variable cap would be OK; the extra capacitance 485 pF
capacitor is not necessary. The inductor for titerma tuner
should be constructed using the contra wound 258/621
arrangement, but no 0.707 voltage taps are needed.

It is possible to build a double-tuned Benodynengigirimary
and secondary coils of unequal values. | chosegusgual
values. A higher inductance for the primary mighte some
impedance matching problems at the low end of theoL
band. A lower inductance for the secondary woelguire a
lower RF loading resistance from the diode, thugireng a
diode having a higher Is. Look at Fig. 2 in Arigf27 to see
how weak signal sensitivity is reduced when usingdes
having higher values of Is. For anyone interestdulilding a
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about 150 nA. Both work well but the former wotke best.
This part, available in an SOT-23 package is easilynected
into a circuit when soldered onto a "Surfboard" fsuas
manufactured by  Capital Advanced Technologies
(http://www.capitaladvanced.com/), distributed byitranics,
Digi-Key and others. Surfboard #6103 is suitabl&he
HBAT-5400 is also available in the tiny SO-323 pag that
can be soldered to a 330003 Surfboard.

The Agilent HSMS-2860 microwave diode (Specified58
nA) is available as a single or triple with threelépendent
diodes in the SO-323 and SO-363 packages, respBctiThe
Agilent number for the triple diode is HSMS-286Lfind it to
be particularly good for DX in this crystal radiets It is a
convenient part since one can connect it using onéy/section
(shorting the unused ones) or with two or threegpamallel.
This gives one a choice of nominal saturation cus®f 50,
100 or 150 nA. Samples of this part | have testedsured
about 35 nA per diode, not 50. | don't know thenmal
production variations. The only disadvantage &f thode, as
far as | know, is its low reverse breakdown voltagech may
cause distortion and low volume on very loud stetio It has
the advantage, as do most Schottkys, of having nlesh
excess reverse leakage current than do germanionesi
This helps with volume and selectivity on very wesdtions.

Infineon makes a BAT62 Schottky diode in severéfiedent
quite small surface mount packages. The single @A®
physically the largest. It has a specified (Ispbbut 100 nA
and performs quite well. Be forewarned that theddi
parasitic series resistance is a high 100 ohmiisndiode. A
resistance even this high should not have a ndtieetfect on
the performance of a crystal radio set.
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Most germanium diodes have too high a saturatiorenti for

the best selectivity and should to be back-biasecboled for
optimum performance. See Article #17A for moreoirdn

this. Different type diodes may be connected heoterminals
labeled Diode #1 and Diode #2, with either onectetgle with

SW6. When one diode is selected, the other is stiorfThis
feature makes it easy to compare the performance 'tést'
diode with one's 'favorite' diode. Another useoiptace one's
best DX diode in one position and one having a Jery

reverse leakage resistance at high reverse voltadke other.
This will maximize strong signal volume and minimiaudio
distortion.

A good choice for this crystal radio set is a diddeing a
relatively low saturation current such as 3 or 4lékg HSMS-
2820 or HSMS-2860 diodes in parallel as Diode #1high
selectivity and sensitivity on weak signals, and Awgilent
HBAT-5400 or one of the lower saturation -current
germaniums as Diode #2 for low distortion and maxim
volume on strong stations. Don't use two diodeseiries if
you want the best weak signal sensitivity in anystal radio
set. The result of using two identical diodes émies is the
simulation of an equivalent single diode having sagne (Is)
but an n of twice that of either one. This redusesk signal
sensitivity.

The inductor for this single tuned crystal radio isemade up
of the four closely coupled inductors L1, L2, L3da4. The
inductance from point A to ground (Fig. 5) is 258 when
SW3 is in the 'up' position (used for low band i) and
62.5 uH in the 'down' position (used for high baedeption).
Better performance from a higher tank Q at the ligguency
end of band B may be obtained by using the "cowtrand"
coil winding technique described in Article #26. iFh
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the crystal radio set in Article #22, is to enahfe adjustable
impedance transformation (vs. Frequency) betweea th
antenna-ground system source resistance (assumee &5
ohms) and the top of the tank (point A). Sinceghemary and
secondary inductors are of the same value and lteded Q
values are designed to be equal, the transformeéehmar
ground resistance at the top of the primary tankukh be
made the same as that at the top of the secondaly t
including loading from the diode. These values are
approximately (at band center): LoLo band:250k;iLcH
band:500k; LoHi band:500k; HiHi band:1000k. Sinthe
diode RF load is tapped at the 0.707 voltage pintands
HiLo and HiHi, the RF resistance driving the didden these
cases is 250k and 500k respectively, the same the icase of
the LoLo and HiLo bands. If the diode was not &ppt the
0.707 voltage point for bands HiLo and HiHi, theand-center
-3 dB bandwidths would be twice as wide as thoseaofds
LoLo and LoHi. This equalizes all four band-center
bandwidths to the desired value. If the tank indnce were
the same for the four bands, the -3dB bandwidtthatenter
of the LoHi and HiHi bands would be four times asaj as
that at the center of the LoLo and HiLo bands. carect this
condition, the tank inductance in bands LoHi andHiHis
reduced from the 250 uH used in bands LoLo AND Hibo
62.5 uH. This reduces the -3dB bandwidths at theeceof
bands LoHi and HiHi so they are the same as thelvaths

at the center of the LoLo and HiLo bands. Thersdme
conflict in the design of a crystal radio set fesbperformance
on strong signals (well above the “Linear-to-sqtave
crossover point), and one designed for weak sig(atsl
below the "Linear-to-square-law crossover pointhew one
uses the same diode and audio transformation irh bot
instances. This is because for strong signals,RReinput
resistance of the diode detector is about halfaheio load
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and band B. The steps | took to reduce thesedomse (1)
Mounting C7 to the baseboard using strips of Oth@k, 0.5"

wide and 1.5" long high-impact styrene as insutatand

aluminum angle brackets screwed to the baseboatd(Zn

wiring these brackets to ground. This electricalylates the
capacitor formed from the lossy dielectric of theoden

baseboard from the rotor of C7. Ceramic standrsffilators
can be adapted, in place of the styrene stripstHer job.

Another way to mount C7 is to make a mounting pfeten a

sheet of low loss dielectric material, somewhagdarthan C7's
footprint, and screw C7 on top of it. Other hoteade in the
plate can then be used, along with small brackettamdoffs
to mount the assembly onto the baseboard. Dorgefao

wire the metal mounting pieces screwed to the wmasboard
to ground. These same considerations apply tonaetgl coil

mounting bracket, close to a hot end of the caigduto mount
the coil form to the baseboard. The bracket shdugd
grounded to short out its capacitance through thleodw
baseboard to ground. The contra wound coil cordigom

used in this crystal radio set is very helpful heiece both
outside ends of the coil, in band B are at groustétial.

12. Appendix: Design approach for double and sirighed
Benodyne versions, as posted to the DiscussionGRap 'n
Tap (edited).

Ben H. Tongue Posted - 25 February 2005 15:53; The

Benodyne approach to a double-tuned crystal raeiois
shown in Article #23. The basic circuit is thaf a
conventional double-tuned circuit operating witlhualjoaded-
Q values for primary and secondary. | decided ge equal
values of inductance for the primary and secondaiis for
convenience. The reason to use the two varicapsand C8
(in the primary circuit in unit #1), connected &gy were in
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minimizes distributed coil capacitance in band Bpgosed to
the winding connections used here that minimizel coi
distributed capacity in band A.

Audio impedance transformation from the audio outpu
resistance of the diode detector to 'series coadett2k ohm
sound-powered phones is provided by the audio foemers.

If one wishes to use 300 ohm sound-powered phoiteswo
600 ohm elements connected in parallel insteadedés a
very good low loss transformer choice is the 100R-bhm
transformer from Fair Radio Sales, #T3/AM20. The
configuration of two Calrad transformers shown me 2 of
the Calrad chart in Article #5 is also a good choicC11,
along with the shunt inductance of the transformed the
inductance of the sound powered phones form a phégis-
filter, hopefully flat down to to 300 Hz. R3 isedsto adjust
the DC resistance of the diode load to the AC iraped of the
transformed effective AC headphone impedance. §1&n
audio bypass.

The two variable capacitors C7 and C8 interact tsuilbislly
when tuning a station. C7 mainly controls the céléy and
C8 mainly controls the resonant frequency. If #menna-
ground system being used has a resistance la@e2thohms,
C7 will have to be set to a smaller capacitanceriter to
maintain the proper resonant resistance at pointAg. 5. If
the capacitance of the antenna-ground system &tegréhan
200 pF, C7 will also have to be set to a lower @ahan if it
were 200 pF.

The "capacitive" attenuators controlled by SW1 &2,
used for volume and selectivity control, are desiyso as to
cause minimal tank circuit detuning when the edeiva
circuit of the antenna-ground system used hasahe s/alues
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as the old IRE simplified Dummy Antenna recommentted
testing Broadcast Band radio receivers. It coedistf a series
combination of a 200 pF cap, 20 uH inductor andbaoBm
resistance. The geometric mean of the sum ofehetances
of the capacitor and inductor at 520 and 1710 ki£-605)
ohms. This is the reactance of a 279 pF capacitor
(characteristic capacitance of the “"capacitive'eratator) at
943 kHz, the geometric mean of the BC band of 52001
kHz. The "capacitive" attenuators were designed tfe
specified attenuation values (15 and 30 dB) utiizthe 500
ohm resistive pi attenuator component values tabvn in
the book "Reference Data for Radio Engineers". fEsistor
values for 15 and 30 dB ‘“capacitive" attenuatorsrewe
normalized to 605 ohms, then the “capacitive" ataéor
capacitor values were calculated to have a reaefaatc943
kHz, equal to the value of the corresponding "cijat
attenuator shunt or series resistance. Since dapatitive"
attenuators, when switched into the circuit, isplie antenna-
ground system resistance from the tank circuitecility is
increased. This is a convenient feature, since regining is
required than if selectivity is increased by redgciC7 and
increasing C8. |If the series capacitance of theivatent
circuit of one's own antenna-ground system is 200 943
kHz, practically no retuning is required.

If the equivalent L and C of one's own antenna-gdosystem
differ substantially from those of the simplifie®E dummy
antenna used here, one can normalize the valuetheof
capacitors used in the "capacitive" attenuatonfiatch ones's
own antenna-ground system. A method for measutfieg
parameters of one's own antenna-ground systemoisnsimn
Article #20.
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cap. At lower frequencies, the dielectric matedélthe coil
form becomes less important since its contributionthe
distributed capacity is swamped out by the larggracitance
needed from the tuning capacitor in order to tunéhe lower
frequencies.

11. Important information re: maximizing unloadedk Q,
especially at the high end of the band.

Every effort should be made to achieve as high rdoaded
tank Q as possible in order to minimize RF losthatdesired -
3 dB bandwidth (selectivity), and especially whesing

narrower bandwidths. Somewhat greater insertiomgpdoss
and/or broader selectivity may result if componemsing a
greater dielectric loss than those specified aeglusSensitive
areas for loss are:

1. Q of the coil. See Table 3 for the Q valesdized in the
tank circuit.

2. Stator insulation material used in the vdeataps C7, C8.
Very important! Ceramic is best.

3. Skin-effect resistive loss in the variablgaeitor plates.
Silver plated capacitor plates have the least Ilbsass or
cadmium plated plates cause more loss. Aluminuateplare
in-between. Rotor contact resistance can be dgmob

4. The type of plastic used in slide switchesIS®/ and 4.

5. Front panel material.

6. Coil form material. High impact styrene Hess dielectric
loss than PVC. Styrene forms are available fronndse
Products: http://genovaproducts.com/factory.htifhe forms
are listed as drain couplers in their "400" seoiggroducts.

7. Capacitive coupling from any hot RF pointrotigh the
wood base to ground must be minimized becausedst® be
lossy and will reduce performance at the high ehdamd A
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5 divisions. This closely represents a 3 dB reidndn signal.
Record those frequencies. You may encounter sameand
noise pickup problems and will have to respond apgately
to eliminate them. It is usually beneficial to doot
experiments of this type over a spaced, groundembtshf
aluminum placed on top of the workbench.

5. Calculate approximate unloaded tank Q. Q#fhfdl).
Calculate the actual Q by dividing Qa by 1.02 tfent the
fact that 5/7 does not exactly equal SQRT (0.5).

6. Try reducing the loop magnetic and probe ciipe
coupling, and repeat the measurement and calcalatibthe
Q comes out about the same, that shows that theufut
resistance of the generator and the scope probdéngpdo not
significantly load the tank.

7. Note: When measuring the Q of an inductahwai Q
meter it is common practice to lump all of the &sinto the
inductor. This includes magnetic losses in the atduas well
as dissipative losses in its distributed capacéan@/e
generally try to get a grip on tank Q values by soeiag the
inductor with a Q meter, when one is available. sgsume
that all the loss that affects the measured Q ignetdc loss.
Not so, there is also loss in the dielectric of thistributed
capacitance of the inductor. Actually, we are meaguan
inductor having a specific Q (at a specific frequgn in
parallel with the distributed capacity of the cdile usually
assume that the Q of this distributed capacityfigmite, but it
isn't. The dielectric of the coil form material kes up much
of the dielectric of the coil's distributed capgcitnd is the
controlling factor in causing different coil Q reagls when
using coil forms made up of various different miater This
distributed capacity is in parallel with the tuniogpacitor and
can have an important effect on overall tank Chathigh end
of the band because there, it is paralleled with small,
hopefully high Q, capacitance contribution from treiable

130

4. 'Loop Effect' of the tank inductor, and howdn be used to
tame
local '‘Blowtorch' stations when searching for DX.

One can use local signal pickup by the tank (loffecg to

reduce the effect of interference from strong eteti by
rotating the crystal radio set about a verticabaxThe correct
angle will generally reduce it.

5. How to improve selectivity with a relatively athloss in
sensitivity.

*

Selectivity can always be increased by reuyche value
of C7 and re-tuning C8. If neither "capacitiveteauator is in-
circuit, switching one into the circuit will incree selectivity
(and reduce volume).

*

Selectivity can be increased by changing tliode having
a lower Is than the HBAT-5400, such as the Agil6682-
2835 or HSMS-2820. A DC bias, applied to the 'Bidgias’
terminals can ‘fine-tune' performance. The didgies' Box'
described in Article #9 is useful here. One canose less
audio distortion and less selectivity by biasing tliode in a
more forward direction, or better selectivity, &etcost of
more audio distortion by biasing the diode towitsdreverse
direction.

*

Selectivity in the LoLo band (520-700 kHz)ncde
increased somewhat from the performance resultiogn f
using the settings shown in Table 1 by switching5Sie the
‘down’ position, and even more by, in addition,tshing SW4
to the 'down’ position.
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Selectivity in the HiLo band (700-943 kHz) ncebe
increased from the performance resulting from usihg
settings shown in Table 1 by switching SW4 to tthewn'
position.

*

Selectivity in the LoHi band (943-1270 kHzanc be
increased somewhat from the performance resultiogn f
using the settings shown in Table 1 by switching5Si¢/ the
‘down’ position.

The only way to increase selectivity in th#dHband is to
use a diode having a low Is, reducing C7, or swighn a
"capacitive" attenuator such as SW1 or SW2. SgeF-i

A large increase in selectivity can be agdiby going to a
double tuned circuit. See Article #23.

Note: When altering selectivity by changing swigbsitions,
always re-balance the relative settings of C7 adid C

6. Just how loud is a station that delivers thewmh of power
necessary to operate the Diode Detector at its%0re@r Point'
between Linear and Square-Law Operation?

Many Articles in this series have talked about ‘ttirear-to-
Square-Law Crossover Point' (LSLCP). Please beanind
that the LSLCP point is a point on a graph of oufpG power
vs input RF power of a diode detector systems ftdt a point
on a graph of DC current vs voltage of a diode. Things can
be said about a detector when it is fed a sigretl dperates it
at its LSLCP. (1) A moderate increase of signak@owill
move the detector into its region of substantialityear
operation. (2) A similar moderate decrease of irgmwer will
move it closer to its region of substantially seudaw

52

*A diode detector is operating at its LSLCP whenXC load
resistance is R=n*0.0257/Is and the detected D@sacit is
0.051 volts.

