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INTRODUCTION

The contents of this second handbook concern theesse
primarily with diodes, diode theory, and aspects odder
vacuum diodes. The rectifier diode forms an esslepart of
the crystal radio circuit, it has a fascinatingtdig, and few
parts of the set deliver as much confusion (to trleast) and
speculation, comment and even controversy. Thiichent
results from my web explorations of diode theorygemeral
and diodes as crystal radio rectifiers in particula
Additionally, | have held a certain fascination lwihe vacuum
diode ever since when reading on the history oibradfound
that this rectifier was actually discovered andepd prior to
the lowly galena crystal from which the sets tdiertname.

In this booklet | have taken the sections and pagssl spend
much/most time studying and have arranged them into
sequence from basic theory and design considesat@more
advanced material and finally on specifically vatudiodes in
particular. Some vacuum tube chapters were edlygg#nful
to include as they required pasting in each page sdanned
document. Still, | felt, and feel that this docuris especially
worthy and useful as a source of vacuum diode $he&ach
section is useful and understandable to the hobhyith
moderate to good experience. The handbook wilp hibé
beginner to quickly get up to speed and allow tkgeeienced
builder to find endless new ideas. This is notamkbof
Hookups or circuit designs, that is covered in matalg of
Crystal Hookups, nor is it a tutorial on CrystaldRa that can
be found in my Handbook Volume 1.

Much of the material in this handbook is copyrigfitwhich |
have not sought permission. Therefore this ionesented for



publication or copy, and certainly not for profit is only my
personal resource. | encourage anyone finding dbjsy to
pursue ON THE WEB the web pages identified within.
include the name of the author and web addressaoh e
section. | wish to sincerely thank every authaespnted for
their excellent pages and ask forgiveness for nigingdinto
this handbook.

Kevin Smith
2011

www.lessmiths.com/~kjsmith/crystal/crOintro.shtml
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and assuming a constant value for the load RI tygdrawing
a separate load line for each value of supply wgeltahe
dynamic characteristic can be obtained, as shovawbe

SET OF LOAD LINES
1o } FOR GIVEN VALUES OF R

STATIC CHARACTERISTIC

"""""""" . pynamic
,,,,,,,,,,, CHARACTERISTIC

0 Vaal Vaa2 Vaa3 Vaa4 Va

Obtaining the dynamic characteristic for a diodeveand its
load.

The points on the dynamic characteristic are obthiby
projecting, horizontally, the intersection of adoline and the
static characteristic until it in turn intersectsvertical line
drawn from a supply voltage value. Since the dyeami
characteristic is drawn for a range of values @& Hupply
voltage, this implies that the latter is varying,other words it
is an alternating supply rather than DC, as is thee in
rectification.
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current in the circuit will vary by using a graphic
construction.

a) b)

LOAD LINE OF

s
SLOPE - g

e v Va (VOLTS)

Vaa
(a) The load line for a diode valve. (b) the diddeseries with
a linear resistive load.

The second image shows the diode in series witlvats and
defines the voltages and currents in questionoad'lline’ of
slope -I/R is drawn between the two points: la @€aVa = 0
and la = 0, Va = Vaa. As in solid state practibe, ¢nd points

of a load line define zero conduction and maximum

conduction, the latter being dependent upon theieglof
supply voltage and load resistance. Any other goan the
load line imply intermediate levels of conducti@®y. dropping
a construction line from the intersection of thaddine and
the static characteristic, we can see how the tstqiply
voltage Vaa is divided into the two separate va@tsya (the
voltage across the diode) and VI (the voltage actios load).

The Dynamic Characteristic

By taking a number of different values of suppljtage Vaa
(as would happen if the supply was alternating, eieample)
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How to build a sensitive crystal receiver
Dick Kleijer crystal-radio.eu
http://www.crystal-radio.eu/engev.htm

[Calculator included at the bottom of the web pemealculate
the components of your receiver for maximum serigjtiat
weak signals].

In this article some information about the desigraarystal
receiver with maximum sensitivity.

Circuit diagram 1

Circuit diagram of the crystal receiver, which we going to
design for maximum sensitivity at weak signals.

This can be a detector circuit of a 2 circuit reeei

But also a receiver with loop antenna.

RP represents the losses in coil L and tuner capacl



Q2.

Circuit diagram 2

If an antenna is connected via a matching netwiorkh{s case
C2) to the LC circuit, this will reduce the circ@t

When optimal matched to the antenna, the Q wilhblee the
value of the unloaded Q (of L,C1).

