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Article #27 shows detector measurements of how eiod
having different values of Is and n perform as wsanal
detectors when impedance matched at both inpubangut.
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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.
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A rare germanium diode that seems to be ideal fanym
crystal radio set designs is the FO 215, brand@d IX search

of the Internet has not turned up a manufactudatasheet.
ITT is not in the germanium diode business anymiowe from
the Internet search it appears that the originaipany was a
German company named ITT Intermetall. Some ofrthei
semiconductor business became ITT Semiconductdrisis
was later sold, around 1997 to General Semiconducto
Industries. That business was later sold to Vishage source
indicated that General Instruments was also onethef
intermediate owners. Averages of measurementshoee t
samples of the FO 215 are: 1s=109 nA and n=1.0Bese
measurements were made at an average current of 260
nA. Interesting note: The average Is of the FO aibfles is
about equal to the geometric mean of that of thileAg5082-

Original web location for book: 2835 and a typical IN34A. | obtained my FO 215ddfrom
http://www.bentongue.com/xtalset/xtalset.html Mike Peebles at: http://www.peeblesoriginals.com/ .
iv
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readable. This is not necessarily true for allngemium
diodes.

Table 1 - Measured n and Is values for various eSpdver a
range of currents (Id), in nA.

1IN4148 silicon | Base-emitter junction ‘Blue Radio Shack Agilent HBAT-5400 l"ﬁ"'“.
paJuaction u,‘lr._wﬂ:é'c. 1N Ge diode érhm‘:gu, BTG 3w
somenclature Giode
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* This Infineon diode has an unusually high seriesistance
of 130 ohms. The voltage drop across this registas low
enough in all the measurements to be ignored, éxXoefphe
highest current one. There, a correction for tbitage drop
was made.

Table 2 - Measured n and Is values for various epdver a
range of currents (Id), in nA.
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Note: A simplified method of determining the Satima
Current of a diode, if the Ideality Factor is estied in
advance is shown in Section #2 of Article #4.

Summary of measurements on some diodes:

The following charts show typical values for Is andfor
diodes that might be used in crystal radio setsie €an see,
for any particular diode, that Is and n do not vayymuch
over a moderate current range. Therefore, they imay
considered to be dynamically constant when recgigisignal.
Each value of n and Is is calculated from two \gefaurrent
pairs as described above. The diode current (l@ndor each
of the n, Is pairs is the geometric mean of the twerents
used in the measurement. A Fluke model '89 IV/24digit
DVM was used to enable measurements down to asi$ohb
nA on some diodes. Noise problems cause some nezasot
error at low currents. That is the reason forfthetuations in
some of the readings. Values of n very close @oot.below
are obvious measurement errors. Those low valoesnf
should have come out somewhat higher and the assdci
values of Is, also higher.

Note that the germanium diodes show an unexpeetetehcy
to increased values for Is and n at the higherecusr The
1N4148 silicon p-n junction shows the expectedease of Is
and n at lower currents. The Schottky diodes seeimave
pretty constant values of Is and n across the oumanges
measured. Experiments described in Article #2Tcatd that
the measured values of Is and n for silicon Sclottiodes
tested here, when used as detectors, remain an¢asured
values at rectified currents so low that a voigmnal is barely
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use a 0.047 uF NPO multi-layer ceramic cap from $éou
Electronics. Connect the capacitor across theediwith very
short leads, or this fix may not work.

Tips
* If the Is of the diode under test is too hit055 volts will

not be attainable for V1 in step 1. The soluti®moi set switch
S3 to 100k. The calculations for diode currennthecome:

1d1=(V2/100,000)-(V1/10,000,000) Amps and

(1d2=Vv4/100,000)-(V3/10,000,000) Amps.

* If the voltage readings seem to unstable,ptigcing the
measuring setup on a ground plane and connectotimenon
lead of the DVM to it. A sheet of household aluotincan be
used for the ground plane. Use shielded cable fleemlead
from the DVM to the test setup.

* The voltage readings are very sensitive tmddi
temperature. You can see this easily by grasgiegdiode
body with thumb and forefinger and noting the cleaiythe
voltage reading when measuring V1 or V3. Don'etalata
until the readings stabilize. Saturation curretai strong
function of junction temperature. For germanium #melusual
(n-doped) Schottky diodes, a temperature incredse 08
Celsius results in a saturation current increasebmfut two
times. A simple rule is: For each 1° C. increase
temperature, Is increases by 7.2%. The figuresdiferent
for zero-bias-type Schottkys. Here, a 14 degre@&degree
F.) change in temperature will result in approxiehata two
times change in Is.

* Shield glass enclosed diodes from ambietht llgy placing
a cardboard box over the unit. Many diodes hayghato-
diode response and will give an output voltage wigmosed
to light even if no current is applied.
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ARTICLE 00

Practical design considerations, helpful definitios of terms
and useful explanations of some concepts used inglSite

1. An explanation as to why some diodes that week in a
broadcast band crystal set cause low sensitivitysatectivity
when used at Short Waves: The parasitic (apprdeiga
fixed) series resistance Rs of a diode is in sewéh the
parallel active elements. The nonlinear active eletsiare the
junction resistance Rj, which is a function of @ntr through
the diode, and the junction capacitance Cj, which function
of the voltage across it. o

|

R=

Ri

Diode Schematic

The nonlinear junction resistance effect is whatuse to get
detection. The nonlinear capacitance effect is usken the
diode is designed to be a voltage variable capa@toaractor
diode).

The parasitic series resistance of some 1N34 digdesbe

pretty high, and in series with the junction capaue, make
that capacitance have a rather low Q at high frecjes. This

capacitance is, in a crystal radio set, effectiwelparallel with

the RF tank. The tank usually has a small valuengun
capacitor itself, so the overall tank circuit Qrésluced at high
frequencies. This is the main reason why diodednbdarge

values for Rs and CJ perform poorly at high freqigs

1

Mike Tuggle posted on ‘The Crystal Set Radio Cliig
following simple procedure for determining Is antynusing a
spreadsheet. 'In lieu of an equation solver pazkabe
Schottky parameters can be solved for by simpks-amd-
error. This is easily done with an ordinary spréees, like
Excel or Lotus. For the two measurement points],(Md1)

and (Id2, Vd2), set up the spreadsheet to -calculate

1d2[exp(Vd1/0.0257n) - 1] and, Id1[exp(Vd2/0.0257n)1].

Then experimentally plug in different trial valuesn, until the
two expressions become equal. This gives the covedue of
n. Now, plug this value of n into: Is = Id1

[exp(Vvd1/0.0257n) - 1] or, Is = |d2 / [exp(Vd2/08) - 1] to
get the correct value of Is." An Excel spreadsheestructed
as Mike suggested is here. An example from d&ntan an
Agilent HBAT-5400 is entered, for reference, oreli2. Line
3 may be used for calculations using data from rottiedes.
Column H automatically calculates a value for lsheame n is
changed. All one has to do is enter the valuedeasribed
above in columns A through E and hit enter.

Caution: If one uses a DVM to measure the forwanithge of
a diode having a high saturation current, a probieay occur.
If the internal resistance of the DC source supglythe
current is too high, a version of the sampling agé
waveform used in the DVM may appear at its ternsirzaid be
rectified by the diode, thus causing a false rejdi®ne can
easily check for this condition by reducing the BGurce
voltage to zero, thus leaving only the internalstesice of the
source in parallel with the diode, connected acrtss
terminals of the DVM. If the DVM reads more thateath of
a millivolt or so, the problem may be said to exist can
usually be corrected by bypassing the diode witteeamic
capacitor of between 1 and 5 nF, preferably, an N\p@. |
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A numerical equation solver can be used to solee ttto
simultaneous equations for Is and n. One is availan
MathCad. If you have MathCad 5.0 or higher, go to
http://www.agilent.com/. Click your way through
Communications, Communications Designer SolutioR§;
and Microwave, Schottky Diodes, Library, MathCad
worksheets and download the file: sch_char.mcdecBte it in
MathCad, then enter your Current and Voltage vallgs,
Vd1 and 1d2, Vd2 as 12, V2, 11 and V1. Pull dowfath' and
click 'Calculate Worksheet'. The program calciddteand n.
Since most crystal set operation occurs at cur@mtiew that
there is negligible voltage drop across the diogesasitic
series resistance, there is no need to enter anyambers for
13, 4, 5 and V3, 4, 5 on the worksheet. The progra
sch_char.mcd does not work in versions of MathCadiee
than 6. If you have an earlier version of MathCaxlj it has a
non-linear equation solver, actual entry of theaD8et will
have to take place without the convenience of te shar
program. Those who do not have MathCad but do have
Microsoft Windows Word can get an unformatted viefathe
default data and text provided in the MathCad paoghy
clicking here.

There is currently available on the Web, a progriaom
Polymath Software at: http://www.polymath-softwacen/.
This program has many capabilities, and among tiema
nonlinear equation solving capability. A free decopy of the
latest program is available for download, but feitéd to 20
uses. After that, for more usage, you have toibuy

Some programmable pocket calculators include aimeani
equation solver. One calculator that has one esHR 32S
Scientific Calculator. A program to solve for ndals takes
only 28 steps of program memory and is here.
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2. An explanation of the meaning and use of dBdBwh: In
the acronym dBm, "d" means one-tenth. "B" referthe Bel
and is named after Alexander Graham Bell. Thei8abed to
express the ratio of two powers, say (Output Po\¥eput
Power). Let's call this power ratio "(pr)". Mathatically, a
power ratio, expressed in Bels, is equal to theuitigm of the
ratio of the two powers. B=log (pr). If the twowers are
equal, the power ratio expressed in Bels is 0 Bhis Tis
because the log of one is zero. Another illustrati Assume
that the power ratio is twenty. (Pr)=20. The ldgihen of 20 is
about 1.3. This power ratio in Bels is 1.3 B. Qtezibel is
equal to 0.1 Bel. That is, 10 dB=1 B. If we exgzéehe two
power ratios mentioned above (1 and 20) in dB, eelydB
and about 13 dB.

So far, we have seen that the decibel is used peesx the
ratio of two powers, it is not a measure of a polseel itself.
A convenient way to express an actual power les#&lgudB is
to use a standard implied reference power for oh¢he
powers. dBW does this. It expresses the ratia pbwer to
the reference power (One Watt in this case). dBesua
reference power of one milliwatt. A power leve| sy 100
milliwatts, can be said to be a power level of €Bn (twenty
dB above one milliwatt). Why? (100 milliwatts)/(1
milliwatt)=100. The logarithm of 100 is 2. 10 &®m2 equals
20.

The convenient thing about using dB comes fromoperty of
logarithms: The logarithm of the product of twonmhers is
equal to the sum of the logarithm of each numbaken
separately. An illustration: If one has a poweurse of, say
2.5 mW and amplifies it through an amplifier haviagower
gain of, say 80 times, the output power is 2.5 XZD mW.
2.5 mW expressed in dBm is +4 about dBm. A poveen of

2



80 times is about +19 dB. The output power is 4+Z3
dBm.

3. Maximum Available Power: If one has a voltagerce Vs
with an inaccessible internal resistance Rs, the i@sistance
to which the most power (Pa) can be delivered isaktp Rs.
Pa is called the ‘'maximum available power' from theurce
Vs, Rs. Any load resistance other than one equéie source
resistance, Rs, will absorb less power. This applihether
the voltage is DC or AC (RMS). The formula for paw
absorbed in a resistance is "voltage-squared divithy
resistance”. In the impedance matched conditiesatbse of
the 2 to 1 voltage division between the sourcestasce and
load resistance, one-half of the internal voltagewill be lost
across the internal source resistance. The oth#r will
appear across the load resistance. The actualrpmxaédable
to the load will be, as indicated in the precedielgtion: Pa =
[(Vs/2)"2]/Rs = (Vs”"2)/(4*Rs). Again, in the impadce
matched condition, the total power delivered to Hezies
combination of source and load resistance is divide into
two halves. One half is unavoidably lost in theeinal source
resistance. The other half is delivered as "usefulput
power" to the load resistance.

The 'maximum available power' approach is usefuemh
measuring the insertion power-loss of two-port desisuch as
transformers, amplifiers and crystal radio setsichvimay not
exhibit an input or output impedance that is madcte the
power source. The input impedance may be, in fact
combination of resistive and reactive components. the
Vs,Rs source is connected to a resistive load @ojalue
equal to Rs ohms, it will receive and dissipateoagr of Pa
Watts. This is the maximum available power from ¥s, Rs
source, so we can say we have a 'no loss' situatiow,

3

a conventional 3 1/2 digit DVM. It is also used emh
measuring diodes having a high Is. R2 is usedcfmarse
setting of the diode voltage. R1 is a ten turrcisien 20k pot
such as part # 594-53611203 from Mouser. It isldse fine
setting of the diode voltage.

Procedure for Measuring Is and n:

1. Set S3 for 300k for diodes expected to havewato
medium Is. Set S3 to 100k if the diode is expettebave a
high Is. S4to HC and R1 to 1 about turn from p&n

2. Take Data Set #1: Set S1to V. Push S2adjst R2 to
obtain a reading of about 0.055 volts. Use R1db the
voltage to the voltage desired (0.055 volts is ssted). Call
this voltage V1. Set S2 to |, read the DVM andl ¢hat
voltage V2.

3. Take Data set #2: Set S1to V. Push SZadbst R2 to
obtain a reading of about 0.039 volts. Use R1 db the
voltage to the voltage desired (0.039 is suggest&fll this
voltage V3. Set S2 to |, read the DVM and callt thaltage
Va.

4. The diode voltage (Vd1) from Data Set #1 i VThe
diode current from Data Set #1 (Id1) is (V2/300)900
(V1/10,000,000) or (V2/100,000)-(V1/10,000,000) Asnp
depending on the setting of S3. The diode vol(agt2) from
Data Set #2 is V3. The diode current (1d2) is (\0@®00)-
(V3/10,000,000) or (V4/100,000)-(V3/10,000,000) Asnp
depending on the setting of S3.

5. The two data sets Vd1, Id1 and Vd2, |d2 mmy be
entered into two Shockley diode equations (showavebin
order to make two simultaneous equations in Isran8olving
them will yield values for Is and n, measured ataaerage
current of about 4.25 times Is.
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A convenient set of measuring currents is abous @fld 3*Is.
Substituting Id = 6*ls, then Id = 3*Is into the Siktey and
solving for Vd yields: For Id = 6*Is, Vd = 0.05080 volts.
For Id = 3*Is, Vd = 0.03561*n volts. The value ofwill
probably be between 1.0 and 1.2 for the type ofleoused in
crystal radio sets, so use 1.1 in determining fiied voltage
to use. Suggested voltages to use are about @u@5%.039
volts, although other values may be used.

DM
Push dawin Com  f _Hot
for Test
W ! Y |
5z 51277 7~ L B
. 1% tal.
1.5 volt ,
D el —— B 53
Diode under 1 i —
+ test 10 1 300K selected
Meg. for 309k
5%tol. |
[
;
Sle T T
Tenturn 20k
precision ot

R1

Fig. 1 - Schematic of Device for Measuring Diode Is and n.
Schematic

S1 is a triple pole double throw switch, S2 is alpbutton
momentary-contact SPST switch. DVM is a digitaltmzter
with 10 Meg input resistance having a 200 mV raseging.
S3 is a range switch that enables greater precigiem using
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assume that a transformer or other two-port deigigeserted
between the Vs,Rs source and Ro, and that an outftage
Vo is developed across Ro. The output power is"Ry/&Ro.
The ‘insertion power loss' can now be calculatiéds: 10*log

(output power)/(maximum available input power) dBfter

substituting terms, the equation becomes: Insep@wer loss
=10*log [(Vo/Vs)"2)*(4*Rs/Ro)] dB.

If the input voltage is referred to by its peakuea(Vsp) as it is
in a SPICE simulation, instead of by its RMS valtlke

equation changes. The RMS voltage of a sine waegual to
the peak value of that wave divided by the "squarg of 2".

Since the power equation squares the voltage,dbatien for

the 'available input power' changes to Pa = (VI(BRE).

4. Diode Saturation Current and Ideality Fact@aturation
current is abbreviated as Is in all of these @siclAssume that
one connects a DC voltage source to a diode wéptiarity
of the voltage source such as to bias the diodthénback
direction. Increase the voltage from zero. If thede obeys
the classic Shockley ideal equation exactly, therecu will
start increasing, but the increase will flatten ¢mita value
called the saturation current as the voltage hé@rincreased.
That is, as the voltage is increased, the curreftt w
asymptotically approach the saturation currenttfat diode.
A real world diode has several mechanisms that ecahs
current to actually keep increasing somewhat artdflatien
out as the back direction voltage is further insega Diode
manufacturers characterize this as reverse breakdamd
specify that the back current will be less thapec#ied value,
say 10 uA at a specified voltage, say 30 V, callezireverse
breakdown voltage. BTW there are other causexcdssive
reverse current that are collectively referred saeverse bias
excess leakage current. Some diodes have a simarpolled
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increase in reverse current at a specified voltagese diodes
are called Zener diodes.

Diode Saturation Current is a very important SPf2iEameter
that, along with the diode Ideality Factor n, detieles the
actual diode current when it is forward biased bpaaticular

DC Voltage. ld=Is*(e”(Vd/(0.026*n)-1) at room tesmature.
This expression ignores the effect of the parasiticies
resistance of the diode because it has little effaT the

operation of crystal radio sets at the low currenssially

encountered. Here Id is the diode current, edsbdse of the
natural logarithms (2.7183...), " means raise gheceding
symbol to the power of the expression that follg&smetimes
e’ is written ‘exp’), * means multiply the precegiand

following symbols, VD is the voltage across thedgicand n
equals the "Ideality factor" of the diode. At Isignal levels,
most detector diodes have an n of between 1.08.&)d The
lower the value of n, the higher will be the weagnal

sensitivity. One can see that Is is a scalingofaittr the actual
curve generated by the factor (e(VD/(0.026*n)-1).

Diode ideality factor (n): The value of n affedise low
signal-level sensitivity of a diode detector aredRiF and audio
resistance values. n can vary between 1.0 andTh®.higher
the value of n, the worse the low signal level dete
sensitivity. The low signal level RF and audioistsnces of a
diode detector vary directly with the value of rSchottky
diodes usually have a value of n between 1.03 ah@l 1Good
germanium diodes have an n of about 1.07 to 1.1énwh
detecting weak signals. Silicon p-n junction diedech as the
1N914 have values of n of about 1.8 at low curreansd
therefore have a lower potential sensitivity asddialetectors
than Schottky and germanium point contact diodEse value
of n in Schottky diodes seems to be approximatelystant
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ARTICLE 16

A Procedure for Measuring the Saturation Current ard
Ideality Factor of a Diode, along with Measurementson
various diodes

Quick Summary: A schematic and operational insivos are
given for a device for use in measuring Satura@omrent and
Ideality Factor of a diode. Measurements of vasidetector
diodes are included.

The Saturation Current and Ideality Coefficientaadiode can
be determined by measuring an applied junctionageltalong
with the associated current flow at two differentltages.
These two data pairs are then substituted intoStheckley
diode equation to create two simultaneous equaiioits and
n, and then solved for Is and n. Since the eqgustinclude
exponential functions, they can not be solved bglinary
algebra. Numerical methods must be used.

The Shockley diode equation at 25 degrees C. id: =1
Is*(exp(Vd/(0.0256789*n))-1) Amps. Id = Diode Ceant

(amps), Is=Saturation Current (amps), Vd = Didfidtage,

n = Ideality Coefficient. The series resistanceoRthe diode
is ignored because the measurement currents al@wvsthat
the voltage drop across Rs is negligible. Measargsnhave
shown that Is and n of point contact germanium ekodan
vary with current, but are relatively constant, daw very low
currents, when the current is under six times Slicon p-n
junction diodes exhibit values of Is and n thatyvavith

current. The values for Is and n of Schottky ddee quite
constant over the range of currents used in orglicaystal
radio set reception.
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Warning: Don't use two diodes in series if you we best
weak signal sensitivity. The result of using twderitical
diodes in series is the emulation of an equivadémgle diode
having the same Is but an n of twice that of ongiral diode.

Experimental measurements on eleven different dieded as
detectors is shown in Article #27. Close correlatbetween
these equations and actual measurements is deateadstr

#15A Published: 04/10/2001; Revised: 12/07&00
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over the full range of currents and voltages entered in
crystal radio set operation, but varies with diarerent in
silicon p-n junction and germanium point contaatddis. A
way of thinking about n is to consider it as a dacthat
effectively reduces the applied signal voltage todiade
detector compared to the case of using an idealediaving
an n of 1.0. Less applied signal, of course, tesinl less
detected output.

Here are a few bits of information relative to désd

Typically, if a diode is biased at 0.0282*n voltsthe forward
direction, it will pass a current of 2 times its I it is biased
at 0.0182*n volts in the reverse direction, it viliss a current
of 0.5 times its Is. If a diode is biased at 0®®ivolts in the
forward direction, it will pass a current of 10 &mits Is. If it
is biased at -0.0592*n volts, it will pass a cutrefi-0.9 times
its Is. These values are predicted from the claSsiockley
equation. In the real world, reverse current capadit
substantially from values predicted by the equabeoause of
effects not modeled (the reverse current becomghehi
Gold bonded germanium diodes usually depart somefrdra
the predicted values when operated in the forwarectbn.
The effect appears as an increase of Is when nmexasuts are
made at currents above about 6 times the low-cutsen

Values of Is and n determine the location of th@aapnt
‘knee" on a linear graph of the diode forward autrres.
forward voltage. See Article #7. An easy way ttineste the
approximate value of Is can be found in Article #dgtion 2.
A method of measuring Is and n is given in Arti¢les.

If one connects two identical diodes in paralleé tombo will
behave as a single diode having twice the Is, badame n as

6



one of them. If one connects two identical dioieseries, the
combo will behave as a single diode having twieerttand the
same Is as one of them. This connection resulis dode
having 3 dB less potential weak signal output tbae of the
diodes by itself.

5. Explanation of why, in a diode detector, anchbw much,
the RF input resistance and audio output resistacicange as
a function of input signal power. Refer to the cs&t
schematic in Article #1. The output load will bensa@ered to
be a resistor connected across the "Audio Outmrthinals;
call it RI. No audio transformer is involved in tfiest part of
this discussion. Consider first, a diode detethat is well
impedance-matched both at its input and its outphen
driven by a very low power RF input signal. Ther# exist
an appreciable power loss in the detector. Theitignd
output resistances of the diode detector will apjpnately
equal each other and approach Rd (diode axis-agssi
resistance)= 0.026*n/ls. See part 3 above for fmitlen of
terms. For this illustration, let the diode havela of 38 nA
and an n of 1.02. Rd will be 700k Ohms. This well
impedance-matched condition will hold if the inppdwer is
raised from a low value, but only up to a pointiteAthat , the
match will start to deteriorate. At an input povadout 15 dB
above that of the square-law-linear crossover pditet match
will have deteriorated to a VSWR of about 1.5:1SWR =
Voltage Standing Wave Ratio.). A further increasenput
signal power will result in a further increase oc8WR. This
means that the input and output resistances afetextor have
changed from their previously well matched valugbe input
resistance of the diode detector decreased fromvéhee
obtained in the well matched low power situatiofhe output
resistance increased. The reason for this chang®i a new
law now governs input and output resistance whetiode
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as a function of the diode axis-crossing resistamze ideality
factor (for weak signals and matched conditions).

Po={(Piln)"2}*(Rx/0.010554)  (8)

Let us review the conditions that apply to equat@hbefore
discussing it. 1) The signal power to the detedtode is well
below the LSLCP (weak-signal reception). 2) Detesburce
and load impedances are well matched to Rx, ttea@®issing
resistance of the diode (see "Definition of TermsBquation
(8) indicates that the maximization of output powehen
receiving weak signals, requires using a diode @f In
because output power is shown to be inversely ptiopal to
the square of n. Also, with other factors beingedix higher
source and load impedances increase output powdirent
proportion to their increase in value (remembey taee both
kept equal to Rx). A real-world problem occurs whene

manipulates the RF input and audio output impedance

transformations when attempting to optimize them get
greater weak-signal volume. Their internal powessés can
change and this is not accounted for in equatign {Be RF
input impedance transformation loss probably wohénge a
lot if the ratio of unloaded to loaded Q of the Kabesn't
change, and will not be treated here. Audio tramséo loss is
worth investigating. An audio transformer usuallasha
Manufacturer-stated loss that applies when it edusetween
the Manufacturer-stated impedances. When usedebetw
other impedances (higher, in the usual case wightar sets),
transformer loss will most always be greater. [Equa8
shows that the transformer winding connected to abdio
output side of the diode detector should preseathighest
impedance possible but, then that is done, tram&fopower
loss usually increases. A compromise is needed.
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reduced. At low input powers, the required inpotwpr for a
specific output power approaches direct proportigngéo the

square root of n and/or Is, as shown in equatiadn).(5The

product n*Is can be considered to be a ‘figure efitnfor

diodes as weak signal detectors, provided input @umghut

impedance matching exist and losses from passivgapents
remain unchanged. The ideality factor (n) and rsdéitn

current (Is) of the diode are important parametérs
determining ultimate very weak signal sensitivitlf.all other

diode parameters are kept the same, the weak signaland
output resistances of a diode detector are dirgrtiportional

to n and inversely proportional to Is. Assume @ddiwith a
value of n equal to oldn is replaced with an ideaitidiode,

except that it has an n of newn, and the input antput

impedances are re-matched (the new impedance®abéed).

The result will be a detector insertion power labsange of:
10*log(oldn/newn) dB. That is, a doubling of n Wwisult in a
3 dB increase in insertion power loss, assuming itipeit

power is kept the same and input and output impexiaare
re-matched. The result is a 3 dB reduction of ougmower

(volume). A similar effect occurs if Is of the dieis increased
except that this change reduces the impedancesrtistt be
re-matched instead of increasing them.

Interesting note: A simple manipulation of Equasic#0, 2
and 4 shows that, at the LSLCP, the RMS value ef AR
signal at the input to the diode is: (0.08895*n)lt¥/oand it is
independent of Is.

One final equation: One can combine two equations:

Rx=0.0256789*n/ls, as given in the "Definition oéffs" at
the beginning of this Article and equation (5Lo)dome out
with a very useful result relative to actual crystet design.
For a given input power, equation (8) gives thepatipower
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detector is operated at a high enough power levetgult in a
low detector insertion power loss. It now operaesa peak
detector. The rule here is that the CW RF inpsistance of a
diode peak-detector approaches ¥ the value ofuisub load
resistance. Also, the audio output resistance cambies 2
times the value of the input AC source resistanéairther,
since the detector is now a peak detector, the Dud
voltage approaches the "square root of 2" timegelathan of
the applied input RF RMS voltage. (It's equal te peak value
of that voltage). These existence of these reisltipps is
necessary so that in an ideal peak detector, thpubpower
will equal the input power (No free lunch). Sumgadutput
DC voltage equals sqrt2 times input RMS voltagénc&the
output power must equal the input power, and posegrals
voltage squared divided by resistance, the outmad |
resistance must equal two times the source resistan
assuming impedance matched conditions prevailvelfwere
to adjust the input RF source resistance to, s@k 4hms
(reduce it by sqrt2) and the output load resistainc®90k
ohms (increase it by sqrt2) by changing the inmd autput
impedance transformation ratios, the insertion lessuld
become even lower than before the change and phe and
output impedance matches would be very much impfove
(remember we are now dealing with high signal IlgveNote:
It is assumed here that the peak reverse voltagiedpo the
diode when the signal is strong does not approtcipaak
reverse breakdown voltage rating.

A good compromise impedance match, from one pofnt o
view, occurs if one sets the RF source resistamde#94*Rd
and the audio load resistance to 1.26*Rd (Rd=axissing
resistance of the diode). With this setup, thecady, the
impedance match at both input and output remaing geod
over the range of signals from barely readable ttong
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enough to produce close to peak detection. A measti
impedance match is "Voltage Reflection Coefficiersthd in
this case it is always better than 18 dB (VSWR drethan
1.3). Excess insertion loss is less than 1/3 dBsatectivity is
largely independent of the signal level. This afion can be
attained in a real-world crystal set using an audimsformer
if one connects a parallel RC (a "benny") in seféth the
transformer primary. The resistor plus the DCstesice of the
transformer primary is adjusted to equal the awerdg
resistance looking into the transformer primary. isTh
combination approximates the effect of a straighsistive
load, as used in the discussion above. To deterrttie
average AC input resistance of the audio transforfwien
loaded by phones), multiply its step-up impedamt® by the
average AC impedance of the phones. See Articldo#ta
method of determining the average AC resistangghohes.

In the practical case of a real-world crystal set nsing a

"benny”, the load the diode sees has a DC resistanc

component lower than its AC impedance. This unizaen
condition is worse when a transformer is used, aspared
with phones only. In this case, when going frocepgion of a
weak to a strong signal, bad things start happertimg
selectivity: As the RF signal strength starts éasing, the
rectified DC current in the diode starts increadamster than it
does in the condition using a "benny". This caubesdiode
input and output resistances to fall. The resudt lisaded down
tank having reduced selectivity. The use a "bemrgients
this, among other things from happening.

Information presented in Article #28 shows thatthié diode
load resistance is made equal to Rd and the RFcsour
resistance is made equal to Rd/2, the weak sigrtalioof the
detector will be about 2 dB greater than if bothtpcare
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From equation (5r), at low output power power lsyahe
input power required to produce a given output apphes:

Pi=sqrt(0.41104*n*Is*Po) (5Li)
Prearranging terms of equation 5Li:
Po=(Pi"2)/(0.41104*n*Is) (5Lo0)

An equation that fits the detector Insertion Powess Ratio
(DIPLR) is obtained by dividing equation (5) by Pi:

DIPLR=[sqrt(1+0.102716*n*Is/Pi)-sqrt(0.102716*n*Rij]"2
(6)

DIPLR={sqrt[1+Plsc(0)/Pi]-sqrt[Plsc(0)/Pi]}*2 Normalized
to Plsc(0) by dividing right side of eq. (5n) by P{6n)

The Insertion power loss (DIPLR) at which a dio@edtor is
operating can be determined by noting the DC riedtibutput
voltage:

Adjust the DC component of the diode load to edisahxis-
crossing resistance (0.0256789*n/ls ohms).** Measthe
DC voltage V2 developed across the DC load. Sommplsi
manipulation of equation (3) above results in eiguaf7).
DIPLR=V2/(V2+0.1027156*n)  (7)

** See articles #16 and #27 for info on determinthe Is and
n of diodes as well as measurements on some diodes.

Equation (5r) seems important. It shows that tipii power
required for a specific output power is reduced #nd/or Is is
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stated earlier.  Curve fitting suggests this retahip:
Po/Pi=(12/(12+4*Is)=DIPLR (3)

Interesting note: Since, at the LSLCP, [2=2*s (eb),
Plsc(i)=Plsc(0)*3. (4)

Calculation of the diode detector input power whens
operating at its LSLCP:

Substituting the value of Plsc(o) from equatiom® iequation
4 results in: Plsc(i)=0.308148*Is*n for the inpubwer at the
LSLCP  (4a)

Various relationships between input power, outpuvgr and
diode parameters:

A lot of mathematical manipulation of the relatiog&zen
above results an equation that fits the simulatiate quite
well over the whole range of the graph in Fig. 2.
Po=[sqrt(0.102716*n*Is+Pi)-sqrt(0.102716*n*Is)]"2  al¥s.
(5)

Po={sqrt[PlIsc(0)+Pi]-sqrt[PIsc(0)]}"2 Watts. ~ Normalized
to Plsc(0). (5n)

A rearrangement of the terms in equation (5) yields
Pi=Po+sqrt(0.41104*n*Is*Po) Watts. (5r)

Pi=Po+2*sqrt(Plsc(0)*Po)  Watts. Equatiorr) (5
normalized to Plsc(o), by using equation (2). Y5rn
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impedance-matched! There is little benefit wherorsy
signals are received, since both input and outptisbecome
impedance matched.

Here is an interesting conceptual view of a higinai level
diode detector circuit: Assume that it is driverithwa
sufficiently high level sine wave voltage so it cgtes in its
peak detection mode, and is loaded with a par&felof a
sufficiently long time const ant. This detectorynte thought
of as a low loss impedance transformer with a tovoste
impedance step up from input to output, BUT hawmgAC
input and a DC output, instead of the usual AC ingnd
output. The DC output power will approximatelyuadthe
AC input power and the DC output voltage will b@absqrt 2
times the RMS AC input voltage.

5A. A comparison of conventional half-wave andfwedve
voltage-doubling detectors: Here is some info thay be of
interest regarding conventional half-wave detectsrsvoltage
doubling half-wave detectors when each is termihatith an
output load of Ro. For illustration purposes wel asisume the
input voltage to the detector to be 1.0 volt RM8e RF input
resistance of the detector will be designated asARidiodes
have the same Is and n. It is assumed that goatslisuch as
a 5082-2835 Schottky, ITT FO-215 germanium or other
used. The info relates to the RF input resistaricitectors (it
has a large effect upon selectivity) and their autpudio
resistance. See Point 4 in this Article for info dinde Is and
n.

A high input power level is defined as one thathigh

compared to that at the LSLCP of the detector. W ipput
power level is defined as on that is low comparethat at the
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LSLCP of the detector. See "Quick Summary" in Aeti¢15
for info on LSLCP.