This CW method of measuring loss is much easien the
more complicated general method using AM modulatas
shown in Article #11.

10. A method for measuring the unloaded Q of a@ L/
resonator

1. Connect the 50-ohm output of a precision eegy
calibrated RF generator (I used an Agilent digjtall
synthesized unit.) to a radiating test loop by nseafin say, a 5
foot long coax cable. The loop can be made frontuts of
solid #22 ga. vinyl insulated wire, bunched up iroYs"
diameter cross section bundle, wound on a 2" diamaétamin
pill bottle. The coil is held together by severaist-ties.

2. Make sure that all resistive loads are diseoted from
the tank. Remove all potentially lossy non-metakind
metallic (especially ferrous) material from theinity of the
coil. Capacitively couple the probe of a 5 MHz (peater)
scope to the hot end of the L/C tank and set tbéepto its
1:1, not its 10:1 setting. This coupling must EFyvweak.
This can be done by clipping the scope probe oh® t
insulation of a wire connected to the hot end ef ¢bil (or a
tap) or placing the probe very close to the hot end

3. Place the 2" loop on-axis with the coil, @h6" from its
cold (grounded) end. Tune the generator to fo Mhid adjust
the generator output, scope sensitivity and L/Cinginto
obtain, say, a 7 division pattern from fo on thepge Note the
frequency.

4. Detune the generator below and then abovetofo
frequencies (fl and fh) at which the scope vertaezflection is
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The data in Table 5 show the insertion power lokemwthe
crystal radio set is driven by a CW RF signal, wk diode
feeding a resistive load of 355k. R3 is used & tesistive
load and is set to 355k (be sure to disconnect diogle

connected to the terminals when setting R3 for 355RWV6 is
set to the 'down’ position. For greatest measuneaeeuracy,
one should short out the series connected primafi@d and
T2. The signal generator used in the measureneatapted
to have a source impedance equal to that of thelatd IRE
simplified dummy load (see Article #11). The exeecdiode
detector power loss, at the output power level uisedbout 5
dB. The remainder of the insertion loss shown abl& 5 is
caused by losses in the inductive and capacitives e the
tank. Weaker signals will result in a higher detegower
loss, stronger signals, a lower loss. Some mofe @n

detector power loss and LSLCP is given in Fig. 2l is

succeeding paragraph in Article #15a.

The signal level used was chosen to operate an 138A0T
diode having an Is of 106 nA and an n of 1.03 iitsatSLCP.

The input RF voltage was set to cause a DC outpitage of
0.075 volts* across the R3=355k ohms (measurelkeaDiode
DC V.' terminals). This gives an output power 88 -dBW.

The signal generator output was varied, dependingthe

insertion power loss of the passive components

measurements were made at the different frequencies
practice, one should add about 1.0-2.0 dB to tteertion

power loss shown in Table #5 to allow for a typieaidio

transformer loss. In actual practice, of coursee ases an
audio load (headphones), fed through the audiostoamer,

instead of a resistor for the diode load.
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operation, where a 1 dB decrease of input powerteewith a
2 dB decrease of output power. For more info @nlt8LCP,
see Article #15A.

The crystal radio set described in this Articlefgerating at its
LSLCP if the rectified DC voltage at the 'Diode 8iterminals
is 53 mV, a diode having a Saturation Current ¢sB2 nA

and an ideality factor (n) of 1.03 is used (suchaaselected
Agilent HBAT-5400), and if R3 is set to 325k ohmaAt this

point the diode rectified current equals two tiriissSaturation
Current. The volume obtained is usually a low tediam,

easy-to-listen-to level.

7. 'Short Wave ghost Signal', '‘background hash'smatious
FM reception.

All single tuned crystal radio sets may be, in fatnsidered
double tuned (except single tuned loop receivef$le second
response peak arises from resonance between tliealeqt

inductance of the antenna-ground system and thedanze it
sees, in this case, the series combination of ¢apa€7 and
C8. This peak usually appears at a frequency albee
broadcast band and gives rise to the possibilitgtafng so-
called 'short wave ghost' signal interference wéishort wave
station has a frequency near the peak . The respamshis
ghost frequency can be made somewhat weaker andchtov
a higher frequency if the antenna-ground systemdtahce is
reduced. One can use multiple spaced conductershé®
ground lead to reduce its inductance. | use aleafTV 300

ohm twin lead, the two wires connected in parafitel this

purpose. Large gauge antenna wire, or spaced)lglada
multiple strands helps to reduce the antenna iaaheet (flat
top antenna). If the down-lead is long comparethéoground
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lead, use multiple, paralleled, spaced conductreduce its
inductance (similar to using a ‘cage’ conductor).

Another possible cause of ‘ghost' signal receptisides in the
fact that the response of the so-called singledwieuit does
not continuously drop above resonance as frequesey, but
only drops to a relatively flat valley before rigimgain to the
second peak. The frequency response above the (fowier)

peak would drop monotonically (true single tuneéragpion) if
the second peak did not exist. The relatively flegponse
valley that exists between the two peaks, providles
possibility (probably likelihood) of interferencenassh’ if
several strong stations are on the air at freqesnai the
valley range. It also is the cause of a strongllstation,
above the frequency of a desired station "ridingpugh" and
appearing relatively constant even if the tuningl & moved.
The response should drop at a 12 dB per octaveahatee the
second peak. A useful side effect of the respiesavior of
this type of circuit is that the response below thain

resonance drops off at an extra fast rate of 12eBoctave
rate instead of an expected 6 dB.

The most effective way to substantially eliminateort wave
ghost' and hash reception is to go to a doublestuwiecuit
configuration or to use traps.

Spurious FM reception caused by so-called FM ‘slope

detection can occur from close by local FM statioghs
spurious FM resonance appears somewhere in thetgrof a
crystal radio set. If ground wiring is not doneperly in the
crystal radio set, spurious signals can get intoditector. The
thing to do here is to run all the RF and audiougds to one
point as shown in Fig.5. Sometimes a small dispabyg
capacitor, 22 pF or so, placed across the diodeneli.
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Fig. 11 shows the simulated frequency responseeaténter
of sub-band 4, from the antenna-ground system sadtar¢he
RF input of the diode. The red graph and figureshe left
panel show an insertion power loss of 4.1 dB witkFBadB
bandwidth of 6 kHz, along with the spurious resgopsak at
6.9 MHz, caused by the antenna-ground system indoet
The insertion loss at the spurious peak is 20 dBe loss in
the valley is 47 dB. The right graph and figureswsithe Input
Return Loss (impedance match) at resonance to .BedB.
The output return loss is the same.

Fig. 10 and Fig.11 are actually simulations of tR&
frequency response of version 'b' as describedriitié #22.
The response curves of version 'c', described i adtticle
should be the same, with the exception of halvess lloss at
the peak response points. This is because ofigiehtank Q
in version 'c".
Table 4 - Measured unloaded tank Q values. Antemth
diode disconnected,
Table 4 - Measured unloaded tank Q values. Antenna and diode disconnected,
SW1 and SW?2 set to -15 and -30 dB and C7 set to 50 on the dial

Band—> Subband 1 | Sub-band 2 | Subband 3 | Sub-band 4
[Frequency in kHz --> 520 943 943 1710
[Measured unloaded tank circuit Q (includes loss in
[the tuning caps, switches and all other misc. loss)-->

1020 1000 1240 940

Table 5 - Measured RF bandwidth and power loss @ resonance, at approx. the
LSLCP. Diode parameters: Is=106 nA, n=1.03. Output power=15.8 nW=-78 dBW

Center InsertionlossindB, | -3 dB bandwidthin || InsertionlossindB, | -3 dB bandwidthin
frequency inkHz | normal selectivty | kHz, normal selectivity | sharp selectivity | kHz, sharp selectivity

603 65 63 90 19
213 73 50 100 22
1094 75 47 120 22
1474 88 58 135 29

Table 5 - Measured RF bandwidth and power loss @

resonance, at approx. the
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9. Measurements.

Fig 10- input,  Fig 11-RF freq

center of sub-bend L using cccnal selectvity,
the simplified IRE dumy antenna the sinplfied IRE dummy antenna

Response graph of LoLo band

Fig. 10 - RF frequency response from antenna tdedioput,
center of sub-band 1, normal selectivity, using

the simplified IRE dummy antenna.

Respomse graph of HiHi band

Fig. 11 - RF frequency response from antenna tdedioput,
center of sub-band 4, normal selectivity, using

the simplified IRE dummy antenna.

Fig. 10 shows the simulated frequency responseeaténter
of sub-band 1, from the antenna source to the Ré&tiof the
diode. The red graph and figures in the left patew an
insertion power loss of 2.4 dB with a -3 dB bandwidf 6
kHz, along with the spurious response peak at 4HzM

caused by the antenna-ground system inductance.e Th

insertion loss at the spurious peak is 15 dB. [bss in the
valley is 40 dB. The right graph and figures shitw Input
Return Loss (impedance match) at resonance to he dB.
The output return loss (not shown) is the same.
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Another way to try to reduce FM interference ispot a
wound ferrite bead 'choke’ in series with the ameand/or
ground leads. In order not to affect normal BCdeeception,
the resultant ferrite inductor should have a reablEnQ and a
low inductance in the BC band. It should also kitha high
series resistance at FM frequencies. Suitable dderrite
chokes (bead on a lead) are made by the Fair-Ritp.Gs
well as others. Two types available from Mousex #623-
29441666671 and #623-2961666671. This suggestiapy m
also help reduce "short wave ghost" signal recaptio

8. Some simulated and actual measurements onryiseakc
radio set.

Response graph of LoLo band

Fig. 7 - RF frequency response from antenna toedioplut,
center of LoLo Band, using the simplified dummyesma.
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Fig .8 - RF frequency response from antenna toedioplut,
center of HiHi Band, using the simplified dummyemta.

Fig. 7 shows the simulated frequency responseeatéhter of
the LoLo band, from the antenna source to the REtiof the
diode. The red graph and figures in the left patelw an
insertion power loss of 2.4 dB with a -3 dB bandwidf 6
kHz, along with the spurious response peak at 4HMzM
caused by the antenna-ground system inductance.e Th
insertion loss at the spurious peak is 15 dB. [biss in the
valley is 40 dB. The right graph and figures shiv Input
Return Loss (impedance match) at resonance to e dB.
The output return loss (not shown) is the same.

Fig. 8 shows the simulated frequency responseeatehter of
the HiHi band, from the antenna source to the Rfatiof the
diode. The red graph and figures in the left patew an
insertion power loss of 4.1 dB with a -3 dB bandwidf 6
kHz, along with the spurious response peak at 6/9zM
caused by the antenna-ground system inductance.e Th
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appearing relatively constant even if the tuningl & moved.
The response should drop at a 12 dB per octaveabatee the
second peak. A useful side effect of the respiesavior of
this type of circuit is that the response below thain
resonance drops off at an extra fast rate of 1eBoctave
rate instead of an expected 6 dB.

The most effective way to substantially eliminatieort wave
ghost' and hash reception is to go to a doublestuwiecuit
configuration.

Spurious FM reception caused by so-called FM 'slope
detection can occur from close by local FM statidghs
spurious FM resonance appears somewhere in thétgrof a
crystal radio set. If ground wiring is not doneperly in the
crystal radio set, spurious signals can get intodétector. The
thing to do here is to run all the RF and audiougds to one
point as shown in Fig.5. Sometimes a small dispaby
capacitor, 22 pF or so, placed across the diodeneli.

Another way to try to reduce FM interference is pat a
wound ferrite bead 'choke’ in series with the ameand/or
ground leads, if the FM interference is coming im those
leads. In order not to affect normal BC band réoep the
resultant ferrite inductor should have a reason@bénd a low
inductance in the BC band. It should also exhaldiigh series
resistance at FM frequencies. Suitable woundtéernhokes
(bead on a lead) are made by the Fair-Rite Corpvedsas
others. Two types available from Mouser are #623-
29441666671 and #623-2961666671. This suggestiap m
also help reduce "short wave ghost" signal recaptiosome
cases.

Note: See "Wiring the crystal radio set:", in Parabove.
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All single tuned crystal radio sets may be, in facinsidered
double tuned (except single tuned loop receivef$le second
response peak arises from resonance between thalegt

inductance of the antenna-ground system and thedanze it
sees, in this case, the series combination of daps€7 and
C8. This peak usually appears at a frequency albee
broadcast band and gives rise to the possibilitgtaing so-
called 'short wave ghost' signal interference wéishort wave
station has a frequency near the peak . The respanthis
"ghost" frequency can be made somewhat weaker anean
to a higher frequency if the antenna-ground systetactance
is reduced. One can use multiple spaced condufdorthe

ground lead to reduce its inductance. | use afeafTV 300

ohm twin lead, the two wires connected in parafitel this

purpose. Large gauge antenna wire, or spaced)lgbeda
multiple strands helps to reduce the antenna-graaysdem
inductance (flat top antenna). If the down-lead lasig

compared to the ground lead, use multiple, paeallespaced
conductors to reduce its inductance (similar togisi ‘cage’
conductor).

Another possible cause of ‘ghost' signal recepsides in the
fact that the response of the so-called singledwieuit does
not continuously drop above resonance as frequesey, but
only drops to a relatively flat valley before rigimgain to the
second "ghost" peak. The frequency response altevenain
(lower) peak would drop monotonically (true singiened
operation) if the second peak did not exist. Tdlatively flat
response valley that exists between the two pgaksijdes the
possibility (probably likelihood) of interferencehash’ if
several strong SW stations picked up at frequeniriethe
valley range. This also is the cause of a strawgllstation,
above the frequency of a desired station "ridingpugh" and
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insertion loss at the spurious peak is 20 dB. [bss in the
valley is 47 dB. The right graph and figures shdw tnput
Return Loss (impedance match) at resonance to BedB.
The output return loss is the same.

Table 2 - Expected and Measured Tank Q values
(antenna and diode disconnected)

Band LL HL LH HH
[Frequency in kHz 603 813 1094 1474
[Expected coil Q. according to Medford 497 577 669 777

[Measured, unloaded tank circuit Q (includes loss.
in the tuning caps and all other misc. loss)

431 463 555 620

9. A method for measuring the unloaded Q of an L/C
resonator.

1.

Connect the 50-ohm output of a precision Ueegy
calibrated RF generator (I used an Agilent digtall
synthesized unit.) to a radiating test loop by nseafn say, a 5
foot long coax cable. The loop can be made fromutss of
solid #22 ga. vinyl insulated wire, bunched up im@to’ "
diameter cross section bundle, wound on a 2" diematamin
pill bottle. The coil is held together by severaist-ties.

2.

Make sure that all resistive loads are diseated from the
tank. Remove all metallic (especially ferrous) ene from
the vicinity of the coil. Capacitively couple tipeobe of a 5
MHz scope to the hot end of the L/C tank. Thisplimg must
be very weak. This can be done by clipping thepsgarobe
onto the insulation of a wire connected to the éwd of the
coil (or a tap) or placing the probe very closé¢h® hot end.

3

'Place the 2" loop on-axis with the coil, ab6l from its
cold (grounded) end. Tune the generator to sajHz and
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adjust the generator output, scope sensitivityldfdtuning to
obtain 7 division pattern from fo on the scope. teNthe
frequency.

4.

Detune the generator below and then above tdfo
frequencies (fl and fh) at which the scope vertaeflection is
5 divisions. This represents an approximate 3etRiction in
signal. Record those frequencies. You may eneowstime
hum and noise pickup problems and will have to oeep
appropriately to eliminate them. It is usually efcial to
conduct experiments of this type over a spacedjrgted sheet
of aluminum placed on top of the workbench.