For a calculation of the values of C1 and C2, dfieke.

For the calculation of maximum sensitivity: replate LC
circuit + antenna by a LC circuit with an unload@cequal to
halve the original value.

Coil value L stays the same.

You get maximum sensitivity if there is maximum pow
transfer from LC detector circuit to load (loudsked.

The LC circuit has a certain parallel resistance tRB is not a
real resistor, but a virtual resistor caused byltisses in coil
and tuner capacitor.

If we know the Q-factor of the detector circuit,dathe
induction of the detection coil, we can calculdte value of
RP as follows:

RP = 2.pi.f.L.Q (Ohm)

The Anode Slope Resistance ra

It is worth introducing this parameter at this tisiece it is one
that we shall make use of later in discussing tixfopmance
of more complex valves. It is defined as shown Welo
Defining anode slope resistance for a diode valve.

_ 8Va [RECIPROCAL OF SLOPE

1 "9 = 6la OF STATIC CHARACTERISTIC]

(mA)

0 Va (VOLTS)

and is the value of resistance obtained by divicithgmall
change in anode voltage by the corresponding changeode
current. It is therefore the reciprocal of the slayf the static
characteristic, and varies with the operating poaithough
fairly constant over much of the space charge dichitegion.
This is a real value of resistance, since it repres the
opposition of the valve to alternating quantities.

Series Circuit Operation
It is usual to operate a diode valve, which is ijea non-

linear device, in series with a resistive load, fdiéer being a
linear device. It is possible to predict how thdtages and
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>T

T°C
(cothode temperature)

<T

TEMPERATURE LIMITED
REGION

SPACE—-CHARGE
LIMITED REGION

o +Va (VOLTS)

The static characteristic of a diode valve.

Above three curves have been drawn for differeries of
cathode temperature, although in practice, as equlzearlier,
the cathode is held at a constant temperature.

It is interesting to note that:

A) The current is not exactly zero when the awadltage is
zero, but has a value (lao) of a few micro-ampeféss is
known as the 'splash current' and is the resub é6w high
energy electrons that manage to cross the intetrelie gap
even without an attracting potential.

B) In the space-charge limited region, the ctisristic is
nearly linear (actually following the 'three-halveswer law:
la is proportional to Va-3/2).

C) In the temperature limited region there tidelichange in
la even though there are large changes in Va. iShiecause
the anode is collecting electrons at the same astthey are
being emitted by the cathode.

D) No significant current flows when the anodenegative
with respect to the cathode.
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pi=3.14

f = the frequency (Hertz).

L = induction of detector coil (Henry = H).

Q = the quality factor of the unloaded LC circuit.

The value of RP is depending on the frequency, fose
instance the value of RP in the middle of the feeauy range.
For medium wave for instance, we can use the wafliRP at 1
MHz.

Maximum power transfer from LC circuit to load.

If the load resistor RL was directly connected asrthe LC
circuit, it would be simple:

maximum power transfer would occur if RL=RP.

The loaded Q of the LC circuit is then halve théugaof the
unloaded Q.

But of course we also need a diode between LC itiend
load RL, to demodulate the RF signal.

In the rest of this article we assume the RF sigmathe LC
circuit is not modulated, so the output of de didgslea DC
voltage.

Maximum sensitivity at strong signals.

With a very strong signal across the LC circuig thiode shall
work in the linear detection region.

If the input voltage is high enough, the diode wile only

very few power losses, compared to the rectifiedlgro

In the calculation (with strong signals) | assuie diode has
no losses at all.

This can in practice not be reached, but it ragiplifies the

calculations.



If the diode has no losses, the DC voltage acrbesldad
resistor will be equal to the peak voltage of tiiesiynal.

This peak voltage is 1.41 times the RMS value ef itiput
signal.

In this situation, maximum power transfer to thaddRL will
occur if:

RL=2XxRP

The loaded Q of the LC circuit is then halve théugaof the
unloaded Q.

However with strong signals, maximum sensitivitynist a
very important subject, output power is alreadyhegough to
be heard.

We can better design the receiver for maximum &eitgiat
weak signals.

Maximum sensitivity at weak signals.
When receiving (very) weak signals, the diode shaitk in
the square law detection region.

!
! 1

Re L L : Ra> DC : RL
1

Circuit diagram of the diode.

With the equivalent circuit of the diode at lowrsig levels

which may be detected by an ammeter placed in, ey,
anode lead. The picture below shows an illustratibtinis.