1) Conventional half-wave detector operating atigh hinput
signal power level: The detector, in this case,raf@s as a
peak detector. Since it is a passive device, itgutypower will
approximately equal its input power, under impe@anc
matched conditions. The output DC voltage will a@mh
sqrt2 times the input RMS voltage, since the peallesof a
sine wave is sqrt2 times its RMS value. For thaiinpower,
(1.0"2)/Ri, to equal the output power, [(1.0*sgf)JRo, the
input RF resistance (Ri) must equal 1/2 Ro. ThaRisRo/2.
This illustrates the direct interaction between RE input
resistance and output audio resistive load. At frglit power
levels selectivity drops when the resistive audigpat load
value is lowered. The audio output resistancenefdetector
approaches 2 times the RF source resistance driwiigthe
diode were an ideal diode, the word "approximatshduld be
eliminated, and "approaches" should be changetdécomes"

2) Conventional half-wave detector operating abwa input

signal power level: The detector, in this casesdua operate
as a peak detector, and exhibits significant pdoss. At low

input signal power levels Ri approaches 0.026*lems

(diode axis-crossing resistance) and becomes indepe of
the value of Ro.

The audio output resistance of the detector appesathe
same value as the axis-crossing resistance (see)abo

3) Half-wave voltage doubling detector operatingaahigh

input signal power level: The detector, in thisezasperates as
a peak detector. Since it is a passive devicegutput power

11

Calculation of diode detector output power wheis @perating
at its LSLCP:

Differentiating the Shockley diode equation witlspect to the
diode junction voltage yields:

Diode junction resistance=Rx=0.0256789*n/ls  ohms.

(0)

At the LSLCP, 12=2*ls. (From the paragraph above)
1)

Some obvious relations: Output power=Po=(12"2)\Ratts.
The output load R2 has been specified as equalkfdRR is
defined in equation (0). 12 is 2 times Is at theLC® (See
equation 1). Substituting into the equation fortgu power
Po, we get, for the output power at the LSLCP:

Plsc(0)=0.102716*Is*n. 2)

Calculation of the diode detector DC output volt@g2lsc(o)]
when it is operating at its LSLCP:

Some simple manipulation of equations (0) and €2)lts in
the relation: V2Isc(0)=0.051*n Volts (2a)

Calculation of the ratio of output power to inpubwer
(DIPLR) at any power level:

A proper relation between Po, Pi and 12 obviouslyuires that
12 approach zero as Po/Pi approaches zero, thBt &mproach
proportionality to 12 as 12 becomes low (the squéae
relation) and that Po approach Pi as 12 becomeg high.
Also, at an output power of Plsc(0), 12 must eqerdb, as
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S11 approaches about -9.5 dB at very high inputepdewels.
The input impedance match conditions are revenseéthse B.
Rx is still 696009 ohms but R1 is set to 492153 &&lto
984305 ohms. Now, at low input power levels, tgut and
output are somewhat mismatched (S11=-15.3 dB)abhigh

signal power levels, a very good impedance match is

approached. The bottom row shows these two conditi

Unpublished information from Xavier Le Polozec iraties
that the optimum practical compromise values foraRil R2,
for input powers well below the LSLCP to well aboives:
R1=Rx and R2=Rx*sqrt2.

The diode detector equations:

The following equations are developed for the Class
termination condition of R1=R2=Rx. They give irté@m
power loss values to within a fraction of a dB dbgse
provided by SPICE simulation for both Cases A andTBe
output current, 12, is different for Class A and B.

Observation of a curve of output vs. input powerdB), from
SPICE simulation of a Class A terminated detecéweals a
slope of 1.5 at an input power value of -78.91 dBf@V, the
particular diode used. This is the LSLCP for inpatwer.
Another observation is that the rectified dioderent 12 at the
LSLCP point appears to be very closely two timeslthof the
diode. This two times figure appears to be applglt diodes.
Note: The Plsc(i) of -78.91 dBW occurs when theedtir
parameters are R1=R2=Rx and the diode parameterksaB8
nA, n=1.03 and temperature is 25° C. In genets, ‘two
times' figure does not hold for termination corafis other
than R1=R2=Rx.
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will approximately equal its input power, under iedance-
matched conditions. The output DC voltage will agwh
2.0*sqrt2 times the input RMS voltage, since thakpef a 1.0
volt RMS sine wave is sqrt2 times its RMS valuer ffe input
power (1.0"2)/Ri to equal the output power
[(1.0*2*sqrt2)"2])/Ro, the input RF resistance (Riust equal
1/8 Ro. That is, Ri=Ro/8. This illustrates the dirateraction
between the RF input resistance and output auditstiee
load. At high input power levels selectivity drapsbstantially

if the output resistive audio load value is lowered

The audio output resistance of the detector appesa8 times
the RF source resistance driving it. This fact edem
recognized and it may be the cause of some of thklgms
encountered by those experimenting with doublers.

4) Half-wave voltage-doubler operating at a lowungignal

power level: The detector, in this case, does perate as a
peak detector, and it has significant power losslo#v input

signal power levels Ri approaches (0.026*n/Is)/2Znshand

becomes independent of the value of Ro.

The audio output resistance of the detector appesatwice
the axis-crossing resistance of the diode.

5) Summary: At high input power levels, and witttbinput
and output matched, power loss in both half wave aalf
wave voltage doubling detectors approaches zero 88und
volume should be the same with either detectorlotinput
power levels both detectors exhibit substantial @oless. |
believe, but have not proven, that at low input polevels the
doubler has a higher power loss than the straiglit iilave
detector, and should deliver less volume.
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6. Some misconceptions regarding Impedance majfcial
Crystal Radio Sets: To understand the importanfe o
impedance matching, one must first accept the qunoé
power. A radio station accepts power from the mand
converts some of it to RF power which is radiatetd ispace.
This power leaves the transmitting antenna atpeed of light
and spreads out as it goes away from the ante@w can
prove that power is radiated by substituting a Lé&Bde for
the regular diode, getting physically close enotagthe station
and then tuning it in. The LED will light up (giveff light
power), showing that some power is being broadmadtthat it
can be picked up. Now back at home, if one tunéierstation
one gets sound in the headphones. What activates o
hearing system is the power of the perceived sowBiBW, if
one gets too much sound power in the ear for a &mugh
time, the power can be strong enough to breakasffesof the
hair cells in the inner ear and reduce one's hgamsitivity
forever. The theoretical best one can do withystat radio
set setup is the following: (1) Use an antennaigdosystem
to pick up as much as possible of the RF power ipgss
through the air in its vicinity . In general, gher antenna will
pick up more power from the passing RF waves thdhaw
lower one. (2) Convert the intelligence carryinyl Aideband
RF power into audio electrical power. (3) Conveéne
electrical audio power into sound power and get fwawer
into the ear.

There are power losses at each of the three stepsua job is
to minimize them in order to get as much of theebahd RF
power passing through the vicinity of the antenoapfure
area) changed into audio power for our ears. \&etwll of
the "available power" at the antenna-ground systenbe
absorbed into the crystal radio set then passetirongh it to
our headphones as sound. However, some of it leill
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Note the following in Fig. 2: At input power legalvell above
the LSLCP, the relationship between input and dufmwer
(see the data points, not the Least Squares Lipeoaches
linearity. That is, the output changes about oBefat every
one dB change in input. At input power levels vielow the
LSLCP, the relationship between input and outpwero(see
the data points, not the Least Squares Line) appezaa
square law relationship. That is, the output powsleanges
about two dB for every one dB change in input pow&his
has bad implications for weak signal reception. a Ifveak
signal fades, the detected signal will drop twisevany dB as
the reduction in input signal strength. For bes@kv signal
sensitivity, one should push the LSLCP to as lgvower level
as possible. This moves weak signals closer th$«€CP and
linear operation (less detector power loss), and ihcreases
volume. Lowering of the LSLCP power is associateth
using a diode having low values for n and Is, andedance
matching the antenna-ground system impedance and
headphone impedance to the now higher values afctbet
input and output impedances. For good results nwre make
sure the impedance transforming means does naidinte
other losses. A high Q tank inductor, tuning cépacand
low loss audio transformer are important. It maydifficult to
achieve the required greater impedance transfoommtin a
low loss manner.

Example: Assume that I1s=38 nA and n=1.03, as vgasl in
the graphs and chart above. Rx becomes approxjmate
696009 ohms. R1 and R2 are each fixed at 696068 dbr
all simulation points in Case A. This establishegery good
input and output impedance match at low signalléeaad a
moderate match at higher levels. The input relnss (S11) is
better than -14 dB at signal levels up to 12 dBvabBlsc(i).

190



mismatch exists at both the input and output poinsCase B,
conversely, the detector input and output ports baoth are
moderately impedance mismatched when the signakpdsv
several times lower than that at the LSLCP. Anaigower
inputs several times greater than that at the LSIH0Eh input
and output ports approach an impedance matchedticond

Simulated diode detector output power and tisetoss vs
input power, Case A.
This diode has a low saturation current, compaoeithat used
in the average
crystal set, 1s=38 nA, n=1.03 The LSLCP is showrth®yred
arrow.
Graph of output vs input power Graph of power
loss vs input power

Output vs. Available Input Power, Insertion Loss vs. Available Input
Case A. Power, Case A.
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Fig. 2 - A SPICE simulation of the relation
between output and available input power.

Fig. 3 - Data from a SPICE simulation showing
detector insertion power loss vs. input power.
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unavoidably lost in the RF tuned circuit. If thepit
impedance of the crystal radio set is not correctitched to
the impedance of the antenna, some of the RF pahittérg

the input to the crystal radio set will be refletteack to the
antenna-ground system and be lost.

An impedance-matched condition occurs when thestasie

component of the input impedance of the crystalorasbt

equals the source resistance component of the Emgedof

the antenna-ground system. Also, the reactiveu(itide or

capacitive) component of the impedance of the awatgmound
system must see an opposite reactive (capacitivedactive)

impedance in order to be canceled out. In the dfapee-

matched condition, all of the maximum available poSee
section on "Maximum Available Power" above) intgtesl by

the antenna-ground system is made available foriusae

crystal radio set and none is reflected back tosvéttd antenna
to be lost.

Now we are at the point where confusion often exisThe
voltage concept vs. the power concept. Let's assihat the
diode detector has a RF input resistance of 900f@ths.
Assume that the antenna-loaded resonant resistantbe
tuned circuit driving it is 10,000 Ohms. If oneessvoltage
concepts only, one might think that this representsw loss
condition. NOT SO! After all, 9/10 of the actusdurce
voltage is actually applied to the detector. I&dmpedance
matches the 10k ohm source RF resistance to thie @6k
ohm RF resistance via RF impedance step-up tranafion
(maybe connecting the antenna to a tap on the tainedit,
and leaving the diode on the top), good things bapp(We
will assume here that, in the impedance transfdomato
follow, the ratio of loaded-to-unloaded Q of th@ed circuits
is not changed.) For an impedance match, thedtaireuit
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resonant resistance should be transformed up bmeést If

this was done by a separate transformer (for edse o

understanding) it would have a turns ratio of E&pping up
the equivalent source voltage by 3 times and cnange

equivalent source resistance to 90,000 Ohms. Wibat?

Before matching, the diode got 9/10 of the souro#age

applied to it. Now it gets 1/2 the new equivalesaiurce

voltage (remember the equivalent voltage is 3 tintles

original source internal voltage). The 1/2 comesifthe 2:1
voltage division between the resistance of the \edent

source of 90,000 Ohms and the detector input eesist of

90,000 Ohms. The ratio of the new detector voltagie old

is: 3 times 1/2 divided by 0.9 = 1.67 times. Tédpiates to a
4.44 dB increase in power applied to the detectbthe input

signal to the detector is so weak that the detdstoperating
in the square-law region, the audio output powelt imcrease

by 8.88 dB! This is about a doubling of volume.

6A. A Short tutorial on some aspects of audimgfarmer
utilization in crystal sets. See Section 3 of Adit4 here

7. A caution to observe when cutting the leadsadflass
Agilent 5082-2835 Schottky diode (as well as sotteotypes
of glass diodes): When it is necessary to cutl¢hels of a
glass packaged diode close to the glass body, usel @hat
gives a scissors type of cut. Diagonal cuttere givsudden
physical shock to the diode when the cut happehss &an
damage the electrical performance of the diodee fitysical
shock is greater than one might expect becausbeofise of
plated steel instead of more ductile copper viteel is used,
in part, because of its lower heat conductivityisTheduces the
possibility of heat damage during soldering. Theewinust
also have close to the same temperature coefficent
expansion as the glass to enable a gas-tightséel obtained.
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This power loss figure changes by less than 0.lbefveen
Cases A and B.

Most crystal radio sets can deliver a readableasighan input
of Plsc(i) Watts. It would obviously be desirabtelower the
input power at which the LSLCP occurs so that nmfr¢he
weak signals would be closer to the linear modepsfration,
experience less insertion power loss and therd&feteuder.

Example SPICE simulation of a diode detector at@5°Figs.
2 and 3 show power relations at various power fevelhe
LSLCP is shown by a red arrow. In the SPICE sittinie for
these graphs, the source and load resistancesndRR2, are
equal to Rx (Case A). The DIPL values for Casé-.8) are
within 0.4 dB of those of Case A. The main differe is the
lower DIPL values in Case B at high input powergor
instance, the insertion power loss at an input48f912 dBW
is 0.76 dB for Case A and 0.30 for Case B. Ths figures
from the equations that follow are quite close hose that
occur in a SPICE simulation of both Case A and @Gase

At input power levels several times or more belbe LSLCP,
the impedances of the input and output ports ofdisiector
both approach Rx for both Cases, A and B. At irpasver
levels several times or more above the LSLCP, #teador
approaches operation as a peak detector having an$ertion
power loss. In this condition the input RF resis& of the
detector approaches half the output load resistamce the
output resistance of the detector approaches tifiee RF
source resistance. Summary: In Case A, the detagput

and output ports both approach an impedance matched

condition when the signal power is several timeselothan
that at the LSLCP. At signal power inputs seveiales

greater than that at the LSLCP, a moderate impedanc
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considered. In Case A, R1=R2=Rx=0.0256789*n/Is.Case
B, R1=Rx/sqrt2 and R2=Rx*sqrt2.

1. The low power region: Here, the relatiowestn output
power and input power approaches 'square-law'.t Bhdor
every one dB change in input power there is abowtcadB
change in output power. The detector input and wutp
resistances approximate Rx.

2. The high power region: Here, the relatiotwisen output
power and input power approaches 'linear’. Thafbisevery
one dB change in input power there is about a @elinge
in output power. The detector input and outpuistesces are
no longer equal. The detector input resistanegjigl to about
half of R2. The detector output resistance is absice R1.

3. The point where the two areas overlap equdllyis is the
‘linear-to-square-law crossover point' (LSLCP). this point
there is a 10*log(sqrt2) dB change in output pofeerevery
1.0 dB change in input power (slope of about 1.B)R1 and
R2 are both equal to Rx, in Case A the detectoutinp
resistance is about 12% less than Rx and its ouggigtance is
about 12 % greater than Rx.

Transition from the linear to the square law regidkll good
diode detectors, at high input power levels, if viipedance
matched at input and output, have a low insertimmgy loss (a
fraction of a dB). If the input power is reduced,first the
output will drop approximately dB for dB in stepthithe
input. If the input is further reduced, the outmull start to
drop faster (in dB). This can be thought of as dheet of
noticeable 'detector insertion power loss'. Theeiition power
loss at the LSLCP, in two SPICE simulations (seseGaA and
B below), is about 5 dB. Put another way, at t&.CP the
output power is about 0.3 times the available inpowver.
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The appropriate type of wire is called 'dumet’. @aa read
about it at http://www.dumet.net .

8. Several different ways to look at a diode detec

A diode detector can be thought of as a mixerné thinks of
its input signal as consisting of two identicalrgits of equal
power, in phase with each other. It is well knothat if a
common AM mixer is fed with two signals of frequéefl
and f2 Hz, most of the output it generates will sisnof the
second harmonic of each signal and two more sigatatgher
frequencies. One is at the sum frequency (f1+f2)aHd one
at the difference frequency (f1-f2). Additionalx®i products
can be generated, but they will be weaker than ethos
mentioned and will be neglected in this discussitmthe case
of an AM diode detector, we may consider thatrisut signal
of power P Watts is in reality the sum of two eqimphase
signals, each of power P/2 and that there will dogr butput
components, as stated above. They are:

* The two second harmonic components (bothhef¢ame
frequency and phase).

* The sum frequency component (f1+f2) Hz, whieii be
of the same frequency and phase as the second tiarmo
components since f1=f2.

* The difference frequency component (f1-f2) at
frequency of zero Hz.

* If we filter out the harmonic and sum compotgeas well
as the two original signals from the output in a-dissipative
manner, only the zero Hz signal will remain; andcaé it the
detected DC output.

A diode detector can be thought of as a "Black Bok'the
DC output impedance of the detector is matchedstdoad
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resistor and an AC signal power source of P Wattailable
power' is impedance matched to the input AC impeéaof
the diode detector, the DC output power can cloapfyroach
the 'available power, P watts', from the AC sourthis gives
us another way to look at a detector. It can besiciered to be
a "Black Box" that changes incident CW AC power of
frequency 'f' Hz into output power of frequencyaétz (DC).
This is called the detected DC output. If the inpawer is
large enough, the power loss in the black box gapraach
zero. Reduced input power levels result in an msed
insertion power loss in the AC to DC power convansif the
"black box).

9. Using surface mount components in crystal ragis: A
convenient way to connect to the tiny leads of maiface-
mount diode and IC devices is to first solder thema
"Surfboard". Pigtail leads can them be soldereduth holes
drilled in the Surfboard conducting races for caniom to a
circuit.

A surface mount device such as the OPA-349 intedraircuit
(Eight lead SOIC package) can be soldered to &aard such
as that manufactured by Capital Advanced Technefogi
http://Iwww.capitaladvanced.com . Their Surfboa#8681 or
#9082 are suitable and are available from varidssiloutors
such as Alltronics, Digi-Key, etc.

Surface mount diodes manufactured using the SOfja2Bage
can be handled using Surfboard #6103. Diodes utieg
smaller SOT-323 package can be handled using Samdbo
#330003. This includes many Agilent surface modintles
useful in crystal radio sets. Packages contaimingtiple
diodes exist that use the SOT-363 six lead packddey can
be handled using Surfboard #330006. Agilent predunany
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Assumptions used in the following discussion:

* The Q and L/C ratio of tuned circuit T aresased to be
high and low enough, respectively, so that theréstenergy
effect' of T prevents any appreciable clippingtied positive
voltage wave form peak by diode D1.

* The value of C2 is assumed to be high encsghhat a
negligible amount of RF voltage appears across it.

* The diode parameters Is and n are known from
measurement or a Data Sheet. A simplified methéd o
estimating Is is given in Section 2, Article #4,tbthe
parameter n has to be estimated. A method for umiagsboth
Is and n is given in Article #16. The effect oktlseries
parasitic resistance of the diode is assumed teebbgible - as
it is at low signal levels for most all detectoodés. Diode
back leakage current from either ‘parasitic leakage
operation with voltage swings reaching into theverse
breakdown current' region is assumed to be nedgigibThe
diode temperature will be assumed to be 25 de@tees

Approach: The RF signal input power range is digtideto

two regions and one point; impedance and powetioakhips
are determined. Refer to Figs. 2 and 3. Two Caskse
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Plsc(i)
Plsc(0)

Is

n
DIPL
DIPLR

DIR
Pi
Po
sqrt
Kt
C.
Ri
Ro
R1
R2
12
Rx

S11

Input power at the linear-to-sasaw crossover
point
Output power at the linear-to-sqtlaw
crossover point
Saturation current of the diode
Ideality factor of the detector
Detector insertion power loss in dB
Detector insertion power loss ratiatiy of output
to input power)
Detector input resistance (AC)
Available input power
Output power
Take the square root of the exgioesfollowing
Temperature in degrees Kelvin
Temperature in degrees Celsius
Detector input resistance
Detector output resistance
Source resistance
Load resistance
Rectified current
Slope of voltage/current curveaofliode at the
origin. Rx=0.0256789*n/ls, at 25° C.
A measure of input impedance match.
S11=20*log|[(|Ri-R1)/(Ri+R1)]|. S11is always
a negative number, and the greits absolute
value, the better the impedance match.

V2Isc(o) Detector DC output voltage when ibjgerating at

SPICE

its LSLCP
A computer circuit simulation progrartCAP/4
from Intusoft was used in all simulations.

The diode detector circuit to which we will refershown in

Fig. 1.

Schematic of diode detector circuit
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of their Schottky diodes in dual, triple and quadni in the
SOT-363 package.

It is recommended that anyone considering usingb8ards
visit the above mentioned Website and read "Apptica
Notes" and the "How-to Index".

10. How to modify the tone quality delivered byadphones:
It is interesting to note that driving magnetic tiglaone
elements with a high source resistance tends toowepthe
treble (making it sound brighter or tinny) and reeluhe bass
response, compared to the response when the ACcesour
resistance matches the effective impedance of lk@ents.

Conversely, driving the headphone elements fromow |
resistance source tends to roll off the treble (nwht sound

dull) and relatively speaking, increase the baggith piezo

ceramic or crystal elements, a high source resistéends to
reduce the treble and improve the bass responsgated to
the response where the source resistance matahesfebtive

impedance of the elements. A low source resistéwngs to

reduce the bass and emphasize the treble. Sonz® pie
elements sound scratchy. This condition can benmied by
driving the elements from a lower resistance saurce

Here are some practical experimental ways to Viaeyaudio
source resistance of a crystal radio set whenviegeiveak-to-
medium-strength signals. A medium strength sigmédefined
as one at the crossover point between linear tarsqlaw
operation (LSLCP). See Figs. 2 & 3 in Article #15ee the
last paragraph of Article #17 for a way to deterniha diode
detector is operating below or above its LSLCP.

* Change the diode to one having a lower séiarraurrent,
such as from a germanium diode (1N34A) to one oersé
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paralleled Schottky diodes such as the Agilent SP&25.

Schottky diodes described as “zero bias detedtak& a high
saturation current and are not suitable for mogitef radio set
use. Schottky diodes described as "power redifiesually
have a high saturation current as well as a higictjon

capacitance. A high diode junction capacitanced reitluce
treble response. Too large a diode RF bypass itapacthe

crystal radio set can also reduce treble responseside

benefit from a change to a diode having a loweurséibn

current value, on some crystal radio sets is ameage in
selectivity. This is because the RF load resiggmesented
by the diode to the tank is raised when the dicateration

current value is reduced. This reduced loadingesathe tank
Q and hence, increases selectivity.

* Use an audio transformer between the detemtigput and
the phones. A smaller step-down transformer impeela
transformation ratio will raise the transformed diosource
resistance seen by the phones. A larger ratiodedtease it.

* |f the headphone elements are in series,meecting them
in parallel will reduce their impedance to 1/4 theevious
value. This has the same effect as increasingeffestive
source resistance driving the headphones. If ey in
parallel, series connecting them has the effedieofeasing the
effective source resistance.

* Audio transformers having too low a shuntuotance will

reduce bass response. When using magnetic heaglphon

elements, this can be partially compensated focdnnecting
the transformer to the headphones using a suitsdlies-
connected capacitor.

* Refer to Articles #2, #3,#5 and #14 for maméo. For a
convenient way to vary the audio impedance drivthg
phones, consider the 'BT-Ulti-Match' described &rtP4 of
Article #5.
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ARTICLE 15A

Quantitative insights into Diode Detector Operation
derived from Simulation in SPICE, and some Intereshg
new Equations relating diode parameters to weak sigal
sensitivity

Quick Summary:  Several new equations are presented

showing various relations between diode detectatified

current, input AC and output DC power, insertiowpo loss
and the ‘Linear-to-Square-Law Crossover Point' (CB). The
LSLCP is an operating point where the diode deteco
operating half way between its linear and squasenfedes. It
can also be thought of as a dividing point betweeak and
strong signal reception. Bear in mind that the C8Lis a
point (see Fig. 3) on a graph of output DC poweingait RF
power of a diode detector system. It is not atpoina graph
of DC current Vs voltage of a diode. Article #2¥ws actual
measurements on a crystal radio set using elevieretit

diodes, that tends to experimentally back up thiitg of

equation #5 and those following it.

This Article, #15A, used to be Part 1 of the oldidle #17.
Definitions of terms to be used:

Class A Impedance matching condition in \khic
R1=R2=Rx

Class B Impedance matching condition in Wwhi2=2*R1
and sqrt(R1*R2)=Rx

LSLCP A point on the curve of output power imput
power of a diode detector where it

operates half way between iitgdr and square

law mode
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Note: Bullet points 2 and 3 will also change tomeliy when
receiving strong signals.

11. Long term resistance drift and frequency depeae of the
AC resistance of low power resistors, etc:

From my early experience in the manufacturing afrigler-
Tongue products, the following is some insight ieéato run-
of -the-mill commercial carbon-composition resistdhat we
used:

The process used by the resistor manufacturer impartant
factor in the determination of long term resistadcé. Allen-

Bradley (A-B) used their 'hot-mold' process, pradga more
dense product then did the other manufacturerdarass |

know. The value of this carbon comp. resistor slifte least,
as a rule. Stackpole composition. resistors useit tbold-
mold' process and seem to drift more than do tH& énits.

Composition carbon resistors mfg. by the Speer emyp
using their ‘cold-mold' process drift more than Stackpole
resistors, as a rule. The IRC resistors that laké tarbon
comp. units actually are made by another procebey &re
called metallized resistors. My impression is tthegir drift is

similar to the of Stackpole resistors. | have fotnat the IRC
resistors usually generate much more low frequemcise
when passing a DC current than the others. It seamsa
general rule, that the high value resistors dnfvalue more,
over time, than the low value ones.

The brand of resistor may be guessed by examiniieg
smoothness and shininess of its surface finish,laoking at
each end of the resistor to see where the wires.erilen
Bradley resistors look the best. They have brigibrccode
colors and a smooth shiny finish. At the wire gdint from
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the body one can usually see the appearance ofk sy

ring embedded in the plastic. Actually, this istpafrthe lead,
shaped to be the contact electrode. Stackpoletoesi®ook

next best. They have somewhat duller colors orcttier code
and the surface is somewhat rougher and less shingywires
exit cleanly from the end of the resistor, no risgisible. The
Speer resistors have the dullest color code calotisa rougher
surface than the Stackpole's. They usually looi ey have

been wax impregnated. At the axial exit points fritwa body,

a small copper colored dot may be seen next tavites lead.

This is actually the end of the lead, which wasiéal over and
back on itself to form the electrode. The IRC sthedacarbon

comp. resistors can be identified by the visibl®lthflash’

marks on the body and ends. The colors are goadhéwody
is rough. Their end surfaces are slightly convex, planar as
in the case of the other resistors.

Remember, these resistors usually made spec. when n

passed incoming inspection and standard aging .tests

Unfortunately, no aging tests could be made thaeied the
span of many decades.

It is interesting to note that the best resistfiosn a long term
resistance drift point of view turn out to be théBAinits. They
also cost the most. The Speer units cost the leadtthe
Stackpole's were in between.

Ohmite carbon comp resistors | have seen lookesl AkB
units and were probably made by them.

A fact of interest that some may not know is thiste AC
resistance of carbon composition resistors, amd fésistors,
to a much lesser degree, decrease with increasigiency
(the Boella Effect). This effect is strongest irglhivalue
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If no audio generator is available, connect thepoubf the
crystal radio set diode detector to J1 (no audiogformer to
be used), and a headphone set of about 10k ohndanpe
(2k ohm DC resistance) to J2. Tune in a statioth asfjust
potentiometer P so that the volume is the same heswhe
detector output feeds the headphones directly. s $ktting
does not have to be changed in the future. Naden€ct the
output of the crystal radio set detector to the $JIWith as
short a length of cable as possible in order toinmire added
shunt capacity. If the tone quality of the sigohhnges from
one resistance setting of SW3 to another, the steydcity in
the detector output circuit is too high. This d@ncaused by
using a diode RF bypass capacitor or an intercaimgecable
of too high a shunt capacitance for the resistas®téng of
SW3 being used. | use an eighteen inch length®6R type
coax for my cable. It has a capacitance of ab@&upR per
foot.

The performance of magnetic diaphragm type headghoan
be affected by the DC current passing through thdman no
coupling transformer is used. SWS5 is providedtfarse who
choose to block the DC.

6. Schematic for version B (Added 05/25/2003). The

differences between this version and that showfign3 are:

1. The output resistance range is changed frok150
ohms to 20k-8 ohms. This allows the use of the SJWith
typical dynamic headphones.

2. The DC blocking is made fixed (SW5 is eliméd).

3. The schematic shows only provision for injpopedances
up to 640k. The extra switch position for 1.28M whoin Fig.
3 may be added if desired.
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Nate: The INPUT and OUTPUT resitances are shown in parentheses.

Fia:3- Schematicof an Ideal Transformer Simuiato,

Schematic of original UITS
Some component specifics:

* B: 9 Volt batteries.

*|C: JFET input op-amp such as one sectioaf F353,
TLO81 or M34002. Basically, it should have a JARut and
a gain-bandwidth product of 3 MHz or more.

* The 22 uF caps, electrolytic or tantalum, whohave a
voltage rating between 10 to 25 Volts.

* The resistor values shown in the schematcthose in the
standard 5% series of values. The use of resigtatdifer by
+/- 10% from the values shown should not have gmemable
impact on performance of this unit.

5. Setup.

Calibration is simple. With SW2 in its 0 dB positiand SW3
and SW4 at their 10k Ohm settings, set potentiometéor
zero gain. To do this, load J2 with a 10k Ohmstesiand
feed a 1 kHz signal from an audio generator into Atjust P
so that the output voltage at J2 equals the inpliage at J1.
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resistors, above, say, 22k ohms and above 50 Mitn (f
resistors). The effect is noticeable in 500k antelg units at
lower frequencies. Low value resistors having skeatls and
resistances in the mid 10s to mid hundreds of caresquite
free of this effect up through many hundreds of MHA
typical graph of the ratio of AC-to-DC resistancefrequency,
of various values of conventional commercial aléald
carbon film type resistors, taken from a Brell Caments
catalog is here . A chart providing similar info @arbon
composition resistors, taken from the Radiotron ifres's
Handbook, Fourth Edition, page 189 is here.

An advantage of the old carbon comp resistors thenewer
carbon-film and metal-film resistors is the facatthhey can
withstand much greater momentary power overloadser A
being out of the carbon comp resistor businessnamy years,
Stackpole re-entered it a couple of years ago litg very

reason. For the same power rating, they usuallg lzakigher
voltage rating.

12. The effects from using the contra wound duaea
inductor configuration in crystal sets as compai@adising a
conventionally wound inductor, both using capaeitiuning

Some quick facts:

* Crystal sets using a conventional single-edluank coil
usually suffer from poor selectivity and sensitjvit the high
end of the BC band.

* Use of both connections of a contra wound l-dadue
inductor enables the achievement of much highexcteity
and sensitivity at the high end of the BC band i¢ser
connection for the low half and parallel for thgthihalf of the
BC band).
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* There will be some small reduction in tankrthe lower
half of the BC band. One reason is that distrithud@pacity is
greater in the series-connected contra-coil than the
conventional solenoid (the close-space adjacens erfidthe
contra-coil windings have 1/2 the tank voltage asrthem).
Tank Q at the high end of the BC band is noticeahfyroved.

* It is assumed that comparisons between caioel and
contra wound inductors use coils having the samgsipal
dimensions and wire specifications. The inductaotehe
conventional solenoid is assumed to be about time ses that
of the series-connected contra-coil.

See 'The contra wound tank inductor' in Part 3 dfck #26
and the paragraph after Figs. 2 and 3 in Articl® #&r
descriptions of two different contra wound configtions.

Discussion:

Let us divide the BC band geometrically into twdvea: This
gives us 520-943 kHz for the low band and 943-1kH@ as
the high band. Assume, for ease of understandiag the tank
inductor for the conventional approach has an itahee of
250 uH.

Conventional 250 uH inductor: The whole BC band520-
1710 kHz can be tuned by a capacitance varying 8847 to
34.65 pF.

contra wound 250/62.5 uH inductor: The low ban&28-943
kHz can be tuned, using the 250 uH series conmechip a
capacitance varying from 374.7 to 113.94 pF. Tigh biand of
943-1710 can be tuned, using the 62.5 pF paraiiehection,
by a capacitance varying from 455.76 to 138.60 pF.
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Underside view of UITS



and secondary source and load resistances aboal teqthe
values determined with the UITS. A transformertthas
factory specified impedance levels as much astfmes lower
than desired, but with the correct transformatiatio; and a
frequency response range much wider than 0.3-338 WwH

probably work well.

Note. The parallel RC (a 'benny’) (see Article #%eded in
series with the primary of a real world transformisr not
needed with the UITS because its input resistanithel same
for DC as for AC.

Front view of UITS
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For the purposes of this discussion, let us asshateantenna
matching (see Part 2 of Article #22) is always ajd to

reflect a fixed shunt resistance of 230k ohms faving the

diode, over the full BC band. 230k ohms is als® R input
resistance of an ITT FO-215 germanium diode wheh de
signal power well below its linear-to-square lavossover-
point (see Article #10, points 1, 2 and 3 below.Fiig Article

#15, Article 17A and Article #22). This setting appimates
that for minimum insertion power loss (see ArtigR8).