5

Calculate approximate unloaded tank Q. QéfHfdl).
Calculate the actual Q by dividing Qa by 1.02 tfler? the
fact that 5/7 does not exactly equal SQRT (0.5).

6.

Try reducing the loop and capacitive coupliagd repeat
the measurement and calculation. If the Q comesioaut the
same, that shows that the 50 output resistandeeageénerator
and the scope loading do not significantly loadter.

7

Note: When measuring the Q of an inductathve Q
meter it is common practice to lump all of the &sinto the
inductor. This includes magnetic losses in the atduas well
as dissipative losses in its distributed capacéang/e
generally try to get a grip on tank Q values by soeiag the
inductor with a Q meter, when one is available. sgsume
that all the loss that affects the measured Q ignetdc loss.
Not so, there is also loss in the dielectric of thistributed
capacitance of the inductor. Actually, we are meaguan
inductor having a specific Q (at a specific frequgn in
parallel with the distributed capacity of the cdile usually
assume that the Q of this distributed capacityfigmite, but it
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One can use local signal pickup by the tank (loffecg to

reduce the effect of interference from strong steti by
rotating the crystal radio set about a verticabaxThe correct
angle will generally reduce it.

7. Just how loud is a station that delivers thewmh of power
necessary to operate the
Diode Detector at its '‘Crossover Point between drinand
Square Law Operation'?

Many Atrticles in this series have talked about theear to
Square-Law Crossover' (LSLCP). Please bear in mhiatthe
LSLCP is a point on a graph of DC output powernput RF
power of a diode detector system. It is not afpoma graph
of DC current vs voltage of a diode. Two things ¢ said
about a detector when it is fed a signal that dperd at its
LSLCP. (1) A moderate increase of signal powet mibve
the detector into its region of substantially lineaeration. (2)
A similar moderate decrease of input power will mdtvcloser
to its region of substantially square law operatidrere a 1 dB
decrease of input power results with a 2 dB deere&sutput
power.

The crystal radio set described in this Articl®fgerating at its
LSLCP if the rectified DC voltage at the 'Diode 8igerminals
is about 51 mV. This assumes a diode having arfi 166 nA
and an ideality factor of 1.03 (such as a selecigdent

HBAT5400 or an Infineon BAT62) is used, with R3sist to
355k ohms. The audio volume obtained is usuallgva to

medium, easy-to-listen-to level when using soundveyo
phones.

8. 'Short Wave ghost Signal', ‘background hash'smaious
FM reception

123



to the same dial number and SW1 and SW2 are €eaitnl 30
dB, respectively.

Dial settings—> 0 10 20 30 40 50 60 70 80 90 | 100
Sub-band 1 switch setup,
‘normal selectivity
Sub-band 2 switch setup,
‘normal selectivity
Sub-band 3 switch setup,
‘normal selectivity
Sub-band 4 switch setup,
‘normal selectivity

386 | 423 | 482 | 560 | 650 | 776 | 867 | 994 | 1176 | 1394|1606

387 | 424 | 484 | 562 | 658 | 765 | 881 | 1015|1171 | 1389 1581

765 | 835 | 951 | 1096 | 1268 | 1466 | 1681 | 1921 | 2192 | 2565 2881

773 | 839 | 950 | 1104 |1278 | 1485 | 1708 | 1953 | 2241 | 2650 |2987

5. How to improve selectivity with a relatively skntoss in
sensitivity, in addition
to using the "Sharp Selectivity" switch positioms®W 4.

*

Selectivity can always be increased by reuyche value
of C7 and retuning C8. If neither "capacitive'eatiator is in-
circuit, switching one into the circuit will incree selectivity.

* Selectivity can be increased by changing thoale having
a lower Is than the HBAT5400, such as the Agiléd852835
or HSMS-2820. A DC bias, applied to the 'Diode SBia
terminals can ‘fine-tune' performance. The didgias' Box'
described in Article #9 is useful here. One canode less
audio distortion and less selectivity by biasing tliode in a
more forward direction, or better selectivity, &etcost of
more audio distortion by biasing the diode towitsdreverse
direction.

* Experimentation using a position on SW4 theps the
diode further down on the tank than specified iblg2.

6. 'Loop Effect’ of the tank inductor, and howancbe used to

tame
local 'Blowtorch' stations when searching for DX.
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isn't. The dielectric of the coil form material neekup much of
the dielectric of the coil's distributed capacitpdais the
controlling factor in causing different coil Q reéagls when
using coil forms made up of various different mitsr This
distributed capacity is in parallel with the tuniogpacitor and
can have an important effect on overall tank Chathigh end
of the band because it is paralleled with the sntedpefully
high Q, capacitance contribution from the variab&p. At
lower frequencies, the dielectric material of theil dorm

becomes less important since its contribution edistributed
capacity is swamped out by the larger capacitareded from
the tuning capacitor in order to tune to the lofequencies.

10. Important information re: unloaded tank Q.

Every effort should be made to achieve as high rdoaded
tank Q as possible, in order to minimize RF losthatdesired
-3 dB bandwidth (selectivity), and especially whasing
narrower bandwidths. Somewhat greater insertiomepdoss
and/or broader selectivity may result if componemsing a
greater dielectric loss than those specified aeel.usSensitive
areas for loss are:

1. Q of the coil. See Table 2 for the Q valesdized in the
tank circuit.

2. Stator insulation in the variable caps C7, C8

3. Skin-effect resistive loss in the variablgaeitor plates.
Silver plated capacitor plates have the least Itsass or
cadmium plated plates cause more loss. Aluminuateplare
in-between. Rotor contact resistance can be dgmob

4. Contact support plastic used in slide swiscB&V3, 4, 5
and 6.

5. Front panel material.
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6. Coil form material. Styrene has 1/10 thdetigic loss of
PVC. High impact styrene forms are available frGenova

Products at their retail store:

http://genovaproducts.com/factory.htm .  These forare
listed as drain couplers.

7. Capacitive coupling from any hot RF pointotigh the
wood base to ground must be minimized becausedst® be
lossy and will reduce performance at the high ehtdamd A
and band B. The steps | took to reduce thesedomse (1)
Mounting C7 to the baseboard using strips of Oth@&k, 0.5"
wide and 1.5" long high-impact styrene as insukatand
aluminum angle brackets screwed to the baseboar@arand
connecting these brackets to ground. This isoldteslossy
dielectric of the baseboard from the hot end of Gée Fig. 1.
Ceramic stand-off insulators can be adapted, ioeplaf the
styrene strips for the job. Another way to mouiiti€to make
a mounting plate from a sheet of low loss dielecmaterial,
somewhat larger than C7's footprint, and screw €tp of it.
Holes made in the plate can then be used, aloriy switall
brackets or standoffs to mount the assembly onte
baseboard. Don't forget to wire the metal mounfiilges to
ground. These same considerations apply to anglmefl
mounting bracket, close to a hot end of the caiédito mount
the coil form to the baseboard. The bracket shdugd
grounded.

8. The physical size of the coil is importaAtlarge size coil
was chosen to enable a high Q. Medhurst's worklesane
to calculate the Q of a solenoid wound with sotighmer wire,
provided that:  0.4<do/t<0.8. do=diameter of therewi
t=center-to-center spacing of the turns. If thidation is
followed, for a given physical volume, the maxim@nwill
occur when D=L, where D=diameter of the coil andelngth
of the coil. The Q is then proportional to D(=yluch care is
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It is assumed that the tank inductor has the requ50 and
62.5 uH inductance values and is contra wound asritied.
Of course different inductance values can be usenhake a
good crystal radio set, but the graphs in Figsn@ @ would
have to be changed. It is also assumed, when tisinfigs. 8
or 9, that the impedance of the antenna-grouncesysteing
used is equal to that of the Standard Dummy Antenna
Graph of capacitance of C8 vs. frequency  Graph dial
setting of C8 vs. frequency

Velus f CB v. Frsqesncy Dial Setings for C3 vs. Frequency
B n
) | o
5 |s.».4
gzsq g% [Seafsz
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| i |
8 »
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w el
Eeptz 10
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[e—— Eropuncy il
- Fig.9-Dial eting of C8 when using the specific vaiable
Fis 8- Designed capaiiuase of B vi. isquecey e

Fig. 8 - Designed capacitance of C8 vs. Frequency

Fig. 9 - Dial setting of C8 when using the specificiable
capacitor specified in the Parts List.

Another method of tuning is to estimate from Tablthe dial

settings for C7 and C8 required to tune to therddsstation.

C7 and C8 can then be tuned together higher orrldwe
actually tune in the station. If more selectivisy desired,

reduce the capacitance of C7 and retune C8. IVoheme is

too low, try increasing C7 and decreasing C8.

Table 3 - Tuned frequency in kHz as a functioniaf settings,

if C7 and C8 are set
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Table 2 - Switch Functions for Version C

SW1[15 dB volume control capacitive atienuator. Dowal places about 15 dB loss in the nput

SW2 [30 dB vohume control “capacitve’ attenuator. "Dorwn places about 30 dB loss in the foput.

520-043 kHz - Band A (sub-bands 41 and £2) - posifion |

710 Kbz - Band B (sub-bands 43 and 44) - position 2

iHz - Band A, sub-band 1. Normal selectvty: position 2, Sharp selectiviy: position 3

iHz - Band A, sub-band 2. Normal selectviy: position 5, Sharp selectiviy: position 4

kHz - Band B, sub-band 3. Normal selectivity: posiion 2, Sharp selectiviy: position |

0 kH: - Band B, sub-band 4. Normal selectiviy.positon 4, Sharp selectity. posision §

SWS [Used to select diode 1 or diode 2.

Dowa posi i 1.2k ofm phones. Up'
tomatch other than 1.2k obms.

sw3

swa |7

sw6

4. Tuning the Crystal Radio Set to to a specifézjfrency.

C8 is considered the primary tuning control. Csed, in
conjunction with the capacity of the antenna-groapstem to
adjust selectivity to the designed value. It albas
considerable interaction with the tuning frequendhere are
two methods for tuning in a station of a known frency that
will result in the selectivity being fairly close specification,
as shown in table 5. One requires a knowledge hef
capacitance of C8 vs. its dial setting. The secreylires
fitting C8 with a knob having a linear calibratioh0-100 over
a 180 degree span and having a dial reading of zeéro
maximum capacity. To use this method C8 must be as
specified in the parts list or an exact equivalent.

1. To tune to a specific frequency, read theessary
capacity for C8 from Fig. 8 and set C8 to that gallAdjust
C7 to tune in the station.

-or-

2. To tune to a specific frequency, read theessary dial
setting for C8 from Fig. 9 and set C8 to that valdeljust C7
to tune in the station.
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required in measuring the Q of physically largehhi@ coils.
The method | favor is given in Part 9, above.

11. Measurements.

Table 3-Tuned frequency in kHz as a function of g&itings,
if C7 and C8 are set

to the same dial number and SW1 and SW2 are $eatal 30
dB, respectively.

[Dial setting: 0 [ 10 [20 [30 [40 | 50 [60 | 70 | 80 | %0 | 100
[LoLoband 27-47) [ 385 [ 420 |[ 473 |['548 [ 630 [ 738 850 [ 977 | 1115 [ 1308 [ 1488
HiLo band (46-67) [ 387 [ 421 [ 477 |[ 553 [ 644 | 749 [ 869 [1002 | 1159 [ 1378 [ 1584
[LoHi band (22-44) [ 754 || 818 [ 916 |[1054 [ 1211 [ 1385 [1579 [ 1780 | 1996 | 2269 [ 2498
[FiFfiband (43-63) | 758 | 821 | 926 | 1062 | 1225 | 1405 [ 1601 | 1817 | 2052 [ 2355 | 2611

In use, C7 and C8 are usually set to differentesho achieve
the design-bandwidth of 6-7 kHz. However, if thag set to
the same values, a frequency calibration chartbeamade for
each band as shown above. The bold figures irelitiae
approximate position of each band when the cryatdib set is
driven by the standard antenna-ground system. eTligr
sufficient extra capacitance range available inadd C8 to
handle antenna-ground systems that differ subafntin
impedance from the standard dummy antenna useden
design.

Table 4 - Measured RF bandwidth and insertion pdess, at
an audio

output power of -70 dBW, using the method descrilied
Article #11

[Dial setting of C7, C8 |Center frequency inkHz | [lnsertion power lossindB |3 dB bandwidth in kHz
35,35 603 38 6.1
59,53 813 45 64
68,34 1094 48 73
77,43 1474 46 75
61
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The data in Table 4 shows the insertion power losshe
crystal radio set when driven by an RF signal thamplitude
modulated at 50% by a 400 Hz sine wave. See Artitll on
how to measure the insertion power loss and bartvadfl a
crystal radio set. The audio output power wagsef0 dBW
for each reading. The available carrier input posupplied to
the crystal radio set was about -60 dBW, with altavailable
sideband power of about -66 dBW. The audio ougowter is
that delivered by the diode detector to the audawiland does
not include losses in an audio transformer. Orwulshadd
about 1.0-1.5 dB to the insertion power loss showFable #4
to allow for audio transformer loss. The reasoe #udio
transformer loss does not show up in the measursniethat
the audio transformers (T1 and T2) were not usBW7 was
placed in the UP position, providing a direct higipedance
output from the diode detector. The Zero Loss &faiial
‘Ideal Transformer' Simulator described in Arti¢ié4 was

used to provide a 320k to 1200 ohm impedance

transformation, close to that provided by T1 andif2ctual
crystal radio set operation.

Note: The diode rectified DC voltage at the polesels used
above is 0.51 volts. At this power level, a SPKdulation of
the detector shows a theoretical diode detectertiosn power
loss of 1.4 dB.

#22 Published: 02/05/2002; Revised:08/20/2006
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The “capacitive" attenuators controlled by SW1 &\2:
Used for volume and selectivity control and are designed
so as to cause minimal tank circuit detuning whée t
equivalent circuit of the antenna-ground systemthassame
values as the old IRE simplified Dummy Antenna
recommended for testing Broadcast Band radio receiv It
consists of a series combination of a 200 pF cd&p,ul
inductor and a 25 ohm resistance. The geometranroé the
sum of the reactances of the capacitor and indwatt620 and
1710 kHz is -605 ohms. This is the reactance @@ pF
capacitor (characteristic capacitance of the “citipat
attenuator) at 943 kHz, the geometric mean of tBebBnd of
520-1710 kHz. The "capacitive" attenuators wersgred for
the specified attenuation values (15 and 30 dBjzimg the
500 ohm resistive pi attenuator component valukete tshown
in the book "Reference Data for Radio EngineersThe
resistor values for 15 and 30 dB "capacitive" at&ars were
normalized to 605 ohms, then the "capacitive" ataéor
capacitor values were calculated to have a reaefaatc943
kHz, equal to the value of the corresponding "cijat
attenuator shunt or series resistance. Since dapatitive"
attenuators, when switched into the circuit, isplie antenna-
ground system resistance from the tank circuitecility is
increased. If the series capacitance of the etgivaircuit of
one's own antenna-ground system is 200 pF, at $8 k
practically no retuning is required.

If the equivalent L and C of one's own antenna-gdosystem
differ substantially from those of the simplifieRE dummy
antenna used in this design, one can normalizevahees of
the capacitors used in the “"capacitive" attenuatorsnatch
one's own antenna-ground system. A method for unizas
the parameters of an antenna-ground system is shiown
Article #20.
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Audio impedance transformation: from the audio attp
resistance of the diode detector to 'series coadett2k ohm
sound-powered phones is provided by the audio foemers.
If one wishes to use 300 ohm sound-powered phoiteswo
600 ohm elements connected in parallel insteadedés a
very good low loss transformer choice is the 100R-bhm
transformer from Fair Radio Sales, #T3/AM20. The
configuration of two Calrad transformers shown me 2 of
the Calrad chart in Article #5 is also a good choicC11,
along with the shunt inductance of the transforrmed the
inductance of the sound powered phones form a phegis-
filter, flat (hopefully) down to to 300 Hz. R3issed to adjust
the DC resistance of the diode load to the AC inaped of the
transformed effective AC headphone impedance tdnnize
audio distortion on very strong signals. C10 is ardio
bypass.

The two variable capacitors C7 and C8: interacssauttially
when tuning a station. C7 mainly controls the ctéléty and
C7 and C8 together control the resonant frequeriRgducing
the capacitance of C7 increases selectivity. & #imtenna-
ground system has a resistance larger than 25 dbihsyill
have to be set to a smaller capacitance in orderaiatain the
proper resonant resistance at point A in Fig. 5t the
capacitance of the antenna-ground system is gréaar200
pF, C7 will also have to be set to a lower valuntH it were
200 pF. If the maximum capacitance of the capacised for
C7 used is not large enough to enable a large énoug
bandwidth at the low end of sub-band 1, provisiam de
made to switch a 330 pF NPO ceramic cap in parail# it.
This may be needed if the antenna-ground systenoalew
a capacitance (small antenna).
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ARTICLE 23

How to Make a Very Efficient Double-Tuned, Four-Bard,
MW Crystal Radio Set using two Version 'b' Single-Tuned,
Four-Band, MW Crystal Radios

Quick Summary: A double-tuned four band crystaligaset
(DT4BCS) can be created by coupling together tweside ‘b’
single tuned crystal radio sets (VbST4BCS). Se&lar#22.

Selectivity and sensitivity are essentially constawner the
entire AM broadcast band because of the use ofo@ere’

constant bandwidth antenna coupling, resonant iapesl
control and band splitting. The coupling coeffitieof the

resultant double tuned circuit is easily adjustdtden greater
than critical coupling to approximately zero. Irigen power

loss varies from about 4.5 to 6.5 dB at the ceoteach of the
four bands (including the diode detector loss hxtlueling

audio transformer loss). Selectivity is quite ghar-3 dB

bandwidth is 6-7 kHz and -20 dB bandwidth variesrfrl6 to

22 kHz. The average ratio of the -20 dB to thedB

bandwidth is 3.0. This is the same as the thexaletialue

shown on a graph in Terman's Radio Engineer's fwoidb
page 160, for two critically coupled circuits reaah at the
same frequency and having a Q ratio of unity. @fi@n can
be quickly changed to that of a single tuned ciystdio set
accompanied by a sharp and deep tunable trap.

1. Design approach.
The tank inductor in a VbST4BCS is mounted so ifsasxis
makes a 30 degree angle with the front panel. @itéstation

enables the magnetic coupling between two VbST4ROSd
circuits to be easily varied from above criticalipting down
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to about zero. Incidentally, if one uses two id=it coils,
wound in the same direction and positioned as recemded
in Article #22, the capacity coupling between tlodscwill be
phased such as to partially oppose the magnetipliogu To
create a DT4BCS, two VbST4BCS are placed side-th-si
next to each other with baseboards touching edoér.otThe
coupling between the two tuned circuits can be edhrby
sliding one VbST4BCS forward or back compared wiib
other.

If one is starting from scratch and is only intéeelsin having a
double-tuned crystal radio set, unnecessary padyg be
removed from each of the VbSt4BCS units as follows:

1. Antenna tuner unit:  Eliminate switches SWiough
SW?7 and all other parts to the right of SW4 as showFig. 5
of Article #22.

2. Detector unit: Eliminate C7 and all partstte left of it as
shown in Fig. 5 of Article #22.

If one is interested in having a single-tuned alysadio set as

well as a double tuned one, one full VbST4BCS maysed
with either of the reduced parts count units ##2above.
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the difference is usually hard to notice. Seeclet#17A for
more info on this.

Different type diodes may be connected to the iral®

labeled Diode #1 and Diode #2, with either onectetgle with

SW5. When one diode is selected, the other is stiorfThis
feature makes it easy to compare the performance 'tést'
diode with one's 'favorite' diode. Another useoiptace one's
best DX diode in one position and one having a Jery

reverse leakage current at high reverse voltagaheirther.
This will maximize volume and minimize audio digion on

strong signals.

A good choice for this crystal radio set is a diddeing a
relatively low saturation current such as 3 or 4lékg HSMS-
2820 or HSMS-2860 diodes in parallel as Diode #1high

selectivity and sensitivity on weak signals, and Augilent

HBAT5400 or one of the lower saturation currentnganiums
as Diode #2 for low distortion and maximum volunme\ery

strong stations. Don't use two diodes in serig®if want the
best weak signal sensitivity in any crystal radit. sThe result
of using two identical diodes in series is the datian of an
equivalent single diode having the same (Is) buh arfi twice

that of either one. This reduces weak signal seitgi

Different type diodes may be connected to the iral®

labeled Diode #1 and Diode #2, with either onectalde with

SW5. When one diode is selected, the other is stiorfThis
feature makes it easy to compare the performance 'test'
diode with one's ‘favorite' diode. Another useoiplace one's
best DX diode in one position and one having a Vewy

reverse leakage resistance at high reverse voltagke other.
This will maximize strong signal volume and minimiaudio
distortion.
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and an (Is) of about 150 nA Both work well but foemer
works best. This part, available in an SOT-23 pgekis
easily connected into a circuit when soldered orto
"Surfboard" such as manufactured by Capital Advence
Technologies (http://www.capitaladvanced.com/), tritisted
by Alltronics, Digi-Key and others. Surfboard #&10s
suitable. The HBAT5400 is also available in they/t50-323
package that can be soldered to a 330003 Surfboard.

The Agilent HSMS-2860 microwave diode (Specified58

nA) is available as a single or triple with threelépendent
diodes in the SO-323 and SO-363 packages, respctiThe
Agilent number for the triple diode is HSMS-286Lfind it to

be particularly good for DX in this crystal radiets It is a
convenient part since one can connect it using onéy/section
(shorting the unused ones) or with two or all threparallel.

This gives one a choice of nominal saturation eus®f 50,
100 or 150 nA Samples of this part | have testedsared
about 35 nA per diode, not 50. | don't know thenmal

production variations. The only disadvantage &f thode, as
far as | know, is its low reverse breakdown voltagech may
cause distortion and low volume on very loud stetio It has
the advantage, as do most Schottkys, of having mes$
excess reverse leakage current than do germanionesi
This helps with volume and selectivity on very wesdtions.

Infineon makes a BAT62 Schottky diode in severéfiedént

small surface mount packages. The single BAT62
physically the largest and easiest to handle.ast & specified
(Is) of about 100 nA and performs quite well.

S

Most germanium diodes have too high a saturatiorenti for
the best selectivity when receiving weak signats simould to
be back-biased or cooled for optimum performanttapagh
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Picture of double tuned set

Fig. 1 - A Double-tuned Four -Band Crystal Radi¢ &&ing a
Version ‘A"  Single-tuned Crystal Radio Set as émeenna
tuner/primary tuned circuit and a Version 'B' Séglned
Crystal Radio Set for the secondary tuned circeigdtor
function.

2. Operation of a DT4BCS when two VbST4BCS units ar
used.

Connect antenna and ground to unit #1. Positiorl S
SW?2 at their 0 dB settings. Make sure no diodeoisnected
to either the Diode #1 or Diode #2 terminals oftufl.
Connect phones to unit #2. Connect a detectorediockither
of the two diode terminal pairs of unit #2 and shitt into the
circuit using SW6.
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In set #2, set SW1, SW2 to activate their atteonatnd C7 to
minimum capacitance. Select one of the four bafus
listening and set SW3, SW4 and SW5 in set #2 apjatefy,

as described in Table 1 in Article #22. Set SWaiiit #1 to
its up position when using bands LoLo and HiLo @sdiown
position when and for using bands LoHi and HiHi.

Listening is usually done using critical couplingtlveen the
two tuned circuits. This occurs in the Lo band whiee front
panel of unit #2 is placed about 2 7/8" back frdwat tof unit
#1. The figure for the Hi band is about 3 3/4 Almost
complete cancellation of coupling occurs when toatfpanel
of unit #2 is pushed about 5 3/8" back from thatiwif #1.

Tune in a station using C7 and C8 of unit #1 ancbO&nit #2.
Greater selectivity is possible if needed. Seé¢ Paf Article
#22 for more info on this. If interference is aolplem, try
reducing coupling below critical by moving set #2ther
back. Very important: Optimum operation and tsedéctivity
occurs when the loaded tank Q of unit #1 equals ahainit
#2. A way to check for for this is to tune in at&n and
lightly place a finger on the stator (point A irgFb of Article
#22) of C8 of unit #1, then on C8 of unit #2. Ifndar
decreases of volume occur, the Qs are about egifathe
volume is reduced more by touching C8 of unit #nthunit
#2, increase C7 of unit #1 somewhat, restore tumiith C8
and try again. If the volume is reduced more tingtC8 of
unit #2 than unit #1, decrease C7 somewhat, restorieg
with C8 and try again for equal effects.

If a strong local station seems to 'bleed through' tuned

circuits, that may be because the inductor of #Bitis acting
as a loop antenna and picking it up. One way thuce this
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when SW3 is set to position 2 (normal selectivitysoib-bands
1 and 3). They minimize the error caused by usiltggsame
number of turns to ground at that setting. Sedelab

2. It is desirable that the start and finish=eatithe coils on
the form (as mounted) should be located on thétofidhe coil
form nearest the front panel. This will prevemisé&rom being
located on the far side of the coil, as viewed frih@ front
panel, thus preventing excessive lead lengths.

3. Some experimentation in tradeoffs of the irequents in
1.) and 2.) may have to be made, since they mayadtlly
compatible.

The diode: This design is optimized for use witidiade

having an n of 1.03 and a Saturation Current (isbout 106
nA at 25° C., although this is not critical and extldiodes can
be used with very good results. See Articles 4#and 16 for
info on n and Is of diodes, and how to measure théhone

has a favorite diode, its effective (Is) can be ngeal by
applying a DC bias voltage, using perhaps, thedBiBias
Box' described in Article #9.

An excellent diode to use in this set is the ITT-EB

germanium unit that was made 20 or so years agoAHile

#27). NOS may be available from from Dave Schmasade
http://iwww.1n34a.com/catalog/index.htm and Mike febat

http://www.peeblesoriginals.com

Another suitable diode, the published parameterswiich
show an (Is) of 100 nA is a Schottky diode, the léwufi
HBAT-5400. It is a surface-mount unit that wasgerally
designed for transient suppression purposes. Neasuts of

many HBAT5400 diodes seem to show that there a tw

varieties. One type measures approximately: n=1a68
(Is)=80 nA The other type seems to have an n otialh.16
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Coil name Start - inches to right or left of center Finish - inches to right or left of center
L1 0.058R 081R
12 081R 099R
L3 099R 150R
L4 0.058L 048L
Ls 043L 150L

After the windings are completed, one should haeeibwith

ten droopy wires coming from it. The next stepagidy up

the coils, adjust the 0.12" wire spacing at thetstL1 and

L4 and their one-turn taper. Move any excess windjpace to
slightly space-wind the last several turns of L8 &8 at their
finishes (cold ends). The turns should then baysat with

one light application of crystal clear "Krylon" gtic lacquer,

Rust-Oleum Specialty high luster lacquer coatintgaf@ or

equivalent, to hold them in place. The ends oftirbugh L5

that are to be joined to form the taps should he@a length
of about 0.5", tinned and soldered together as shiowig. 6.

Pigtails for wiring to the switches should now fmdered to
the taps. The coil form should be mounted with atdés

parallel to the front panel as shown in Fig.1,cénter about
6.50" back, and centered horizontally.

Tank coil specs. for those who wish to use a difiediameter
coil form, axial length of total winding, wire siz&r wire to
wire spacing:

1. The total tank inductance, measured fromntpéi to
ground, should be 250 uH with SW3 in position 1 88c uH
in position 2. Optimum partitioning of turns: Lshould
comprise 26.1% of the sum of the turns of L1, L3, L4, and
L5; L2:6.15%; L3:17.75%; L4: 14.5% and L5:8%. To
get the highest Q in sub-bands 3 and 4 it is esdehat the
sum of the turns of L1, L2 and L3 equals the surthefturns
of L4 and L5. The values for L1 and L2 are compis®s
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problem is to rotate the unit #1-unit #2 assembipua a
vertical axis and attempt to null out the pickupAnother
approach could be to make physically smaller aohdle still

maintaining (or increasing) Q by using litz wirelmr adding a
trap.

Measured Performance of DT4BCS at an Output Audivd?
of -70 dBW (not including Audio Transformer
Loss), using the Method described in Article #11.

3 dB -20dB  |[Ratio: (-20 dB ||Insertion

Freq DialSeting |0 o b dwich lbanchwidih) (3 Power Loss

iz (C7. C8:CT. C8 vt liniHz. | dB bandwidh),|(S21)in dB
603 | 12.45.36.33 | 60 211 352 47
813 [ 51,56,57.50 | 67 163 243 57
1094 | 4 6. 69 23 323 62

1474 || 76,47, 71, 43 6.6 186 282 6.4

Note: The diode rectified DC voltage at the poleeels used
in the measurements above is 0.5 volts (Rheostasd®3o
350k ohms). At this power level, a SPICE simulataf the
detector shows a theoretical diode detector irmergiower
loss of about 1.4 dB.

#23 Published: 02/07/2002; Revised: 07/27/2002
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ARTICLE 24

Sensitivity and selectivity issues in crystal radiosets
including diode problems; measurements of the Q of
variable and fixed capacitors, RF loss in slide swdhes and
loss tangent of various dielectrics

Part A: The Issues.

The sensitivity and selectivity in a crystal radiet can be
impacted by many factors, including:

* Al: Ineffective coupling of the antenna tettank circuit.

* A2: Resistive RF losses in the tank circuit.

* A3: Inappropriate diode.

* A4: Unintentional diode damage from exposuie
electrostatic discharge (ESD) or voltages higheantlihe
minimum reverse voltage rating. This is one causthe loss
of weak-signal sensitivity over time.

* A5 Relations between antenna-ground systiiode RF
input and tank loss resistance, as effecting deigctand
loaded Q.

* AB: Audio transformer loss.

Al. There is a practical minimum limit to the pibés
impedance transformation ratio of the series rascst of the
antenna-ground circuit to the shunt value desiredss the
tank circuit, when the transformation means is jsseries
capacitor between the antenna and the top of tile t&his
problem occurs when the capacitor required for dbsired
impedance transformation becomes so large thatuises the
tank inductance to resonate below the desired @eau(See
Article #22, Part 2). The solution here is to aslewer value
inductance for the tank or to tap the antenna dowthe tank
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Fig.7 Coil mounting hardware.

To wind the tank coll, first cut five pieces of 886 litz as
follows: For L1:16'9", L2:4'3" L3:11'1014:9' 11" and
L5: 22' 5". These lengths provide about 9" of fteegth at
each end. The ends of each wire length shouldnbed to
prevent unraveling of the strands and serving whiieding

the coils. Use a small Weller WC-100 adjustabtepterature
iron (or equivalent), set to maximum temperatuezlfy hot!)

for tinning. The method is to immobilize an endtloé wire

end by extending it about 2" over the end of aetadhd
placing a weight on top of it. One can then aghby very hot
iron tip to the cut strand ends and feed in eelisiblder to wet
them. As the heat percolates down the litz andrtselation

burns off or melts, more solder can be appliedtk lfurther

down and around the end to obtain a solid tinnmgaf lead
length of about 0.25". If one don't want an inahso of litz

beyond the solder to become stiffened from meltsdlation,

one might do as John Davidson has suggested. ghéyti
wraps a length of aluminum foil around the litz, top0.375"

from the end before soldering to act as a heataokkeep the
insulation cool. | haven't tried this out.

The start leads of L1 and L4 should be spaced Or@agit and
left from the longitudinal center of the coil forn©ne can use
a bent up plastic soda straw in the 0.25" holdegp the wires
approximately in place). Gradually taper the wifasther
apart going through the first turn, then to becaese wound
for the remainder of the windings.

Table 1 - Longitudinal locations for the taps atatt#finish of
L1, L2. L3, L4 and L5.
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Place tape here to

of coil form,

Method of pulling
altap.