Reduction of insertion power loss at the high efidhe BC
band (1720 kHz): The total tuning capacitance neesken
tuning a conventional 250 uH inductor to 1710 ksi39.9 pF.
The value needed, using a contra wound approat38i$ pF.
One can derive, from data values in Figs. 1 - Aviticle 28,
that the Q of the common 365 pF, non-ceramic inedla
variable capacitor (capacitor B), at 1710 kHz coroes as
follows:

* If one uses a conventional 250 uH inductarea by 20 pF
stray capacity with 14.65 pF more from the variatapacitor,
the capacitor Q comes out at about 460.

* If one uses a contra wound inductor that Bass5 uH
inductance with the two windings in parallel, turieg 20 pF
stray capacity with 118.6 pF more from variable azdfor B,
the Q comes out at about 1770, 3.5 times as giEat
translates directly to greater sensitivity and ciléy when
using the commonly available 365 pF capacitor.

From Fig. 3 in Article #24 we can see that, at 1K#@, the Q
of capacitor A, a ceramic-insulated, with silveatpd plates
capacitor manufactured by Radio Condenser Corporatr
its successor TRW, has a Q of 9800. This is mugheithan
that of capacitor B when using a conventional 238 u
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inductor. Changing to a contra wound coil whilengsithe
easily available capacitor B goes a long way tovwagbal of
reducing the effect of the variable capacitor arkt® and loss
at the high end of the band.

Less selectivity variation and less insertion powess:
Conventional inductor: The 3 dB down RF bandwidthl w
vary from 3.69 kHz at 520 kHz to 39.9 kHz at 17#zka
variation of 11.6 times . contra wound inductor:eT8 dB
down RF bandwidth will vary from 3.69 kHz at 520 kb
12.15 kHz at 943 kHz in the low band, and from 3 at
943 kHz to 9.99 kHz at 1710 kHz in the high bandpgerall
variation of 4.00 times. This is about 1/4 of thariation
experienced when using a conventional inductorgréfater
selectivity is needed at the high end of the BCdbamen
using a conventional inductor, antenna coupling tmies
reduced and/or the diode must be tapped down otattleto
raise the loaded Q. Either approach results in eatgr
insertion power loss and a weaker or inaudible aiga the
phones when tuning stations near the high endeoB® band .
The low inductance (parallel connection) of thetcanvound
inductor enables a 4 times reduction in bandwidth740 kHz,
compared to results with conventional inductor.sTigduces
the need to tap the diode down on the tank andatetnthe
antenna when one needs to increase selectivitypeasioned
above.

Note:
* One could use two separate conventional raupted
inductors, one of 250 uH and the other of 62.5instead of a

contra wound configuration. This is not recommendedause
the Q of the 62.5 uH inductor will probably be I¢isan that of
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How should one proceed in determining the spetiioa for
a transformer that will provide optimum performarinethe
crystal radio set? One may not know the audio csour
resistance of the diode detector, or even the gedrapedance
of the headphones load. The UITS can be usecdtbtfiese
two values. It also has a 20 dB gain switch optfmt can be
used to enable reception of very weak signals db agea
switch to block DC from the phones, if desired.eféhare two
operating adjustments. One sets the input resist&ic the
other the output resistance Ro. These two settamyst
interact. The equivalent real-world transformemguratio is
the square root of the ratio of the two resistasetéings. Here
are some ways that the UITS can be used:

* Compare the performance of a candidate toansr to
that of an ideal transformer to see how much sigmést in
the candidate. There is no point in looking forbetter
transformer if the difference between the two imm

* Use it to find the impedance transformatiaatia that
would be optimum for the crystal radio set/headghon
combination being used.

* Use it in place of an actual transformer.

* Enhance reception of very weak signals.

* See bullets in the "What's it good for?" sef above.

To use the UITS, connect it between the detectoputtand
headphones. Insure that the diode has an appefRE&
bypass capacitor. Set the amplification to 0 dRljust each
rotary switch independently for the loudest volun@alculate
the impedance transformation ratio from the sestioyS3 and
S4. A transformer specified with this ratio is ioptm for the
detector and headphone impedances being used,ttal o
things being equal. Its specifications should udel primary
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with the primary and secondary windings.

It is important to understand that the impedancebers a
transformer manufacturer specifies for various teafs are
the source and load resistances they used to gptuif
performance of the transformer. In most instanceerwone
uses a transformer originally designed for use betwtubes
(plate-to-grid) or to match a low impedance lineatplate or
grid in a high-performance crystal set applicatiotie
following statement applies: Optimal results ulualccur
when the actual crystal set source and load resistaare
higher than the values for which the transformes @esigned,
but are of the desired ratio. For instance, if anor A-27
transformer is connected with terminals 8 and Beditogether
and 3 and 4 joined together (diode input to pididde return
to pin 10), it is specified by the manufacturertise between a
100k source and 600 ohm load connected to pinsdl6an
Using it between approximately 200k and 1.2k ohni w
result with a very slight increase of midband tfamser
power loss, but a greater offsetting increase ofealer
sensitivity from the higher detector load of 20Tkis assumes
a diode having a relatively low saturation currenth as a
Schottky, FO-215 or other high axis-crossing-resise diode
is used. The audio bandwidth will also be reduagtdpbobably
by a non-perceivable amount. Some illustrationsttefse
effects can be viewed in Article #5, Tables 5, @ 8nTo go
further in this direction to present the diode wih even
higher transformed resistance from a 1200 ohm loadnect
the load to terminals 1 and 5 instead of 1 and@uMe may
diminish from increased transformer loss and reduamedio
bandwidth.

4. The Unilateral 'Ideal Transformer' Simulator.
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the 250 uH unit unless it is made physically agdaas the
contra wound coil.and employs larger diameter wiéso,
when using the contra wound approach the hot enthef
inductor, when the two coils are connected in pelratan be
in the center of the overall unit, with the outéreaends of the
assembly placed at ground potential. This reduleesrie field
coupled losses from end mounting brackets and sndings.

* The inductances of the two connection configions
(parallel and series) of a contra wound coil wipénd upon
how closely spaced the two windings are placed, thetratio
of the inductance of the series to that of the IfEreonnection
always remains at 4 times no matter how far orectogether
the windings are placed. Remember that overalribiged
capacity is greater when using the parallel conoedn the
low band. About 1-2 wire diameter spacing betwe®n tivo
windings is recommended.

13. Comments on audio distortion in diode detectors

There seems to be four main causes of audio détoit
diode detectors.

* Square-law detection: Second-order audio odistn
occurs when receiving weak signals. This type sfadtion is
usually not irritating to the ear.

* Distortion when the signal is strong: Thispéy of
distortion occurs when the DC load on the diodevasy
different from the average value of its AC loadisTis usually
the case when an audio transformer is used wittward
resistance correction. The remedy is to use a 'Weno
equalize the DC resistance of the diode load t@letpat of its
average AC load. See second paragraph of ParAgiate #1.
This type of distortion also occurs when using @&zpi
earphone without an appropriate shunt resistor.
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* Distortion from using a diode having too l@saturation
current (high axis-crossing resistance). This uguatcurs
when receiving weak signals: The remedy is to nyotlile
crystal set to raise its audio load impedance (gaahe audio
transformer) to achieve better impedance matchimgthe
diode. Another approach is to forward bias the ditm lower
its axis-crossing resistance (raise its effectiaumstion
current) to better impedance match the existingoalodd. See
Article #9. Another solution is to use a differetibde having
an axis-crossing resistance that more closely impes
matches its source and load. See Table #2, secdmohic for
the axis-crossing resistances of some diodes.

* Distortion when using a diode having a lowerse
breakdown voltage and having a sharp knee at boeakd
(usually a microwave diode). The peak reverseagelton a
diode can approach twice the detected DC voltageen\a
signal is strong enough to cause this to happeth@peaks of
modulation, a large reverse current can be drawme(se
current is normally low) that clips the peaks oé ttletected
envelope causing audio distortion and a weaker ctite
signal. A remedy is to change to another type ofielior
reduce the strength of received strong signals.aBeauators
SW1 and SW2 in Fig. 5, in Article #22.

Some measurements of saturation current and igefalitor
values for about 15 diodes be found in Articles &hé 27.

A suggested definition for “strong” and ‘weak” sas: A
diode detector may be considered entering the igtsignal”
mode of operation if it is operating at a signaiveo level
about 10 dB or more above its LSLCP (Linear to sguaw
crossover point). One can estimate that the dictectbr is
entering the "weak signal" mode of operation isibperating
at a signal power level about 10 dB or more beksw.SLCP.
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To illustrate this point we will consider a transfeer designed
to transform a 10,000 Ohm source to a 90,000 Olaah. Id his
could be an AES PT-156, Stancor A-53C or similar
transformer originally designed to couple the otitpiua first
(tube) audio stage to push-pull grids. If the dgesi did a
good job, this transformer will have the lowest gibke loss
consistent with its specified frequency range, pohandling
capability and cost goals. If it were to be drifieom a 40,000
Ohm source and loaded with a 360,000 Ohm load éstit9
impedance ratio), its center-band power insert@ss lwill be
increased and the low frequency end of the banidbeitolled
off. The reason for the increase of center-basd Ie that the
shunt resistance caused by losses in the iron loatedown

the now higher source resistance (40,000 Ohms) thus

increasing loss. The shunt inductive reactancthefprimary
winding, at the low end of the band loads downrite higher
source resistance (40,000 Ohms) more than befdmes t
increasing the roll-off at the low frequency endtbé audio
band. The high end of the audio band will alsobphdy be
rolled off because the reactance of the shunt dapee of the
primary winding will cause more loss when beingveni by a
40,000 Ohm source than one of 10,000 Ohms. Ormtier
hand, if the transformer was driven from a 2,500nCdource
and fed a 22,500 Ohm load, center-band power insektss
again still be increased. The reason is the tithe source
resistance to the series resistance of the primarging is not
as high as when the source was 10,000 Ohms. Motfeeo
input power will be dissipated in this series resise and less
transferred to the secondary. A similar loss effeem the
winding resistance occurs in the secondary. The lo
frequency end of the band will reach to lower frengies than
before, but the high end may get some roll-off tuéakage
inductance in the primary and secondary windin@me can
think of this effect by visualizing a parasitic irctor in series
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from J2 back to J1. The 'unilateral in the naromes from
this property. See Fig. 3. A real world transferris bilateral.
That is, it can pass a signal in either direction.

* A good transformer has very little loss. THETS can be
set to have no power loss (or gain), no matter wthat
effective turns ratio setting is. The effectivert ratio is
controlled by the settings of SW3 and SW4. A nealld
transformer has a turns ratio of, say 'n'. Thigegiit an
impedance transformation ratio of n"2. That igesistor of
value R, connected to one winding will be reflecésda value
R*(n"2) or R/(n"2) at the other. 'n'is a fixed-paeter of the
real world transformer unless it has taps, therersdwarious
values of 'n' can be obtained. The UITS can basteljl with
SW3 and SW4 to a very wide range of transformatatios.
It has the advantage of independent control oftiapd output
resistance by means of switches, with no power fossny
combination of input and output resistance.

3. A Short tutorial on some aspects of audio tamsér
utilization in crystal sets.

One of the issues one encounters when designinggla h
performance crystal radio set is determining theinmm
parameters for the detector-to-headphone audio liogup
transformer. Its impedance transformation ratighis main
factor to be considered, though the inherent lossraactance
parameters are also important. Another factahésprimary
and secondary impedance levels for which the toamsr was
designed, compared with the levels to be usecciystal radio
set application.

Consider the performance of two transformers hathegsame

transformation ratio, but originally designed toecgte at
different impedance levels. They will not perfothe same.
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A discussion of LSLCP may be found in Section 1ticle
#15. A discussion of diode operation at its LSLCRynibe
found at the end of Article #17.

#0 Published: 04/25/00; Last revision: 01/01/11
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ARTICLE 01

A New Way to look at Crystal Radio Design. Get Grear

Sensitivity to very Weak Signals, and Greater Volura, less
Audio Distortion and Improved Selectivity on Strong
Signals

Quick introduction:

Greater sensitivity to very weak signals can bairgtd by
lowering the RF signal power level (linear-to-squkaw point,
or LSC point) at which the detector changes fromlifear to
the square-law mode of operation (See Article #i@s. 3 & 4
and part #3 for an explanation of the LSC poinfJhis is
accomplished by connecting the highest impedandet pd
the RF tuned circuit to a diode having the propatuation
Current (See Article #15A). The output resistamdethe
detector should be impedance matched to the headpho
usually by a low-loss audio transformer, for maximu
sensitivity. ~ Greater volume, less audio distortiamd
improved selectivity can be attained on strong aignby
properly impedance matching the RF source resistem¢he
RF input resistance of the detector and also magclihe
output resistance of the detector to the effedtimeedance of
the headphones. The DC and audio AC loads on ttextde
should also be made equal. This analysis doesnmoive the
analysis of diode instantaneous voltage and curveste-
forms, input voltage, output voltage, diode turnivaritage or
tuned circuit peak-clipping. This analysis doesisider the
detector to be a black box having a linear inputrBistance
and a linear output resistance, is driven from & power
source and delivers power to an output load. Thesistances
are independent of input signal power at low povesels
(somewhat below the LSC point) and depend only ughen
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* The sensitivity of various headphones maycbenpared
without the problem of needing an optimum audimsfarmer
for each. Just adjust SW4 for maximum volume oohea

headphone and read the approximate optimum source

resistance from the calibration.

* One can determine, in a particular crystalizaset, how
closely a particular real-world transformer emwagen ideal
one.

* One can easily demonstrate how the frequersponse
(tone quality) of a particular headphone changes fasiction
of the source resistance driving it by changing sk#ting of
SWa4.

* One can also find out out if one's real-woaddio
transformer alters tone quality. This can hapgeits ishunt
inductance is too low or if its distributed windimgpacitance
is too high.

* The average audio impedance of headphones bean
determined. For more info on this, see Articlesatiéd 3.

* An added feature of the device as implemeritedhe
capability of adding a 20 dB boost to the audimalgthis is
where the plus... comes from). This feature da¢saffect the
input and output resistances. It can be usedstoajdd volume
to weak signals, or as an aid in centering tuningaovery
weak signal.

* In normal operation (20dB boost turned off)e UITS is
calibrated to provide no power gain of loss. It e flat
frequency response +/- 0.3 dB over the audio bdmo- 3.3
kHz.

2. What is it?

* The UITS, unlike a real world transformer,ncpass a
signal from the input port (J1) to the output p@2), but not
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1. What's it good for?

Consider a crystal radio set that uses an audisfvemer to
drive headphones. One can determine what its peaioce
would be if the transformer had no loss and pravide
optimum impedance match between the output resistam
the diode detector and the headphone load.

One can determine if the optimum diode load resista
changes as a function of signal level by adjus8ig3 for the

loudest volume on a weak signal and then readgstifor a

strong one.

* One can determine the optimum turns ratio doreal-
world transformer. To do this, set SW3 and SW4nfiaximum
volume. Calculate the output-to-input winding wmatio as
the square root of the ratio of the port resistarmeSW4 to
SW3 (the numbers in parentheses in Fig. 3).

* One can determine if the optimum diode loadistance
changes from one end of the BC band to the othexdysting
SWa3. It usually does change, when receiving stiggals.

* Some of the mystery can be taken out of eatirig
diodes. A diode will exhibit its best weak-sigrs@nsitivity
when the RF source resistance driving it, and tigioaload
resistance are set to the optimum values for tieated When
comparing various diodes in a crystal radio set hasing a
Unilateral 'Ideal Transformer' Simulator (UITS)etbptimum
audio load resistance required for that diode caneésily
dialed up just by setting SW3 for the loudest vaumThe
diode is then not penalized for being used in a propedance
environment (for that diode).
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characteristics of the diode. At high input powevels
(somewhat above the LSC point), the input resigtascstill
linear and depends primarily on the output loadstasce.
The output resistance depends primarily on the csour
resistance.

1. THEORY

A crystal radio may be thought of as the cascadethection
of several basic components.

* Antenna-ground system: Signal source

* RF tuned circuit: Provides selectivity anahpedance
matching between the resistance of the antennaagroincuit
and the RF input resistance of the diode detecidmis tuned
circuit has some power loss.

* Diode detector: Characterized as a black tha accepts
RF input power and converts it to DC output powkrhas an
RF input resistance, an audio output resistanceaapdwer
insertion loss (dB). These three characteristiesirgterrelated
with the RF Input power, RF source resistance ugivihe
detector, audio load resistance and the paramet¢he diode
used.

* Qutput transformer: To impedance transfohe éffective
headphone impedance to that required by the diode.

* Audio load: Headphones, what else?

We will consider these components one at a timee Bart 1

of Article #10 for an overall view of the way we liwbe
looking at diode detector operation.
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The Antenna and RF Tuned Circuit will be combinetbi
three components. V1 and R1 represent the antedoaed
voltage and resistance, impedance transformed éytuhed
circuits and antenna reactance to the series-ctethe@lues
seen by the diode detector. X1 represents th¢amee of the
tuned circuit(s) seen at its output terminals. ittpedance is
considered to be substantially zero at harmonicsthef
frequency to which it is tuned. Its impedance isoa
substantially zero at DC and at Audio frequencie®2
represents all the losses in the tuned circuitestnance, as
seen by the diode. This is not the conventiona efaviewing
the signal source for a detector.

Schematic of Antenna and Tuned Circuit Load.

R1 (Transformed
Antenna Source
Resistance)

w1 Outpt to
1 [Transformed . R2 detectar

Antenna Source
Woltage)

A

The Detector will be represented as follows: The taBk
assures that the input is effectively shorted tugd at DC
and at audio frequencies as well as all RF fregesnexcept
that to which it is tuned. The output is effectivehorted to
ground at RF by C1.

Schematic of Detector with Source and Load Impeesinc
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ARTICLE 14

A Zero Loss, Unilateral ‘ldeal' Audio Transformer
Simulator, plus... This device makes is very easyo
determine the optimum audio transformer source andoad
resistances for any crystal set diode/headphone
combination. No test equipment necessary

Quick Summary: This device works as an audio foanger
when connected between the output of a diode detectd
headphones, but with several differences. (1) Ngertion
power loss. (2) Input and output resistances can b
independently varied over a wide range by selestdtches.
This provides for the simulation of a wide range of
"transformer turns ratios".

The main purpose of this device is to enable ohessl

twisting two dials, to find out the optimum audimgedance
transformation needed in a 'real world transformesile

experimentally trying different diodes or headpt®orie a
crystal radio set. The effect the transformer draselectivity
and volume may be evaluated. Another purpose entble
one to check how closely the performance of onatioa
transformer conforms to that of an ideal one, Huking the
same input and output impedances. It also has tatabie 20
dB amplifier to enable better reading of very wsignals.

The first version of this device, shown in Figs.2land 3 is
designed for driving typical sound-powered balanced
armature, magnetic diaphragm or piezo electric hearps.
The schematic for Version B, shown in Fig.4 is desd for
feeding a wider range of loads, down to an impeelanfic8
ohms. This unit can match the impedance of theheaes
mentioned above as well as that of typical dynasaiphones.

172



weaken and air gaps may get changed. All affeet th o1 Diode
sensitivity.

#13 Published: 08/30/00; Last revision: 10/28/200
LC (Tank C1(RF L Audio
RF Input Circuit] Bypasz) | Output

The Output Transformer circuit will be representsdshown
below. The purpose of R3 and C2 will be coveréerla

Schematic of Output transformer with RC series Elem

AL R3 o
IMPUT QUTPUT to

HEADPHONES

n:1 turns ratio

We start out with the assumption of no losses  tiimed
circuits. This condition makes R2 equal to infininot a
practical assumption of course, but it will simplifvhat
follows. The input circuit then reduces to a sienleries
connection of the parallel tuned circuit, impedance
transformed antenna voltage, and a series resistaHuis
resistance includes the effects of radiation, ameread-in
and ground circuit resistance. A simple transfdiomeenables
us to eliminate R2 entirely by combining its effedhto a
changed value for R1 and a new value for V1. Téw walue
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for V1 is: V1lnew = Vlold*(R2old/(R1lold + R2old))The new
value for R1 is: Rlnew = (Rlold*R2old)/(R1lold + Rdo
With this transformation the new value for R2 ifiriity, so it
can be eliminated from the circuit. Of course, thaximum
available power from the new source 'V1new, R1lrisviéss
than what was available from the original sourcdoM,
R1lold' by the amount that was dissipated in R2nFnow on,
Vlnew and R1new will be referred to as V1 and Rhe RF
Source Voltage (V1) is assumed to be un modulat&d C

The transformed V1 (RMS) and R1 represent a Powercg@
of available power Pa = (V172)/(4*R1). This is theost

power it can deliver to a load. It is also somesncalled the
"Incident Power". For the load to absorb this pgviie load
itself must equal R1, and then it is called an &dgnce
Matched Load'. Changing the impedance transfoomani the
tuned circuit(s) changes the values of V1 and Rhis does
not change the available power. That is still ()1(4*R1).

As an illustration, if V1 is doubled, R1 must quaple thus
keeping the power the same.

The approach we will use in this analysis is to imine
impedance mismatch power loss between the transfbrm
antenna resistance and the diode detector inputeRiBtance
as well as between the detector audio output egsistand the
headphones. We will show that the diode deteatarep Loss
(DDPL), for very weak signal levels, can be minietdzby
using a diode with as low a Saturation Current &s)possible
if all else is equal. In addition, the lower tdeality factor (n)
of the diode, the greater will be the sensitivitynteak signals.
The limitation here is that if a diode with a lowsrused, the
required diode RF source and audio load resistageesp in
value. That limit is reached when the diode isnemted to the
top (the highest impedance point) of the tunedudirc The
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the DUT in the table above. When doing a comparisfotinis

type (comparing one element of the pair in a lielhdphones,
to a single "standard element"), first check their® in each
of the two elements of the pair. If they are npua, error will

result. If the volumes are not too far apart, qerf the

measurement for each element of the pair and awetiag
result. There is some error introduced by the gulace given
above because the acoustic loading on each earpifothe

pair is not the same.

Summary:

The Western Electric #509W headphones tested 6edB |
sensitive than the "standard".

The Baldwin type C headphones tested 9 dB lesstiserthan
the "standard".

The Brandes Superior Matched Tone headphones antivth
Radio Shack Piezoelectric speakers tested 12 dBskssitive
than the "standard".

The each of two Mouser Ceramic Earpieces testedB(&ss
sensitive than the "standard".

The sound powered elements turned out to be thet mos

sensitive and are therefore to be prefered for whken
listening to weak signals, as is the case whemgryor DX
with a crystal radio set.

In all cases it is assumed that the source resistdriving an
element is equal to the average impedance of #reegit over
the audio frequency range of interest. This isdlosest that
we can get to an impedance matched condition.

Last item: Remember that headphone sensitivity \cany

from unit to unit. The figures given above are gospel for
all units of a particular model. Diaphragms wanpagnets
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the elements is to use an audio transformer to dewpee
match the diode detector output resistance to therage
impedance of the element. The transformer supplipply a
DC return path for the diode. A further advantageising a
transformer is that no DC voltage can get acrosspiezo
element. Sometimes, if a strong signal is tunedand it
produces a large rectified DC voltage on the elemére
element will "freeze" and its sensitivity will dropSee Article
#5 for info on transformer coupling and diode DGiseance
loading. (The value of the DC load resistance an diode

should equal the average value of the AC audio load

impedance.)

* The comparison of the sensitivity of an elemena series
connected element pair DUT with the "standard efgineas
made in the following manner: The full (two elerjen

headphones DUT was connected to the J1 output ®f th

DFLVORA. The DFLVORA was fed by a weak voice signal
and the source resistance switch adjusted for tieatest
volume and intelligibility. The "standard elementas then
connected to the J2 output and the 3, 6, and/ordB2
attenuators were adjusted so that the intelligybdif the voice
in the "standard element" was equal to that in eleenent of
the headphones DUT .(The other element was lefylaen)
The amount of attenuation placed in the circuitdieg the
standard element is a measure of the differenceeimsitivity
between the standard and the DUT. Since 1/2 thepgoing
into the full headphones DUT goes into each elemene
element of the DUT headphones being listened teives 1/2
the power (3 dB less power) than that deliveredh® full
headphones, giving the reading for a single elenaet dB
handicap. Thus, the sensitivity of one element tioé
headphones DUT is 3 dB better than the sum ofaadings of
the attenuators. This 3 dB correction is maddénfigures for
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high frequency audio cutoff point may be reducedabse of
unavoidable winding capacitance in the audio output
transformer acting against the required higher sfamed
headphone effective impedance.

The most important diode parameters to consideXtfakrradio
operation are saturation current ‘Is' and 'n". yT$teow up in
the Shockley diode equation: Id = Is*(exp((Vd-
1d*Rs)/(0.026*n)) -1), at room temperature. In st} radio
applications, the Id*Rs term may be neglected beeat is
usually much smaller than V. The equation therobess:

Id=Is*(exp(Vd/(0.026*n))-1). 1)

This equation provides a good approximation of hé
relationship for most diodes, provided the paramsel n, and
Rs are really constant. Some diodes, especialfynagum
and silicon junction diodes seem to have Is andlnes which
increase at very high currents (higher than thoseally
encountered in crystal radio operation). In sonfiethese
diodes, the values of Is and n also increase ay i@w
currents, harming weak signal reception. Is ardenusually
constant in Silicon Schottky diodes, over the aurreange
encountered in crystal radio use.

n = Ideality factor, sometimes called emission ficieht.
This parameter is usually between 1.05 and 1.15ifieon
Schottky and germanium diodes commonly used intatys
radios.

Vd = Diode voltage in Volts

Id = Diode current in Amps

Is = Diode Saturation current in Amps

Rs = Diode parasitic series resistance in ohmsa(lysu
small enough to have no effect in Xtal radios)
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Agilent specifies the values of Is, Rs and n fon@&tky diodes
in their catalog. They are listed in the table SPICE

parameters. To find some SPICE parameters for clibeles

(germanium types etc.), one can use used a neapu@@em
Program written by Ray Waugh of Agilent. To useoite

measures the diode forward voltage at five differanrents
(0.1 mA, 1.0 mA, 4.8 mA, 5.0 mA and 5.2 mA). Ray&389
program runs on Mathcad 6.0 or higher. One erterdive

voltages and voila, out come Is, n, and Rs. Rersertitis

caveat: The program assumes that Is, n and Reoatant
and do not vary with diode current. If they dowasne can
change the first two currents (0.1 and 1.0 mA) tvec a

smaller range, say, two-to-one, that bracket aresiliode
operating current and get the Is and n valuesHar turrent.
Ray told me that if anyone wants a copy of thisgpam, it

would be OK for me to supply it. A simplified methaf

approximating Is (n must be estimated) that doesrequire

having Mathcad is described in article #4. A coetpl
description of a test set-up and calculation metHod

determining both n and Is is shown in Article #16.

Here is what | have found experimentally througiSRICE
simulation of a diode detector. If a detector didslfed by an
RF source resistance of n*0.026/Is ohms and iselddsy an
audio load resistance of n*0.026/Is, then both irgnd output
ports are matched with a return loss of better th&ndB,
assuming the signal is of weak to medium strengffhis
satisfies the condition of very low mismatch butyoholds
true for diode rectified currents of up to aboutis5* An
impedance matched diode detector insertion lossrattified
current of 5*Is is about 3-4 dB.
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Seasiivity of the DUT | Optimum Source | Acoustic Power Output
Device under Test (OUT) Comparedtothe | Resistance for the | of the DUT, compared
“Standard" DUT to the "Standard' in %
[Mouser #25CR035 Piezo-
[Electric Ceramic Earpiece. 2048 12k-18k Ohms 1
lnternal capacitance=13 oF
[Radio Shack #273-091B Piezo
Speaker Element held flat against
the car. Internal
(Capacitance=46aF

[One element of a stereo
fmagnetic earbud that came 32 120 (One element) 006
[with a small Grundig radio
[One element of a No-name
lstereo magnetic earbud
[Western Electric Model
[#509W Headphones (clement -
lpair connected in series)*
[Baldwin type C Headphones
[with mica Diaphragms (element 9
lpair connected in series)*
[Brandes Superior Matched
(Tone Headphones (clement 12
air connected in seies)*

26 26 (One clement) 025

19k (Two elements
comnected in series)

12k (Two clements
connected in series)

12k (Two Elements 6

connected in Series)

These comparisons were made using a voice sigoal &
small transistor radio fed into a DFLVORA with thadio
volume set to a level at which | estimated | coufdlerstand
about 50% of the words. Results may differ for gleavho
are not old and do not have poor high frequencyimgasuch
as myself. The differences in tone quality betweba
standard element and a DUT will have a differefiéatfon
intelligibility for different people.

The sensitivity values for the piezo electric eletsecan only
be attained if the elements do not have a regiémed across
them to supply a DC path for diode detector currefthe
resistor adds loss (although this is a low costreggh to
provide a DC path for the diode current). Alsothié resistor
is made large in order to reduce its loss contidytaudio
distortion will oftentimes take its place. The besy to drive
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To help in understanding these charts, consider ahaeight
dB (6.3 times) change of power is usually perceigsda two
times subjective change in loudness.

2. Comparisons

In order to compare the sensitivity of headphoeenehts that
are used flat against the ear, as well as thoseatbanot, (but
are inserted into the ear canal (tips) or outer (eads)), |

decided to make one of my best elements a "stahcard

compare the others to it using a DFLVORA (see Aeti3).

That "standard” is a Western Electric Sound Poweeediver
element # D173012 held flat against one ear. @résults
shown below, two Mouser elements were tested anddfdo

be of equal sensitivity. (That was after | foungedvouser to
be weak until | whacked it several times.) The tRadio

Shack units also tested equal. Note that the DBR¥ can

be used to easily compare the power sensitivitypmof two

earphone elements even if they differ greatly ipedance.
For more information, see the next-to-last paragiagSection
1 of Article #2.

Table 2 - Comparison of the Sensitivity of Selected

Headphones,
and Headphone Elements to a "Standard".

167

The input and output impedance match starts desting
with a DC rectified current of over about 5*Is bese of the
change from square law operation towards linegoaese at
the higher input levels. At the highest RF Poweput level
point shown in the following graph, the rectifiecCurrent is
500 nA and the input RF Return Loss (impedance Imasc-
12 dB. Diode detector power loss is 1.39 dB. h&se high
levels of Input Power, good matching conditionsrastored if
the Input Source Resistance is kept at n*0.026fid &he
Output Load Resistance is increased to 2*n*0.026/Mshis is
done input return loss goes to -26 dB and the tiosefoss
reduces to 0.93 dB.

Here is a graph of Diode Detector insertion povesslof an
Agilent 5082-2835 or HSMS-2820 Schottky diode detec
driven by a 1.182 megohm source and loaded by 821.1
megohm load. Note that these are very high resistaalues
for a usual Xtal radio. The SPICE simulation wasel using
an Intusoft ICAP/4 simulator. Is of the diode=2& m=1.03.
The plot shows the insertion power loss as a fanctf the
resultant rectified DC current.

HP 5082-2835 Dinde Insertion Loss

Insertion loss in dB

001 o T ) 00 1000
0C current in nA

Graph of Diode Detector Insertion Loss vs Rectifadrent.
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2. DISCUSSION

In general, headphones should be impedance matzheal
transformer to the output resistance of the dioekeaor. To
use a diode of such a low Is as 22 nA with, sarandes
Superior 12k Ohm AC impedance 2k Ohm DC resistance
headphones, an impedance transformation of 1,182,2®00
=98.5:1 is needed (this high a ratio is hard t).gBee Article
#2, "Personalized Headphone Impedance” (PHI). $hoeild
be cautious of some small (maximum dimension of tbsn
one inch) , high transformation ratio transfornmeesause they
may have a high insertion power loss. They alsy alao
show the effects of nonlinear inductance becauseirthial
permeability of the core is not high enough. Thslunt
inductance is usually so low at low xtal radio DKower
levels, that the specified low frequency audio affitspec is
not met. At the transformer's rated power leveé shunt
inductance is generally high enough so that theftequency
cut-off spec is met. See Article #5 for info orrigas audio
transformers.

Headphones such as the 2000 DC ohm Brandes Supeie
an effective AC impedance of 12,000 ohms (PHI), &uC
resistance of 2000 ohms. If the Brandes' impedasce
incorrectly considered to be 12,000 ohms at DC andio
frequencies, and is used in a 12,000 ohm circuithGut a
transformer), too high a diode DC current will beawn
because the DC resistance is really 2000 ohms12®@00.
This will load down the output RF tuned circuit $hteducing
selectivity and also give increased insertion poless. For
best selectivity and minimum audio distortion atdimen and
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response below 500 Hz and results in a somewhateyre
actual power power loss than is shown below.

4. It's a good idea to make sure that the tvemnehts used
have about the same sensitivity, otherwise theltresilibe the
average of the good and not-so-good elements. &t rwill
be a higher loss than if two good elements werd.use

Table 1 - HPEL of some Representative Headphormaegies
(average of two elements).

< [ <2 |Optinm Source Load [HPEL [HPEL: Acoustic Output Power
linmV fin mVResistance for the DUT [in dB | vs. Avalable Input Power

Device under Test (DUT)

[Western Electric D173011 Sound
[Powered Transmitter Elements
[Western Electric D173012 Sound
[Powered Receiver Elements
[RCA/GE Sound Powered
|(Receiver?) Elements*

[Brandes Superior "Matched
Tone" Earphone Elements**

105

2 600 Ohms 64 23%

04 133 600 55 28

o4 114 600 62 2

685 | 56 6000 18 16

* One of the RCA/GE units was about 6 dB less semsthan
the other. Thanks to Dieter Billinger (sky_wave_,99knew
that some RCA/GE elements having low sensitivitylddoe
improved by sticking a small neodymium magnet te th
outside of the case. It worked in this case, &sirg
sensitivity of the weak element by 6 dB, so it vgasnewhat
more sensitive than the other element. BTW, a miagould
not increase the sensitivity of the other origipathore
sensitive element. These two units appear to beoofewhat
different construction. To easily compare the posensitivity
of any two elements, even if they differ widelyimpedance,
see Article #3.