Not the lncalion ol
the start or end of
coil #1 or H2.

secure wire o inside

™

0 Place tape here to
-—

/ of coil form,

The location of the
start or end of coil
Hlor 82,

Method to affis start
and finish coil
leads to coil form.

Fig. 5 - Method of forming taps and terminating windings

Coil windings terminations

Material: 0.063 Aluminum

313" —+]

S

Auminum brackets (2] used, to mount
the cail assembly to the baseboard,

Coil mounting hardware
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s 287 3holes,
je— 200 —| da=D.186"
i V

Material: 010" highvimpact styrene,
the same as used for the front panel

— 130 238" 35"

0.156" dia.

~,| — 03

Support Plates (2], used to adapt
the brackets to hold the coil form

secure wire o inside

(towards ground). This is why some experimenters that
low inductance tank circuits seem to work bettantthose of
higher inductance. If one does not use a seripacitar for
impedance transformation, the antenna may be psped
down on the tank. Another alternative is to comnte
antenna-ground system to a low value unturned tathae that
is coupled to the tank.

The main advantage of using a series capacitorexted to
the top of the tank (for impedance matching) ig¢ thanoves
the undesired short wave resonance of the antenonand
circuit (present in every single tuned crystal cadet) to the
highest possible frequency and reduces its strength

disadvantage is that unless a high enough Q varizdpacitor
is used, insertion power loss is increased, esiheaiathe high
frequency end of the band. See Part B, Sectiorf this

Article and Article #22, Part 7.

A2. Resistive RF losses in the tank circuit afecéd by: 1)
Losses in any capacitor used for tuning or RF dogpl 2)
Physical size of the coil and such items as ledgthieter
ratio, cross-section size and shape, and turnsngpéio reduce
coil proximity losses). 3) Loss tangent in thelcfoirm

material, wire insulation and all dielectric masnpenetrated
by the electric field of the coil. 4) Wire sizedaplating, if
any. Silver plating is good but tin plating is bagdpecially at
the high end of the band. 5) Wire constructionhsas litz,
solid or un-insulated stranded. The latter shdaddavoided.
6) Switches (if used). 7) Magnetic coupling frohe tcoil to
nearby lossy metallic objects. 9) Capacity coupfiom "hot"
high impedance RF points through a lossy RF repath to
ground. See Article #22, point 7 of Part 10. S@mwements:
The loss from the loss tangent of the dielectri¢emal used
for the mounting base of detector stands can berinizh
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Loss tangent of the material used for a front paael cause
dissipative loss if terminals provided for the ceation of an
external diode are too close together. See Pase&ion 3 of
this Article.

A3. A diode with too low an axis-crossing resistiftoo high
a saturation current) will resistively load thekano heavily,

causing a low loaded Q that results in loss ofcsiziey and

sensitivity. A diode with too high an axis-crogsiresistance
(too low a saturation current) will increase seléist because
it only lightly resistively loads the tank circuit. The

disadvantage is that sensitivity is reduced (maegpfe liken
this to the diode having too high a "turn-on" vgkd and
considerable audio distortion is generated. Aeliteverse or
forward DC voltage bias will usually fix up theserformance
problems. See Article #9.

A way to check whether weak signal performance adwe
improved if one used a diode with a different sation current
(Is), but without experimenting with DC bias, isfaiows: 1)
Give the diode a one second or so spray with ansaer
"component cooler" . The reduction in temperatwid
temporarily substantially reduce the Is of the diod If
performance improves during the subsequent warrk-bpc
period, but before reaching room temperature, tbeedhas
too high a room temperature Is. 2) Heat the dimdbolding a
hot soldering iron next to it for 5 seconds or sogive it a
quick blow from a hot hair dryer. If performanaaproves
during the subsequent cool-back-down period, buorbe
reaching room temperature, the diode has too lovocan
temperature Is. Is, for the usual Schottky dictf@nges by

about two times for each 10° C. temperature change.

Germanium diodes probably act the same. Aerosupoment
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distributed capacitance would be low in the seciesnection
(about 7.7 pF) and higher in the parallel connec{about 21
pF), mainly because the finish (ground end) of comemt
inductor #L(1,2,3) is located close to the staat(kend) of
component inductor #L(4,5). This reduces the @hathigh
end of the BC band. If the coils are contra wowaxd| call it,
the lower distributed capacitance condition occimsthe
parallel, not the series connection, resulting anQease of
approximately 17% at 943 kHz. It is increased enere at
the high end of the BC band. The coil form is maéi@igh-
impact styrene. OD=4.5", ID=4.22" and length=3!625

used part #S40140 purchased from the Genova Pmduct

factory retail store. (http://genovaproducts.caatéry.htm).
A PVC form can be used, but its dielectric has aleh times
the loss of the styrene form and will reduce Qgegglly at the
high end of the BC band.

The start (hot) ends of L1 and L4 are affixed te fbrm by
being lead through two 0.25" diameter holes pla@&d apart,
measured in the circumferential direction, and lelplace by
0.5" wide film tape on the inside of the form. Tim@sh (cold)
ends of L3 and L5 are affixed to the form by beiegd
through two 0.125" holes placed 0.5" apart, meakimethe
circumferential direction, and held in place as\a&bo Three
0.125" diameter holes spaced 0.5" apart are useth whlling
a tap. In Fig. 6, the red line represents thewite and the
yellow arcs represent a cross-section of the aoihfthrough
the center of the 0.125 or 0.25" holes.
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The ‘contra wound' tank inductor:

L1, L2, L3 L4 and L5 are all components of the tank is
wound with litz wire having 660 strands of #46 cocbr. L1
has 13 turns, L2 has 3.125 and L3 has 8.875, @dkecivound
(because the form is not long enough to enableirspand the
extra turns that would be required to maintain itlieictance)
as component inductor #L(1,2,3) with two taps. Has 7.25
turns and L5 has 17.75, both close wound as conmpone
inductor #L(4,5) with one tap.

The start of L1 of component inductor #L(1,2,3)sjsaced
0.06" to the right of the center of the coil forlmoking at the
crystal radio set from the front and winding congs through
L2 and L3 clockwise to about 0.25" of the right evfdthe
form, looking at the crystal radio set from thehtig The start
of L4 of component inductor #L(4,5) is spaced 0.@6the left
of the center of the form, looking at the crystdio set from
the front and winding continues through L5 cloclevie about
0.25" of the left end of the form, looking at thystal radio set
from the right. When one looks at a completed @wmtound
inductor, one can see that the component induétbf$,2,3)
and #L(4,5) are wound in opposite directions. N@&t coil
dimensions are measured from turn center to tuntece See
Article #0, Part 12 for a mini-Article about therpose and use
of the ‘contra wound' inductor. Figures 2 and 3iiticle #29
provide more info on the contra wound inductor apgh.

Here is the reason for this winding scheme: Omesez from
Fig. 4 that this crystal radio set design connectsponent
inductors #L(1,2,3) and #L(4,5) in series for tbevér half of
the BC band and in parallel for the upper halfthé two coils
were wound in the same direction from the hot &édbld end,
as was done in the crystal radio set describedriitlé #22,
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coolers are available from most Electronics Disiidips,
including Radio Shack.

A4. Semiconductor diodes are subject to damagen fro
exposure to electrostatic discharge (ESD) and gettehigher
than their reverse breakdown values. Easy-to-clack-
damage shows up as an increased reverse currenttested
with a reverse DC voltage close to or less thanspexified
minimum breakdown voltage, as compared to an undacha
diode. Other types of damage can also occur. Tleeteon
detector performance can be anywhere from a mild tery
great reduction of weak-signal sensitivity. Thipeyof damage
has the effect of placing a resistor across theleiavhich
reduces tank Q and adds a parasitic, unneeded dnatib
resistance. If one has an old VOM having a d'Avabn
moving-coil meter movement (not a digital type) Isws the
Triplett 360, Weston 980 or Simpson 260, one cam dpiick
check of the back leakage of a Schottky diode bgsueng its
back resistance on the X1,000 range. If the negdés not
move, the diode has probably not been damaged ESD.
This test does not apply to so-called zero-biasofich
detector diodes because of their usual low reviersakdown
voltages. Undamaged germanium diodes normally have
greater reverse leakage (lower back-resistance) ttie usual
Schottky detector diodes. This does not effectgpetance in
crystal set applications. The germaniums seemdebject to
the electrostatic damage problem precisely bectheselower
back-resistance (and high reverse breakdown valjagads to
bleed off any electrostatic charge that might aadate,
maybe from handling. Diodes with the lowest leakege be
selected with a simple test as follows: Conne@45 volt
DC source, a 4.7k to 10k resistor, the diode aBy/# set to
read DC current in series. Polarize the batterhabthe diode
is back biased. If the current is 2 uA or less, pharasitic back
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leakage resistance is greater than 2 Megohms andoall
should be well, as far as weak signal loss is coeck The
resistor is used to prevent damage to the testedibd is
accidentally connected in the forward directionisTiest may
be used to sort out the best weak-signal sengitiliddes and
exclude damaged ones. It is probable that for ecdeh of
diodes having the same part number, ones with dedt
reverse leakage current will deliver the best wsigkal
performance.

| believe poor weak-signal results some people haperted
with the Avago (formerly Agilent) 5082-2835 and HSM
2820 diodes can be laid at the doorstep of ESD damka
experienced my first problem with these diodes toyirsg a
few new ones in a propylene vitamin pill bottle frwhile.
When | wanted a new one | picked up the bottle pkho (1

think,) to see if something was inside and withdeediode. It
performed badly, so | checked its back resistanitt wmy

Triplett 360 VOM as suggested above and found abagk
resistance reading. Checking all the others, | dothey were
all bad. Static electricity did them in... bewatewas pretty
stupid of me to not use anti-static bags. BTW, hewer had
problems with those diodes if stored in paper bage bags
must have had enough moisture content to providficisut

conductivity to bleed off any static charge thatgi
accumulate.

It is difficult to properly impedance match thesedgs (see
Part 4 of Article #5) because of their low satumatcurrent
(high axis-crossing resistance). They work be8taf or so are
connected in parallel to raise the effective saimmacurrent. If
one wishes to use only one of these diodes, itdchave a low
forward bias applied to get the same result (set&clér#9).

Keep in mind that these diodes do not do very welstrong
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end of the BC band, especially, sub-band 4 wherirtagow
selectivity" setting is used. Performance reducti® much
less in the lower sub-bands and in the "normalcseley
setting.

* Mini air-variable 365 pF caps sold by mangtdbutors
such as The Crystal Set Society and Antique Ela@rSupply
may be used in place of the ceramic insulated spesified
for C7 and C8. Their maximum capacitance of 365nuty
not be large enough to enable achieving the ddsgdwidths
at the lower end of bands A and B, especially whbart
antennas are used. This problem can be solved akng
provision for switching a 220 pF NPO (sometimeslechl
COG) disc capacitor across C7 and C8 when tuninthése
frequencies.

* Radio Shack mini DPDT switches from the 275/B
assortment or standard sized Switchcraft 46206LRchas
may be used in place of the Switchcraft 56206L ifiee for
SWS5 and cost much less. See Article #24 for coimpawith
other switches.

* Molded plastic insulated rotary switches nizyused for

SW3 and SW4, such as those made by Lorin and spld b

Mouser and others.

Wiring the crystal radio set: The stator and ragyminals of
C8 are labeled points A and B (see Fig. 5), andaihections
to them should be short and direct. The purpose risinimize
spurious FM and short-wave resonances which might
created otherwise. This approach eliminates ashmidng
inductance associated with C8 as possible, maxigizis
ability to shunt out any high frequency spuriouspanses that
might be present. Some more info on this subeprésented
near the end of part 8.
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If 300 ohm sound powered phones having their 60 oh
elements connected in parallel are used, C11 stmsuitbout 4
uF and a different transformer configuration shcwadused.

**4 1, L2, L3, L4, and L5: See "The tank indior" below.

* **SW1, SW2 and SW6: DPDT general purposelesli
switches. Radio Shack mini DPDT switches from #2&5-
327B assortment or Switchcraft #46206LR are reddyivow
loss units.

* **SW3 (Used to switch between bands A and Bk
position two pole ceramic insulated with silvertpth contacts
rotary switch, used as a 2 position 2 pole swika. low loss,
it is essential that the switch use ceramic ingat

* *»*SW4 (Used to select a sub-band and switeltween
normal and sharp selectivity): 5 position singtdepceramic
insulated rotary switch. For low loss, it is eg&#rthat the
switch use ceramic insulation.

***SW5: Switchcraft #56206L1 DPDT mini Slidawitch.
Used as a SPDT switch. This switch has unusualy |
contact resistance and dielectric loss, but is esipe. Other
slide switches can be used, but may cause sometieuwf
tank Q.

* T1, T2: Calrad #45-700 audio transformerAvailable
from Ocean State Electronics, as well as othefs300 ohm
phones are to be used, see "Audio impedance tramstfion”,
below.

* R3 (used to adjust the resistive load ondiuele): 1 Meg
Pot., preferably having a log taper.

* Baseboard: 12" wide x 11 1/8 " deep x 3Mek.

* Front panel is made of 0.1" thick high-impatyrene.
Other materials may be used. This is the the lovess
practical material | could obtain.

** For lower cost, the following component substibns may
be made: They cause a reduction in performantkeahigh
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signals when optimally impedance matched for weigkad
reception because of their low reverse voltage Kol@an
rating. Avago specifies that rating as 15 voltstf@se diodes.
If a rectified voltage approaching 7.5 volts apgeatcross the
DC load (now operating in ‘peak-detector’ modepaximum
reverse voltage of about 15 volts will appear asithe diode
for every cycle of the RF carrier. When the dicsleperated at
this signal level or greater, a 'bucking' rectifizatrent flows
through the diode reducing audio output and causingio
distortion. This problem is eliminated by usingdis having a
greater reverse breakdown voltage such as mostFO1215
and most 1N34A units.

A5. A question asked by many designers is thisaW\é the
best approach when deciding how to ‘impedance rméteh
transformed antenna-ground-system resistance tREh@put
resistance of the diode detector? This would be-brainer if
the resonant resistance of the tank was infinitejths not.

Table 1 - Definitions of Terms
TPL |lnsertion power loss

Lo |Inductance of the tank

[Loaded Q of the tank

Qo [Unloaded Q of the tank

Rag |Actual antenna-ground-system resistance

2

Ragt |A antcnna-ground-system resistance transformed its value at the top of the tank
Rd |Actual input RF resistance of the diode.
Ret [Input RF resistance of the diode as transformed to its value at the top of the tank.

Ro |Resistor representing al losses in the tank

Xa |Ant d-system impedance

Xd [Diode input RF resistance transformation.
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Fig. 1 - Simpified schematics of a single-tuned crystal set.

Simplified Schematic

The presence of finite tank loss increases IPL from

theoretical zero of the matched impedance casdsdtreduces
selectivity. Fig. 1a shows a simplified schematica single-

tuned crystal radio set. The input impedance foanstion

Xa might take the form of capacitor in series wifie 'Rag' and
the ‘induced voltage source' series combinatioa t@p on the
tank. The diode input RF resistance transformatigght take

the form of a tap on the tank or a capacitor inesewith the

diode, along with other components. See Son ofbidyne

and Hobbydyne 1] at
http://www.hobbytech.com/crystalradio/crystalratito.

Table 2 shows calculated data for the simplifieleseatic

shown in Fig.1b.

Table 2 - Calculated Insertion power loss (IPLjioraf loaded

to unloaded Q and impedance match (return loss#)single-
tuned circuit.
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Parts List - All components are chosen for the Ipestsible
sensitivity at a -3 dB RF bandwidth of 5-6 kHz.

*C1, C3: 200 pF NPO ceramic caps.

* C2: 100 pF NPO ceramic cap.

* C4, C6: 270 pF ceramic caps.

* C5: 18 pF NPO ceramic cap.