** Ttwo individual elements were selected for hayistrong
magnets and their air gaps were optimized. Ruthefmill
Brandes elements may not be as sensitive.
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The 1..D. of the O rings is specified as 0.987" #mdkness as
0.103". 1" copper tubing is specified to have &nh bf 1.025
and an O.D. of 1.125". The total enclosed volumeakout 6
cubic cm. An alternative coupler that may giveikinresults

is a stack of eight or nine 1/8 inch thick gardeséhrwashers
having an ID of about 5/8 inches. The ANSI 9-A pleun is
(was?) the standard coupler used in Audiometry when
calibrating an earphone element with a standardopione.

It is a greatly simplified version of a model okthuman ear
canal with an earphone cushion pressing on it.

Comments:

The DVM should preferably be an RMS responding
instrument. The typical DVM responds to the fulbwe
rectified average signal and will probably be datory.
Don't use a meter that responds to the peak or-foep&ak
value of the AC signal.

1. A pink-noise generator can be substitutedtlier white-
noise generator, but it is hard to use. It hasrgel low-
frequency output than does the white-noise generatal
therefore will show a greater fluctuation in thetput as read
on the DVM.

2. The noise output voltage of the white noisaggator will
probably have to be amplified (or increased with aamlio
transformer) when measuring headphone elementsghavi
high HPEL, in order to overcome ambient noise anthh
pickup.

3. The measurement method described here doéschade
the effect of the usual air leak between the eangiand the
headphone element cap. This leak rolls off the fimguency
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high signal levels, the DC load resistance on tbeedshould
be the same as the AC audio load. The solutiorthi®
problem is to place in series with the headphonesrallel
combination of a 10,000 ohm resistor shunted by large
enough to bypass the lowest audio frequency ofreéste
When a transformer is used; the parallel RC* (88and C2
on the schematic above.) should be connected iasseiith
the low end of the high impedance transformer pryma
winding. In this case the resistor should equalttansformed
effective headphone impedance (PHI). Another aidypnthat
accrues from adjusting the diode DC load to echalAC load
has to do with the way selectivity varies as a fiomcof signal
level. When the diode DC load is much smaller tti@nAC
load (the case when using a transformer and ndlglaRC),
selectivity starts to reduce more and more as bigfnangth
increases above a moderate level. The reasonaisttie
detector rectified current increases very rapidigduse of the
low DC diode load resistance. A high rectified RGrrent
always reduces the input and output resistancea diode
detector. Audio distortion may also appear. Noekenthe
DC load higher, say equal the AC diode load impedaand
have the detector impedance matched at both inglibatput
(at low signal levels). What happens then? As digmal
strength increases above a moderate level, thetisithe will
change by a much smaller amount because the Ritams? of
the diode detector will not drop as much as itwdiien the DC
load resistance was small. The resistance doesinopt as
much because the DC rectified current is less lsecthe DC
diode load resistance has been set to a highere vildan
before. Impedance matched conditions also resultess
power loss with consequently higher sound volunié.the
headphone effective impedance over the frequenuyer®.3-
3.3 kHz is transformed to a value lower than thepou
resistance of the diode, these beneficial effesseduced. If
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no transformer is used, these effects may be laa@bserve
because the headphone effective impedance willapigtbe

lower than the output resistance of the diode. Ateadphones
usually have a resistive impedance component abuthe

average value, and that goes part way towards lejngl to

80% of the effective impedance.

* This may be the first time anyone has suggesteding a

parallel RC in series with the diode to enable stiljg its DC

load resistance equal its average AC load. Somplgeall it

a "benny".

What is the advantage of using a diode with a ls% We will
see that if matched input and output impedance itons are
maintained, diodes with lower Is give higher cristadio
sensitivity (lower diode detector power loss) tlihodes with
higher Is, all else being equal. The statementvebis
especially important when dealing with low powemsils that
themselves result in high DDPL. The following dnaghows
the relationship between Diode Detector Power Lassa
relatively low DC Power Output Level (-66 dBm) wode Is
for diodes having an n of 1.03. Note that the brepta is
valid only under the condition that the input angput are
power matched.

Detector Loss vs. Diode Is for Power Input of 66 dBm

Detector loss (Db)

5
1.008-08 100807 1.008-08 1.008-08
Dinde Saturation Current Is in Amps

Graph of Diode Detector Insertion Loss vs SatureGarrent.
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Figure 2 shows the circuit of a bandpass filterimgv3 dB
points of 0.3 and 3.36 kHz with a loss of 0.4 dBld kHz.

It's powered by a common 9 V. battery. Since yjpécal 1000

DC Ohms magnetic earphone element has an impedznce
6000 Ohms and the typical balanced armature soonened
magnetic element has an impedance of 600 Ohms,
approximations of these two resistance values rasleded in

the switched resistive output controlled by S1. I8rsuitable

for the circuit is an LF353 or an MC34002.

Direct
620

iy

Souice
Swi_ o et

- Resisive
It It
1t 1t

62  Gound

INFUT 3 27K
n 100k

< Fig-2 0333 kHz Bandpass Filer with Switched Dutput Resistances.

Schematic of Amplified Filter for use in Earphonéeent
Testing.

A convenient source for white noise is the headphmutput of
a small FM/AM transistor receiver, switched to Fhtlauned
to a point on the dial where it receives no signat noise.
The noise density is rolled off at 6 dB per octaim®ve 2.1
kHz by the de-emphasis filter in the receiver, this should
make little difference in the results. The acaustiupler used
to couple the two elements under test is baset@ANSI 9-
A earphone coupler. See "Acoustic Measurements &y L
Beranek, pages 743 and 744". An approximatioméoANSI
9-A coupler can be made of a piece of 1" nominakhriter,
medium weight copper tubing having a #120 O-ringedlon
each end. The length of the copper tube usedB iiches.
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times the DC resistance of the element, assuminig i
magnetic element.

2. Couple two identical elements A and B togethigh an
appropriate acoustic coupler and hold everythinglate with
several heavy rubber bands.

3. See Fig. 1. Connect a white noise genethtough a 0.3-
3.3 kHz bandpass filter and a source resistor Riakhfe Zh to
element A. Connect element B to an output loadtesRh of
value equal to Zh. The filter is necessary to tlithie
bandwidth of the white noise signal to the auditdege of
interest. If this were not done, the reading ofreilild be too
high, since the noise at that point covers a wider than that
at the output.

4. We will measure the HPEL by the insertiorslosethod.
See the section on "Maximum Available Power" iniéet #0
and the Part 4 of Article #5 for information onsthhethod.
Measure the input voltage el at point P1 and ouwtpliage e2
at point P2. The HPEL = 5*log (4*((e2/e1)"2)) dBhe 5 is
there instead of the usual 10 because only halirtbasured
loss can be attributed to one element, and we emneally
measuring the sum of the two losses. Note: It Ssally
recommended that elements A and B be pressed &vgetthn
a force of 1 to 2 pounds so that no air leak ocbets/een the
elements and the coupler. Actually, if squeezignents A
and B together more tightly than the rubber baraisiaes not
increase the value of voltage e2, the rubber bane<OK to

use by themselves.
P, ElementA Coupler ElementB
el F2,
o NS g

\white Noise [ ] 0.3-33kHz t—
Generatar || Bandpass Fiter Fh

Fig. 1 -- Setup tor Earphane Elsment T esting
Setup for Earphone Element Testing
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NOTE: There is an error in the title of the grafthshould
read: Detector Loss vs. Diode Is for a DC Powemp@ubf -66
dBm.

| used the -66 dBm signal level for the graph bseait is
related to the weakest voice signal | can hear withmost
sensitive headphones, and still understand abot 60Dthe
words. Here is the listening experiment that |duge
determine that power level. | fed my headphonescty from

a transistor radio through my FILVORA and reducée t
volume until | judged | could understand about 56%the
words of a voice radio program. This enabled méetermine
the average impedance of the headphones. (Seke #2c |
then measured the p-p audio voltage (Vpp_audio)tten
headphones with an oscilloscope. Assume the Akibstavas
running at about 100% modulation. The peak insrzetus
audio voltage at the detector will be equal to Vguudio since
the modulation is 100%. Now make the assumptiahahCW
carrier is driving the detector at such a levet the DC output
voltage (Vdc) at the detector is equal to Vpp_auditat DC
voltage across a resistor of value equal to theatiet load
resistance  will  deliver an  output power  of
Pdc=10*log((1000*(Vdc"2))/Rload) dBm. Since | cduhot
get into the radio to measure the actual deteaitinges and
the audio load resistance, | used the p-p voltagasured
across my 1200 Ohm headphones in place of Vdcltolete
the instantaneous power at the modulation peaks.
Pp=10*log(1000*((Vpp_audio”2)/1200= -66 dBm. This
power, Pp is that used in calculating the graphvabdn my
case Vpp_audio = 0.00055 Volts and effective headph
impedance = 1200 Ohms.
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To calculate the actual audio power level | wasgish the
listening experiment, | assumed that the demoddlatedio
voltage was a sine wave (not a voice) with the sprpevalue
as the actual measured voice p-p voltage. It hes & simple
matter to use the p-p voltage of the assumed asid®wave
(Vpp_audio) and the effective impedance (PHI) of th
headphones to calculate the power of the audio waee in
dBm. P=10%*log ((1000*(Vpp_audio”2))/(8*PHI)) dBnirhis
value comes out 9 dB less than the DC power ofi®. Of
course there is an error here in assuming thateavsave of a
specific p-p voltage has the same RMS value as dhat
broadcast voice waveform of an equal p-p valuee udio
Cyclopedia”, in an article on VU meters, states the actual
power from a voice signal is 8-10 dB less thanpgbeer from
a sine wave of the same p-p voltage. I'll use 9 d®ttom
line: The audio power from a voice voltage wavefos 18
dB less than the audio power from a sine wave geltaf p-p
value equal to the p-p voltage of the voice wavefoWe can
now calculate that the electrical power of weakeste audio
signal | can barely understand is -66 -9 -9 = -8nd This
figure depends on the sensitivity of the headphareesl and
one's hearing acuity. | used a good sound poweradphone
set in this test. My hearing acuity is pretty poor

3. PRACTICE

Keep in mind that diodes have an unavoidable beekage
resistance. Schottky diodes generally are verydgiaothis
respect. An exception is the so-called "zero bistector
diodes. They have very high Is values and low nsve
breakdown voltages and are generally not suitadlecrystal
radio. Germanium and cats whisker diodes are wtras
Schottkys and vary greatly. This reverse resistanceeases
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ARTICLE 13

How to measure the electric-to-acoustic transductio
power loss of magnetic and ceramic earphone element
with measurements of some headphone receiver elenten

Quick Summary:  This Article describes a device and
procedure for measuring the sensitivity of earpheleenents.
Its purpose is to provide a quantitative methodcdommparing
elements. Elements may be easily sorted for agtjic to
listening to weak signals, as in crystal radio .setActual
measurements of an assortment of elements is gabvid

1. Measurements

The Transduction power loss of a headphone elecantbe
defined as the ratio of its output acoustical powerinput

electrical power. We will call it HPEL and expréss dB. A

convenient way to measure HPEL is to use one eleofea

pair of identical headphone elements as a speakitha other
as a microphone, acoustically couple them togedimer then
measure the input electrical power to the spealeenent and
the output electrical power from other element.n Times the
ratio of the log of the ratio of output to inputwpeer is the
transduction power loss of the combination of theo t
elements, in dB. If the two elements are identitizé power
loss of each is one-half that figure.

Here is a step by step procedure:
1. Know the average impedance, Zh of the heaupho

elements. If you don't know it, measure it by neaf a
FILVORA (See Article #2 of this series), or estimat as 6
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compared to a wavelength) is proportional to isaammong
other things. If the effective location of capaciC1 could be
moved to point D, and its value kept the same atlea of the
loop would be doubled to 2*A (ABDEG), thus doublitige
current from its induced EMF and further increasitige
directive antenna gain. Let us change the Ilumped
representation of Co as one capacitor C1 into taacitors,
one from point B to ground and the other from pdinto
ground. They will each be equal to one-half of @wl both
still will act as a top-tat capacitor for the vedi antenna BA,
otherwise known as the lead-in. The one from ytound
will be called C2. See Fig. 4. One way to add emor
capacitance to ground at point D is to construai tateral
arms on the antenna. See Fig. 5. If each arrheissame
length as one half the horizontal element BD (Tbey be of
some other length.), the effective capacitance #uklat point
D is 2*Co/2=Cadded. The sum of the two capacito?sand
Cadded is 1.5*Co = C4. The loop area is doubled the
current from the induced EMF is tripled (becausei€®ne
and one half times C1). The antenna directivity rrus be
increased giving more gain in the direction in wWhibe two
effects add, and less in the opposite directidrthd directive
effect can be made strong enough, a cardioid pagkould
result, with a good null in the "opposite” directio A more
practical approach might be to have the two sidesaidroop
down at an angle and be secured to ground wsthared guy
wires. A single vertical wire, similar to the lead might
work as a substitute for the two arms if its bottemd does not
get too near the ground (inverted U antenna).

Note there is no "free lunch" here. To the extbat the signal
pickup is increased in the direction opposite tat tto which
the open end points, it is reduced in the othectibn.

#12 Published: 07/29/00; Last revision: 11/20/05
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detector loss and reduces selectivity. “n" in thoele equation
is usually close to 1.05 for Schottky barrier diedet is about
1.15 in Germanium diodes. All diodes have a fipadasitic
series resistance Rs. It is usually low enougbetagnored in
crystal radios. One problem with Schottky diodesihg a
low reverse breakdown voltage and low Is is thay thre more
vulnerable to damage from static electricity thaodds with a
higher leakage resistance.

Tuned circuit loss and bandwidth considerations:préctical

problem in using a diode of low Is is getting athignough
tuned circuit impedance for driving the diode. dfrse, the
first thing to do is to tap the diode all the way en the output
tuned circuit. An isolated tuned circuit havingtgpical Q of
350 at a frequency of 1.0 MHz, with a circuit capawe of
say 100 pF, and not coupled to an antenna or detditide
will have a resonant resistance of about 560k ohnif

bandwidth will be fo/Q = 2.86 kHz. If an antenmssistance is
now coupled in sufficiently to drop the resonargtiseance by
half to 280k, all of the available received RF powell be

dissipated in the resonator, resulting in a bantwif 5.72
kHz (loaded Q of 175). If a diode is selected &teh the now
280k ohm source resistance, it will present a 2BBkload

resistance and result with a tuned circuit loadef(@7.5

giving an RF bandwidth of 11.4 kHz. The overaliyeo loss
caused by the tuned circuit loss is 3 dB. The eliwdll only

receive 1/2 the maximum available-power at therarge The
diode should have an Is of about n*0.026/278k = H20
(assuming a Schottky barrier diode is used). Mo Even
though the the diode is driven from a perfectly chatl source
(parallel connected combo of 560k tuned circuislasd 560k
antenna resistances), now the antenna does nat seeched
load. It sees a parallel combo of the tuned dirdoss

resistance of 560k and the 280k RF resistance eofdibde.
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This is a resistance of 187k ohms. This mismatuhep loss,
included in the 3 dB above can be partially recedeby
properly and equally mismatching the antenna aeddibde.
If this is done by more loss-less impedance transdtion
(technically, with an S parameter return loss df.71dB), the
total tuned-circuit power loss reduces to 2.63 @Beduction
of 0.37 dB (pretty small, but it's there). If tfaio of unloaded
to loaded tuned circuit Q was less than the 4ib tsted here,
the loss reduction would be larger.

Audio impedance transformation: One way to tramsfohe
12k ohm effective impedance of a 2k ohm DC rest#an
Brandes Superior headset up to 280k ohms is tamugetique
Electronic Supply # P-T156, Stancor A53-C or simifal
turns-ratio inter stage transformer. | measureinsertion
power loss of only 0.5 dB with the following contiea (See
Articles #4 and #5 for other options.):

f & = start of winding
1 = finish of wincing

—
From audio source
of 278k Ohms

internal resistance

—
To 12k ohm load such
as Brandes headphones
of 2k ohm DC resistance
or pieza eapiece

Audio transformer imopedance transformation

Note that the impedance transformation ratio isl1us
stepping up the impedance of the 12,000 ohm headshto
192,000 ohms not 278,000 ohms. This representsmatch
of about 1.5:1. It will add a mismatch insertionwso loss of
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The first mode is that of a capacitively loadedieat antenna.
See Fig. 1. Co represents the "top hat" loadingacigp
Visualize the horizontal wire BCD shifted to thétlso as to
be symmetrical relative to the downlead AB (withimpcC of
ABC directly above vertical downlead BA). The tota
capacitance, Co, of wire BD to ground acts as tpe hat
capacitance for the "vertical antenna" downlead Bhe
additional capacitance between the upper and Ipaets of
down-lead BA can be ignored because the antenassismed
to be short compared to 1/4 wavelength). The skeooode is
as single turn 'virtual loop' antenna.

Let X represent a crystal radio set with antennd ground
connections, a and g. Fig. 2 shows Co as a luroppdcitor
C1, connected to ground at the center of the BCizdotal
element. The rectangular loop circuit ABCFG, cestisg of
the four sides AB, BC, CF and FG can be lookedsat single
turn loop antenna of area A, oriented to pickumalg from
the B<->D direction. Note that the path for thispthcement
current' through C1 makes up one side of the lodkhe
current flowing from the induced EMF in the loop llwi
combine to current from the EMF picked up in thevddead
BA. These two EMFs add when a signal comes froen th
direction opposite to that to which the open enihtgoand
tend to cancel when coming from the opposite divact This
gives a plausible explanation of the mild dire¢givof the
inverted L antenna. This directivity has beenotbécally
demonstrated by using computer simulation. FaitglaFig. 3
shows a top view of the antenna.

The following changes to the configuration may setto

increase the directional gain of the antenna (lehévtried
them out.). The induced voltage in a loop ante(smaall
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ARTICLE 12

Directivity of the “Inverted" L Antenna, with Specu lation
as to why it Occurs and How one might enhance it

Computer modeling of the inverted L antenna shovesnall
directivity with the greatest signal pickup fromethkirection
opposite that to which the open end points. | lgiven some
thought as to why the inverted L might exhibit diienal
characteristics for the reception of ground (vaitc
polarized) waves, and present some ideas here.

g

douead

i ° srterme [€ e
L - [F——
s T . T 5 3
F Ne

3 3

Ground o and Eath

Fig 1.5k view of

fig2
ssten. sstem
o grund. Limped at the certe

Fig 4 Sice viewof rd Fo5
sytem. e

Fig.6
syse, i the o lteal s

Capstanceitged ot 2o e 1 ent
Figs. 1-6 show an Equivalent Circuit of the InvdrteAntenna
and successive transformations thereof.

First off, understand that | am not an antenna rexegi and
present these speculations to suggest a way teaserthe
directive gain of a small (compared to a 1/4 wangib)

antenna. For simplicity of discussion, wave prapag issues
will not be delved into. We will consider that tbperation of
an inverted L antenna results from the sum (supsitipn) of

two modes of operation.
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only 0.15 dB. If the impedance mismatch had bedn the
insertion power loss would have been 0.5 dB. Ardidmatch
gives an insertion loss of 1.9 dB.

The lead grounding the transformer lamination stawk frame
is used if the transformer is mounted on an insdlahaterial.
It prevents the buildup of static charge on thenfeaduring dry
weather. Discharge of it might cause a cracklimgnsl in the
headphones or damage the diode (I got the craclsingd
until | made the grounding connection).

The transformer windings start and stop leads shdé
connected as shown to minimize the effect of thmany to
secondary winding capacitance. If the f and s eofians are
reversed, the capacitance between the end of toedary and
the start of the primary winding will be across grénary and
reduce the high frequency cut-off point. The lowepedance
(secondary) winding is usually wound on the bollist, then
after winding on several layers of insulation filthe higher
impedance (primary) is wound.

To determine how to connect the leads of the toansdr,

connect the primary and secondary windings as shown

(Disregarding the s and f notations). Connect adica
generator set to 1.0 kHz through a 200k ohm resikted the
secondary with a 12,000 Ohm resistor. Probe thatimand
output voltages with a scope. The output voltageukl be
about 0.25 of the input voltage. If the output &gk is about
0.5 that of the input, reverse the secondary ledispeat the
test at 20,000 Hz and note the input and outpuages. Now
reverse both the primary and secondary leads grehtéhe 20
kHz test. The connection that gives the largegputwoltage
at 20 kHz is the correct one.
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Note that R3 is shown above as a rheostat noted figsistor.
The nominal setting under the low signal level dbods
discussed here is about 192k Ohms. Setting ieto kas little
effect on reception of these low level signals.thihis design
approach, when receiving high level signals, REec@lity is
not reduced as much as when the DC resistancesinlitite
circuit is substantially below the effective impeda of the
headset. When receiving very strong signals, R8ldhbe set
for minimum distortion.

One last comment: These design values are notatriti If
impedances vary by several times from the optimaiues,
usually only a small sensitivity reduction will agc

What is the effect on the volume in the headphonkes
change of X dB? Many years ago | did a study which
determined, in a blinded condition, that a +1.0aif -1.0 dB
change in sound level was barely discernible bytmesple.
Half couldn't tell if the sound level was changednot after
being told that a change might have occurred. Weostudy
had the listener listen to a sound. The soundthes turned
off for several seconds and then on again at time davel, at a
level of +3.0 dB or at a level of -3.0 dB. Aftéretdelay, only
half the listeners could tell whether the levetiod sound had
changed or not. Incidentally, the listeners weo¢ golden
eared hi-fi listeners.

4. SUMMARY

This design approach for crystal radios providesfetlowing
benefits:

*
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period is higher than when small signals are agpliince the
junction capacitance reduces when reverse biasased, the
average bias over one RF cycle is less than ibiissmall
signals. Thus, when the signal level applied t€3UT is
increased, the frequency to which it is tuned ateweases.
All semiconductor diodes exhibit some of this vabatype
behaviour.

12. If the receiving antenna has a differentriraéresistance
than the 25 Ohms used in the AMCS dummy antenre, th
calculated values of S11 and VSWR and IPL willeriror. |
may develop a simple way to measure the inputteesie of a
CSUT and will add it to this article if | do.

#11 Published: 07/21/00; Last revision: 04/10200
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became -82.9 dBW, IPL = 4.5 dB, -3 dB RF bandwidt30

kHz and SF = 9.0. Tapping the antenna 2 turns fgoound

increased the -3 dB selectivity to 8 kHz, kept $feat 9.0 and
increased the IPL by about 4.9 dB. Note: The ligures use
the 0.9 dB correction for the 100k resistor feeding scope
cable and also include the estimated transformes &f 0.4
dB. A SPICE simulation of this set-up with no lasshe tank
gives, for the 6-turns-from-ground tap condition, IRL of of

6.1 + 0.4 (for the output transformer) = 6.5 dBtéas! of the
9.6 dB and 1.7 + 0.4 (for the transformer) = 2.lid&ead of
the 4.4 dB. This suggests a tank loss of abautiB.

10. The lower the IPL crystal radio set, the mooticeable
will some of the effects noted above become.. T$e of a
parallel RC in the transformer primary for reducifigtortion
when receiving strong signals is important if thelia load
resistance is higher than the output resistan¢eo€SUT. If
the audio load resistance is lower than the outgistance of
the SCUT, it becomes less important. This effécws up in
simple Xtal Sets that do not use an audio transfornHere,
the headphone impedance is usually lower than titpuo
resistance of the Xtal Set. Also, the headphorz@'
resistance, as a fraction of its AC impedancegisegally 2 or
more times larger than the corresponding fractimkihg into
the primary of a headphone-loaded transformers gbes part
way towards equalizing the AC and DC impedance hef t
diode output load.

11. Here is an interesting point of informatioThe exact
frequency to which the CSUT is tuned is a functafnthe
input level. Reason? For small signals, the geltacross the
diode is rather small, it is reverse biased forualid2 the RF
cycle, and the average junction capacitance iedioshe zero
bias capacitance. When a large signal is preseetdiode
tends toward peak detection and is reverse biasednére
than 1/2 the RF cycle. The average back voltagengluhis
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The volume from very low strength (DX) sighais
increased (less detector power loss).
*
Louder sound volume with less audio distortichen very
strong signals are received.
*

Improved high signal level selectivity witltoahanging
coupling or coil taps. Less variation of seledgiwvith signal
strength.

No need to tap the diode down on the outpud circuit.
Highest weak signal sensitivity is always achievegt
connecting a good diode of the proper Is to thehddy
impedance point (assuming that the correct audjzedlance
transformation to the headphones is used and that
transformer has low loss).

*

Enables diodes with too high an Is to be us#l strong
signals without a large reduction in selectivity, increasing
R3.

Achieve the benefits by doing the following:

1.

Use a diode with an appropriate Is to impedamatch the
resonant resistance of the "antenna loaded RF taoinedit"
that drives the diode. See Article # 15 for nefeimation on
this.

2.

Match the audio output resistance of the eliad the
effective impedance of the headphones by usingwaldss
audio transformer. See Article #5 for measuremens
various transformers.
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3.

Use a bypassed adjustable resistance iessarith the
cold end of the primary of audio transformer (sdmes called
a "benny”) to enable the diode DC load resistandeet made
equal to the AC load impedance. This can be useeduce
audio distortion and improve selectivity on strosgnals

(compared to having R3=0) when using diodes having

reasonably low excess reverse leakage (most “gdindles).
The Avago (formerly Agilent) 5082-2800 and HSMS-280
Schottkys have high 75 volt peak inverse ratings$ are not
likely to overload when detecting strong signalsewhthe
"benny" is set to a high resistance. Other diodesh as some
germaniums, sometimes have enough internal leasageat
the DC load resistor (R3) can be eliminated.

#1 Published: 07/15/99; Last revision: 02/12/2006
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7. Use a low noise 10X gain audio amplifier. An
improvement on this would be a single tuned barsbpa
amplifier tuned to 1,000 Hz. It will filter out see of the noise
and hum that will probably be present.

8. Temporarily, for the tests, use an outpuiatrdnsformer
that transforms to a higher output resistance, galaith its
corresponding load resistor. Going from a 300 Cioma
12,000 Ohm output resistance will boost the outpliage by
sqrt (12,000/3,00) = 6.3 times. | use two A.E.ST1B7
transformers connected as shown in the first sctienia
Article #5 as a variable-impedance-ratio transfarteeboost
the audio signal voltage. | also use it to experitally
determine if the load on the diode equals the dutgsistance
of the diode. The switch position that gives thestmoutput
voltage is the one that provides the best matcht§463 times
ratio, or near the mean of two of the adjacenteglu

9. Here are some test results with my singleeduarystal
radio set that uses a 14 " square loop wound viithga. solid
wire for the resonator. The average parallel shioss
resistance of the tank is 700k Ohms over the frequeange
of 550-1650 kHz.. | use three Agilent 5082-283&déis (Is =
38 nA) in parallel for the detector and an audansformer to
convert the 700k Ohm (low signal) AC output resistaof the
diode detector down to a 12,000 Ohm load resistdwave not
yet set up to measure a loop set directly, but fwaegpled in
an external antenna connection to a tap on the @ankns
from ground. This, of course, loads the tank agliits in a
lower tank resistance than 700k Ohms. The inppietlance
match is very good The measured IPL at 1.0 MHagughe
external antenna-ground connection is 9.65 dB ainpant
carrier power of -84 dBW, giving an audio outpotwer of -
102.9 dBW. The noise and hash on the scope pevehe
measurement of selectivity. Measurements were tieae at
a carrier input power of -69.4 dBW. The output iaysbwer
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acts as sort of an automatic volume control. Unfuately,
this effect reduces the maximum volume one carfrget the
crystal radio set. The other is normal reverse erurithat
increases rapidly above a certain input signal pane causes
audio distortion as well as reduced volume. Tlfisce can be
observed when performing the IPL tests. For irstam my
single tuned loop set, several Agilent 5082-283%anallel,
while very good with low signals, distort when theput
carrier power at 50 % modulation gets above ab8bitdBW.
Several Agilent 5082-2800 or HSMS-2800 work fainrgll at
low signal levels but do not distort at the highgighal level |
can supply. This improvement comes about becabse t
HSMS-2800 has much less back leakage current thes the
HSMS-2820 or 5082-2835 at high reverse voltageshis T
effect is more noticeable if the diode load resiséais above
the optimum value than if below it.

3. If you use an audio transformer, don't fotgeteplace the
R in the parallel RC with a pot and adjust it foe teast audio
distortion. Actually, | keep a pot in there all ttime because
the optimum value is usually zero for weak sigraig about
1/2 the loaded RF source resistance driving theleditor
strong signals.

4. For a given amount of output audio power, olgput
voltage is proportional to the square root of thepat load
resistance. This may cause a problem for those wgko300
Ohm Sound Powered Headphones (SPHP) and those a0 m
want to make measurements at low output powerdevelith
the suggested starting output of 0.002 V p-p, thpuat power
to a 1200 Ohm load (SPHP elements in series) isIED. It
would be -88 dBW @ 0.002 V p-p if the SPHP elemeavese
wired in parallel.

5. To take readings at a lower power level, eteme several
options to consider:

6. Use a more sensitive scope.
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ARTICLE 02

To maximize volume from headphones or a speaker,
measure and use effective impedance for transformer
impedance matching. No lab test equipment is needed

Quick Summary: This article describes a way t@deine the
effective average impedance of a pair of headpharea

speaker. This is the optimum resistance with whehirive

the headphones or speaker to obtain the maximursijjes
volume in crystal radio set and other applications.

The magnitude of headphone or speaker impedandesvar
widely over the audio frequency range, being pantlistive
and partly reactive. A 'Fixed Insertion Loss VatéaOutput
Resistance Attenuator' (FILVORA) can be used tticate the
effective average value of this impedance, over fieguency
range.

The first section of this Article refers to the raeeement of
mono headphones and individual speakers by using a
FILVORA. The second section describes how to uee t
FILVORA to determine the effective average impedand
each element in a stereo headset. The third seddscribes
how the FILVORA was designed.

Section 1.
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7 Ro =Value in
2#0050) (), in Ohms

demodulated output voltage Eohi_pp. Reduce thistoeso
0.7*RL and call the new output voltage Eolo_pp. Ro
1.3*RL*((Eohi_pp - Eolo_pp)/((13/7)*Eolo_pp - Eolgp)).
Ro varies with change of input power. At low inpdwer
levels, Ro, measured at the diode detector outgfofe any
step-down from an audio transformer), will equalowath
0.026*n/Is. At high input power levels, in the i@y of peak
detection, Ro will approach twice the antenna-lobBE tank
resistance.

Section 6. Comments.

1. Remember that output transformer loss isughed in the
measurement of IPL. The usual audio transformss Is in
the range of 0.5-2 dB, but some are higher. Igsad idea to
to check the loss of the one being used. A methaiven in
Article #5. Don't forget to reduce the calculated by the 0.9
correction factor if you are using the 100k registo series
with the scope. The MAP of the RF carrier onlynfrahe
AMCS to the CSUT is: ((Ea_pp + Ea_w)"2)/(3200) Wat

2. It's possible for two different CSUT to hahe same IPL
at moderate input signal powers, but differ wheoeieng

weak stations or strong ones. Very low input signal

performance is enhanced (better DX) if the RF teedonant
resistance and transformed audio load can be makigha
value. This enables the optimum diode to be ona iwer
Saturation Current. The result is less IPL at fgnal levels.
See Article #1. Very high input signal performance
enhanced (louder maximum volume) if diode reveesdkdge
is kept low. This point is often overlooked. Dasdvary
greatly in reverse conduction current. There e kinds of
reverse current effects: One is a gradually irgingareverse
leakage current that loads the circuits more andenibthe
input signal increases, maybe by tuning to a seostation. It
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correct an audio transformer is used with a compecallel RC
in series with the cold lead of the primary of thensformer.
See Article #1.

Section 4. Measurement of Input Impedance Match
Impedance Match (IM) refers to how closely the inpu
impedance of a device equals the conjugate ofrtipedance
of the source driving it. We will define the IM afCSUT only
at the frequency to which it is tuned. It's assdrtieat the
input impedance is resistive at this frequency. pddance
match may be defined in terms of "Voltage Reflattio
Coefficient" (S11) or Voltage Standing Wave RatéSWVR).
Either can be calculated from the voltages appgaaintest
points P1 and P2. Turn off the modulation of ti& efine:
RF voltage at P1=EP1_pp and voltage at P2 = EP25j. =
20*log abs(1 - 2*(EP2_pp/EP1_pp)). VSWR = (1 s(@b-
2*(EP2_pp)/(EP1_pp)))/(1 - abs(1 - 2*(EP2_pp)/(ER)))
These calculations define how closely the inputedance of
the crystal radio set matches that of the IEEEdstahdummy
antenna.

Section 5. Measurement of the Output Resistancg ¢Ra
Diode Detector.

The addition of a variable resistor and an ohmmatemeeded
to measure the output resistance of the CSUT. €xinte
SG, AMCS and scope as before. Set the fo of thadSG
MHz and the AM modultaion to about 50% at 1 kHzn@ect
the variable resistor to the output of the CSUT seidit to the
nominal audio load resistance for which the SCU@eisigned.
Call this value RL. Pick a moderate input powes; sne that
delivers an audio output power (Po) of -75 dBW to. RAn
output power of -75 dBW is indicated when the 1 kptp
output voltage Eo_pp is: sqrt(RL*(31.6*(10"-9)))ncrease
the load resistor to a value 1.3*RL and call theuiting
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Rear view of the FLVORA.

The circuit shown above has a fixed input resistamc 1000

ohms +/- about 5%, no matter what load is connetiethe

output or where the switch is set. The outputstasce at any
switch point is about +/- 5% of the value shownhwiny

impedance driving the input. The insertion loss thé

FILVORA is 26 dB. Standard 5% tolerance resisamesused.
The use of resistors that differ by +/- 10% frone thalues
shown should not have an appreciable impact oropegnce
of this unit.

To use the FILVORA, connect a source of audio vaice
music to the input jack J1. (I use the output jathk transistor
radio for my source.) Connect the plug of the mon
headphone set or speaker to be measured to thet gath J2
of the FILVORA. Adjust the switch for the loudestlume.
The correct setting indicates the effective impeeais very
broad and somewhat hard to determine. Call it Ratate the
switch in one direction from P2 for a small redantiin
volume to position P1 (generally a two positionsvement),
then in the other direction from P2 by two posisioto P3. If
the volume at P1 and P3 are the same, P2 indidhtes
effective impedance of the headset. If the volamB1 and P3
is not the same, increment both the P1 and P&getticw or
cc by one position. When you obtain the same velamthe
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new P1 and P3 positions, you are done. The eftecti
headphone impedance is the calibration indicatiénthe
switch at point P2. Sometimes equal volume segtit@nnot
be obtained with switch settings five positionsrapdf this is
the case, try to get equal volume settings fouitipos apart.
If this is done, the effective impedance is equal the
geometric mean of the settings of P1 and P3. (Tlakesquare
root of the product of the calibration reading®atand P3.)

The effect of source impedance on tone quality. islt
interesting to note, that with magnetic elemesttfing the
switch to a high source resistance tends to imptbeetreble

and reduce the bass response, compared to thensesptere
the source matches the effective impedance of kmmemnt.

Setting the switch to a low resistance does thersev This
setting rolls off the treble, and relatively spewkiimproves
the bass. With piezo ceramic or crystal elemeatigh

source resistance tends to reduce the treble aptbve the

bass response, compared to the response whereotihee s
matches the effective impedance of the elemenibwAsource

resistance tends to reduce the bass and emphhsizeeble.

Some piezo elements sound scratchy. This condi@mnbe

minimized by driving the elements from a lower age

impedance source.

Here are some practical experimental ways to Viaeyaudio
source resistance of a crystal radio set whenviegemedium
strength to weak signals. A medium strength sigmdefined
as one at the crossover point between linear tarsqlaw
operation (LSLCP). See the graphs in Article #15A.

*

Change the diode to one having a lower sapuraurrent,
such as from a germanium to one or several pazdllel
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these bandwidths is too small, a lower modulati@gdency
such as 400 Hz can be used.

The MAP of the RF carrier only from the AMCS to t88UT
is: ((Ea_pp + Ea_w)"2)/(3200) Watts.

Section 3. Measurement of Selectivity Shape Factor

Here is a method for measuring selectivity using th
instrumentation used for measuring IPL. It is ddeprom
Terman's Radio Engineer's Handbook: Using a CWcsou
measure the frequency difference between two ptitslie 3
dB down on the selectivity curve. Let us call thaue S_3
kHz. Measure the frequency difference between paints
that lie 20 dB down. We'll call this S_20. Thepit is
measured at test point P1. Depending upon the isjgumal
level chosen for this measurement, the detector nuybe
operated in the linear part of its operating regibnt partly
into its square law region. This non linearity Iwihuse an
erroneous result if the measurements are made asingstant
input signal level and then measuring the outpetaah of the
four frequencies. The correct method is to meatheenput
required at test point P1 to attain the specifizéd output
level at each of the four frequencies. The noediity will
now be the same for all measurements and cancel dhe
Shape Factor (SF), of the selectivity curve of &JTSat a
particular RF frequency and output audio powereifinéd as
SF = ((S_20)/(S_3)). The lower the number, theebett
Things to remember: The selectivity of a CSUT esyi
depending on coupling, tap settings and frequendy o
measurement. It is suggested that measuremertzkéer at
520, 943 and 1710 kHz and any other ones wheretlyiol
there might be a large variation from the averagéth fixed
coupling settings, the SF of a CSUT can changésfibput
signal power is changed. This effect can be mirgahiif the
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modulation is present, one half of the total enpelo
fluctuation is caused by one side-frequency andhatieby the
other. Two side frequencies, each of amplitude 8@, svhen
added to a carrier of amplitude Ea_carpp, will eatke
modulation envelope to have a maximum value of Ba=p
Ea_carpp+2*(Ea_1sfpp). The minimum value of theetope
will be Ea_vwv = Ea_carpp-(2*(Ea_1sfpp)). Define: H
(Ea_pp)-(Ea_wv) = 4*(Ea_1sfpp). Rearranging terwss,get:
Ea_1sfpp = D/4. We can calculate the MAP of ordesi
frequency as: MAP_1sf = ((Ea_1sfpp/(2*sqrt2))"2)R4).
The first "2" changes the value of Ea_1sfpp to akpealue.
The "sqrt2" changes the resultant peak value to RM®e
equation, restated, is MAP_1sf = ((Ea_1sfpp)"2p2*(Ra).
The total power in the two side frequencies is éntigat in one
side-frequency and is: MAP_2sf = ((Ea_ 1sfpp)'HfRa).
Now, substituting Ea_1sfpp = D/4, we get: MAP_2sf
(D"2)/(256*Ra).

The output waveform shown in Fig.3 is a sine wawe {ip,
having a DC value of Eo_dc. The audio power itpdiep to
the output load Rl is: Po = ((Eo_pp/(2*sqrt2))*2)/RThe "2"
and the "sqrt2" are needed as before to changepEioom a
peak to peak to an RMS value. Simplifying, Po
((Eo_pp)*2)/8*RI. Since IPL = 10*log (Po/MAP_2s8nd we
can state the Final Result we've all been waitargdnd it is:

INSERTION POWER LOSS WL =
10*log {32*Ra*[(Eo_pp/D)"2]/RI}.

There is one caveat to using this method: Itssiaed that the
audio bandwidth through the audio transformer, ab as one
half the -3 dB bandwidth of the RF tank is 3 or etimes as
large as the recommended 1000 Hz modulation frexyueif
both are 3000 Hz, the error will be about 0.6 dBeither of
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Schottky diodes such as the Agilent 5082-2835. oftich

diodes described as “zero bias detectors' havghashituration
current and are not suitable. Schottky diodes ridest as
"power rectifiers' usually have a high saturationrent as well
as a high junction capacitance. A high diode jiomct
capacitance will reduce treble response. Too larg®de RF
bypass capacitance will also reduce the trebleoresn A side
benefit from this change, on some crystal radics sgtan

increase of selectivity. This is because the Riél Ieesistance
presented to the tank is raised when the dioderatan

current value is reduced.

*

Use an audio transformer between the deteciput and
the phones. A smaller step-down transformer impeela
transformation ratio will raise the transformed d#osource
resistance seen by the phones. A larger ratiodedtease it.

*

If the headphone elements are in seriesnreming them
in parallel will reduce their impedance to 1/4 theevious
value. This has the same effect as increasingeffestive
source resistance. If they are in parallel, secesnecting
them has the effect of decreasing the effectivercsou
resistance.

*

Refer to Articles #0, #3,#5 and #14 for mardo.
Consider the ‘Ulti-Match' by Steve Bringhurst at:
http://www.crystalradio.net/ Check out Index>Sound
powered>Impedance matching>Impdance matching...

If you are interested in DX reception with headpé®and do
not have normal hearing, you might want to custentize
source resistance driving the headphones. Thislenasing
the 'change in headphone frequency response ascaofu of
headphone driving resistance’ to partially compenfa high
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frequency hearing loss. Input a voice signal agdlice its
volume to a sufficiently low level such that youdge you

understand about 50% of the words. Readjust tlitetsto see
if you can obtain greater intelligibility at anothsetting. If

you can, this new switch setting indicates the seuesistance
with which to drive the particular headphones beisgd to
deliver maximum voice intelligibility for your earsl call this

resistance: Personalized Headphone Impedance (PHox

magnetic headphones, this resistance is higherttigaaverage
impedance of the earphones, for piezo-electric noera
earpieces, the resistance is lower.

Two FILVORA units enable one to compare the acpoaber

sensitivity of two headphones, even if the effeziimpedance
the two headphones are very different. A dual toitlo this

(DFILVORA) is described in Article #3.

Section 2.

The effective impedance of hi-fi stereo headphomey be
checked with the FILVORA. The effective impedamdethe
two earpiece elements can be checked by determitiag
switch position for maximum volume with one of thes
connections: (1) The sleeve, to the ring andriparallel or
(2) the ring to the tip. Measurement (1) will shone half the
effective impedance of one earpiece and measuref2pntill
give a reading of two times the effective impedanéeone
element.

Section 3.
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Ra = Antenns, leadin and
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Laa- Antenina. leadin and
ground inductance

. ﬁfw Ea_car
- app Eaw 0
G- Antenna and leadin =
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d BRI
Zi = Input Impe dance of Xtal Sat Modulation Envelope of Ea
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Rl = Output Load Eodo

Specs. for stendard ';\.CQUQJ

DummyLoad -
Ra=25 Ohms 0

Eo_pp

La=20uH Demodulated Output (B0}
Ca=200pF

Fig.3 Equivalent Circuit of Antena, Ciystal Set and Output Load

Equivelent Circuit of Antenna, Crystal Set and Quitpoad

The IPL of any crystal radio set depends upon theput
power level at which it is operating. At very lawtput levels
(signal barely readable with sensitive headphonés), IPL
increases about 6 dB for every 6 dB reduction puirpower.
This results in a 12 dB reduction in output pow&vhen this
happens, the diode detector is said to be operatings
"square law region". Because of this effect, guggested that
the IPL be measured at several audio output pavetd when
characterizing a crystal radio set, maybe -80 a0 €Bw.

Section 2. Derivation of IPL.

Figure 3 shows of the envelope of an AM carriefrefuency
fo, modulated at 50% by a sine wave of frequenoydmThis
modulation produces two side frequencies separfadead the
carrier by fmod. One is above fo and one is beltowif no
side frequencies were present, Ea_pp would equahEand
the modulation envelope would be straight linesthiviome
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Keep the leads short to minimize 60 Hz hum pick-upnly
use the 100k resistor when measuring the outp@0@® Hz.

Don't use it when measuring RF at the input. When

calculating IPL, correct your results for the 0B loss (Use
0.9 dB).

* The output sine wave may look distorted. sTé&n come
from modulation distortion in the signal generatodistortion
generated in the CSUT. Generator distortion is wvety
important here. Distortion generated in the CSWh be
caused by an incorrect resistance in the paral@luRed in
series with the audio transformer primary (if osaused). To
check, replace the resistor with a pot and adjifst iminimum
distortion. BTW, this is the best way to find tberrect value
for the resistor. See Article #1 of this series.

Here are the labeling conventions that will be us¥tltages
on the input side of the CSUT always start with Béaltages
on the output side start with Eo. The undersco separator
from the description suffix that follows. fo = rcer
frequency, fmod = modulation frequency, pp = pesfpeak,
w = valley-to-valley, car = carrier, dc = diremtrrent, sf=
side-frequency, carpp = carrier peak-to-peak, plsfpone
side-frequency peak-to-peak, 1sf = one side-frequer2sf =
two side-frequencies.
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To help define the equations used to calculatehbeesistor
values for the asymmetrical attenuator 'FILVORA'e th
following requirements were set up:

1. Output resistance range: 10 to 100k ohmd) &t switch
positions. This range covers the span of impedafaend in
headphones used in transistor radios, up to theidfin piezo
earpieces. A 12 position rotary switch was usezhbse it is
readily available.

2. The FILVORA must exhibit the minimum possible
constant insertion loss and input resistance, iedépnt of
switch position or load impedance selected. Theimam
and minimum output resistances are 100,000 and htAso
For a constant, and minimum insertion loss at walitch
positions, this requires the input resistance be:
sqrt(100,000*10)=1,000 ohms at each switch positicthe
requirement for a constant input resistance isetyosiet by an
equation equating the sum of the 12 resistors énwrtical
string equal to 1000 ohms.

3. The ratio of the output resistance from omitch point to
the next shall be constant. The output resisteame between
adjacent switch positions is (100,000/10)N(1/1134P1. 12
simultaneous equations are necessary to meetetiisrement
on each switch position.

4. The same insertion loss shall exist on ewdttls position.
The voltage ratio (loaded output to input) requirgdeach
switch point, for constant insertion loss (26 dBgguires
another 12 simultaneous equations.

A system of 25 simultaneous was written and solued
MathCad for the values of the 24 resistors. Thase the
values (5% resistor series) shown in the schematico
minimize power loss, the attenuator becomes anrtieael
minimum-loss pad at the two extreme switch positidhis a
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non-minimum loss T pad at the intermediate positiofhe
output resistance range of the FILVORA is 10,000 td his
establishes the minimum loss. If the output resitarange
were 100,000 to 1, the insertion loss would havbe@®1 dB.
Insertion power loss = 5*log(resistance ratio)+6dB.

#2 Published: 07/15/99; Last revision: 06/21/2003
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value between 300 and 3,300 Hz. Also, transforimes and
distortion is usually greater at 400 Hz than atQLB@.

* The usually specified modulation percentage80 %. |
suggest using 50 %. This gives a greater outpliag® and
makes low signal level measurements easier.

* This test procedure uses one scope at sevepait
attenuator settings as well as at 1000 Hz and H®. kit
depends upon calibration accuracy from one switddition to
another as well as from 1.0 kHz to 1.0 Mhz. | gatight on
this. My scope is 21 yeas old and the frequenspaese
flattening trimmers in the vertical attenuator hiadted. This
didn't affect the accuracy at low frequencies, praduced
error at 1.0 Mhz. The best way to check for thisbtem is to
use a quality, fast rise-time Square Wave Genegatdrcheck
for a good clean corner at the leading edge oftakH¥ square
wave. Another option is to use a sine wave Functio
Generator, the output of which is known to be flat
frequency. If it has an output up to over 10 Mifg output is
probably flat from 1.0 kHz through 1.0 Mhz.

* One probably will find an undue amount of smi hash
and carrier RF on the scope screen when measinengutput
waveform. This can be caused by capacity coupilinghe
transformer between the hot end of the primary imimcand
the hot end of the secondary. | eliminate thishHags using a
very simple low-pass filter. To do this, connect@k Ohm
resistor in series with the scope input cable, velose to
where it connects to the transformer output teriiesssume
that the scope has a one Megohm (check it!) inpsistance,
in parallel with a 175 pF input capacity when usihg probe
at the X1 setting. (These are the values for mytrbekx
model T922 scope.) At 1000 Hz the voltage diviflem the
series 100k Ohm resistor and the input impedantkeoprobe
causes the scope to read 0.87 dB less than thal actiput of
the CSUT. At 1.0 MHz the attenuation will be whi 41 dB.
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attenuators, to hold a +/- 0.33 dB accuracy aretB3a0%, 10
dB-4% and 20 dB- 2.5%.

The load on the CSUT must be a resistor (R1) afevabjual to
the effective impedance of the headphones used thith
crystal radio set. One can determine the impedarficthe
headphones by building and using the FLVORA descriln
Article # 2. Alternatively, it may be estimated &®r 6 times
the DC resistance of the phones.

To measure the IPL of a crystal radio set, contleetSG****

to the AMCS and set it to a test frequency of, a@, MHz.
Turn on the sine wave modulation function and adjire
frequency to 1000 Hz**** and the modulation percage to
50%**** (50% modulation exists when Ea_pp is thrémes
Ea_wv.) Connect the AMCS to the antenna and ground
terminals of the CSUT. Connect the scope to Risetdt to a
sensitivity of 2 mV/div. Set the SG to a high Rétmut and
tune the CSUT to maximize the 1000 Hz trace on the
scope****  Reduce the SG output as necessary &p kae
scope trace on scale****. Reset the SG to delavér mV p-p
trace on the scope. Connect the scope to poianhBIneasure

and record Ea_pp and Ea_vv at Point P1.
ok

* Some RF signal generators have too much haiamo
waveform distortion in their output to give acceraesults
with this procedure and will need a simple harmditier to
clean up the output. If the RF waveform looks lkdairly
good sine wave it's OK.

* 1000 Hz is chosen instead of the usually iget400 Hz
because most high performance crystal radio setensudio
transformer to drive the headphones. At 400 Hz th
impedance of most transformers is well below therage
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ARTICLE 03

Compare impedance and sensitivity of headphones, dfor
speakers even if they differ greatly in impedance

The purpose of this article is to show how to corepthe
sensitivity of two pair of speakers or mono headpgsoeven if
they differ greatly in effective impedance. See¢idle #2 on
how to measure impedance. The Dual Fixed Inseitinss
Variable Output Resistance Attenuator (DFILVORA)lIviie
described and directions for its use will be giwerSection 1.
It is essentially a combination of two FILVORA unialong
with some extra attenuators. Section 2 will dieschow to
modify the DFILVORA for use with Hi-Fi stereo heddmes.
Note: The use of resistors that difer by +/- 10%nirthe
values shown in the schematic should not have preejable
impact on performance of this unit.

Section 1.
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Schematic of the DFLVORA.

Connect an audio source to jack J3. (I use theubyapk of a
transistor radio for my source.) Connect the gléigne of the
two mono headphone sets or speakers to jack Jthanother
to jack J2. Set attenuators Al, A2, A3, and A40talB.
Switch S1 should be set to the position providihg lbudest
sound in the headphone set or speaker connectdd tBwitch
S2 should be set to the position providing the ésticcound in
the unit connected to J2. (Read Article #2 to ske t
recommended procedure for doing this.) If the aoitnected
to J2 is louder than the unit connected to J1,reevthe units.
Now add attenuation in the path to the unit coreetd J1 in 3
dB steps by using A1, A2 and A3 in the proper carations
(the dB's add), until the volume from the unit cected to J1
equals the volume in the unit connected to J2 aseb} as
possible. If the sound cannot be reduced to aeloough level
because of volume control limitations in the INPWdurce,
use A4 to reduce the volume by 20 dB.
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Fig. 2-Schematic of an Apparatus for use when Megu
Crystal Set Insertion Power Loss, Selectivity antput
Impedance.

We will use use a special attenuator box betweerS@ and
the CSUT and call it the AMCS. Refer to the schigria Fig.
2. The AMCS has one 3 dB and one 20 dB attendlasbrare
used in measuring selectivity. It has an additici dB
attenuator in the event some extra attenuatioreésied. The
20 dB attenuator can also be used to determineahege Ea
at test point P1 when it is so low that it is heodread. The
series 45.0 and two parallel 11.1 Ohm resistorsnfa
"minimum-loss impedance transforming attenuatdt$ input
design resistance is 50 Ohms. Its attenuatioetis that the
ratio of the voltage at test point Pi to that ati®10:1 when
Swil, Sw2 and Sw3 are set to zero dB. The sousistaace
feeding the Dummy Antenna and crystal radio seieser
combination is 5.25 Ohms. Two 11.1 Ohm resistoesused
in place of one of 5.55 Ohm resistor because msisinder 10
Ohms may be hard to find. This also minimizes lead
inductance. If the 45.0 and 11.1 Ohm resistorsheid to
within +/- 4%, the attenuation accuracy will be hiit +/- 0.33
dB. of nominal. Resistor accuracy tolerances fwr other
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components Ra, La and Ca are intended to have aime s
impedance as the average antenna that used t@tdansAM
reception in the USA. These components are termed
"dummy antenna" and are specified for use in stalizkzd
testing of AM receivers. The standard is described
"Standards on Radio Receivers", Institute of Raghgineers
(predecessor of the IEEE), New York, 1938.

It is assumed that by tuning the CSUT for maximuumpat

volume, that the best conjugate impedance matchilgesis

presented to the antenna. In simpler terms, turfong

maximum volume adjusts the resistance componeZt tf as

close to 25 Ohms as possible and the reactive coempof Zi

to as close a value as possible to the negativkeofeactance
of La and Ca in series. This set of circumstanssfers the
most signal power possible from the antenna t&CBe/T.

The test procedure that follows involves applyénmodulated

RF Voltage (Ea) through a dummy antenna to thetiopthe
CSUT and then measuring the Audio Output Power (Po)
delivered to the output load. The IPL of the CSU$T
calculated as: IPL = 10*log (Po/(MAP in the sidettsirof
Ea)).

Measurement of IPL
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The sum of the dB settings of Al, A2 and A3 equhls
difference in power sensitivity between the twodpfones or
speakers, independent of the effective impedandbeotinits.
The settings of S1 and S2 indicate the averagedamme of
the two units. See Article #2 for more detailsthis subject.
The power insertion loss from jack J3 to eithekjat or jack
J2, with the attenuators set to zero, is 29dB.

Section 2.

To compare the power sensitivity of two stereo pbeades, |
recommend that several modifications be made to the
DIFLVORA. Jack J1 should be changed to a stereb gand
the ring and tip connections tied together. Thaesahange
should be made to J2. this will cause each stezadphone to
be tested in mono mode with its elements connedted
parallel. The value of all resistors should bevédl The
setting of switches S1 and S2 indicate the aveimgedance
over the audio frequency range of two earphone eiésnin
parallel, and that figure will be one-half the alof each
element by itself. Also, the measurable rangendividual
element impedances will be changed from 10 to 10Bkns to
20 to 200k. The range of impedance measurable Her t
parallel combo of two elements is still 10 to 1GDkms. To
correct this condition and have the DFILVORA swishS1
and S2 indicate the value of the impedance of dement
(and not two in parallel), halve the value of asistors in the
schematic. If this modified DFILVORA is now used
measure a mono headset, the resistance readirgsitohes
S1 and S2 will be twice the actual value. Theseifications
change the input resistance of the DLVORA to 25&h

#3 Published: 07/15/99; Last revision: 11/04/00
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ARTICLE 04

The best diode and audio transformer for a crystabket, and
a way to measure diode saturation current

Here is a practical way to determine the diodeardio output
transformer impedance matching characteristics eweth
maximize sensitivity and selectivity for weak sitnand to
reduce strong-signal audio distortion in a Cryftadio Set.
Unfortunately, this may be an iterative process.

1. Determine the RF output resistance at resmnaf the
tuned circuit driving the diode while the Crystaddio Set is
connected to its antenna.

2. Calculate the Saturation current (Is) that diode should
have. The ideality factor of the diode should belmag as
possible. Get an appropriate diode.

3. Know the effective impedance of the headphoteebe
used.

4. Calculate the impedance transformation rageded to
transform the diode audio output impedance to tifathe
headphones.

5. Connect it all up.

1. Connect the Crystal Radio Set as presently gor€d to
antenna, ground and headphones. Select a frequency
optimization. About 1 MHz is suggested. Tune thgstl
Radio Set and adjust the antenna coupling and diapl€(if
there is one) for the desired compromise betweesitsaty
and selectivity on a signal near 1 MHz. Replace th
headphones with a 10 Meg resistor load bypassed atibut
0.002 uF capacitor (no transformer yet). We willwuse the
diode as a voltage detector. Measure the detéfedoltage
with a high impedance (10 Megohm) DVM. |If the déodan
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of Za Ohms and the load has an impedance of Ré SBUT
is tuned and adjusted to deliver maximum audio pawehe
load, with the desired selectivity. Define the mutpower as
Po. Now imagine the replacement of the CSUT withLZCS.
It provides a perfect impedance match to the sounce
perfectly matches the load. Its output power wifual Pa
because there are no losses. This ideal crysia st will
function as a device to convert all of the MASPoirtudio
power. The ratio of the output power of the CSldThat of
the ICS set is Po/Pa. This ratio, expressed insdBe IPL of
the CSUT. IPL = 10*log (Po/Pa) dB. The load resishould
have a value equal to the average impedance of the
headphones to be later used with the CSUT. (Seéelé\#2 on
how to measure headphone impedance.)

Section 1. IPL Measurement Method.
The test equipment required is:

1. An RF signal generator (SG) covering 530 @lkHz and
capable of linear amplitude modulation up to 50%The
generator can be a modern function generator or a
conventional RF signal generator, provided that fRE
waveform has a reasonably low harmonic contentshétuld
have a 50 Ohm output resistance.

2. A scope with a flat response to at leastMHz and an
accurate calibrated vertical sensitivity of 0.002&t division
or better. Input resistance is assumed to be lokteg Input
capacitance (including that of the connection caislassumed
to be about 175 pF.

3. A special attenuator set up and impedancestt] unit
called AMCS.

The signal source is modeled as a voltage soureetEaeries
internal impedance elements of Ra, La and Ca.F§ee8 The
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Here is how to calculate MAP from the Vs and Rs
combination. As mentioned before, the maximum powe
output occurs if Rl = Rs. This means that thel tiozd on Vs

is the series combination Rs + Rl = 2*Rs. Since/goin a
resistor can be calculated as (V"2)/R, the totalvgro
dissipated in the two resistors is (Vs"2)/(2*RS)nce one half
of the power is dissipated in Rs (and lost) and lealé in RI,
the maximum power deliverable to Rl is: (Vs"2)/(Z)R =
(Vs"2)/(4*Rs). We will use this relationship laten. Note
that Vs"2 means Vs squared and 4*Rs means 4 time¥Ris

in RMS volts. If Vs is given in peak or peak-tegk units, a
correction factor must be applied.

Definition of IPL when the input signal is an RFrmer,

modulated by a sine wave.

Input Power: Audio information that is amplitudedalated
on an RF carrier is contained solely in what ardeda
sidebands. Sidebands are better called side inegseif the
audio modulation waveform is a single sine wavewdisbe

the case here. In sine wave AM, two side frequeneire
generated in the modulator. One is at a frequetmye the
carrier and one is below it. They are each spawealy from
the carrier by an amount equal to the modulati@gency.
These two side frequencies carry all the infornmatiuat is in
the signal. The RF carrier carries none. Wherreeeive a
signal on our crystal radio set it is this sidebaoaver that we
want of capture and convert to audio power in @adphones.
The carrier acts only as a “carrier" for the sideisa and
generates the DC diode current and DC voltage a¢hesDC
resistance component of the load.

Output power and IPL: Assume that an RF sourcé wit

MASP of Pa Watts is connected to a CSUT and tteC8UT
feeds a load resistor. The source has an intRfanpedance
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be tapped down lower on the RF tuned circuit, dairstil the

detected voltage is as low as can easily be rebdm the

tuned circuit tuning if necessary. Find the vatie 0.125 or
0.25 watt carbon or metal film resistor which wreemnected
across the RF tuned circuit reduces the detectéidgeo to
about 0.35 of its previous value (retune as needétpe short
leads on the resistor. The value of the residets €all it Rr)
approximates the resonant resistance of the tuineditowith

antenna connected. See Part 11 of Article #0 farenifo on
resistor types.

What we have done here is to minimize loading @nttimed
circuit from the diode detector. |If this diode direg is made
negligible, using a resistor of value equal to tledtthe
resonant resistance of the tuned circuit will redibe RF
voltage to 0.5 of what it was before the resistaswplaced.
Here, the diode has been given a high resistancdoB( to
further reduce its loading effect on the tuned wtréthe 10
Meg resistor connected in place of the headsehe detector
is used as an indicator of the RF voltage acrassaik circuit.
The diode will be operating somewhere between fireeal
square law. That is where the 0.35 comes from (g&den
mean of 0.5 and 0.25). A Better approach, if ong &aigh
sensitivity scope good to above 1.0 MHz, is to alisect the
diode from the tuned circuit. Then very lightly eajiively
couple the scope to the tuned circuit and use & a®asuring
tool when placing the resistor across the tunetlitirThen of
course, one would use the 0.5 figure for voltaggucgon
since the measurement is linear. Bear with the lprolof the
measured voltages jiggling up and down due to naidur.
Just estimate an average. (See Article #0 forrinddion on
diode Saturation Current and Ideality Factor.)
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2. A good diode to use in the crystal radio setvabfor weak
signal reception, is one with an axis-crossingstasice equal
to Rr. A diode that has an axis-crossing resigtaridr is one
having a Saturation Current of Is = (25,700,00(Rn)/
nanoAmps. The ideality factor of the diode (nauisimportant
parameter in determining very weak signal senstivilf all
other diode parameters are kept the same, the wigalal
input and output resistances of a diode detecterdiectly
proportional to the value of n. Assume a diodéhwitvalue of
n equal to oldn is replaced with an identical dioebecept that
it has an n of newn; and the input and output irapeds are
re-matched. The result will be a detector insartiss change
of: 10*log(oldn/newn) dB. That is, a doubling ofwill result
in a 3 dB drop in power output, assuming the inpover is

kept the same and impedances are re-matched. This

illustration shows the importance of a low value fio Back
leakage resistance should be low and the diodeesseri
resistance (Rs) should also be fairly low. Dioderrier
capacitance should be fairly low (6 pF or less)chditky
barrier diodes usually have low series resistaruayier
capacitance, Ideality Factor and very low back dg@k The
challenge is to get a diode reasonably close toctineect Is.
(If it's within 0.3 and 3 times the calculated \&lyou won't
notice much difference.) A simple way to check Hmack-
leakage is to measure the back resistance of tediith a
non-electronic VOM such as the Triplett 630 or Vdes980.
Use the 1000X resistance switch position. If nledéion of
the meter can be seen, the diode back leakagebsipy OK.
Another way is to place a DC blocking capacitosénies with
the diode. If the audio becomes very distortee, dipde
leakage is low (this is the desired result). Aueabf 1000 pF
or so is OK for this test.
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perfect impedance match to the signal source noieqig/
match the output audio load, thus incurring misindesses.
It will have some internal power losses. Its ottpudio
power will be less than that of the ILCS. The i6flthe CSUT
is: IPL = 10*log ((Output power of CSUT)/(Outpubyer of
ILCS)) dB.

Now, a brief detour to explain the concept of MARa&imum
Available Power) and a more detailed look at InsarPower
Loss (IPL) as used in this Article.

Maximum Available Power (MAP)

Assume that any electrical source of power carepeesented
as a voltage source (Vs) that has an inaccessitténal
impedance Zs = Rs + jXs. See Fig. 1. Assume that
reactance component (Xs) of this impedance is tomgd The
crystal radio set tuner should do this by genegatnseries
reactance whose value is the negative of Xs. Tliere
maximum amount of power that Vs, with its intersaries
resistance Rs, can deliver to any load. The vafuie load
(RI) for maximum power transfer is Rs itself. Thiscalled an
impedance matched condition. Any other value fomil
absorb less power from the source than a valuesof R

Rs |

vs t ] 1

— —
Source | Load

Fig.1 Power Source and Load.
Fig. 1-Schematic of a Power Source and a Load
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comments and suggestions on how to improve cryatid set
performance.

A quick definition: The IPL of a crystal radio setay be
loosely defined as 10 times the log of the raticthef audio
power delivered to the output load divided by thaximum
RF sideband power available from the antenna.

Here comes a more rigorous definition of IPL: Tinection of

a crystal radio set is to convert (demodulate)tioelulated RF
signal sideband power received by the antenna-grsystem
and deliver as much of that power as possible éoathtput
load as audio output power. Understand that athefsignal
information modulated on a carrier and picked up dy
antenna-ground system resides in the power cainiethe

sidebands of that signal. No signal informationastained in
the RF carrier. The Insertion Loss Method assuthes a
voltage source with a specific internal impedargceannected
through a "device under test" (DUT) to a load ttesis We can
say that the DUT is "inserted" between the sounckthe load.

* First, consider what happens when an l|deassless
crystal radio set (ILCS) is inserted as the DUThetli to the
source signal and adjusted for maximum output. islt
connected between the signal source and a LoadtRe$RI)
representing the average impedance of the headptonke
used later. This ILCS presents a perfect impedameeh to
the signal source and also to the output loadhastno internal
power losses. The ILCS will convert all of the Ntaum
Available Sideband Power (MASP) in the modulatephal
source into useful audio power in the output lo&bwer loss
is zero when the ILCS s inserted as the DUT.