* ** C7 (Antenna cap.), C8 (Tank cap.): 12-4@b single
section variable capacitors, such as those tha¢ weg. by
Radio Condenser Corp. (later acquired by TRW). yThse
ceramic stator insulators and the plates are siplated.
Purchased from Fair Radio Sales Co. as part #CRI325.
Other capacitors may be used, but those with plesator
insulators will cause some reduction of tank Q,eesglly at
the high end of sub-band 4. The variable capacioe fitted
with 8:1 ratio vernier dials calibrated 0-100. S$aeare
available from Ocean State Electronics as welltasrs. An
insulating shaft coupler is used on C7 to eliminhtnd-
capacity effects. It is essential, for maximumssgrity and
selectivity, to mount C7 in such a way that stragacity from
its stator to ground is minimized. See Part 11ifdo on
mounting C7. The variable capacitors used indesign may
not be available now. Most any other capacitohwitramic
insulation should do well. Note: If one has avalgatwo
capacitors having different losses for use as Q¥ @8, the
best one should be used for C8 since the sengitdfitthis
crystal radio set is less affected by a Q reduadb@7 than of
cs8.

* C9: 47 pF ceramic cap.

* C10: 0.1to 0.22 uF cap.

* C11: Approx. 1.0 uF non-polarized cap. Tisisa good
value when using RCA, Western Electric or U. Strimsents
sound powered phones with their 600 ohm elememnisesied
in series. The best value should be determineelxpgriment.
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sub-bands 1 and 3 and 500k ohms for sub-bands 24and
Since the diode is tapped at the 0.7 voltage foinbands 2
and 4, it sees a source resistance at resonant25k-for sub-
bands 1 and 3 and of 250k ohms for sub-bands 2 arkhese
figures apply for the theoretical case of zero limsthe tuned
circuit components (infinite Q). In a shunt capiaely tuned
crystal radio set, loaded with a constant resistbed, the
bandwidth will vary as the square of the frequenc{o
understand why, consider this: When the resonaouéncy
of a tuned circuit loaded by fixed parallel resism is
increased (from reducing the total circuit tunirapacitance),
the shunt reactance rises proportionally, givingerio a
proportionally lower circuit Q. But, a proportidiyahigher Q
is needed if the bandwidth is to be kept constartterefore,
the square relation.

In the practical case, we are faced with two proisle (1)
How should we deal with the fact we work with feniQ
components? (2) At high signal levels (above tB&CP), the
RF load presented by the diode to the tuned ciisw@ibout 1/2
the audio load resistance, and at low signal le(déow the

LSLCP) the RF load presented by the diode is about

0.026*n/Is ohms. Compromises are called for.

sww w2 a w3 swa sws swe
- 5y oy .

rierns 5
o—JJ—JJﬁF o

L | o {wew
Clt [Phones

CRCIEEC e

15, Diode
e Tmn A o

Fig 5. Schemaic of Sngle Tuned 4 Bard Cystal et ver. €]

Schematic of version 'C'
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Liac# | RagtRo | RdtRo i:?;;; QuQo 1P Ea.;;h-' st O“Srg;'i;“:gh’
1 | 0250 | 0250 | 1023 | oauil 1985 19385
2 | 035 | 0500 | 1761 | 01667 | -infmity 953
3 | 0667 | 0667 | 250 | 02%0 BT ot
7 | 1ow | 0500 | 301 | 0250 0 ity
5 | 0500 | 1ooo | 301 | 02% ity 02
6 1.000 1.000 352 0.333 -9.54 -9.54
7 | 2000 | o667 | 477 | 033 ED) “infniy
8 | 0667 | 2000 | 477 | 053 ity 352
9 | 2000 | 2000 | 602 | 0500 0 02
10 | 3000 | 3000 | 796 | 0600 EE] EE]

*Return loss is a measure of the "goodness" ofngredance
match. A value of minus infinity indicates a ‘mat
impedance match' (all the available input poweteibvered to
the load). A value of zero indicates a 'perfecpenance
mismatch' (all of the available input power is eefed back to
the source, and none is delivered to the load).infermediate
value indicates the amount of available power ihaeflected
back to the source by the load. The usual wayefefiring to
mismatch of a two-port network is by using S pararse S11
is the input reflection coefficient and S22, theput reflection
coefficient. The magnitude of a voltage reflectmefficient
is 20*log|{(Rload-Rsource)/(Rload+Rsource)}|. Qeéerence
is Radiotron Designer's Handbook, Fourth Editiop, §91-
892. In our case, consider out little circuit (@sanance) to be
a zero length transmission line having attenuatiote that
the Handbook was written before 'S" parameters wédely
used.

Table 1 shows the tradeoff between IPL and selegctivihe
lower Rag and Rd become, the lower IPL becomesQi@o
drops (poorer selectivity). Higher values of Ragl &d result
in greater IPL and greater Ql/Qo (greater selggdiviRamon
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Vargas has suggested that many people consider
parameters on line 4 to be close to a practicahph, and
they are. Line 3 shows alternate parameters foiering the
same selectivity at an IPL 0.51 dB less. A generial may be
stated that for any given value of QI/Qo, equatealfor Rag
and Rd will result in the least possible IPL. histcase, input
and output return losses will be equal. It appearse that the
parameters in lines 3 or 6 are probably the onehidot for in
most design calculations.

An effect | have observed is that one cannot semelously
attain a perfect impedance match at both inputcanput ports
in systems of the type shown in Fig. la (simultaiseo
conjugate match). As shown on lines 4 and 5 inerapRagt
and Rdt can be arranged to provide a perfect natohe port,
but then the other port will be mismatched. Ro ldobe
replaced by a series resistor (not a real-worldtatyradio set
anymore) and one would still not be able to arrarge
simultaneous impedance match. If circuit lossesrewe
represented by proper values of both series anchtshu
resistances, it would then be possible to attasinaltaneous
perfect match at both input and output.

An audio transformer is one passive device thatskaiss and
shunt loss components. If it is so designed, it peovide a
simultaneous perfect impedance match at both irgnd
output when loaded by its designed-for load resesta
(ignoring reactance effects). If operated at aryeo
impedance level, such as doubling the source armdl lo
resistances, simultaneous perfect input and outppedance
matching cannot be attained. This info is of mathkoretical
interest for most crystal radio set applicationsegt when one
tries to operate an audio transformer at considgtaigher or
lower source and load resistance values than itdeagyned
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approaching the first resonance of the antennargrsystem.
The design approach is to place a variable capa€i®in
series with the antenna circuit (Fig. 3a) to enabipedance
transformation of the antenna-ground circuit toegpivalent
parallel RC (Fig. 3b), the R component of which dam
adjusted by changing the value of the C3 to follpwlesired
relationship vs frequency. One of the objectivethe design
is to enable as constant a bandwidth as possibleeegiency.

This requires the aforementioned equivalent pdralle

component (R2) to vary proportionally with the sguaf the
frequency if capacitive tuning is used in each bahd (loaded
Q must be proportional to frequency for a consbamidwidth).
The shunt variable capacitor to ground, shown acties tank
coil, is used to tune the tank to resonance. Tasign
attempts to accomplish this in the center of eadbtsmnd.
Performance is close at the band edges.

3. The single tuned crystal radio set

The topology of the single tuned circuit is chandedn band
to band as shown in Fig. 4 below.

| " |
frtznna 21 €7 frtenna #1 €7 trtenna #1 €7

|
b

frizmna 7 C7 To

UIE Dide u u u

Ground Giound Giound Giound

Fad 1
@ the "romal sekctvi” sl

Sub-band circuit ll)p%logy

Resonant RF resistance values at the top of C8 &fifrom
antenna loading are designed to be: 250k ohmeatethter of
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equal to each other by raising the loading resistasf the
antenna-ground system and the diode on the taakfagtor of
two in sub-bands 2 and 4, compared to the valud imseub-
bands 1 and 3.

2. Design Approach for the Center of each of ther feub-
bands.

[gwﬁw}—;l:a é? % e
n & IGE &
L =

Simpified cicuit
of crystal set.

Voltage souced equivalent | Simplfied cicuit Curent sourced squivalent |
circul o an arternna ! ofcrystal set cicut of an arterns.
Fig. 3

Fig 3o
Simplified Schematic of Crystal Set

Fig. 3a shows the simplified Standard Dummy Antecinzuit,

described in Terman's Radio Engineer's Handbook for

simulating a typical open-wire outdoor antenna-gcbeystem

in the AM band. R1=25 ohms, C1=200 pF and L1=20 uH
See Article #20 for info on how to measure thestesice and
capacitance of an antenna-ground system. Thesesvare
used in the design of the crystal radio set. Ritesents the
antenna-ground system resistance, C1 the capaitithe
horizontal wire and lead-in to ground and L1 reprigs the
series inductance of the antenna-ground system.

The values of R1, C1 and L1 in Fig. 3a are considléo be
independent of frequency. To the extent that timay vary
with frequency, C7 and C8 in Fig. 4 can be adjusted
compensate. The current-source equivalent cirofiithe

antenna-ground circuit is shown in Fig. 3b. Tarst fdegree
of approximation, C2 in Fig. 3b is independent refgfiency.
R2 will vary approximately inversely with frequencyVe will

ignore the effect of L2, since its value is larggcept when
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for. If this is done, IPL is considerable incres®mpared to
using it the impedances for which it was designed.

A6. Audio transformer loss. See Articles #1 abd #

Part B: The Measurements.

Loss measurements at various frequencies on some

components, with the loss expressed as a parafistance
(Rp) in parallel with the capacitance of the congrdror the
loss tangent, or equivalent Q of the component:

*

B1l: Q and equivalent parallel loss resista(Rp) of two
variable capacitors vs frequency when resonated av250 uH
inductor, in parallel with a total circuit strayaiit capacitance
of 20 pF. Rp and Q vs. frequency at four differespacitance
settings is also shown.

*

B2: Equivalent parallel loss resistance oms DPDT
slide switches.
*
B3: Loss tangent of some coil form and sipdeestic (front
panel) materials.
*

B4: Q of inductors and L/C resonators.
*
B5: High Q fixed value ceramic capacitors.
B1: Measurements at 520, 730, 943, 1300 and 1HA k
made on two different variable capacitors usedrystal radio
sets, are shown in the two graphs below. Capaditisra 485

pF variable capacitor that was purchased from Raidio
Sales. It has a ceramic insulated stator andrgillated brass
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plates with silver plated wiper contacts. Capadids a small
365 pF air-variable capacitor purchased from thal >3et
Society. Its plates are made of aluminum and tfaors
support insulators are made of a phenolic plastithis
capacitor is similar to those sold by Antique Eientc Supply
and others. See note at the end of this section B1

Fig. 2 shows Rp plotted against frequency, withdapacitor
adjusted at each frequency to a value 20 pf lowen tthat
required to resonate a 250 uH inductor. This adldav a stray
capacitance of 20 pF, in an actual circuit. Angsles that may
be in the stray capacitance are assumed assignetheto
inductor. The plot shows how, in actual practite Rp of
variable capacitors A and B vary when tuned acrbes

broadcast band. Fig. 3 shows how the Q of thel tota

capacitance (including the 20 pF stray capacitanag)es
across the BC band for each capacitor. Do not nihke
mistake, when looking at the two graphs below, hofiking
that they represent Rp and Q of capacitors A or B v
frequency, with the capacitor set to a fixed capace. The
capacitance is varied as a function of frequendynaa the
horizontal axis of the graphs, to a value that Waesonate
with @ 250 uH inductor. Figs. 4 and 5 show Rp ghaf
capacitor B as a function of frequency, at foufedént fixed
capacity settings (the frequency at each capagtaetting is
always a value that brings about resonance with28@® uH
inductor).
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varying CT by 11:1 will cover the range, but haweot
disadvantages. (1) The -3dB bandwidth will varylbyl from
520 to 1740 kHz. (2) In the practical case, if bamdwidth is
set to 6 kHz at the low end of the BC band, anatéempt is
made to narrow the bandwidth at 1710 kHz by placing
capacitor in series with the antenna, the inserpiower loss
will become great.

3. The compromise used here is a coil desigh dha be
switched between two inductance values differingtly The
high inductance setting is used for the low halfief BC band
and the low inductance for the high half. Capeeitiuning is
used to tune across each half. The new technisee here, of
using a combination of two inductors, enables thef ¢he low
value inductance (used in the high half of the bandio be
much higher than would be the case if a singleafathe same
diameter and wire size, but with fewer turns, waesed. This
technique uses two coils, closely coupled, and hensame
axis. They are connected in series to obtain tgel
inductance and in parallel for realization of theadl one. The
small inductance has a value 1/4 that of the lavge and
about the same Q at 1 MHz. (if coil distributed azify is
disregarded). The innovation, so far as | knowtisise the
full length of wire used in the high inductancelcotcupy the
same cubic volume, but get 1/4 the inductance a®p khe
same Q as the high inductance coil (at the sanydrecy).
See Table 4.

4. The high and low bands are each further sidefi giving
a total of four sub-bands (1, 2, 3 and 4). If thizre not done,
we would be faced with a bandwidth variation of abd:3.3
in each band. The geometrically subdivided bands sub-
band 1 (520-700 kHz), 2 (700-943 kHz), 3 (943-1XH¥)
and 4 (1270-1710 kHz). The bandwidth should vevpua
1:1.8 across each of these sub-bands. The barnadtthe
center of each of the four sub-bands are made =zippately
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Rz

vs § Lt

Fia.2 - Single-tuned circuit
Basic single tuned schematic

The frequency response shape of the circuit showig. 2 is
that of a simple single tuned circuit and can heugit of as
representative of the nominal response of a singled crystal
radio set. Consider these facts:

1. If Lt and Ct have no loss (infinite Q), zensertion power
loss occurs at resonance when Rs equals RI. Tleiallesd an
‘impedance matched' condition. The power source RS),
looking towards the tank, sees a resistance vajualeo itself
(Rl). Also, the load (RI), looking towards the ipsees a
resistance (Rs), equal to itself. In the practézde there is a
finite loss in Lt and CT This loss can be représérby an
additional resistance Rt (not shown), shunted actios tuned
circuit. The input resistance seen by (Vs, Rshdsv the
parallel combo of Rt and Rl and it is less than Ree perfect
impedance match seen by (Vs, Rs) when the tanktRQwes
infinite is now destroyed. The impedance matcheatition
can be restored by placing an impedance transf@meevice
between the source, (Vs, Rs) and the tank.

2. In Fig. 2, if tuning could be done with Liak, leaving
CT fixed, the bandwidth would be constant. Thebjfgm here
is that high Q variable inductors that can be vhdeer an
approximately 11:1 range, as would be needed te from
520 to 1710 kHz do not exist. On the other haoding by
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Fig. 2

Fig. 3
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addition of the amplifier in Article #25. This Acte does not
include the amplifier.

Rp of cap. B vs. frequency, at
various capacitance settings. i L
100 Design objectives:

* A relatively constant -3 dB bandwidth of & 6 kHz
5 WENEN across the full range of 520 to 1710 kHz at norsedéctivity,
.\ with a relatively constant RF power loss in the Rifed
[14 pF circuits of less than 3 dB.
= * A switched adjustment to achieve about 3 snséarper
il selectivity than normal.
T * Optimal performance with external antennatgm
systems having a fairly wide range of impedance.
01 * To provide a simple-to-use switching setup domparing
oi 0 100 a 'test' diode with a 'standard' one.
Frequency in MHz * To provide a volume control with a range4& dB in 15
Fig.4 dB steps that has the minimal possible effect @ingy This
was incorporated in the design because the twd BEZ&W
Q of cap. B vs. frequency, at various blowtorch stations WABC and WOR (about 10 miles gwa
capacitance settings. deliver a very uncomfortably loud output from SRdghones
10000 r from my attic antenna. A means of volume reductfuat did
— not reduce selectivity was needed. This methodoiime
- reduction actually increases selectivity by isoigtantenna-
1 o - ground resistance from the tank circuit.
"""---.._.\_h S pF * Introduction fo a new (to me) method for stmcting
o 1om afedpe low inductance high Q coils.