* Second, consider what happens when a reatveoystal
radio set is inserted as the DUT. It probably wdt present a
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Here is an easy way to determine the approximatef la
diode. Forward bias the diode at about 1.0 uA. sehies
combination of a 1.5 volt battery and a 1.5 Megistes,
connected across the diode will do this. Measheevbltage
developed across the diode with a DVM having a 1€gM
input resistance. Calculate 1s=667*(Vb-
Vd)/(eN(Vd/(0.0257*n))-1) nA. e = base of the natur
logarithms = approx. 2.718, ~ = "raise the presgdiumber
to the power of the following number", Vb = voleagf the
battery, Vd = voltage across diode and n = diodeality
Factor (Emission Coefficient). | suggest usingeatimate of
1.12 for n. Most good detector diodes seem to rave
between 1.05 and 1.2 A method for measuring bathchls is
shown in Article #16. Measurements on 1N34A geliman
diodes at various currents show that the valuessfand n are
not really constant, but vary as a function of éiadirrent. Is
can increase up to five times its value at low ents when
currents as high as 400 times Is are applied. Kexe
germanium diodes | have tested exhibit a fairlystant n and
Is when measured at currents below about six timeis Is. A
rectified current of about 6 times Is corresponulsatfairly
weak signal. The following chart shows some resfribm
measuring several diodes at a current of 1.0 uAhe T
calculated low-signal-level value of the diode jtime
resistance Rj= 0.0257*n/Is is is also given. Ntte wide
variation among the various diodes sold as 1N3&&hottky
diodes, as a rule are fairly consistent from umitshit. The
Agilent '2835 measured 11 nA, and many othersdese to
this value. | think that many years ago early pitin ‘2835
diodes probably matched the Spec. sheet value aA2Pr Is.
Over the years, | would guess that the averageevalas
allowed to drift in order to optimize other more piartant
parameters (for most applications) such as revemnsakdown
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voltage. BTW, Is is not a guaranteed 100% testedyztion
spec.

Caution: If one uses a DVM to measure the forwaithge of
a diode operating at a low current, a problem megun  If

the internal resistance of the DC source supplyfregcurrent
is too high, a version of the sampling voltage warm used
in the DVM may appear at its terminals and be fiectiby the
diode, thus causing a false reading. One canyeeisiick for
this condition by reducing the DC source voltageztwo,

leaving only the diode in parallel with the internesistance of
the source connected to the terminals of the DVM.the

DVM reads more than a tenth or so of a millivdite fproblem
may be said to exist. It can usually be corretiethypassing
the diode with a ceramic capacitor of between 1 &naF.

Connect the capacitor across the diode with veoytsbads, or
this fix may not work.

If one wishes to screen a group of diodes to éind having a
specific Is, use the setup described above. Sutestthe
desired value of Is into the following equation:
Vd=0.0282*In(667*(Vb-Vd)/Is+1) volts. 'In' meansatural
base logarithm and Is is in nA. A diode havingdaequal to
the calculated value will have approximately theiwel Is.

Here are some tips to consider when measuring sliotfeep
all leads short and away from 60 Hz power wiresntnimize
AC and electrostatic DC pickup. Place a groundech&um
sheet on the workbench, and under the DVM and other
components to further reduce spurious pickup byvifteng.
A piece of grounded kitchen aluminum foil will dicely for
the aluminum sheet. You may find that the readfig/d
slowly drifts upwards. Wait it out. What you arbserving is
the temperature sensitivity of Vd to heat picked fapm

63

Is Saturation Current of a diode. See Articlefgtlan
explanation of this term.

MAP Maximum Available Power, in Watts.

MASP Maximum Available Sideband Power, in Watts.

n Ideality factor of a diode. See Article #1 fam
explanation of this term.

p-p Peak to peak.

Po Detector Output Power, in Watts.

sqrt Square root of the expression that follows.

RL Detector load resistor.

Ro Detector Internal Output Resistance.

S-3 Frequency difference between two points 3 dB
down on the selectivity curve.

S_ 20 Frequency difference between two points 20 dB
down on the selectivity curve.

S11 Voltage Reflection Coefficient.

Suffix See the paragraph above Fig. 3 for the isuff
labeling conventions used when measuring IPL.

SF Shape factor, the ratio of the 20 dB down
bandwidth to the 3 dB down bandwidth.
SG Signal Generator.

SPHP Sound Powered Headphones.

SPICE A computer program used to simulate the ipays
operation of circuits.

Vs RF Voltage source

VSWR  Voltage Standing Wave Ratio.

This article is divided into six sections. The fiicescribes the
IPL (Insertion Power Loss) measurement method. SEwend
gives a theoretical derivation. The third showmethod for
the measurement of selectivity. The fourth showss ho
measure the input impedance match of a CSUT (dryestiio
set Under Test). The fifth shows a method for meag the
output resistance of a crystal radio set. Thehspives some
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ARTICLE 11

A Procedure for Measuring the Sensitivity (Insertion
Power Loss), Selectivity and Input/Output
Impedance of a Crystal Radio

Quick Summary:  This Article describes a device and
procedure for quantifying several characteristidscroystal
radio sets. They are: (1) Insertion power losp,S@lectivity,
(3) RF input impedance match and (4) Audio outpsistance.

First, an acknowledgement: This article was irexpiby a
paper written on 9/15/99 by Charlie Lauter at:
Lautron@aol.com . It can be accessed at: httpriéht-
online.de/home/gollum/testing.htm . He led the weth a
good procedure for sensitivity and selectivity meement,
but | wanted a more general approach. Here is:mine

Definitions and Acronyms used in this Article

abs Absolute value (sets the next expression to a
positive value).

AMCS  Apparatus for use when Measuring crystalaasdit
Insertion Power Loss and Selectivity.

CSuT crystal radio set under Test.

D Difference between RF envelope peak-to-peak and
valley-to-valley voltage.

DUT Device Under Test.

Eo_pp Peak to peak demodulated output voltage

FLVORA Fixed Loss, Variable Output Resistance,

Attenuator.
ILCS Ideal Lossless crystal radio set.
IM Impedance Match.
IPL Insertion Power Loss in dB.
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handling the diode with your fingers. Let the ddogbturn to
room temperature before taking data.

Many glass diodes exhibit a photoelectric effeet ttan cause
measurement error. Guard against it by checkinge® if a
diode current reading changes when the light faliim the
diode is changed.

Saturation Current (Is) and the related Junctiosistance
(Axis Crossing
Resistance), Rj, of some Diodes, Measured at 1.0 uA
(*=Mfg's data)

Junction
s in Resistance in
Type of Diode ohms
nA . .
(Axis-crossing
resistance)
Agilent 5082-2835 11 2.5 Meg
Agilent HBAT-5400 100* |282k*
Agilent HSMS-2870 140* |191k*
Radio Shack 1N34A (marked
12101) 160 170k
Radio Shack 1N34A (blue body
marked BKC) 180 | 150k
Radio Shack 1N34A (brown,
orange and white bands) 200 130k
Radio Shack 1N34A (labeled 200 65K

BKC 2000)
Radio Shack 1N34A (clear glassp0o0 45k
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2N404A connected as a diode

(collector and base tied togethel)uo0 16k

Published SPICE Parameters for some Agilent (folsmer
Hewlett-Packard) Schottky Barrier diodes:

HSMS-2800 This is a SMD n=1.08 1s=30 Rs=30
(Surface Mount Diode) _' nA Ohms

gﬁgﬂs-zsm This is an SMD) n=1.08 | 1s=4.8 Rs=10

gﬁgﬂs-zszo This is an SMD) n=1.08 | I1s=22 Rs=6

HSMS-2860 This is an SMD) n=1.10 [1s=38 Rs=5.5
type

HBAT-5400 This is an SMC!

type

gﬁgﬂs-zsm Thisis an SMD| 1 04 | 1s=140 | Rs=0.65

5082-2835 This is a glass
type, but expensive now

n=1.0 |Is=100 | Rs=2.4

n=1.08 | 1s=22 Rs=5

Note that these values for Is and n are not castoine. |Is can
easily vary by 2:1 or more from diode to diode lo¢ tsame
type.

Multiple similar diodes may be paralleled to inweds. Is is
increased proportionally to the number of diodegpanallel.
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DDIPL (Lower values for attenuators Al and A2) amdater
interaction. |f DDIPL approaches zero, the outpesistance
will approach two times the source resistance Bimilarly,
the input resistance will approach 1/2 the loadstasce R2.
If the input signal power is reduced, detector inpud output
resistance values become decoupled from each atiteboth
approach Ro. See the paragraph below Fig. 1.

Overview: One can think of a diode detector ciraas a
device to change input RF power to an almost eapumlunt of
DC output power, provided the input power levetlitss high
enough. In this instance the attenuators Al andnARig. 2
have very low values. If the input power is redijcal and
A2 increase in loss, thus reducing the output powat low
input power levels, square law operation occurs tHis
region, if the input power is reduced by, say, 1 t# loss in
attenuators Al and A2 are each increased resuitingn
output reduced by 0.5 dB. Voila, square law operétiThere
is an extra loss besides that of A1 and A2. thés interface
mismatch loss between each attenuator and the dbdes
well as input and output mismatch losses. Thierfate loss
varies as a function of input power. It is aboetozwhen the
values of Al and A2 are very low (large signal powe
condition) and approaches 3 dB for each attenuatobw
signal power levels (total of about 6 dB). See Table 1
above and the ** comment below it.

#10 Published: 04/04/00; Revised: 10/27/2002
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level for the circuits in Figs. 1 and 2 were sewithin 0.1 dB
of each other by adjustment of the loss in A1 a@d A

Operation at the LSLCP: Operation at the LSLCP lmasaid
to occur when the detector is operating half watyvben its
linear and square law response mode, the pointenther two
areas overlap equally. At this point there is at(&)y dB
change in output power for every 1.0 dB changenipui
power.

Operation at power levels below the LSLCP points iAput

power levels are lowered, the DDIPL approaches

10*log{[12/(12 + Is)]}-6 dB.

Operation at power levels above the LSLCT pointere{ the
DDIPL tends to approach zero, but the detector tirgmd
output impedance match starts to deteriorate. Thishe
regime where the mode of detection changes froreréang"
to "peak”. (See Article #0, Section 5 for an erplion of this
effect.) Re-matching the input and output circuitsthese
higher input RF power levels recovers the excess taused
by the mismatch, and results in the performancergly the
equations in Article #15A.

Input/Output impedance interaction: When an ingighal is
present, interaction between the input and outgrtuic
occurs. That is because the attenuation of tlators Al
and A2 must become finite and that lets the inteeaacome
through. If the output load R2 is reduced, theutngesistance
to the detector will be reduced. If the input smuresistance
R1 is reduced, the output resistance of the detesiid be
reduced. This interaction is dependent on thengtheof the
input signal. For greater input signals, therel \b¢ less
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Four identical diodes in parallel will give a sattion current
four times the Is of one alone. For purposes ofstat Set
design, diodes should not be placed in series. CBPI
simulation shows that if two identical diodes acmmected in
series, the combination will perform the same as ofhthe
diodes alone, but having a doubled value for nis Tricreased
value of n will reduce weak signal sensitivity.

In a particular crystal radio set Is can vary qaitiit without a
great effect on performance. One can be in errosdueral
times and still get good results. Too high an ésluces
selectivity on weak signals. Too low a value restuc
sensitivity to weak signals and causes excessiveioau
distortion.

Many times the question is asked, "What is the Hisle to

use?" The answer depends on the specific RF source

resistance and audio load impedance of the Cry&alin
question. At low signal levels the RF input remiste and
audio output resistance of a detector diode arealetu
25,700,000*n/Is Ohms (current in nA). For minimdietector
power loss at very low signal levels with a paracidiode, all
one has to do is impedance match the RF sourcataese to
the diode and impedance match the diodes' audipubut
resistance to the headphones by using an apprepaiadio
transformer. The lower the Is of the diode, thehiigwill be
the weak signal sensitivity (volume) from the CaysBet,
provided it is properly impedance matched to ittsuit (see
article #1). This does not affect strong signduwee. There
is one caveat to this, however. It is assumedth®aRF tuned
circuits and audio transformer losses don't chariges can be
hard to accomplish. It is assumed that the Rejedjonction
capacitance, n and reverse leakage are reasoriéithe. diode
you want to use has a higher Is than the optimulreyaap it
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down on the tuned circuit. If the diode you wamtuse has a
lower Is than the optimum value, change the tardutito one
with a higher L and lower C so that the antennaeidamce can
be transformed to a higher value and repeat step #1

If you don't have a diode of the proper calculdgdyou can
simulate what the result would be if you did hawe by doing
the following: Put a small voltage in series witle DC load
resistor ground return (see point #4 below). Ifiydiode has
too low an Is, biasing the diode in the forwardediion will

improve sensitivity. If your diode has too high lan biasing
the diode in the reverse direction will improve siéivity. See
Article #9 on the home page on how to build andai$iode
Detector Bias Box".

3. Estimate the audio effective impedance of magmétones
as 6 times the DC resistance. Alternatively, buile

"Headphone Effective Impedance" measuring deviseriteged

in Article #2 and use it to determine the headphomedance.
Call this impedance Zh.

4. The average audio impedance of the headphowesdsbe
transformed up to the value Rr by an appropriatdicau
transformer. The step-down impedance transformatatio
needed in the transformer is Rr/Zh. When conngctire
transformer high impedance winding to the diodet pu
parallel RC (a benny) in series with the groundnemtion .
This will insure that the DC load on the diode tenmade the
same as the audio AC load. A good value for thehéuld be
about equal to Rr. It's best to use a pot sottigatalue can be
optimized at different signal levels. For minimuaudio
distortion at medium and high signal levels, the ID& on the
diode should be the same as the AC audio load.v@he of
the C should be large enough to fully bypass tHerRaudio.
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is not the case for silicon pn junction or germamipoint
contact diodes.

A New diode detector equivalent circuit, with aalise law
crossover point.

*** Calculations for a RWDDC using equations #6 ar&hn
given in Article #15A. These equations assume egoerf
impedance matching at the input and output.

Part 2b: An alternative DDEC.

An alternative 'diode detector equivalent circ(@DEC2) can
be formed by moving the tank circuit T from its pios
shown in Fig. 2 to the left hand terminal of dioBé and
moving the bypass capacitor C2 to the right hand ef
resistor Rs. This equivalent circuit always opesais a peak
detector, so no 'excess loss' need be accountedTig loss
for attenuators A1=A2, at any input signal level ymbe
calculated from equations #3n and #6 in Article #1595 oss
for A1=A2=5*log(DIPL from equation #3n) dB. Thepnt
impedance (S11) of the DDEC2 approaches that dRIN®D
at high and low input power levels. Its input sésince at
intermediate power levels is always lower than tbathe
RWDD.

Part 3: Further Discussion of the Linear-to-Sqdane
Crossover Point.

The RF input resistances in the simulations of EHREC
(Fig.2) are within 17%, 17% and 8% at the low, mediand
high power inputs respectively, of the simulatesisiances of
the RWDC (Fig 1). The DDIPL values at each inpatvpr
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* The n of real world diodes is never 1.0. Actwalues of
good detector diodes are usually between 1.03 &t 1The
input and output power values given in the dataigrfor the
RWDD can be corrected if n is over 1.0 by addingldd (n)
dB to the P1 and P2 figures. Keep in mind thana @s) are
most always independent of current for Schottkyld® This
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A good value is C=5/(pi*2*300*Rr). The parallel R®ill
have less effect on reducing distortion or affeptselectivity
when receiving loud signals if the transformed Ipémhe load
on the diode is lower than the diode output resiathan if it

is higher. For info on the impedance transfornmafiatios of
various transformers see Article #5. The audimsi@rmer
should have a low insertion loss. Try to obtain ovigh less
than 2 dB loss from 300-3300 Hz when measured at lo
Crystal Set signal levels. See Article #5 for imfo how to
measure transformer Insertion Loss.

5. Connect up the new diode and transformer aagdhnalle!
RC. Trim up the value of the R in the parallel R€the least
audio distortion on a loud signal. There should d®
improvement in low signal volume and high signabiau
distortion as well as better selectivity.

#4 Published: 10/02/99; Last revision: 08/22/2002
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ARTICLE 05

Low-loss impedance matching for magnetic and
piezoelectric headphones, measurements on many aadi
transformers, and a transformer loss measurement nteod

Quick Summary: This Article discusses the use adi@
transformers with crystal radio sets and givegéselts of loss
measurements on several of them. A method for umieas
insertion power loss is also described.

Many crystal radio set designs provide impedanep siown

taps on the final RF tuned circuit. If the diodeconnected to
one of these taps, its loading on the tuned cirisureduced
and selectivity is improved. Too much of a step doalso

reduces sensitivity. RF tuned circuit loading bg diode is
affected by the diodes' Saturation Current, thedpleane

effective impedance and the signal level. One ealuce the
loading effect of headphone effective impedance @nbigh

signal level by transforming the headphone impedanzto a
value that matches the audio output resistanceh@fdiode
detector itself. This approach can keep the seigchigh and

also increase the sensitivity of the crystal ragitb For info on
measuring headphone effective impedance see aftkle

It is important that the diode sees a DC load etmidis AC

audio load. This will permit connecting the dioadea higher
tap or maybe to the top of the tuned circuit. Té®ult will be

to maintain selectivity and reduce audio distorfionmedium
and especially for strong signals. Diodes of loWeturation
Current can be tapped up higher on the tuned titican those
of higher Saturation Current and, all else beingagqwill give

higher receiver sensitivity. See articles #0, #la#d #15.
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remain constant no matter what value the attenuatits set
to.

* The source and load resistances of the dmtemte set
equal to the characteristic resistance of the asttens.

Table 1 shows three groups of data: SPICE sinmuiatof the
RWDDC and the DDEC, and a set of calculated vaftms
equations appearing in Article #15A. Data is shdamthree
input power levels for each data group The leaets 1) The
input power that will operate the RWDDC at its L2C
[Plsc(i)], 2) 1/128 the value of Plsc(i), and 38ltimes the
value of Plsc(i). These power levels are belieielde correct
if the input and output impedances of the detectars
impedance matched, using appropriate values foarRiLR2.
Actually, in the simulations, R1=R2=R0=0.025678%n/
This causes the required input power for the desingput to
be somewhat greater than if input and output wendeptly
matched. The attenuators Al and A2 in the DTEC sate
equal to each other, and to a value that causesutpet power
of the DDEC to closely equal that of the RWDDC. IGP
parameters for the diode in the RWDDC and “"Caledlat
values" are: (Is)=38 nA and n=1.0*. The "calcuthtalues”
assume impedance matched conditions. The SPIGHitcir
simulation program "ICAP/4" from Intusoft was usedall
simulations.

Data for three different data groups, includinglos
attenuators Al and A2 and the 'excess' loss.

134



of the RWDD. The input resistance of the DDEC iwagjls

higher than that of the REDD. This equivalentwireeems to
work for signals from well below the LSLTP point tgplevels

just before "Diode Reverse Breakdown Current" coinés

the picture.

—| Ideal Rectiied DT
Diode Output Current
R1 Ot O

Cha. res. . 125,

‘ Je Diode Model 4 ‘
Source —- Dinde fo— Load

DDEC to be Simulated in SPICE.
Table of three data groups

—= Resistive: Di Rs | Resistive
RF Look towards T. Atteruator Attenuator Look towads EE‘ it
tnput (3} Coad rem aletndd soie £ 5 Soucehom R {Ousd
o Woltage
Vekaga] Soutce (FF o) loss andFlo loss andRio Load [DC orl) s

Some definitions and conditions that apply to Ridollow:

* Di is an ideal diode. It has zero forwardistance and
infinite reverse resistance. That is, it can pass amount of
current in the forward direction with no voltageodr and it
will conduct no current in the reverse direction, matter how
much voltage is applied. Rs represents the s@aeasitic
resistance of the real world diode (Dr) being medel It is
shown for completeness, but has negligible effeat the
results at the values encountered in crystal raeicoperation
(5 to 50 Ohms) and will be ignored.

* Al and A2 are "constant resistance" attermsatd equal
attenuation, X dB. Their loss is dependent onsthength of
the received signal power. The attenuators eacle l@
characteristic resistance Ro. s is the saturatiorent of the
real world diode Dr in Fig.1. nis its idealityctar. Note:
When a "constant resistance" attenuator is drivgnahd
loaded by a resistance value called its “charatteri
resistance”, its own input resistance and outpsistance
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The sensitivity improvement mentioned above willyobe
attained if the audio transformation is performeithva low
insertion loss audio transformer. For experimemtaiposes
one of the best transformers | have found is tHEL&7 from
Antique Electronic Supply. What immediately follsvis the
description of two switchable circuits that can psiypvarious
transformation ratios for driving a 12k Ohm loadlhis is the
nominal AC impedance of most 2,000 DC Ohm headphione
as well as many piezoelectric ceramic earpiecesterLon,
specific non-switched configurations are shown sewveral
different transformers. Since this Article wastvem, A.E.S.
has stopped selling the P-T157. Results closadset shown
below can be obtained using the A.E.S. P-T156,c8taA-53
or most any 3:1 turns ratio tube-type inter-staggi@coupling
transformer. A good description of this type @misformer is:
A transformer designed for plate-to-grid inter-gagpupling,
having a 3:1 turns ratio, and specified for a 99klOk ohm
impedance transformation. Henceforth, in this deti this
type of transformer will be referred to as a "3ITA

Note that the switched transformation ratios shbelow vary
by a factor of about four from one to another. éNatso that
an impedance mismatch of 2:1 gives an insertios @fonly
0.5 dB. This means that all values of diode outpststance
from 12k Ohms up to 750k can be utilized, with smmtch
insertion loss of no more than a maximum value .&6f @B,
plus the transformer loss. Measured transform&s is about
1.0 +/- 0.5 dB from 300- 3300 Hz at the 63 timesorand
about 0.5 +/- 0.2 dB at the 16 and 4 ratios. Ndtke
transformation ratio on the H switch position i©win as 63
instead of 72 because of shunt resistive lossesthen
transformers. On this switch position the diodessthe 12k
headphones transformed to 750k, not 860k. T1 ahdaré
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will see an RF resistance (at fo) equal to thetjonaesistance
of the diode at zero bias. At this very low sigoahdition the
detector input resistance is not affected by argnges made
to R2. The value of this junction resistance & $fope of the
diode V/I curve at the origin. From a differentiati of the
ideal diode equation, the numerical value of tlisistance is:
(0.0256789*n)/Is ohms at a temperature of 25 deg@eelLet's
call this Ro. Is and n are parameters in the idbatle
equation. (For a discussion of Is, n, etc., seet@Reafter the
schematics in Part #1 of Article #1). From thedlwasistance

R2, looking back toward the input, one sees the esam

resistance value Ro, and it is independent of hayges at the
source. Now look at Fig. 2. Here, the real watidde has
been changed to a theoretical ideal diode and ttemwators,
Al and A2, of characteristic resistance Ro haven bage
added. If V1 becomes zero, the attenuators AlAghanust
be set to infinite attenuation to enable the madeduplicate
the behavior of the circuit in Fig.1. When an ingignal is
applied, the values of A1 and A2 must become finifEhe
DDIPL is equal to the sum of the loss of each atéor plus
the impedance interface loss between the idealedididand
each attenuator, as well as any mismatch loss ket®é and
the detector as well as between R2 and the detéBtw **
after Table 2). SPICE simulation shows that theldidetector
equivalent circuit does a pretty good job modelitige
operation of a real world diode detector. To wetliis, one
can perform a SPICE simulation of Fig.1 and Figvith V1,
R1 and R2 the same in each case. The attenuatioe of
A1=A2 dB must be set to a value that causes theubuv2, in
Fig. 2 to be the same as in Fig.1. The input iraped match
of the two simulations differ from each other bydehan 14%
over an input power range of 48 dB, centered atlLihear-
Square-Law Transition (LSLCP) point. This is thaimarea
where the results from the DDEC simulation diffemh those
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how weak or strong the input signal. See Artic fér an
illustration of typical waveforms. A reactance walfor the
tank capacitor equal to less than one hundredtheofalue of
R1 will be sufficient. The DC resistance of thekanductor
should be small enough so that no appreciable O@age will
appear across it. A value less than one hundiefdthe value
of R2 will be sufficiently small. This assures ttal of the
output DC power goes into R2. The bypass capaCifohas a
very low reactance compared to the load resistoraRehe
frequency fo. Since C2 acts as a short circuit ecR2 at the
frequency fo, all of the RF voltage across T wilpaar across
the Diode. The time constant, R2*C2 should be lcoxppared
to the time for one cycle of fo.

Part 2a: Discussion of the new Diode Detector ¥ajant
Circuit.

Real Rectfied DT

Diods Dutput Current
- iode o

n —

— Dr -
RF Look towards Laok towards sl
Input Load from T Co== Seurcefiom  po T} Oupdt
V:-Hage Source [RF only) Load (DL only) \‘//uzltage

W
L Source Je Diode Detector Circuit L Load —

RWDDC to be Simulated in Spice.
Diode detector to be simulated in SPICE

To gain an understanding of the Diode Detector ‘jent
Circuit (DDEC), first consider the following linef shought:
See Fig. 1. Let the input RF voltage V1 becomey Vew.

V1, at a frequency fo, looking toward the load semice R2,
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preferably Antique Electronic Supply P-T157 tramsfers.
Alternatively, one can use most any generic "3:T"AlOne
will get a small amount more loss with the alterres, mainly
at 300 Hz and when the signal is weak. C2 candes Wo
peak up response at 300 Hz if a generic "3:1 At&hsformer
is used. C2 can be omitted if the P-T157 transéwsmare
used. Experiment with values around 0.02 uF. Snd Sw2
are DPDT slide or toggle switches. R can be a ¢ pe. Itis
used to set the diode DC load resistance to belafea
transformed AC load impedance.* A log taper isf@med.
Set R for the lowest audio distortion and bestcsiziéy on
strong signals. The diode load at DC must be &émesas for
AC audio signals for best results. This setting littls effect
with weak signals, however. C1 should be abou 0. See
the later part of Article #1 for info on determigitransformer
winding polarity and how to reduce the effect demwinding
capacitance.

* The first time anyone has suggested placing alfghRC in
series with the diode to enable adjusting its D&tlleesistance
equal its average AC load may have been in Artidle Some
people call it a "benny".

Schematic showing a switcheable two transformeayansing
PT-157's.

Y sw ik Swich |Input [Transformation
Postions | mpedance | Ratio

7506 63
190¢ 15
48k 4

High Impectance
Input fron Dide Outputto 12k ACloadt
impedance such as

magnetic heacphonss of 2k

Sw2
Ohms DC resistance.

Fig. 1
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There is no need to transform headphone effectyedance
up to as high as 750k unless the RF tuned cinatién loaded
with the antenna, has a resonant resistance ohdr@60k
Ohms. It is very difficult to attain an impedanttes high.
The diode also would have to have the appropriater&tion
Current of about 38 nA. For experimental purposés
transformed impedance of no higher than 380k isretbsa
one transformer circuit should be used as showowbeThis
will prove more practical in real world applicat&enR may be
a 250k or 500k Ohm pot, preferably with a log tapEne
transformer insertion loss remains below 1.0 dBnfi@.3-3.3
kHz with output loads between from 6k to 24k Ohmisew
using the A.E.S. P-T157. Keep in mind that theursdaton
Current (Is) of the diode should be such that ihelels (Weak
signal) RF input resistance is about equal to thetgnna
loaded) RF tuned circuit resonant resistance asd &l the
transformed headphone effective impedance. Thisdedio
resistance is equal to (0.0257*n)/Is. Is is in Ampor more
information on this, see article #4 listed on tbenke page.
Schematic showing one Switcheable PT-157 Transforme
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A real world diode is a two terminal device. Thedf world
diode detector circuit" will be modeled as a "twortp four
terminal device" having a pair of terminals foe timput and
another for the output. One of the input termirialthe "hot"
input terminal; the other is "low". One outputrtémal is the
"hot" one, the other is "low". The two "low" temngils are
connected together and usually to ground. Pleage that in
the topology of the two schematics shown below,"iede
Detector Circuit" and the "Diode Detector Equival@ircuit"
both include the tank T and the bypass capacitora€zn
integral part of the detector. Also, look at theewits in this
way: The tank circuit, looking towards the outpsées the
diode as a one-end-grounded shunt load since tleutou
bypass cap is a short at RF. The output loadtoesisoking
back towards the input, sees the diode as a ongrenohded
shunt DC resistive source since the input sidehefdiode is
shorted to ground by the tank.

See Fig 1. The detector tank circuit T is modelsdoasless
and resonant to the input frequency fo. Lossesrieal world
tank can be accounted for by using Thevenin's Témoto
calculate the appropriate changes in V1 and Rlis Baves
the circuit topology unchanged. See Article #1 fiaore on
this subject. The value of the tuning capacitor Tinis
sufficiently large so that essentially no harmoniésfo can
appear across T. This assures that the "pendukem-|
resonator effect” of a high Q circuit will be awdile to supply
the narrow, high-current pulses the diode requinesy cycle
when strong signals are handled. Another advanageat
tank-voltage-waveform peak clipping by diode coniurc is
essentially prevented when the current pulses exerd All
this assures that the input impedance to the detedtl be
linear over one cycle of RF and the input curremt and
voltage across the tank T will always be sinusgidal matter
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valid ways one can use in thinking about how auireorks,
the better becomes one's understanding of thatitcirc

This analysis applies to an AM detector fed by a BWsine
wave voltage of frequency fo: It has a peak (nbSR value
equal to V1 and an internal source resistance of Rthe
"maximum available RF input power" is called Ple(section
2 in Article #0 for info on "maximum available potle The
DC output power delivered to the load resistor Kk@alled P2.
The DDIPL (in dB) is equal to ten times the logtbé ratio
between the two powers P2 and P1.

This approach can also be used to model how a dietitor
behaves with an AM modulated input signal by perfog a
SPICE simulation three times. Once with the RRaigqual
to the value of the desired modulated wave's epeelo
minimum value, once with the signal equal to theieavalue
and once with the signal equal to the crest vallibe three
DC output voltages give the minimum, carrier eqlema and
peak value of the demodulated output audio wave.

*+xx Please do not skip this next paragraph! *****

To understand the new diode detector equivaleouicirone
must abandon the usual way of thinking the aboeidibde in
a detector. Instead, one must think about thed&lidetector
circuit”.  This circuit includes a tank circuit The output
capacitor C, as well as the diode. The shunt inpattance of
the circuit is assumed to be zero at all frequeneiecept fo,
the frequency to which the tank is tuned. The imesistance
at fo will be discussed later. The output reaaanf the
circuit is assumed to be zero at all RF frequenciéise output
resistance will be discussed later.
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Switch | Input Transformation
Positions | Ipedance [ Ratio

H 190k 18
M 48k a
L 12 1

High Impedance 15
Input from Diode: o
HM O 0L Ouptto 12k AC load
impedance such s
maghetic heatphones of 2
Ohms DG resistance.

Fig. 2

Part 2 - Practical Fixed Transformation Ratio Setuping the
A.E.S. P-T157, PT-156,

Stancor A-53 or similar Audio inter-stage Transferni3:1
AIT"

The following schematics show various connectioms the

transformers mentioned above. The connections maaged

to provide various diode audio frequency load ingrexts

from headphone loads of either 12,000 or 1,200 OA@s

impedance. The 12,000 Ohm connection is appropfiate
most magnetic headphones of 2,000 Ohms DC reséstamd

many piezo earpieces. The 1,200 Ohm connectionsésl u
when driving a series connected set of typical dopowered

elements.

As stated before, it is important that the diodeeha DC load

of the same value as its average AC load. Thiseeaily be
accomplished by placing the parallel combinatioa pbt with
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an audio bypass capacitor (a "benny") in serief wie lead
marked 'RC' between the points marked "x--x" (sel®vd).
The pot should have an audio taper and be connextea
rheostat. 0.5 to 1 Meg is usually a good valude Value of
the capacitor depends upon the impedance refléntedthe
transformer primary from the headphones. A valu@.@5 uF
or more is usually OK. The pot should be adjusted
minimize distortion and improve selectivity whercee/ing
strong signals. Its setting has no effect wheriwing weak
signals.

Various connections of transformers to enable dfie
impedance transformations

T
T
INPUT T INPUT
<3¢ s OUTRUT R OUTPUT
OUTPUT e y
AC
L 1
c
f
f

B

Fig. 3

First, some help. In schematics A-F it is importanproperly
phase the windings. For best performance at thie énhd of
the audio band, one should minimize the effectrarfgformer
inter-winding capacitance. This is most importanto when
using circuits D or E, but has little effect whesing circuits
A, B, C, or F. To do this, the start and finislads of the
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ARTICLE 10

A New Diode Detector Equivalent Circuit, with a
Discussion of the Linear-to-Square-Law Crossover Ruot:

the signal level at which the detector is functiomg midway
between linear and square-law operation

Quick Summary: The purpose of this article is ¢ésatibe and
and then compare a new diode detector equivalentiti
(DDEC) to a real world detector circuit (RWDDC),céuas
might be used in a crystal radio set. This eqenatircuit
uses an ideal diode. Comparisons are made usinGESPI
simulations of the two circuits. Calculations gsiequations
given in Article #15A are also supplied for compari. The
concept of the Linear-to-square-law crossover p@istLCP)

in the relation between output DC and input AC povge
introduced (not to be confused with the exponential
relationship of DC current to DC voltage in a dipde

Part 1: General Description of a Diode Detector.

The new diode detector equivalent circuit (DTEChased on
the idea that a detector diode imbedded in a propeuit can
be thought of as a 'black box' device that convefispower
into DC power. Some power is lost in the process that is
called Diode detector insertion power loss (DDIPLYhis
approach completely avoids such concepts as datg,qyulse
current, bypass capacitor charging and non-linear
instantaneous  voltage/current relationships. It also
consistent with the material given in Article #TThe peak-
detector, capacitor-charging-current line of thdugh good
when signal levels are high enough to assure that peak
detection occurs. It is not very useful when sidesels are
low. However, when all is said and done, the ndifferent
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What to do now? If the optimum diode has a higkethan
your present one, several identical diodes canaballpled to
create the equivalent of one of higher Is. Fotainse, five in
parallel will have an Is five times that of one o If you
have several different diodes, experiment with thekaybe
you can find one that does not need a bias for fessits. In
recent years many different types of diodes calld@4A have
been sold. Their Is values vary all over the lot.