Rp in Meghohms

1. Theory

Frequencyin MHz

Fig. 5
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4 at point 'A". The two different transformed RRtenna-
ground system resistance values are achieved bpepro
adjustment of a variable capacitor in series wité antenna
(C7 in Fig. 5). The higher diode RF tank loadiegistance
value for sub-bands 2 and 4 are achieved by tapgpimgliode
onto the tank at a point that is 70% of the turpsftom
ground. The tank is not tapped for sub-bands 1 Zarahd
connection is to the top of the tank. In the sheefectivity
mode the diode is tapped half of the turns dowrthentank
from the point used for normal selectivity.

* The weak-signal RF input and audio outpuistesices of
a diode detector are approximately the same andlegqu
0.026*n/Is ohms (Is means diode saturation cursee,Article
#0-Part 4). The strong-signal audio output reststaof a
diode detector is approximately equal to 2 times &F
resistance of its source. Compromise audio impeglan
transformation ratios are used to optimize perferrezon both
weak and strong signals.

* The design is scalable. Less expensive péduds may
have somewhat greater losses may be used with pensty
in sensitivity and selectivity, especially at thetlae high end
of the BC band and at the Sharp Selectivity settiSge the
Parts List for a listing of some more easily avaiaand lower
cost parts than the ones used in the original desig

Fig. 1 - Single-Tuned Four-Band Crystal Radio Sédrsion
'C'. These are actually pictures of Version B as

described in Article #22, converted to version € dascribed
in this Article, but modified with the
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Discussion:

There are two main sources of loss in an air-digtevariable

cap: 1) Loss in the dielectric of the stator inguls, and 2)
Resistive losses in the metal parts. Of courseetlsealso the
important very low-loss capacitor made from thedidgdectric

between the plates. The losses in 2) includetiesi®oss in

the plates and in the wiper that connects the ttottine frame.
Resistive loss in the plates is very small at lozgéiencies, but
increases with increasing frequency because ofefkéet.

Notice, that for capacitor B, Rp (vertical scale)Fig. 4 is
about the same for all capacitance settings at ldheest
frequency plotted (310 kHz). Rp is approximatenstant
over the full 14-365 pF capacitance range. Thiseisause we
are varying a high Q air dielectric capacitor ofy®w loss, in
parallel with a low Q fixed capacitance made uphef lossy
phenolic stator supports. Most of Rp comes from Idss in
the phenolic. In Fig. 5, again at the low frequesad of the
horizontal axis, observe that Q is a direct linfeaction of the
overall capacitance, as it should be. The Q ofaih@ariable
part, taken alone, is much higher than that of ¢apacitor
made up of the phenolic insulators. The main Idsse,
comes from the approximately fixed shunt Rp prodithy the
phenolic stator supports. At 14 pF the C from aivecap is
relatively low compared to that from the phenolisiilators.
At 365 pF the C from the air cap is much highenttieat from
the phenolic supports.

Things change at higher frequencies. The reactafidée
capacitor drops. This, combined with the seriesistance of
the plates and wiper now come into play as an iahdit factor
reducing the Q. If this series resistance (Rs)ewtée only
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resistance affecting Q, the equation for Q would: be
Q=(reactance of the capacitor)/Rs. One can sema ftus
equation that the introduction of Rs makes the @ydrhen
frequency increases. Up to now, the main loss daome the
parallel loss resistance of the phenolic suppoftse Q from a
setting of 365 pF drops quite rapidly with increasé
frequency because of this series resistance. efant makes
the effect worse by increasing Rs, the higher ooesgin
frequency. Notice that at the low frequency enéFigf 5, Q is
approximately proportional to the capacitance tahould be
if the main loss is the fixed shunt resistance &pning from
the phenolic stator insulators.

Fig. 5 shows an approximately constant Q (vs. feeqy)
when the capacitor is set to 14 pF. The loss ngusiis low,
constant Q, comes from the loss tangent of the citapa
formed from the phenolic stator insulators. At low
frequencies, Q increases when the capacitor isesaxely set
to 114, 200 or 365 pF because engaging the pldtEs ahigh
Q air dielectric capacitor component in parallethwthe low Q
capacitor formed from the phenolic dielectric supgpo As
frequency increases, with the capacitor set to[#85one can
see that the Q drops at a faster rate than it wbes set to 200
or 114 pF. This is because Rs (being in serieb thie air
capacitor, that dominates at the 365 pF settirg)ng with its
lower capacitive reactance results in a capacifoower Q
(Q=reactance of air capacitor at 365 pF/Rs).

In the Figs. 2 and 3, the capacitor is always setaf circuit
capacity value that resonates with 250 uH. Thiameehat at
520 kHz, the varicap is set so the circuit capasi375 pF. At
1710 kHz, the circuit capacity is set to 34.7 fgEven though
the capacitor Q goes from 19,000 to 9800 as frerjugoes
from 520 to 1710 kHz, Rp increases as frequencieases
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immunity from the Q reducing effects of surroundfrigh loss
dielectric materials such as baseboard etc. Thsylstray
capacity introduced is better swamped out by thyh lshunt
tuning capacity used.

The Crystal Radio Set Design, in a (large) Nutshell

* The design approach is to divide the AM bamtd several
sub-bands in an attempt to keep the selectivitatiredly
constant and the insertion power loss low acrosswhole
band.

* The first step is to divide the BC band irttwo halves:
band A (520-943 kHz) and band B (943-1710 kHz).o%tep
shunt inductive tuning is employed to switch betwéands.
A tank inductance of 250 uH is used in band A a2 én and
B.

* Band A is further subdivided into two bandsib-bands 1
(520-700 kHz) and 2 (700-943 kHz). The band Bl a
subdivided into two bands: sub-band 3 (943-1270)lkid 4
(1270-1710 kHz).

* In the normal selectivity mode, two differemsonant RF
resistance levels, measured at the top of the tcineuit (point
‘A" in Fig. 5), are used at the center of the sabels. This
impedance level is about 125k ohms at the centsulpfbands
1 and 3. It is 250k at the center of sub-bandsn@ 4
(excluding the resistive losses of the componesesiy These
resistance values are made up of a parallel conibinef the
transformed RF antenna-ground system resistance tizd
input RF resistance of the diode. These two @sigts should
be equal to each other to achieve minimum inseniower
loss, at the design bandwidth. This means thatrémsformed
antenna-ground system and diode RF resistancesauie
about 250k in sub-bands 1 and 3 and 500k in subsbarand
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insulated wire used on version 'B'. A new way takena
higher Q, low inductance coil is described.

Some additional benefits of the "Benodyne" type taifik
circuit are: (1) Reduction of the the sharp dropgank Q or
sensitivity at the high frequency end of the BC daften
experienced when only one value of tank inductascaesed
for the whole BC band. (2) Reduction of the tanko&s from
the variable cap when using lower cost units tisat phenolic
insulation, such as the common 365 pF cap (see Eig and
4 in Article #24). The "two inductance value beyoe®
circuit is used in the crystal radio sets in AgEl#22 and #26.
We will assume here that the two "benodyne" compbne
inductors (see "The Tank Inductor” in this Articiejovide a
tank inductance of 250 uH in the low frequency luélthe BC
band (520-943 kHz) and 62.5 uH in the high hal®48-1.71
MHz). If the large 250 uH inductance setting wesed all the
way up to the top end of the BC band (as in thelusase), a
total tuning capacity of 34.7 pF would be requieed..71 MHz
(Condition A). In the "Benodyne" circuit, with th&2.5 uH
inductance setting used for the high frequency bathe BC
band, a total tuning capacitance of 139 pF is requat 1.71
MHz (Condition B). Benefit (1) occurs because andition
A, a larger fraction of the total tuning capacitarmomes from
the typically low Q distributed capacity of the irdor than in
condition B. This results in a higher Q total czice in
condition B than in condition A. Benefit (2) ocsubecause
the effective Q of a typical 365 pF variable caphew used
with a 250 uH tank, is about 500 at 1.71 MHz (s&e B in
Article #24). The Q of the 365 pF variable capewtset to
139 pF, is greater than 1500 (see Fig.5 in Arti2d). This
higher Q results in less loss and greater selegtatithe high
end of the BC band in condition 2. A further bénef the
Benodyne circuit at the high end of the BC bandyrisater
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because the circuit capacity must be reduced fromnt8 34.7
pF to tune the tank from 520 to 1710 kHz (Rp=Q/{&*C).

If the question is posed: 'Is it more importanh&we ceramic
insulated stators or silver plated plates on aabéei capacitor
used in a BC band crystal radio set?', the answethat
ceramic insulated stators are the way to go.

Capacitor A: The main practical conclusion that ba taken
from Fig .2 above is that Rp of capacitor A is véigh over
the whole band and varies roughly proportionalljrémuency,
over the frequency range of interest: 520-1710 Khifact, Rp
is so high that it will not contribute any apprdsi@loss even
when used in high performance crystal radio seitgyus high
Q tank inductor. Another plus is that its Rp irees with
increasing frequency, further reducing any effetiaaded Q,
sensitivity or selectivity at the high end of trenk. The silver
plating on the brass plates is beneficial becabseadsistivity
of silver is about 25% of that of brass. Praclycapeaking,
the silver should have little effect on the openatdf a crystal
radio set in the BC band, but short wave is anatieter. The
Q of the capacitor drops at higher frequenciese@afly when
set to a high capacitance value. Silver plating eeterially
improve performance at higher frequencies by pingida
needed higher Q. Be aware that some capacitorsnade
with cadmium plated brass plates. Silvery-whitishlored
cadmium has a resistivity 4.6 times that of silv@his higher
resistivity will somewhat reduce Q at high frequescand at
high capacity settings. Some people mistakenlyurass
because of the silvery-whitish color, that cadmiytated
plates are really silver plated.

Capacitor B: One can see from Fig. 2 that Rp pfcior B
varies approximately inversely with frequency. TBé&F
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(dielectric loss factor) of the phenolic stator jsog insulators
is the main cause of this loss, over the wholeueagy band.
Towards the high end of the band, some loss isiboted by
the series resistance in the capacitor platesrat@ shaft
wiper contact and skin effect. This loss effecgiisater than
that in capacitor A because the resistivity of #leminum
plates is 1.7 times that of silver. Practicallyeaking, this
effect is minimized at the high end of the bandabse the
plates are mostly disengaged. The Rp of the cepawill
have its greatest effect in reducing sensitivitgl aalectivity at
the high frequency end of the band because thahée its
value is the the lowest. See note at the endimfttticle.

The usual crystal radio set uses shunt capacitonguwith a
fixed tank inductance. This configuration causke tank
reactance to be highest at the high end of the, lihod further
reducing loaded Q, sensitivity and selectivity, dogiven value
of Rp. At the low and medium frequency parts &f bland, Rp
of the capacitor is so high that its effect is dnial many
crystal radio sets. Highest performance crystdibraets made
with high Q inductors, with careful attention to gedance
matching may experience a noticeable reductioremsisivity
and selectivity at the high end of the band whenguthis or
other capacitors using phenolic stator insulatiofthis is
because the Rp of the capacitor becomes compaitilee
higher equivalent Rp of the high Q tank inductortha high
end of the band as compared to its value at theelodv To
clarify this, an ideal condition would exist if Rpf the
capacitor and inductor were infinite. If this wete® be the
case, and good impedance matching of antenna-gsystem
to tank, diode to tank and headphones to diodeegkisll of
the power intercepted by the antenna-ground systeoid be
delivered to the headphones and maximum sensitivityld
occur. Any loss present in capacitors, inductons o
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ARTICLE 26

Highly sensitive and selective single-tuned four-tval
crystal radio set using a new contra wound dual-vake
inductor, and having a 'sharp selectivity setting'; along
with a way to measure the unloaded Q of an L/C resmtor

Summary: This article describes Version 'c' ofrgle-tuned
four-band crystal radio set, sometimes called antiBgne"
(constant bandwidth with maximum weak-signal sérisit
across the whole BC band, achieved by using 2 oe walues
of inductance in the tank - lower values at highequencies).
It is designed for a constant bandwidth acrossAkkband,
two selectivity settings (normal and sharp) and logs (high
sensitivity) especially for weak signals at thethignd of the
band. It is an attempt to achieve the two objestiat a -3 dB
RF bandwidth of about 5-6 kHz (relatively indepemidef
signal strength), with a constant high efficienayoss the
entire AM broadcast band (normal selectivity seftinl) Best
possible sensitivity on weak signals, 2) Loudesssible
volume on strong signals. The sharp selectivityirggreduces
the -3dB bandwidth to about 2 kHz, but unavoidably
introduces some extra insertion power loss.

Selectivity and insertion power loss figures froncamputer
simulation are given and compared with those of abeial
physical crystal radio set. A way to tell if thetector is
operating below, at or above its 'Linear-to-Squam@w
Crossover point' (LSLCP) is described. See Artitd&a for a
discussion of LSLCP. No antenna tuner is necesaryhe
average outdoor or attic antenna. An explanatibrstwort
wave ghost signals' and ‘hash’ is provided alortfy wdome
suggestions on how to combat them. Version C astmk
coil constructed with litz wire, as compared to sudid teflon
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* Mini air-variable 365 pF caps sold by mangtdbutors
such as The Crystal Set Society and Antique Ela@rSupply
may be used in place of the ones specified forr@7G8.

* 18 Ga. "bell wire" supplied by many distribus such as
Home Depot, Lowes and Sears may be used in platheof
teflon insulated wire specified. This vinyl inatéd non-
tinned copper wire is sold in New Jersey in douileriple
twisted strand form for 8 and 10 cents per foaspeetively.
The cost comes out as low as 3 1/3 cents per foobfie
strand. The main catch is that one has to untaagl:
straighten the wires before using them. | havel usdy the
white colored wire but | suppose the colored stsandl work
the same (re dielectric loss). The measured OBtminds
from various dealers varied from 0.065 to 0.07The extra
dielectric loss factor of the vinyl, compared te teflon will
cause some reduction of sensitivity and selectivitgre at the
high end of the band than the low end.

* Radio Shack mini DPDT switches from the 27%B
assortment or standard sized Switchcraft 46206kiRckes
work fine in place of the specified Switchcraft 8621 and
cost much less. See Article #24 for comparisorh wither
switches. Any switch with over 4 Megohms Rp shaw#art
2 of Article #24 should work well as far as loss@ncerned.
Overall, losses in the switches have only a verglseffect on
overall performance.

#25 Published: 07/04/2002; Revised and rename@5(2003
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transformers reduces sensitivity. In this discussive are
dealing primarily with losses in the resonating acor and
tank inductor, both referred to as their respectafeles of Rp.
The higher the value of these Rps, compared to the
transformed antenna-ground source resistance aevbish
they appear, the lesser the loss they cause. @meach to
counter the effect the drop in Rp as frequencyeiases is to
change to two-step inductive tuning by dividing thend into
two sections as described in Article #22.

Technical Note: At any frequency, a real world caoa of
value C1 having a Q of Q1 (Q1>10), can be quitaimtely
modeled as a series combination of an ideal nodapscitor
of value C1 and a resistor (Rs) equal to: (reaetaricC1)/Q1.
Alternatively, at any frequency, a capacitor of walC1,
having a Q of Q1 (Q1>10) can be modeled as a paral
combination of an ideal capacitor of value C1 andsistor
(Rp). The resistor, Rp in this case, has a vafugreactance
of C1)*Q1. Note that since capacitor reactanc fisnction of
frequency, the value of the resistor will, in gealewary with
frequency. In crystal radio set design it is sdmes
convenient to model the tuning capacitor loss gsasllel
resistor, other times as a series resistor.

Credit must go to Bill Hebbert for making the timensuming,
difficult, precision measurements required for F5.