Some final comments: Using the Bias Box to redtle
effective Is of a diode that has a high Is doeswaotk very
well if a large reduction is needed. The reasdhas diodes of
high Is naturally have higher back leakage andnetaeverse
breakdown voltage. This causes losses and audiortibn
when the RF voltage across the diode swings torseve
polarity every RF cycle. Less sensitivity and stldty is the
result. When one increases the effective Is abdedthat has
a low Is by applying a forward voltage bias, thisfdem does
not occur. Some other things that will cause soptmized
diodes to work worse than others are: High se®sistance
(Rs), high diode barrier capacitance (this reduddégh
frequency performance compared to that at lowejuieacies)
and high reverse leakage current.

#9 Published: 03/30/00; Last revision:01/24/07
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transformer coils must be properly connected. he t
schematics shown above, the start and finish ofrtresformer
windings are indicated by "s" and "f*. The stafttioe low
impedance winding of a PT-156 or P-T157 transforisehe
blue lead. The finish is the red lead. The greed leext to the
red lead is the start of the center tapped highetapce
winding. The green lead next to the blue lead ésfthish. If
Stancor A53-C transformers are (is) being used, abier
coding is different. The start of the low impedamgading is
the red lead, the finish is the blue lead. Thesgriead of the
center tapped winding next to the blue lead issthet, and the
green lead next to the red lead is the finish.

The insertion loss values shown below are were uneds
using A.E.S. P-T157 transformers. Stancor A53-@aneric

"3:1 AIT" units will perform somewhat worse, as rtiened

above. If you are going to use a generic "3:1 AlRé&ep in

mind that all or most of the extra insertion los®8 kHz can
be eliminated by using the correct capacitor iesebetween
the transformer and headphones.

Table 1 - Insertion Loss for Various Impedance
Transformations when Driving Magnetic Headphonés (2
ohms DC resistance) or Piezoelectric Earpiecebaital 2k
Ohms AC Impedance. For A.E.S.
P-T157 and generic "3:1 AIT" transformers . Fremye
Range is from 0.3-3.3 kHz. . .
SOURCE IMPEDANCERANGE | LOAD IMPEDANCE || CIRCUIT | INSERTION LOSS

25k-70k Ohms 12,000 Ohms. A 06-1.0dB

70k 150k 12,000 0308

0k 12,000 02-06
2! ok 12,000 03-12
500700k 12,000 0515

ofw

o

b
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A very low loss transformer that can be used tosi@m a 1
Megohm source down to closely impedance match aA2k
ohm load is the small UTC O-15 'Ouncer' transfornies
insertion power loss is less than 1 dB from 0.3KB43.

Table 2 - |Insertion Loss for Various Impedance
Transformations Driving Sound Powered Headphonek 2K
Ohms AC impedance. For A.E.S. P-T157 and
generic "3:1 AlT"s. Frequency Range is from 0.3-BHz.
SOURCE IMPEDANCE RANGE | LOAD IMPEDANCE | CIRCUIT | INSERTION LOSS
16k-54k Ohms 1,200 Ohms C 11-13dB
43k-130k 1,200 F 13-19

Here are general specifications for the A.E.S. BT Stancor
A-53C and generic "3:1 AIT" Inter-stage transformefSingle
Plate (10,000 Ohms) to push-pull grids (90,000 Qhms
Overall turns ratio: 1 to 3 Primary to Secondaryax.
Primary DC: 10 mA. These transformers are stilatieely
cheap and usually available at Hamfests, persomdl oxes
and Used Component Vendors.

Part 3 - Transformer configurations for use mainith Sound
Powered Headphones

Now we will talk about some other transformer cgufations
that are suited for use with Sound Powered phdd&€ LS-
10, UTC A-10, UTC A-12, Amertran 923A and UTC C-208
as well as many others. The UTC A-10 and A-12 hidnee
same terminal impedance specifications as the LSrbOwill
probably perform similarly. Some of these transfers are
currently quite expensive. For some lower cosioogt see
Part 5 of this article for some generic transformspecs., or
consider the last two connections shown in the tchbove.
Shown below are loss measurements using a physicaiiy

7

transformer primary, if one is used. If no transfer is used,
connect the terminals of T1 to the crystal radiogseund and
the cold end of the headphone headset. Also maieethat
the connection where the Bias Box is inserted it ypassed
for RF and audio.

To operate the box, snap the switch to OFF, disecintihe Hot
T1 connection from the crystal radio set and adjustDIODE
DC LOAD pot to the DC load desired (See articless#4 or
pick 100k Ohms to get started). The DC load resist can be
measured across the terminal strip labeled T1 \iteeot lead
is disconnected from the crystal radio set. Reeonthe Hot
T1 connection to the crystal radio set DC retulfune in the
weakest station you can copy. Snap the switch to @Njust
the BIAS pot for the the greatest volume. Tunetlie
strongest station you can get. Adjust the DIODE IBWAD
pot for the least audio distortion. Disconnect tngenna.
Connect a DVM to terminal strip T2. If you find\eltage
there, that is an indication that your diode is optimum. A
diode having a different Is could work the same, Without
the need for any bias. If your diode is biasedhia forward
direction, the optimum diode would have a highethen your
present diode. A reverse bias indicates that phienam diode
would have a lower Is. As stated before, the imiahip
between the required bias (Vbias), the Saturatiaredt of
the original diode (Isor) and the Saturation Currar the
optimum diode (Isop) is: Vbias = 0.026*n*In(Isogdk) volts.
Some llustrations: To change Is by five timese thias
Voltage required is about 0.044 Volts. To changéyi 25
times, the Voltage is about 0.088 Volts. Note: heW
adjusting the BIAS pot from the optimum positionpvimg

toward forward bias reduces volume, sensitivity and

selectivity. Moving toward reverse bias increasekectivity,
reduces volume and sensitivity and adds audio rtisto
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higher will be the very weak signal sensitivity.t law signal
levels, the Id*Rs expression is small and can lugeceed.

To change the detector performance of a diode of Isor
(original) to the performance of a diode of Is -ogs
(optimum), a DC bias voltage must be inserted iesewith
the diode. The required bias voltage is: VbidsG257*n*[In
(Isop/lsor)].  In represents the natural logarittoh the
expression following it. This equation is accuridtine values
of Is and n do not change as a function of diodeect. This
assumption is correct for the Schottky diodes leheliecked.
Some germanium ones | have checked do not acauratel
follow the Shockley equation. They tend to hawghhialues
of Is such as 500 nA or more. Germaniums havinglses in
the 100-200 nA range do seem to follow the Schgckle
equation well. At high currents, Is increases fritsnvalue at
low currents. The Vbias equation is given for mfiation only
and is not used in the following experimental prhoes.
Whether a Schottky, germanium or other diode isduse
convenient way to ‘tune' the Is of a diode is te tre "Diode
Bias Box". It effectively enables one to changeliades'
effective Is (and therefore its operating impedarmemerely
turning a knob on a box. The Diode Bias Box alsabées one
to determine the best diode DC and AC load impeelanc

Here is an interesting relationship that appliesst Schottky
diodes: A Schottky diode detector having a satomaturrent
of (Isl) that has no external DC current bled iittowill
perform, as a diode detector, identically to thétaoother
diode having a saturation current of (Is2) if a B@rent (Ib)
equal to (Is1-1s2) is bled into it.

To use the Bias Box, connect the terminals lab@ledo the
crystal radio set ground and the cold end of thelicau
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small, but very low cost transformer, the MOUSER-IW as
well as two excellent small low loss transformersnf the
CALRAD line.

At the end of this Section (#3), measurements on a
combination of two transformers are be shown thabie
900k to 1200 ohm and 470k to 1200 ohm impedance
transformation.

Six measurements on the TM-117 are shown. Thetéiss of
the transformer is with the input and output resise values
specified by the Manufacturer, but at a low outgighal level.
The second is for a TM-117 driven and loaded by the
resistances of 24k ohms primary and 300 ohms secpnd
instead of 50k ohms primary and 1k ohms secondahg 24k
ohm level is close to that delivered by a geneN84A diode
when detecting a weak signal. The next three rmeesnts
are for four TM-117 transformers interconnectedgtee a
transformation ratio four times greater than ones g®m one
transformer alone. The primaries are connecteskiies and
the secondaries are connected in series/pardlle¢ resultant
primary and secondary are connected as an autfurams.
Results are given from measurements made at thrgmito
power levels. The last measurement is with thesfoamers
connected for a 1,200 Ohm output instead for a Gbdn
output. Most Sound Powered elements | have seea &a
AC impedance of about 600 Ohms when averaged dwer t
frequency range of 0.3-3.3 kHz. When used as @01(hm
transformer load, the two elements should be cdedein
series. When used as a 300 Ohm load, the elemsmiisbe
connected in parallel. Remember that the inserisa near
0.3 kHz can usually be reduced by placing a prappacitor
in series with the connection from the transfortoethe sound
powered headphones.
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Table 3 - Insertion Loss Values for Various Transfers
driving Sound Powered Headphones or elements of 00
or 1,200 Ohms effective Impedance. Frequency Ranfyjem
0.3 - 3.3 kHz.

Transformer | Source lmpedance | Load lnpedance | Tnsertion Loss
Model # (Primary) in Ohms | (Secondary) in Ohms Range in dB
UTCLS-10 120,000 300 G 04
UTCLS-10 270,000 300 H 07-10
UTCLS-10 270,000 1200 1 0710
UTCLS-10 430,000 1200 G 0816
UTC C-2080* 330,000 300 7 08-12
UTC C-2080* 540,000 600 7 1319
UTC C-2080* 820,000 1200 7 2132
AMERTRAN 923A 680,000 300 K 1018
AMERTRAN 923A 680,000 1200 L 10-18

* The UTC-2080 is rated by the manufacturer fonsfarming
between source/loads of 100 and 100k Ohms. A a&imil
transformer made by the Stanley Company (TF-1A-X)-1¢
(or was) offered by the Fair Radio Sales Co. agA&W20, for
about $7.95. They are recommended as good allndrou
choices for driving 300 ohm sound-powered phoneB (S
elements in parallel) in good quality crystal rasés.

Table 4 - AC parameter values of the UTC 2080 atachl8y
TF-1A-10-YY transformers, measured at the 100 ohm
terminals (#1 & 2).
Magnetizing |Resistance at | Resonant | Distributed | Inter-winding
Inductance | resomance |frequency |capacitance | capacitance

UTC 2080 395 mH 2.25k ohms 0.98 kHz 69.6 nF 39 pF
Stanley TF-1A-10-YY 595 3.15k 1.65 157 66

Transformer name

To obtain the approximate magnetizing inductanespmant
resistance and distributed capacitance for the @icCStanley
units that appears at terminals 3 and 4 (other nwindpen-
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F1=1Mealog pot

R Bk 1/2%/ res.
R Bl 1/2% res.
R4 =10k lin_ pat

B1=B2=11/2V. Adcels
5W1 =DPDT switch

Het Hat
- T et

To diode & Vokage Monitor

DC retun

Grd

R1 sets the diode DC lnad
Iesistance.

Ri3 sets the diode bias voltage.

S/ is the on off switch,

S
Gnd
aN
|+
B1| B2

Schematic of the Diode Detector Bias Box.

A detector diode having particular saturation cotrr@s) can
be biased to perform almost exactly the same asde dhaving
a different Is. This statement assumes that theéedconforms
to the classic Shockley diode voltage/current iefeship: 1d =
Is*{exp[(Vd-1d*Rs)/(0.0257*n)]-1)}, at room tempetare. Id
is the diode current in Amps. Is is the diode Ssion
Current. "exp" means: raise the base of the ablgarithms
(2.718...) to the power of the expression followingd is the
voltage applied to the diode in volts. Rs is thed series
parasitic resistance of the diode in ohms. n & [iode
Ideality Factor (Emission coefficient) and is dirsemless. It
is usually between 1.05 and 1.2. The lower theevalf n, the
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ARTICLE 09

Build the Crystal Set Diode Detector Bias Box: a siple
and easy way to determine if one's diode is optimurfor
weak signal reception, or it should have a higherrdower
axis-crossing resistance (0.026*n/Is ohms)

Quick Summary: The 'Diode Detector Bias Box' eealiine
to check whether the diode being used in a cryattib set has
optimum characteristics for that set. The optimdetector
will deliver the greatest low-signal sensitivity.

A detector diode, in order to deliver the highesisstivity and
lowest audio distortion, must be properly impedanmzched
to its RF source. It must also be matched to treect (for

that diode) audio and DC load resistances. Seelést# 0, 1,
5 and 15a for more info on this subject. How cae &now
for sure that the diode used in one's own crysigibrset is the
best one for it? Another way of putting it is: €omy diode
have the Saturation Current (Isopt) that the optindiode, for
my set, would have? An easy way to find the ans&¢o

build and use the diode Detector Bias Box.

ry ToDiobe
T1 ==

DG RETURN | O

Picture of the Diode Detector Bias Box.
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circuited), multiply the values of the first two rpaeters
above by 1000 and divide the distributed capacitdnc1000.
This is because of the 1:1000 impedance transf@maatio.
Note: Terminals 1 and 2 are marked as the "100" ohm
terminals, 3 and 4 are marked "100k". Bear in ntimat the
magnetizing inductance of these transformers cary va
appreciably from sample to sample because of the(do no)
air-gap design used in the laminations.

Table 5 - Insertion Loss of MOUSER TM-117 Transfer(s)
using various
Interconnections and Load Resistances

Transformer Model £ So\niel Iovrl:p:sdmce Loai Irgph;sdm:e Comections OuT:\ Z‘o = I;s}e:noln OL.:;;3 o d:?
Mouser TM-117 50,000 1000 M 60 Bm. 111,18,57
Mouser TV-117 24,000 300 M -48 Bm 48,1226

4 Mouser T™-117 100,000 300 N 72 dBm 53,1546
4 Mouser T™-117 100,000 300 N “2dBm 49,1146
4 Mouser TM-117 100,000 300 N 12&m 17,17.46
4 Mouser TM-117 100,000 1,200 o S2dm 17.12,43

*Some or all of the loss at 0.3 kHz can be elimgdaby
coupling the transformer to the headphone load utoa
series capacitor. This makes a high pass filtéh w&icutoff
frequency at or somewhat below 0.3 kHz out of the
components, instead of having a just a plain olthsiparallel
RL 6 dB/octave roll-off response. The componefithe filter
are the shunt inductance of the transformer, thieseapacitor
and the shunt inductance of the headphone impedarfce
value around 2 uF is usually good if the headpheffective
impedance is 300 Ohms (elements connected in ehralA
value around 0.5 uF is good if the headphone éffect
impedance is 1,200 Ohms. (Elements connected iesje®ne
must experiment with different values because tideiétance
and effective impedance of different elements earfiem
Mfg. to Mfg. Of course, this principle may be eowdd at
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other impedance levels such as the 12k ohms inaades
Superior headset, when used with an appropriatesfoemer
(see the paragraph above Fig. 1).

Table 6 - Terminal Connections for UTC, AMERTRANdan
MOUSER TM-117 Transformers

(G.Join1 &3, 4 &6, 8 &9. Inputis 7. Outputs 1. Ground s 4 and 10
[FL Join2 & 3,4 & 5.8 & 9. Inputs 7. Outputis 2. Ground is 4 and 10.
LJoin3 & 4. 8 & 9. Tuputs 7. Outputis 2. Ground is § and 10
1. Inputis 3. Outputis 2. Groundis 1 and 4.
K Join1&3,2&4,6 & 7. Inputis §. Outputis 1. Groundis 4 and 5
IL Join2 &3, 6&7. Inputis 8. Outputis 1. Groundis 4 and 5
IM. Inputis 4. Outputis 1. Groundis 3 and 6 ot vien of
IN. Take four TM-117s and label them W, X, Y and Z. They will be connectedinan | pouset TH1T7
autotransformer configuration. Join W6 to X4, X6 to Y4, Y6 to Z4. Join Wlto | tansfomer
Y1. Join X3 to Z3, Join W3 to X1. Join Y3 to Z1. Connect a paralll RC from | 3
Z6to W1. Inputis W4. Ouputis Y1. Ground for input and output is Z3. For an
explanation of why to use the RC, see the second paragraph aftr the first graph in
artcle #1 ¢ 58
0. Takce four TM-117s and label them W, X, Y and Z. They will be comectedinan | SE1ed
autotransformer configuration. Join W6 to X4, X6 to Y4, Y6 to Z4. Join W3 to
X1, X3 to Y1, Y3 to Z1, Connect a parallel RC from Z6 to W1. Inputis W4
Output is W1 Ground for input and outputis Z3. For an explanation of why to
use the RC, see the second pasagraph aftr the ist graph in artcle #1. Desirable
but optional: Connect X1 to the ceater of the 1,200 Ohm load juaction of two
600 Obin sound-powered elemeats connected in seties). This eliminates a narrow
spurious 1 dB dip in the frequency response at about 1.2 kHz

1

The transformer loss figures for the UTC and AMERTR
transformers were measured at an output power @dtat0
dBm. Performance is retained at output power gevelch
less than -60 dBm. A voice signal at this poweelevill be
quite soft, but understandable through most soumdeped
headphones.

The MOUSER transformer deserves special discussime it
is so low in cost (available at Mouser Electronics

(http://Awww.mouser.com ). Frequency response and

distortion: The loss figures at two different povevels for a
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If we were to restore an optimum impedance matched
condition by adjusting the input source resistatme495k
ohms and the output load resistance to 990k ohmys (b
changing the input and output impedance transfaomat
ratios), the power loss would be further reduced.@22 dB.
See Part 5 of Article #0 for further discussiontio@ subject of
input and output resistance of diode detectorsatpdrin their
peak-detection mode.

#8 Published: 02/13/00; Last revision: 11/25/01
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calculates as: ((4.08)"2)/700k = -46.23 dBW. Detepower
loss goes down to: 46.23 - 45.54 = 0.69 dB. Thautin
resistance is now even lower than before.

The green output voltage at test point Y3x is 408s, kind

of low compared with the 6.25 volts we would gethwva

perfect input impedance match. Why is this? Tpgui and
output resistances of a diode detector both apprtee value
(0.026*n)/Is Ohms at low signal power levels. (rdds are
diode parameters used in SPICE. n is called thaedideality
Factor, or Emission Coefficient. Is is called ddoshturation
current.) Is is defined as the current that isngsptically

approached in the diode back bias direction bedateaneous
leakage factors or reverse breakdown comes into plaalso
has a major effect at an on the amount of curretibde will

pass in the forward direction at any specific agpN/oltage.

As we have seen, as signal input power increabesquality
of the RF impedance match starts to degrade. T®enAut
resistance to the diode detector decreases fromvahee
obtained in the first well matched low power lesehulation.
Interestingly, the output resistance increases. fEason for
this change is that a new law now governs input aumgput
resistance when a diode detector is operated &haeimough
power level to result in a very low power loss.eThle here is
that the DC input resistance of an ideal diode pietlctor is
one-half the value of the output load resistand®lso, the
output resistance is equal to two times the valughe input
source resistance. Further, since in this exari@edetector
now approaches being a true peak detector, the mfub
voltage approaches the square root of 2 times ahee\of the
RMS input voltage. This relationship is necessargn ideal
peak detector so that the AC input power can ethelDC
output power with no power lost in the diode (Neeflunch).

121

TM117 purchased in March of '00 are as follows: pDut
power level of +15 dBm: 2.8 dB @ 0.3 kHz, 1.9 @1.0
kHz and 6.4 dB @ 3.3 kHz. Output power level 6D dBm:
11.1dB @ 0.3 kHz, 1.8 dB @ 1.0 kHz, 5.7 dB @ l&-&
and 5.4 dB @ 0.6 kHz. The 0.3 kHz loss is greater power
level of -60 dBm than at +15 dBm. Why? The core
laminations of the TM-117 (and many other very dmal
transformers) have low permeability at the low netgnflux
levels generated by the -60 dBm signal. This l@enneability
is called initial permeability. The initial permebty, in
combination with other factors, results in the sfanmer
having a specific shunt inductance (at low sigesels). This
shunt inductance controls the low frequency rofl-of the
transformer. At higher flux levels (signal levelsut before
saturation occurs, the permeability increases tdedfective
permeability" value which can be several times gnethan
the initial permeability. This means that the sfanmer shunt
inductance is higher at the higher signal level &mel low
frequency roll-off is much reduced. There may lens
production unit-to-unit variation in the low frequey response
of the TM117. One that | bought about a year dywed 2.5
dB less loss at 0.3 kHz than the one tested at®wme low
frequency harmonic distortion is generated in thangeover
region from initial to effective permeability. Ehcan easily be
seen on a 'scope, especially at 300 Hz sine whdeubt that
it would be very noticeable in actual crystal rasié use.

One can see from lines three, four and five of dathe TM-
117 Insertion Loss Chart above, that the loss.atkbiz,
relative to that at 1.0 kHz, gets less as the duyspwer level is
increased. The loss at 1.0 kHz is minimum at ## dBm
output power level. The greater 1.0 kHz loss at-f2 dBm
power level is caused by the reduced shunt indoetas
explained above. The increase in 1.0 kHz loss4atdBm
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occurs because the core is getting closer to s@mra The
loss at 3.3 kHz in the four-transformer configusatis greater
than that for one transformer shown on line 2 bseathe
primary-to-secondary capacitance of transformerand B is
effectively connected from high impedance points ground,
thus rolling off the high end response. The sirigd@sformer
in line 2 is wired so that the primary-to-secondeapacitance
is not in shunt across the primary to ground.

The CALRAD line of small transformers offers twggs that
are suitable for use in transforming a high diod=edtor
output resistance down to 300 or 1200 Ohms to df#e
phones. Their insertion loss is quite low and inith fraction
of a dB of that of the UTC LS-10. One distributof
CALRAD transformers is Ocean State Electronicsydiuktrial
Drive, P.O. Box 1458, Westerly, RI.
http://lwww.oselectronics.com/ (they call these $farmers
(Mini Audio Transformers). The two transformers at45-
700, spec'd to transform 100k to 1000 Ohms and 78&-
spec'd to transform 200k to 1000 Ohms. They sellabout
$5.95 ea. The following chart shows the measured
performance of a single transformer and of comimnat of
two. Lines #1 and 2: Primaries are in seriespséaries in
parallel. Line #3: Primaries are in parallel, segaries in
series. Performance is very good, especially sasidering
the price.

Table 7 - Insertion Loss of certain CALRAD transfar(s) as
single units, and with two connected together.
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voltage at test point Y3x is 361 millivolts. Fomdlecurrent is
now drawn over about 24% of one cycle time. Theuin
available power, as stated

Before, is -65.54 dBW. The output power is ((0.3&)/700k
= -67.30 dBW. Detector power loss is: 67.30 - 8551.76
dB.
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Current and Voltage Waveforms at a High Input Poesrel.

Now it looks as if we are getting much closer toalpe
detection. The peak positive voltage applied ® diode at
test point Y2 is 4.30 volts. The detected DC \gstaat test
point Y3x is 4.08 volts (only about 5% less thaa th30 volt
peak). The diode forward conducts only during @ab&2% of
the cycle time of the 1.0 MHz wave. As stated befdhe
input available power is -45.54 dBW. The outpuwpo
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Finally, note that there is no peak detection gaimg The
diode output voltage, measured at test point Y3aniy 15.7
millivolts even though the peak forward voltage lagpto the
detector is 61.9 millivolts. Input power as statdsbve is -
85.54 dBW. The output power is ((0.0157)"2)/700k94.53
dBW. Insertion loss = 94.53 - 85.54 = 8.99 dB.

5 IntuS cope - [C:AapiceBd\CHeuits XS chottky ga-6 0]
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Current and Voltage Waveforms at a Moderate Inpuwé?
level (linear/square-law breakpoint).

Here, the input voltage at test point Y1 is 1.2%s/dbut the
voltage across the LC tank circuit, as measureesatpoint Y2
is only 494 millivolts, not 625 which would be tbase if we
had a perfect impedance match. This shows thatdletector
input resistance is now lower than 700k Ohms. Biod
operation is getting closer to peak detection. @een output
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Lines | Transformer lmliz‘:; | Load Impedance | Output Power | Inseron Loss in dB
Model # (s) b in Ohms. LevelindBW | 0.3* 1.0,33kHz
1 110k 300 54 12,09.09
2 270k 300 -54 19,0913
3 | Two45-703 51k 1200 54 16,10.10
4| One4s-700 91k 1200 54 18,10,09
5 [ One45-703 220k 1200 54 37,1413
6 | Two45-700 350k 1200 54 30,1118
[ one 45703+ . L
a0y 510k 1200 54 48,15,25

* See asterisk just below the preceding Mousersfoamer
table.

Note: The hot lead of the high impedance windinguddh

always be the red lead. The hot lead of the loyweidance

winding should be the white lead. The high impesdan
windings are connected in series in lines 1, 2né@ & They

are in parallel in line 3.

The low impedance windings are connected in pdriallénes
1, 2, 6 and 7 with leads of like color connectegetber. The
hot low impedance output connection is to the wihetads.
The other two joined leads go to ground. The lowedance
windings are connected in series in line 3.

One must properly phase the windings when two foamers
are used. The lead from the hot end of the highbetance
winding of transformer #1 should be connected ® diode.
Its cold lead should go to the hot lead on tramséar#2. The
cold lead of transformer #2 should go to a pardR€], the
other end of which should either go to ground medi 1, 2, 3,
and 7 or to the hot low impedance output in line
(autotransformer connection). In line 7, transferrdl should
be the 45-703.
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A UTC O-15 'Ouncer' transformer can be combinech veit
Bogen T-725** to make an excellent low loss transfer
assembly for matching a wide range of headphonediapces,
as well as an 8 ohm speaker, to a 1.35 Meg soesistance.
See Fig. 4a. Insertion Power Loss is 2.6 dB @k6i3*, 1.2
dB at 1 kHz and 1.7 dB @ 3.3 kHz. Note, that foese
measurements, the housing of the O-15 was leftoumgted to
eliminate the approximately 20 pF stray capaciyrfiterminal
#4 to the case. This reduces loss at 3.3 kHz, rhight
introduce hum in some applications. An alternatieenection
that matches to a 1 Meg source is shown in Fig.4this
lowers the transformation ratio to reduce the eftéexternal
stray capacitance-to-ground from crystal set corapts
connected to the high impedance point. It alsoucesd
sensitivity to hum pickup if the case of the O-I5 left
ungrounded. The result is a small 0.5 dB lossataiu loss at
3.3 kHz when that stray capacitance is 16 pF. Bbgen T-
725 transformer is available from Dave Schmardgtisbby
Electronic Parts" at: http://www.1n34a.com/cat#bagts.htm
. The UTC Ouncer O-15 transformer is hard to fitdf
sometimes shows up on e-Bay.

*See the asterisk at the end of the Mouser inseities table
above.

The R1 C1 combination is sometimes called a "benry'is
used to reduce audio distortion sometimes encceshten
strong stations. A good value for the pot, R1, 48 Megs,
preferable with an audio taper. C1 is not critic&l value of
0.1 uF is suggested.

A typical diode for use with this transformer asbémis a one

having a saturation current of about 22 nA, sucthasAgilent
5082-2835 or HSMS-2820. The weak signal audio wtutp
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5 IntuS cope - [C:\spiceBd\Circuts 0SS chottky. 06 ]
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Current and Voltage Waveforms at a relatively Lomput
Power Level.

The black curve shows the diode current. The otheze
curves all use the same scale on the vertical aXise blue
curve shows the voltage at the test point Y2. Tikighe
voltage across the tuned circuit. It has a pedievaf 61.9
millivolts, about 1/2 that at test point V1. Tlskows that the
detector has an input resistance of about 700k Ofifhsre is
a good input impedance match here. The red curve/sthe
voltage across the diode. Note that where it isitpe, a
forward diode current flows for about 42% of thmei for one
cycle of the 1.0 MHz wave. Note that where it égative, a
reverse diode current flows. This reverse curréattens out
and if a higher input signal was used, it wouldtéa out at
about 38 nanoAmps, the saturation current of thededi
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and n are not constant and do vary with diode otirre
Measurements made on one 1N34A shows Is and nsvalue
2.7E-6 and 1.64 at 320 uA which drop to 1.21E-6 &3l at
32 uA, then down to 6.6E-7 and 1.05 at 1.8 uA. oB&ly
diodes seem to have constant values for n and Is.

The SPICE netlist above shows, as the input, aviH@ sine
wave of peak amplitude 0.125 volts for V1. (Thipuhsignal
level is 2.74 dB less one that would operate theater half
way between the linear and square law modes. Atltwver
input signal power level the insertion power losk the
detector is 7.12 dB). The first of the three siatiohs will be
done with an input sine wave of 0.125 volts peak\fa as
shown in the netlist. The second simulation wiewa 1.25-
volt peak sine wave. The third will use a 12.5-ymdak sine
wave. The respective available input powers &&54 dBW,
-65.54 dBW and -45.54 dBW (dB below one Watt).
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resistance of such a diode, as well as the inpdibaesistance
of this transformer assembly shown in Fig. 4a @eheabout
1.35 Megs, making their parallel combination ab®&T5k
ohms. If the total shunt capacitance at this pisiabout 70 pF,
audio frequencies above 3.3kHz will be attenuatgdriore
than 3 dB. This capacitance consists of the sunthef
windings capacitance of the transformer assembirned to
its input, wiring capacity to the diode and thedtion capacity
of the diode, etc, all in parallel with the RF bgpaapacitor of
the detector (C9 in Fig. 5 in Article #26). Whesing this
transformer assembly, if the audio high frequencseem
deficient, try reducing that capacitor (C9), or imay
eliminating it and depending upon the other capagit
elements for RF bypassing. If one possesses gaghl h
frequency hearing, a higher impedance tap than alomay
strengthen the highs. This is because the impedaice
magnetic headphones is not constant. It riseseagiéncy
increases, therefore, a better impedance matcheuwitit for
high frequencies when a higher impedance tap tbamal is
used. See "The effect of source impedance ondoality" in
Article #2.
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1

Impedance Takle
\ypy BlmEN for Bogen Taps
725 skt 40k
oy 20k
wio 10k
blu 5k
Pk grn 2.5k
wel1 2k
. ok org 500
1 J: l’ f l red 300
- brn 150
10k 1.2k 300 Gnd. g
Some Output Impedance Yallues in Ohms

Fig. 4a

1.35 Meg input
impedance

R

Impedance Table
wh Bogen for Bogen Taps
Trzs wehit 40k

gry 20k
wio 10k
blu 3k
pk grn 2.8k
T yel 1.2k
Pk arg 600
1 l’ l’ l’ l red 300
- brn 150
10k 1.2k 300 Gnd. g
Some Cutput impedance Yalues in Ohms

Fig. 4b

1.0 Meg input
impedance

**Note re the Impedance Table for the Bogen T725
transformer, above: The Bogen Speaker Matchingsfoamer
is designed to be used when one wishes to drivéipieuB-
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C:\spice8d\Circuits\XSchottky.cir Setupl
*#save V(1) V(2) @R1[i] @R1[p] @C1[] @L1[] V(3)
@D1[id]

*#save @D1[p] @C2[] @R2[i] @R2[p]
*viewtran iy3

*#alias iy3 @d1[id]

*#alias ylv(1)

*viewtran y1

*Halias y2v(2)

*viewtran y2

*#alias y3xv(3)

*viewtran y3x

.TRAN 31.25n 502u

*#save all

.OPTIONS reltol=0.00001

.OPTIONS vscale=0.25

.PRINTTRAN 1Y3

.PRINTTRAN Y1

.PRINTTRAN Y2

.PRINTTRAN Y3x
V110SIN00.1251meg 000

R1 12 700k

C12050.52p

L120500u

D123 _HP2835

.MODEL _HP2835 D BV=15 CJO=0 EG=0.69 IBV=2.5e-5
1S=38nA

+ N=1.03 RS=6.4 VJ=0.56

C230 100p

R2 3 0 700k

END

Note 1: In regard to the accuracy of the SPICHlelimodel,
some diodes, notably the 1N34A are unusual. Theesaf Is

116



signal input power level. Two modes of operatiam &
detector have been defined: Linear and square laimear
operation is said to occur when a change of inmwtey (in
dB) causes an equal change in output power. Sdaare
operation is said to occur when a given small changnput
power (in dB) causes double that change in outmuep.
Where is the breakpoint between linear and squarve |
operation? SPICE simulation gives the answerhéeoextent
that SPICE and the diode models are accurate (S¢e N
after SPICE netlist). An input power sufficient ¢ause the
rectified DC current to equal to the saturationrent (Is) of
the diode is an indication of operation half waywmen linear
and square law. The detector power loss at thed Is 7.1 dB.

Y1 Y2 v Y3 Y3x
, ., D1 5 amps .,
vooR1 / ¢ p \/
700k Y Scho’ctk\/\I tv {
™~
AN 12 12 e la
! )
+ 2 h 3 <
vViey e LooL lc2 <R2
) 5 s

Schematic of Diode Detector Circuit using SPICE.
The Intusoft ISpice netlist shown below is autoweity

generated by the SpiceNet program after the scheraat
parts values are entered into the program.
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ohm speakers, distributed over a wide area, freingle audio
source, e.g., a public-address system. In ordelintid I-R
losses in the distribution line, the system is afest at a higher
than normal impedance and voltage. For example)Cawiatt
amplifier, with a 49-ohm output impedance, will el 70
volts to the line. At each speaker, a transfornseused to
connect the 70-volt line to the speaker voice-cBile line-to-
voice-coil transformer has multiple primary tapsaiow the
power delivered to each speaker to be individuadijusted to
suit system requirements. The taps on such tramsfsr are
often labeled with the power they will draw fronY@-volt, or
sometimes a 25 volt line. When adding an 8 ohmispe® a
system with a Bogen T725, it is first connectecthe pink
wires of the T725. One then selects a tap to cdnteethe
audio source, depending upon how loud one wantspibaker
to be (taps white through brown), with black as owm. The
step-down turns ratio between [(white through redipack]
and [pink-to-pink] sets the volume. Basically, te@mplish its
objective, the T725 was designed to transform aph&
speaker load to one of various other impedanceseset 150
to 40k ohms as shown in the Table in Fig 4, above.