B2: Slide switches used in the Crystal Radio $stdbed in
Article #22 have dielectric losses, as do all shes To get a
handle on this loss, samples of several differgmeés of DPDT
switch were measured at 1500 kHz. Each switch pxite
last three, below, were wired as a SPDT unit bylping the
two sections. The Q of the capacitance appearingsa the
open contacts was then measured and Rp was caftul&®p
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usually varies approximately inversely with freqegnand
therefore causes more loss at the high end ofahd than at
the low end. Contact resistance of all switches feand to be
very low. It is unknown how well that characteidswill hold
up over time. Note the extremely low loss of theit€hcraft
56206L1. The loss is so low that this switch igmill in most
crystal radio set applications. For applicationswihich the
crystal radio set builder wants to use the lowess IDPDT
slide-switch available, this switch is the besavé found.

Table 3 - Equivalent parallel Loss Resistance (&p)sed by
the loss tangent of the dielectric of some DPDUSBwitches
at 1.5 MHz.

Brand name, model number Rpin Rp of Radio Shack 275.327B DPDT mini slide
and Size of switch Megohms ‘Switch connected as SWG in Crystal et
described n Artcie #22.

[ARK-LES (std. size) 23 10000
Radio Shack 275-403A (std. size) 35
Radio Shack 7A (sub mini) 41
[Stackpole $7022X (std.size) 49 "
Switchcraft 46206EE-6 (std. size) 51 £ o2
Radio Shack 275-32 7 g o

io Shack 275-327B (mini) B S
(CW (tuini) 6.0 5 —
[Switchcraft 46206LR (std.size) 65 L3
(C&K L202-1 (mini) 6.8
Switchcraft 56206L1 (mini) 133 100

w0 a0 ;o 0 200
41 Frequency inkitz

[Switcheraft 56206L1 comected as
SW6 in Asticle #22

Radio Shack 275-327B connected as
SW6 in Article £22, See Graph-—>>

Rotary selector switches using ceramic insulatiooud have
very low loss, even lower than the Switchcraft 5820
Quality switches using brown phenolic insulatiorolgably
have losses similar to slide switches using simifaterial. |
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*SW1, 2, 7 and 9: DPDT general purpose slidéches.

* *»*SW3, 4, 5 and 6: Switchcraft #56206L1 DPDiini
Slide switches. This switch has unusually low eont
resistance and dielectric loss, but is expensi@ther slide
switches can be used, but may cause some smattiauwf
tank Q.

* SW8: 3P2T slide or other type switch.

* SW10: 3 position rotary switch.

* T1, T2: Calrad #45-700 audio transformer.vaifable
from Ocean State Electronics, as well as othefs300 ohm
phones are to be used, see the third paragraphrafdée 1.

*T3: Bogen T725 4 watt P/A transformer. Aabie from
Lashen  Electronics, Grainger or other  sources
(http://www.lashen.com/vendors/bogen/Speaker_Teansrs
.asp)

* R3: 1 Meg linear taper pot.

* R4: 10k resistor

* R6, R7: 10 Meg resistors. For minimum waref
clipping in IC1, values of R5 and R7 should be ctelé to be
within 5% of each other.

* R8, R9: 2.2 Meg resistors. For minimum waven
clipping in IC!, values of R8 and R9 should be stdd to be
within 5% of each other.

* R10: 10 Meg resistor

* Baseboard: 12" wide x 11 1/8 " deep x 3Mek.

* Front panel: 0.125" thick high-impact styeen Other
materials can be used. | was looking for the ldwess,
practical material | could obtain.

** For lower cost, the following component substibns may
be made: Together they cause a small reduction
performance at the high end of the band (1.75 deatgr
insertion power loss and 1.5 kHz greater -3 dB taidh).

The performance reduction is less at lower freqigsnc

n
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* C13: 0.1 to 0.33 F electric double layer asimor
(supercap). Elna's 0.33 F "Dynacap”, availablenfidouser
as #555-DX5R5H334 or Panasonic's 0.033 F "Goldacipr
#EEC-SOHD334H, available from Digi-Key etc. aretable.
Do not use an ordinary electrolytic cap in this lagpion. Its
leakage current will probably be so great that €&8 only
charge to a low voltage, and it won't be able thl lrocharge
anywhere near as long as a supercap. A 0.33 Fcaypwill
charge more slowly, but it will last longer than an0.1 F
supercap.

* C14: 1.0 nF ceramic cap

* C15: 470 nF plastic film cap. (polyestemoylar)

* C16: 10 nF ceramic cap (Connect with sheads across
+ and - supply voltage terminals of IC1.)

* % 11, L2, L3 and L4: Close coupled inductowound
with uniformly spaced teflon insulated 18 Gage esilplated
solid wire. This wire is used only to gain the éfnof the
0.010" thick low-loss insulation that assures thatwandering
turns can become 'close-spaced. L1 has 12 tuthdas 8
turns, L3 has 6 turns and L4 has 14 turns. Thefoon is
made of high-impact styrene. | used part #S4016n f
Genova Products (http://genovaproducts.com/fadiom). A
piece of plastic drain pipe of the same OD, madARS$, can
also be used, with the same results. PVC pipe redult in
somewhat less selectivity and sensitivity. See Gifpr hole
drilling dimensions.

*|C1: Texas Instruments micropower opamp OFF3A
(Formerly a Burr-Brown product.) Here is a link ttee data
sheet for this IC: http://www-s.ti.com/sc/ds/opa®ti A
convenient way to connect to the tiny leads of i€1o first
solder it to a surfboard such as one manufactuye@dpital
Advanced Technologies (http://www.capitaladvanceshc
Their models 9081 or 9082 are suitable and ardadlaifrom
various distributors such as Alltronics, Digi-Kestc.
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would expect that the slope of the Rp vs. frequegraph of
the other slide switches to be the similar thainshabove.

B3: The loss tangent of an insulating materighéreciprocal
of the Q of a capacitor made of that material. &arhthe
insulating materials listed below are used as frpatels,
detector stand bases, wire insulation and coil formcrystal
radio sets. A capacitor formed by the use of ofithese
materials, connected across a high impedance paniict
ground, will contribute a loss proportional to tless tangent
and capacitance.

Table 4 - Loss Tangent of some Insulating Materials

used in Crystal Radio Sets, Measured at 1.5 MHz.

Dielectric Material Loss tangent | Q of a capacitor using the material
[PVC as used i coll form 0017 5
[PVC wie insulation 003 B
[Fligh-impact styrene coupler from Genova Mig Co_ (opaque wit) | 0.0017 590
[Polypropyiens 15" diameter drain pipe from Genova Mg, Co. 00022 [5)
0.1 thick (opact 00023 430
[Pesigls 0.115" tick 0016 55
[FR—4 PCB material 116 thick 0027 Ed
[Black 3/16" Condensit panel. brand name "Celoron” (Bakelte, new | 0.035 (@ 0.8 I
Jold-stock radio panel rom the '20's) MHy)
[ABS styrene (black) 0010 100
(Garolte (black) 0033 30
[ABS styrene (ight beise) 0020 50
[HDPE (uilky whits) 00009 120
[Polystyrene (ight brown opague) 00032 320

Note: GE's version of polycarbonate is called Lexaneview
GE's spec. sheets of various grades of Lexan stsswangent
values at 1.0 MHz ranging between 0.006 and 0.0RBny
grades are specified 0.01.

B4: Please see Parts 10 and 11 of Article #26edsas Table
4. Also see Table 2 of Article #22 and Article #29.
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B5: Sometimes, when working with high Q tank cirsua
need pops up for a fixed capacitor with a valueveen say,
100 and 1000 pF that will not degrade overall direQ.
Generic NPO disc capacitors in that range usualeta Q of
around 2000-3000 at 1 MHz. Table 4 shows some ltapisg
higher Q values. The only downside to the highascis that
they are SMD types and require some skill when esaig
pigtail leads to them to easy connecting to onietiic. The
capacitors were measured singly, in parallel orseries,
aiming for values approximating 500 pF. This was fo
convenience in measurement. | used solid tinnggpeowire
having a diameter of about 0.010" for my pig-tallse source
for the strands was a piece of stranded hook-ug. wir

Table 4 - Q of easily available capacitors in t6@ 1 1000 pF
range

Vae | Qat about
Type b | Voltaze | T Mig Mg part number
1| Polypropstene | TR | 630 2000 | Xicon (Mouser) 14316102K
prop series=500 - : -
Polystyrene One470 | 50 6200 [ icon (Mouser) 23PS147
3| GenerieNPOdisc | One220 | 500 2800 38 dia NA
4 | Multilayer, ki Q SMD :‘n":’;‘:&‘] 50 8,000 Murata ERB32Q5C1H102JDX1L
5 [ Multlayer, ki Q SMD | One470 | 100 | 18,000 Muata | ERB32Q5C2A471DXIL
Two220in 8
e 2 2 32Q5C2D2211D3
6 | Multilayer, hi Q SMD parall440 200 20,000 Murata ERB32Q5C2D221IDXIL
7 | Muitlayer, i Q M | 7102 | 500 40,000 Murata ERB32Q5C2H101IDXIL
Autayer 2 | paraltei=200 | et =R -

Note: Solder flux contamination on a dielectriclie enemy
of high Q because it usually provides a resistéakage path.
If one gets solder flux on the insulation of a ahte cap or
switch, remove it with a commercial flux removefhis is
important when a DX crystal radio set is involved.

#24 Published: 03/25/2002; Revised: 06/10/2008
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easily adapted to the higher performance crystdioraet
described in Article #26 as well as others.

* C1, C3: 200 pF NPO ceramic caps.

* C2: 100 pF NPO ceramic cap.

* C4, C6: 270 pF NPO ceramic caps.

* C5: 18 pF NPO ceramic cap.

* ** C7, C8: 12-475 pF single section varialui@pacitors,
such as those that were mfg. by Radio Condensey. Clater
TRW). They use ceramic stator insulators and theep are
silver plated. Purchased from Fair Radio Salesa3opart #
C123/URM25. Other capacitors may be used, but sofme
those with phenolic stator insulators probably wdlise some
reduction of tank Q. The variable capacitors éted with 8:1
ratio vernier dials calibrated 0-100. These arailable from
Ocean State Electronics as well as others. Anldfiag shaft
coupler is used on C7 to eliminate hand-capaciigced. It is
essential, for maximum sensitivity, to mount C&irch a way
that stray capacity from its stator to ground isimized. See
Part 9 of Article #22 for info on mounting C7. Theriable
capacitors used in this design may not be availatwe Most
any other capacitor with silver plated plates amgamic
insulation should do well.

* C9: 47 pF ceramic cap.

* C10: 100 nF cap.

* C11: 1.0 uF non-polarized cap. This is adjvalue
when using RCA, Western Electric or U. S. Instruteesound
powered phones, with their 600 ohm elements coedeirt
series. The best value should be determined bgrempnt. If
300 ohm sound powered phones having their 600 ohm
elements connected in parallel are used, C11 shmsuitbout 4
uF, and a different transformer configuration skiceg used.

*C12: 0.1 uF cap
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Charge/discharge considerations for C13: C13 (GBWill

charge close to full capacity after about 24 hafrsharging.
The first charge will not last as long as subsetjuames
because of a phenomenon known as "dielectric atisntp If

C13 is reduced to 0.1 F, about 8 hours are neetlesiening
time when using headphones should be greater t#hadroars
when using 0.33 F, and 10 hours when using a Ovalie.
There is a greater current drain on C13 when uaispgeaker,
and the listening time will depend upon the volusegting.
Listening times approximate 10 hours when using38 & cap
and 3 hours when using 0.1 F.
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Schematic for amplified crystal set

Parts List when the crystal radio set used is fila¢ described
in Article #22. The amplifier is
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ARTICLE 25

A new approach to amplifying the output of a crystaradio,
using energy extracted from the RF carrier to powera
micro-power IC to drive headphones or a speaker

Quick summary: This article describes an ampliffeat can
be used to substantially increase the volume frooryatal
radio set when tuned to a weak signal when usiaglfieones.
It can also be used to amplify the output of a tiysadio set,
when tuned to medium or strong stations, to driv@peaker.
No battery for powering is required. The amplifiean be
added to most any crystal radio set, provided actea strong
station is available. As shown here, the ampliieapplied to
Version 'B' of the "Benodyne", a single-tuned fdand crystal
radio set. See Article #22. It has been alsoiegb version
"C" of the "Benodyne", described in Article #2@ switch is
provided so the crystal radio set can perform asoimally
does, or with about 20 dB of audio amplificatior2@+dB
represents a large increase of volume.). This ifiogtlon is
provided by a micropower integrated circuit thaeslmot use
battery power. Power to operate the integratemlitiis stored
in an electric double-layer "supercapacitor” that be charged
overnight by leaving the crystal radio set on, tite a strong
local station. One charge can last for tens ofrfiouhen
listening to weak stations. For loudspeaker omerag large
reentrant horn type PA speaker is best, for thdsgvolume,
although other types may be used. Depending uphme, a
full charge on the capacitor can last for aboub&rk of low
volume loudspeaker listening.

The Amplifier, applied to a crystal radio set:
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This crystal radio set operates in the same maasiéhe ones
described in Articles #22 (Benodyne version B)ar2b #
(Benodyne version C) when switches SW7 and SW 8rare
their 'up' positions and SW9 is to the right. Tperte the
amplifier, first, supercapacitor C13 must be chdrge to at
least 1.5 volts. The manufacturer of the IC spesifa
minimum of 1.8 volts, but so far, | have found tha volts to
be sufficient. To charge C13, set SW7 and SWéheir tup’
positions, SW9 to the right, and the wiper arm &f @ the
center (see Fig. 1). Tune in a station that pesidetween 1.3
and 5 .5 volts DC at the 'Detector bias monitarnieals. If
the voltage is too low, try changing the antennpeidance
matching by optimizing the settings of C7 and G&t SW7 to
its down position and C13 will start charging. nié station
exists that is strong enough to supply at leastvblgs, C13
may be charged by connecting a series combinatican 45
volt battery and a 100 ohm current limiting resisagross it
for about 30 minutes. Make sure the + side of Blcharged
positive. After C13 is charged, set SW7 to its pgsition.
The higher the final charged voltage on C13, thghdii the
maximum volume will be.

Non-amplified operation with Sound Powered 1200 ohm

headphones: SW?7 and SW8 are up and SW9 is tdghe r
R3 is used to optimize DC current in the diode fanimum
audio distortion.

Amplified operation with Sound Powered 1200 ohm

headphones on very weak signals: SW7 is up, SWdmd
SW9 is to the right.

Amplified operation, driving an 8 of 16 ohm speakesm

medium and strong stations: Operate SW7 to itpasition,
SW8 down and SW9 to the left. The speaker willbatdy
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give forth with some distorted audio. To reduce distortion,
try adjusting R3. If this doesn't help enough,ueslthe signal
into the amplifier. The attenuators, controlled $1 and/or
SW2 can be used to do this (see Fig. 1). If no SWIW2 is
present, reduce the output of the detector by dgitmuthe
antenna (reduce C7 and restore tuning using C8).

Switch SW10 provides a tradeoff between maximunuwe!
and current drain. Switching to the white wire wection
gives the, longest listening time, but with a loweaximum
volume. Each listener must make his own choice.hérhe
current drain from C13 and the life of its charge directly
proportional to the strength of the audio signal #me setting
of SW10. Maximum low-distortion volume is proportal to
the voltage charge on C13.

For comparison purposes with receiving locatiortsenthan
mine, there are two 50 kW stations about 10.5 nfiles) my

home. They are WOR and WABC. My attic antenna
described in Article #20. Either station can defiabout a 5.0
volt charge to C13.

This crystal radio set was constructed by modifyangersion
‘b’ crystal radio set (See Article #22), using giemounted,
flying joint method of wiring the amplifier compomis. A
convenient way to connect to the tiny leads of i€1o first
solder it to a surfboard such as one manufactuye@dpital
Advanced Technologies (http://www.capitaladvancechc
Their models 9081 or 9082 are suitable and ardadlaifrom
various distributors such as Alltronics, Digi-Kegtc. The
amplifier can be built in as an addition to anystay radio set

if proper allowance is made for impedance matching

considerations.
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