Now let us get out of the context of sound disttitiu and into
crystal set audio impedance matching. Considertapped
black through white winding of the Bogen T-725 astja

conventional autotransformer designed for ~maximum

efficiency (low loss) when used at the impedandesws.
There is no "magic” in the "nominal" values of 1fbough

40k ohms assigned to the various colored taps. The

autotransformer can just as well be used at impethama
multiple higher or lower than those shown, althougth some
extra insertion power loss. It seems that the cotive of
assigning impedance values to the taps has fostsvete
confusion. For instance, one should not think that "right"
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impedance to connect to the green wire is 2.5k otimshe
BT- Ultimatch (see Part 4, below), the settingshef input and
output switches connected to T725 should be setfoimum
insertion power loss. Probably the 'nominal" impexaof the
output tap used will be close to that of the load hot
necessarily the same.

Part 4 - The BT-UltiMatch, a modified version ofe@e
Bringhurst's UltiMatch.  Insertion power loss andput
resistance measurements when using a selectiorar@fus
‘Stanley-type' transformers or an UTC O-15 for Bt the
input transformer are displayed

Steve Bringhurst's UltiMatch (see
http://www.crystalradio.net/soundpowered/matchimgéix.sht
ml#UltiMatch) on Darryl Boyd's Site provides a cement
low-loss way to provide audio impedance matchingvben
the output resistance of a diode detector and thezage
impedance of headphones or a speaker. The BT-UltiMi
somewhat different from Steve's, the differencemdehe
replacement of Steve's SW5 with a single-pole liitpotary
switch and provision for switching in an UTC O-1bplace of
the "Stanley-type" transformer used for T1. The X@«point
rotary switches enable one to connect any of the ¢ T2 to
the secondary terminals of either T1 or T3, as aslto the
output capacitors C2-C6. This provides for a greeaage of
impedance transformation and a further reductiorpamver
loss (especially at high source resistances) thaenvone is
limited to using only the brown or red wires of Fovision is
also made for switching in a UTC O-15 Ouncer transgr in
place of the Stanley-type unit.
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across the tank circuit. (Appreciably all to theakacircuit
voltage, therefore, appears across the diode).

6. The output load resistance may seem to lighavalue for
headphones. It is assumed that in practice, tlkelgf®ne
impedance will be transformed up to that value Hgve loss
audio transformer. It is also assumed that thasfoamer
primary has an appropriate capacitor bypassedoesisseries
with it. The purpose of this is to insure that thelio load on
the diode has the same DC as AC value.

7. The RF and AF load resistances used in tmelation
will seem quite high. This is because the avenagleaded
shunt resistance of the loop in my single tuneg Iexeiver is
700k Ohms, and | am using it in the simulation fodows.

8. The diode junction capacitance is set to metbe netlist.
This has no effect on the operation of the deteift@1 is
retuned to take account of this fact. Experimémtais now
more convenient since a change of C2 will have ffeceon
tuning.

9. The diode parameters are specified so amtiupe an RF
input resistance of 700k Ohms when operated in tacts
circuit and driven by a low available power sounéesay, -85
dBW.

A basic crystal radio set diode detector schemiatishown
below. An Intusoft SPICE simulator will be used tiree
separate simulations to measure circuit currents\aftages.
The calculations from the simulations will show tttthe
detector insertion loss approaches zero at hightimppwer
levels and that it goes up sharply as the inputgr@ees down
below a certain point. This loss will be minimizédhe input
and output resistances of the detector are impedaratched.
The following discussion assumes that the RF soandeboth
the DC and Audio AC load are matched to the didde law
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voltage squared divided by resistance. In the dapee

matched condition, because of the 2 to 1 voltagisidn from

the source resistance and load resistance, oneelfiathe

internal voltage V will appear across the loadsiesice. The
actual power absorbed by the load will be, as @téid in the
preceding relation: P = ((V/2)"2)/R = (V"2)/(4RHalf of the

power delivered to the series combination of therce
resistance and the load resistance will be delivevethe load.
The other half is dissipated and lost in the soueséstance. In
the crystal radio set case the input voltage isRfvoltage.
If the input voltage is referred to by its peakueal(Vp) as it is
in SPICE, instead of by its RMS value, the equatibanges.
The RMS voltage of a sine wave is equal to the pedke of

that wave divided by the square root of 2. Sirlee power
equation squares the voltage, the equation for'akhailable

input power" changes to P = (Vp"2)/(8R). Thishis equation
that will be used to calculate available input powe the

detector, from the source.

Here are some definitions, assumptions and exptansat

1. The internal resistance of the antenna isfoamed up to
the equivalent parallel resistance R that is usedthe
simulation. The tuned circuitry used to do thisdg shown.

2. The single tuned circuit used is assumed dwee han
infinite Q. A finite Q will cause an increase irsertion loss.

3. "Diode Detector Power Loss" is defined asrti® of DC
output power dissipated in the output load restan the RF
input "available power". (Expressed in dB)

4. The L/C ratio of the tuned circuit L1, C1gsfficiently
low so that no appreciable harmonic voltages wié b
developed across it by the detection action ofiibde.

5. The RF bypass capacitor C2 is sufficienthgéaso that
the RF ripple voltage across it is small compacethé voltage
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Two sets of measurements were made using 300 add 12

ohm resistive loads (typical average impedance & S
headphones having both elements connected in lisaB00

ohms, in series, 1200). The input voltage at 1 kids series-
connected through a selection of source resispottset input of
the BT-UltiMatch. The level of this voltage wasjusted to

produce about 10 mV RMS across the output load 2001
ohms (5 mV when measuring with a 300 ohm load).FBee5

of this Article for info on how the BT-UltiMatch &s

measurements were made.

Schematic of BT-UltiMatc

e sm
i
“ [=:]

Norminal T2 tap
n: hm:

SWda and SWib comprise a 2-pole d-poirt

rotary switch

A0k awht 1.2k f yel

i3 20kboy BODgor

bik 10k cvio 300 hred
50kdblu 150 i bm

i 28kegn 80 ]pnk

SW1 and SW2 are each single-pale, 10 point
rotary switches. Their points are connected
together as shown and to the colored wires of
T2(@.b,c.)

Fig. 5 The BT-UtiMatch, a modification of Steve Bringhurst's UliMatch, a low-loss variable autio
impedance matching device.

Parts list

* T1 - "Stanley-type" 100k-100 ohm transformavailable
from Fair Radio Sales as # T3/AM-20

*T3 - UTC Ouncer O-15 1 meg-10k ohm transfarme

* R1 - 2 or 3 Meg log taper pot or, a 1 Meg kager pot
with provision for switching in a series resistorincrease the
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total resistance to 2 Megs if low saturation cutreindes
(having a high axis-crossing resistance) are toseel

* C1 - 0.22 uF capacitor

* C2 - 4.7 uF non-polar capacitor

* C3 - 2.2 uF non-polar capacitor

* C4- -1.0 uF non-polar capacitor

* C5 - 0.47 uF non polar capacitor

* C6 - 0.22 uF non polar capacitor

* SW1, SW2 - Single pole 12 position (only 1€ed) rotary
switches. Designate SW1 and SW2 switch positionh thie
nominal impedance values given in the Table inFig

* SW3 - One pole, 6 position rotary switch

* SW4 - Two pole, 4 position rotary switch

Operation of the BT-UltiMatch
Four modes of operation are provided by SW4:

1.

This most common mode uses a "Stanley tyjaeisformer
as the input transformer, T1. For use with a widege of
diodes having moderate axis-crossing resistances, as the
ITT FO-215 germanium diode (Is~100 nA).

2.

Uses UTC O-15 Ouncer transformer for T1. Weth
diodes having high axis-crossing resistances swuhtha
Agilent 5082-5235 Schottky diode (measured Is~15 nét
the spec sheet value of 22 nA), or 2-3 in parallel.

3.

Does not use input transformer T1. Use witliels having
low axis-crossing resistances such as the 1N34fgeum
diode (Is~600 nA).

4.
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ARTICLE 08

Crystal radio diode detector power loss with curren and
voltage waveforms, as determined from a SPICE
Simulation

Quick summary: This Article shows diode detectoitage
and current waveforms and how they change as didunof
signal strength.

In this article | am going to show an analysis fef bperation
of a crystal radio set detector using a SPICE sitoul The
detector voltage and current waveforms will be shdfar
three different input "available power" sourcesede sources
will supply either -85.54, -65.54 or -45.54 dBWu(nber of
dB's below one Watt) power to a matched load. Frmher
source is made up of a pure voltage source combirigida
resistance. (The combo could also be referred @ ‘avoltage
source with an internal resistance"). In each thsevailable
input power, the output power and detector insertiss will
be shown. Conformance to or deviation from the ligua
assumed peak-detector model will be investigafiéte change
in input resistance with change in input power wilso be
examined.

Here is a derivation one needs to know in ordeurtderstand
the rest of this article. The concept of "avaéapbwer": If
one has a voltage source V with an internal resigt&, then
the load resistance to which the maximum amourpafer
(Pa) can be delivered is itself equal to R. Péalvelcalled the
"maximum available power". Any load resistanceeotthan
one equal to the source resistance R will absesb power
from the source. This applies whether the voliagaC or AC
(RMS). An equation for power absorbed in a resistais
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V/I Graph of 1N34A Diode. V/I Graph of 1N34A Diode

VI/I Graph of 1N34A Diode. V/I Graph of 1N34A Diode
Forward Conduction Graphs of 1IN34A and 1N914 Diodes
Reverse Conduction Graphs of 1N34A and 1N914 Diodes

#7 Published: 01/08/00; Last revision: 05/25/00
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Does not use input transformer T1. Use faregal purpose
impedance transformation, working with T2 only (S\/td
the "benny” - R1,C1 are out of the circuit).

J1 should be connected with a very short cable rfwrsng
very low Is diodes) to the diode output of a cryset, the
usual audio source. J2 is connected to headphanaslaw
impedance speaker. The "nominal" impedance desigisabn
SW1 and SW2 are for reference and do not alwaysesept
the settings for the least insertion power losseklhtarting
out to match real world headphones or a speakéretaliode
output of a crystal set, do the following:

1.

Select a setting for SW4, depending uponetitenated Is
of the diode being used (see Tables 1 and 2 irclart27 for
some help on this).

2

Set the "nominal impedance" of SW2 to the eexpd
average impedance of the output load (see Arti2ldo# info
on how to obtain this info).

3

Set SW3 to the "thru" position.

4.

Adjust SW1 for loudest volume.
5.

Adjust R1 for minimum distortion.
6.

The optimum settings for SW1 and SW2 arerautiive.
Try higher and lower settings for SW1 , then tw&&K2 to see
if greater volume is available, then iterate.

7

Try different settings for SW3 to see if bassponse
improves.
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. (2) Radio Shack 1N34A
Table 8 - Insertion power loss in a BT-UltiMatch TkHz s {1} Radio Shack 1NadA a0 7
using a selected Stanley transformer TF-1A-10-YY tb an i | i |
UTC Ouncer O-15 transformer for T1. Measurements ar 00 { P |
made with different series-connected source resisg and o =0 i (.= 7
with load resistances of 300 or 1.2k ohms. SW1$We were g = "
adjusted for maximum output &> I | 100
1000 I e |
- |
Transformer Source and load resistances in ohms, insertion power loss in dB. . b |
Stanley D' | 22 Meg, 300; 259 | 1.0 Meg, 300;-141 | 470k, 300;-0.70 | 220k, 300; -0.69 | 100k, 300; -0.94. 5 s
UTCO-15 | 22 Mez, 300;-161 B B - - 24 2 48 42 08 04 0 04 ik
Stanley D" | 2.2 Meg. 12k: -250 | 1.0 Meg. 1.2k, 470k, 1.2k; -0.94 | 220k, 12k; -0.95 || 100k#, ;-0.84 Volts —SDD”’ 02 015 01 005 0 005 01 015 02 025
TTCO-15 | 22Meg 126 154 - E g Vot
(3) Radio Shack 1N34A N
Table 8A - Nominal** settings for SW1 and SW2 tap®hms . = R
for minimum insertion power loss, using a UTC otested 5 | |
Stanley transformer for T1 5 { 075 II
Transtormer ; fstance of 300 and (11 nd T2 nomi sagsTn ohms ] o r
Stanley D |22 Meg 600,300 | 1.0 Meg; 300,300 | 470k 12k, 1.2k | 220,600, 12k | 100k 40k, 130 2 go=
UICO-15 | 22Mep 106150 - - - - £ £ o
Trasformer Source resistance, load resistance of 1.2k and [T1 and T2 nominal tap settings] in obms £ |_of Sax of
Stanley D |22 Meg 1.2k, 12| 1.0 Mog: 600.1 2 | 470k 300, 12 | 220k 300, 2k, | 100K 40k, 600 £ os |
UTCO-15 | 22Meg 10,600 | B B - [ - 2 a7 &
1
;
B
See Table of Impedance taps in Fig 5 showing ndmina P "o 02015 01085 0 008 01 015 02 02
impedances for the various taps on the Bogen T-725 DRI AR R B Al B2
tranSfOrmer F d Conduction-lir Forward Conduction-log
. orward Conduction-inear g
# SW4 set to position 3 _— - —
| N 0 It B P
Table 9 - Insertion power loss (dB) in a BT-UltiMat@ 1 . | I Wl 4
kHz using various transformers for the input transfer with . Jrefs [ Ml . v B
various series-connected source resistances. lasistance of i ] i i
1.2k ohms. SW1 and SW2 were adjusted for maximutpusu g 7 i Pl
500 o —
o Y] = 001 T
500 oo0r %
o 02 oe o6 o8 o 2 o4 o5 08 1
Volts Volts
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For RF diode detectors to work, one needs a dehaiehas a
non-linear V/I curve. In other words, the slopetbé V/I
curve must change as a function of applied VoltaGiee slope
must be steeper (or shallower) at higher voltagelssaallower
(or steeper) at lower voltages than at the quigsoparating
point. To clarify this, look at curve #3. As aMdevel signal
detector, this diode will rectify if biased at -29) 0.0 or
+0.025 volts. The difference is that the diodestasce at the
-0.025 Volt operating point is higher than tha04x Volts. It is
lower at +0.025 than at 0.0 Volts. If one placesraightedge
on the screen of one's PC monitor, tangent to tineecat -
0.025, 0, and then +0.025 Volts, one can measislepe of
about 80k Ohms at -0.25 Volts, 40k Ohms at 0.0 8/ddind
20k ohms at +0.25 Volts. The rate-of-change opslas a
function of voltage (second derivative) is less@025 Volts
than at +0.025 Volts. This means that the detect@nmsitivity
when biased at -0.025 Volts will be less that whersed at
+0.025 Volts, even it the input and output are prop
impedance matched.
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Transformers Series-comnected source resistance in ohms; insertion power loss in dB.
Stasey 'C , L5Meg 195 | 10Meg 151 | 470k 098 07
Stankey 7 15Mes 226 | 10Meg 175 | 470k-103 1o

Stariey D' 22Meg 250 | 15Meg 181 | 10Meg 137 | 470c 094 | 220k -095 | 100Ks, 084
UTC C-2080°'A™ T5Meg 173 | 10Meg 136 | 470089 | 220k 096 -
[UTC C2080° - L5Meg 190 | LoMeg 136

No name TA-18.071% -
[UTC 015 Omeer Tx_| 22 Meg 154

15Meg-181 | 10Meg 142

* The polarity of one winding in each of these sfanmers
was reversed during its manufacture. Measuremergee w
made with terminals 1 and 2 interchanged to cortbet
condition. The polarity assumption used in the BffiMatch
for a Stanley-type T1 is as follows: If an AC vajais applied
from terminals 3 to 4, a voltage of the same polawill
appear from terminals 1 to 2. It is recommended &myone
building a BT-UltiMatch check the polarity of thetérnal
terminal connections of the T1 transformer witeape.

Table 10 - Input resistance of a BT-UltiMatch driveom
various series-connected source resistances, wedirby a
1200 ohm load and adjusted for minimum loss

Transformer used for T i BI-UI resistance
[Stanley TF-1A-10-YY 100k 17k
220k 286k
470k 517k
3 1Meg 751k
Staley TF-1A-10-YY D’ 22Meg 110 Meg.
[UTC 0-15 Ouncer 22Meg 168 Meg.

# SW4 set to position 3

Notice, since the transformers are mostly not usedheir
design-center impedances, settings for minimum riiose
power loss do not always coincide with an impedanaéched
condition.
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Part 5 - How to Measure the approximate Insertiowé? Loss
of any Audio Transformer

or Compare its Performance to that of an Ideal ass-|
Transformer

The equipment needed are an audio sine wave geneaat
assortment of resistors (preferably not a resistdx), and a
high sensitivity scope or DVM. The use of a velig

calibrated scope is preferable to a DVM, as one senthat
the waveform is clean and without appreciable humaise.

A difficulty with this approach is that one must kessure that
the scope decade attenuator as well as the 10Xhswit the
probe are accurate. | use the scope probe switohEd when
reading the low voltage secondary voltage and % 4€tting

when measuring at the higher voltage primary. figé input

impedance of the probe prevents excessive loaditigechigh

impedance primary, thus reducing the voltage thanel

causing an incorrect reading. When a DVM and ap'scof

adequate sensitivity are available, the best approand the
one | now use, is to connect them in parallel. Phivides the
relatively high precision of a reading with the DVabng with

the ability to monitor the voltages for purity (logstortion of
the sine wave measuring wave form and low noise).

Connect the hot lead of the generator to the highetance
primary of the transformer through a resistor dfigeequal to
Rs. Rs should be equal to the expected outputassie of the
diode detector. Connect a load resistor of valogekpected
effective impedance of the headphones) to the skrgn
Connect all grounds to a common point.

Tune the generator to the first frequency of mezent, say

1000 Hz. Connect the scope or DVM to the low ingoemt
secondary. Adjust the audio generator to as loleval as
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ARTICLE 07

Diode Voltage/Current Curves: Does a Specific "Knee
Voltage really Exist?

| think that there is validity to the notion of tlegistence of a
diode "knee" when clamping circuits are consideradd
maybe with other circuits. | do not think that riads any
validity to the notion of a "knee Voltage" in theriard
conduction portion of a diode curve when low sigtedel
detection is considered. The reason is that thegarapt
Voltage of the knee is an artifact of the Currecal8 used in
plotting the diode V/I curve. In fact, the shapéshe forward
conduction curves of all normal diodes are quitailar, and
with no "knee", if the Current scale is logarithmiot linear.
To illustrate this, take a look at the charts beldvhe first four
use a linear scale for the Current axis. Thedadlle Current
values are: 4000 uA, 600uA, 4uA and 1.25uA. Th&4Al
diode is one purchased at Radio Shack with measlsed
=2.57uA, n=1.6, and Rs=6.55 ohms. The values @fnid n
were calculated from measurements made at an ieéfatibde
current of 320 uA. The fifth chart shows the 1N34Ad a
1N914 using a linear current scale. The sixth tchlaows the
two diodes using a log Current scale. The 1N91stna85,
1s=2.3nA and Rs=6.0 Ohms.

Graph #1 seems to show a knee at about 0.2+ VAlisee at
about 0.2 Volts seems a little ambiguous in graph i graph
#3 the knee has vanished. Graph #4 seems to shoeeaon
the current scale in the reverse bias region! fiftireand sixth
graphs show a comparison of the 1N34A and 1N91thén
forward conduction region with a linear and thelogaCurrent
scale. Note the apparent knees on the linearapidtthe total
absence of any knee on the logarithmic plot.
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possible while still being able to get an accurating of the
voltage without error from hum and noise. Read thifage
and call it E3. Now connect the scope probe tohtiteend of
the primary. Read that voltage and call it E2. nxt the
scope probe or meter to the actual generator oitmitthe
transformer hot lead). Read this voltage and galEl.
Calculate insertion loss: Loss=10*log{4*RS*[(E3/E2]/RI}
dB. Also take measurements at 300 and 3300 Hzhel800
Hz loss is much greater than the 1000 Hz lossarsformer
with a higher primary inductance is needed. If 8390 Hz
loss is much higher than the 1000 Hz loss, thestoamer has
too high a winding capacitance for the primary seur
resistance (RS) selected. If the loss at 1000sHwove about
2 dB, a better transformer probably exists. Holbefall
readings will be better than -2 dB.

If the transformer is doing a good job of impedanwaching

RS to RI, E2 will be about 1/2 the value of E1 ahe
transformer insertion loss will be at about its imam. If E2

is much lower than 1/2 of E1, a greater impedance
transformation (turns ratio squared) is needed. thié
transformer has taps on the secondary, using a rlowe
impedance tap might improve results. If E2 is bigthan 1/2

of E1, the impedance transformation ratio is tagdaand a
higher impedance secondary tap should be triegvéflable).

It is assumed here that reactive mismatch fromstoamer
shunt inductance and distributed capacitance ifigiiele. It's
usually best to make the 1/2 voltage measuremertheat
frequency of minimum loss (usually about 1 kHz fordio
transformers.

In this series of Articles the statement is ofteadm or implied

that power loss in an audio transformer is at ammim when
the input is impedance matched. This is not §jrictie. If a
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transformer has internal resistive power loss anghatched at
its input, the output will, in general, be mismadh A

simultaneous matched condition at both input antpwuis

usually impossible unless the transformer has rterrial

losses, or its series and shunt losses are in theeat
proportion. A real world transformer delivers itgnimum

loss when the input and output mismatches (S pasameturn
losses) are equal. Verification of this conditiis both

difficult and unnecessary because the two lossegalmatched
input vs equal mismatch at input and output) nolyndiffer

very little. This being the case, one can say, foactical
purposes, that the minimum insertion power lossicevhen
the input is impedance matched.

An easy way to compare the performance (loss)prticular
transformer with that of an ideal no-loss transfermf just the
right transformation ratio is to build and use thmilateral
Ideal Transformer Simulator' described in Articlist#

Tip: If hum and noise are a problem, place thepscor
DVM), signal generator transformer and all leadsaometal
ground plane connected to the scope ground. Oxdkiehen
aluminum foil is suitable for the ground plane.

Note: If one has some sort of audio impedance uneas
device and desires to measure the shunt inductsfrare audio
transformer, make sure the measurement frequendpws
enough so that the transformer winding capacitatwes not
interfere with accuracy. A transformer, testedwabdhat is
very good for many crystal radio sets when driva@® ohm

headphones is sold by Fair Radio Sales Co.

http://www.fairradio.com/ as #T3/AM20 (similar to TC
#2080). Its winding capacitance is at approxinasonance
with its shunt inductance at 1 kHz. This is gooesign
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practice since it minimizes insertion power loss tae
(approximate) geometric center of the audio bandA
measurement of its unloaded (high impedance windingt 1

kHz yields a result of "infinite" shunt inductanae parallel
with a resistance of more than a Megohm. A measen¢ at
300 Hz gives a result of several hundred Henrys. A
measurement at 3300 Hz would show a capacitive, not
inductive impedance.

Part 6 - Some practical suggestions on where tamgghow to
identify transformers
that may perform well with sound powered headphones

Here are some generic transformer specificatiohgchwvhen
met, probably indicate that the transformer wilhiit low
insertion loss when used to drive sound powerechg@han a
crystal radio set. A transformer obtained at a Fatm junk
box or Surplus Dealer that meets these specs.prabably
cost substantially less that the UTC and Amertran
transformers. Fair Radio Sales Co. at
http://Iwww.fairradio.com/often has suitable tramsiers
available at reasonable prices.

* Wide frequency response specification such-/asl dB,
20-20,000 Hz: A transformer having a Manufactsrer'
specified operating frequency range from, say, 2000 Hz
will probably have several dB more loss than a wiead unit
when both are sourced and loaded with resistama¢geduce
their bandwidth to covering only the 0.3-3.3 kHnga. The
reason for this is that we usually want to opertte
transformer with primary source and secondary load
resistances several times higher than that whick th
manufacturer specifies. This always narrows thesformer
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pass-band. We should shoot for a final pass-b&@d3o- 3.3
kHz, or so.

* High impedance winding specification:  Singtgid,
preferably push pull grids, single plate or preligygpush pull
plates. The impedance level, if specified, will aibp be
between 20,000 and 80,000 Ohms. The high impedance
winding is the one to connect to the diode detemtput.

* Low impedance winding specification: Low iegance
mike, pickup, multiple-line or simply a number beem 100
and 1000 (Ohms). Several taps may be suppliechable
various impedance levels. The specification migét 50,
125/150, 200/250, and 333, 500/600 Ohms. This wvinis
the one to which the sound powered phones are to be
connected.

* The correct low impedance tap to use for emting the
sound powered phones may be calculated as follows:

Decide the audio load resistance to lesented to the
detector. Let's select 200,000 Ohms. (See Asti¢leand #4
for info on how to determine this value). Assurhattthe
sound powered elements are connected in series. Witi
typically result a headphone average impedance ,2001
Ohms. Calculate the needed impedance transformaaiio
as: 200,000/1,200 = 167. Note the Manufacturer's
specification for the high impedance winding of the
transformer. (If you don't know what it is, estimaB0,000
Ohms.), and divide it by 167. Select the Manufemts low
impedance winding tap specification (if you havattinfo)
that most closely equals the value calculated abéyeu are
using the 80,000 Ohm estimate, the desired tap denpee
would be 80,000/167 = 479 Ohms. Call this numberNow
check what the result would be if the sound powedechents
were connected in parallel. They will now presamteffective
impedance of 300 Ohms and require an impedance
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netlists: XtlSetSim1.cir and XtlSetSim2.cir can édited and
used in any other SPICE simulator.

Keep the following things in mind:

1. Simulations are only as good as the SPICE stowlits
device models and the circuit topology used. Thecgley
diode equation agrees well with the results from $thottky
diodes | have checked, even at low currents. Withone
germanium 1N34A | have checked, the Shockley diode
equation equation works well above about 40 mienps but
not very well below that. (for a specific voltaghe equation
specifies a higher current than the diode deliyers.

2. The tuned circuit L1|C1 must be tuned to resc@ariWhen
this is the case, the voltage across the tuneditingll be in
phase with the source voltage V1. If the Intusiftulator is
used, the probe point for V1 is Y1 and the probmtpior the
tuned circuit voltage is Y2. If one views Y1 an@ ¥n the
same graph one can check the relative phases ofwbe
voltages. Y3 gives the output voltage.

3. The carrier ripple shown at the output has gégé effect
on the average output. A larger value for theffiypass C2
can reduce the ripple, but at the expense of ise of the
output voltage.

4. When considering the practical application afidation
ideas, keep in mind the advice in articles # 1, % &n this
Website, especially as regards audio impedancehingtc

5. Shown below are the schematic diagram from thersatic
editor Spicenet, the simulation of all 4002 cyctésthe 1.0
MHz signal at Y1, Y2 and Y3, and the last four egcbf the
1.0 MHz signal. Note that this simulation uses ddiky
diode, not a 1N34A diode.
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be about 18dB less or -86dBm. Of course, the imapeel
values used here are quite high, but they are #iees |
achieve in my loop crystal radio set. To find adiere the -18
dB came from, see Article #1, end of part 1, frdra home

page.

In XtlSetSim2 the input sine wave is set to a peakie of
0.045 volts. Since the source resistance is s&6,@00 ohms,
the power incident on the detector is -47dBm. Thepat

power delivered to R2 is -68dBm, the same as in

XtlSetSiml example. The audio load used is 16k ohvote
that the insertion loss in XtISetSim1 is 68-57=H8l drhe loss
in XtlSetSim2 is 68-47=21 dB. XtlSetSim1 requirkd dB

less input than XtlSetSim2 for the same output!IS¥tSim1
uses a diode with a saturation current 1s=40 nA ianil.08.
XtlSetSim2 uses a diode of 1s=2600 and n=1.6. Jéwond
graph in article #1 on this site predicts that Ites difference
would be 8dB. This experiment illustrates thaetedtor using
a of a lower s, if it is matched at the input amatput, will

have a lower loss than one using a diode of a highé have
found, since this article was written, that in a 3#4

germanium diode, the values of Is and n changeowat
currents. Is may go down as much as 5 times andyndrop
25% from the values used in simulation XtlSetSirfithose
values were obtained at an unrealistically highddiourrent of
about 320 uA.) This was not expected. The resuthat the
germanium diode is unfortunately shown incorreethd in a
very unfavorable light (for crystal radio set use)The
simulation in XtlSetSim2 probably should have usedls of
about 700 nA and n should have been about 1.15.

the

| used the SPICE program from Intusoft called
ICAP4WINDOWS demo version. It can be downloaded fo

free from their Website at http://www.intusoft.comThe
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transformation ratio of 200,000/300=667. The dsbir
Manufacturer's tap marking will now be 80,000/667120
Ohms. Call this number B. Pick the number A or B,
whichever is closest to an available transformer rtearking.
Connect the phone elements appropriately. Noteweaare
using the transformer at a higher impedance lehasi that for
which it was designed. What we lose is by doirig ihaudio
bandwidth and a small increase of insertion los¥e don't
need the 20-20,000 Hz range anyway, do we? Whajaieis
an ability to transform headphone impedance tayhdrivalue
than if we used the manufacturer's ratings.

If you have a transformer on which yowéhao specs.
except that it is designed to couple from a low exgnce to
push-pull grids, a grid, push-pull plates of a @lat just "high
impedance”, connect that winding to the crystalddi and
experiment with connecting the headphones to thewstaps
provided on the low impedance winding. Do this
experimentation using a weak signal and pick theneotion
that gives the greatest volume.

#5 Published: 10/22/99; Last revision: 03/30/2008
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ARTICLE 06
A Crystal Radio Diode Detector Simulation using SRCE

A crystal radio set detector may be simulated iit&Spy using
a voltage source V1 feeding a parallel tuned dirtuijC1

through a source resistance R1. The parallel tairedit may

be made to have any Q by placing a parallel res&@tmss the
tuned circuit. In the simulation circuit files émsed, an
infinite Q is assumed (no RF tuned circuit losseBhe actual
source loaded Q of the tuned circuit is R1/(Reaarf C1 at
resonance). The voltage at the hot end of thedtwireuit is

connected through a diode D1 to a parallel RC IB&{iC2.

The detected output voltage is developed acrosddhd. The
purpose of doing this is to enable experimentatiodetermine
how the detection sensitivity changes if the diogf#e, diode
source resistance, and/or load resistance are etiandhis
program enabled me to develop the graphs showmtiolé#1

on my home page that show how detector power lases/as
a function of rectified diode current for a HP 5@8235 diode
and also, more importantly, as a function of disdéuration
current Is. The input voltage is modeled as amodulated
1.0 MHz sine wave consisting of 4002 individual leg;

sampled at eight points per cycle. If one wantsvaluate the
result of using an AM modulated wave, three sinioiet can
be made using min., carrier, and max. Voltage &wélthe

desired modulated wave. Note: Graphs of diodeectirand
voltage waveshapes, as a function of signal powety be
viewed in Article #8.

One of the simulations in the enclosed Zip archBrystal Set
SPICE Simulations' (click here) uses a Spice mazfel
Schottky diode similar to the HP 5082-2835. Tliscalled
simulation XtlSetSim1l and its files are contained the
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directory XtlSetSim1l. The other simulation usesSpice
model of the IN34A. This is called simulation »&tSim2
and its files are in the directory called XtISet3imEach of
these directories contains all the files that wgeaerated by
my SPICE simulator when | ran each simulation. Wheles
used in each of these models have the value of€géf@ 0.0
pF. This does not effect the simulation and makessier to
experiment with various values of C2 without theudéng
effect of CJO. The input source and output loagistance
values are equal and match the diode RF input ienpeeland
audio output impedance values. One would expeit th
condition to give the lowest loss (highest Xtal Sensitivity)
at very low signal power levels. This is not scdese at very
low input power levels, the diode detector exhildtsquare
law relation, not linear relation between outputd anput
power. See Atrticle #15 for an explanation of hotheoretical
2 dB increase in detector output can be obtainedaby
deliberate RF mismatch.

In XtlSetSim1 the input sine wave voltage is setatpeak
value of 0.1 volts. Since the source resistansetiso 700,000
ohms, the power incident on the detector is -57dBithe
output power delivered to R2 is -68dBm at 10.5 mVhe
scale is not shown for the green output curveshéngraphs
below. That scale is 0.002 mV per division withe thero
depressed two divisions below the zero centerlsed by the
other graphs. A broadcast AM voice signal, if éveloped a
peak instantaneous power in the detector load B&Bén,
would be just sufficient to enable me to understabdut one
half the words. This assumes that | am using Heaags of an
equivalent 700,000 Ohms AC impedance having theepow
sensitivity of a good real world Sound-Powered Head (The
700,000 Ohm impedance, of course would be obtaimiel
the aid of an audio transformer.) The RMS audiavgrowould
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