ELECTRON FLOW
TO SUPPLY
—

ELECTRON FLOW
THROUGH
SPACE

=
| ANODE
1 SUPPLY
| VOLTAGE
1

—_—
SPACE
CHARGE

HEATER
SUPPLY

-~
REPLACEMENT ELECTRONS
FROM SUPPLY

The flow of current in a diode valve.
Diode Static Characteristics
We now start getting into the ways in which speaifions for

thermionic devices are presented. For the dio@sethilustrate
clearly the dependence of anode current upon avmitige.
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passed forward into semiconductor phraseology hoch,
anode, emitter, collector!).

Since electrons are negative charged particley, Wik only

be attracted to the anode if this is given a pasipotential
with respect to the cathode. This explains why\ilee only
conducts in one direction, from cathode to anodd, reot vice
versa. It also explains the choice of the word/&alo describe
the device, since a valve is, by definition, a evees device.
The Americans, however, never cottoned on to this
terminology and always refer to them as 'vacuuresub

The magnitude of the current flowing in a diode efegs upon

the number of electrons emitted and the magnituid¢he
voltage applied to the anode (known as the anotleg®Va).
The amount of electron emission depends upon the
temperature of the cathode, which is fixed by tldtage
supply to the heater, this being a constant valhe.only true
variable is, therefore, the anode voltage. Theoactf the
latter in controlling the anode current can be aixgd as
follows.

As we now know from the foregoing, the cathodedsnmally

surrounded by a cloud of electrons known as theespharge.
With zero anode voltage there is no current flomd there is a
state of equilibrium between the electrons beingdttech and

those falling back onto the cathode's surface, dpication
of a small positive voltage to the anode causesesofithe
space charge electrons to be attracted to the anesléting in
a small anode current flow. The gaps created tseteéctrons
leaving the space charge are filled by further simisfrom the
cathode. Electrons arriving at the anode flow te positive
supply terminal, while at the same time an equahiver of
electrons leave the negative supply terminal f&r ¢athode.
This gives rise to a continuous current flow arotimel circuit,
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The input of the diode behaves like a resistor wialue RD
parallel to the LC circuit.

The diode output is like a DC voltage source inesewith a
resistor RD.

Maximum power transfer from DC voltage source tadldrL
occurs when: RL = RD.

In the square law detection region, the detectedvbiage is
proportional to square of the RF input voltage.

The power in the load resistor is proportionaltte square of
the detected DC voltage.

In other words, the power in load RL is proportibteathe 4th
power of the voltage across the LC circuit.

So it is important to make the voltage across t@eclrcuit as
high as possible, this is done by making the impedaf the
loaded LC circuit as high as possible.

If we make all impedances equal, so RL = RD = RPPleaded
Q of the LC circuit would be equal to 0.5 times thdoaded

The voltage across the LC circuit is then also tinfes the
unloaded voltage.

The output voltage is then proportional to: 0.5"4.6625

If we however make RD and RL 3 times as high, so=RRD
= 3xRP the loaded Q of the LC circuit will be 0.fies the
unloaded Q.

The voltage across the LC circuit is then also Qiites the
unloaded voltage.

The output power is then proportional to (0.75"4)/8.3164/3
=0.1055.

We divide by 3 because the load resistor is noimas higher.
So we now have 0.1055 / 0.0625 = 1.6875 times roatput
power (compared to the situation: RL = RD = RP).

And also, the loaded Q is now 1.5 times higherasoetter
selectivity for the receiver.



In the next Excel file: diode.xls the relative outtppower is
calculated for many values of RD and RL, where
RD=RL=3xRP is the most sensitive combination.

Conclusion: At weak signals there is maximum potkensfer
from LC circuit to load, so maximum sensitivity fahe
receiver if:

RL=RD=3xRP The loaded Q is then 0.75 times the unloaded
Q.

Increasing the circuit Q

Increasing the unloaded Q of the LC circuit, wiltke the
impedance of the LC circuit higher.

Because of this the voltage across the LC circilitimcrease,
the diode then will work more efficient, and outpower
increases.

More information about increasing the Q, you cad fiere.
Very good crystal receivers make use of LC circuitth an
unloaded Q above 1000.

A high Q also gives a selective receiver.

Increasing coil induction

The impedance of the LC circuit can also be in@daly
increasing the coil inductiomu value).

However making the induction higher, can also tegula
lower circuit Q, compensating a part of the impexan
increase.

And a lower Q of course gives worse selectivity.

Practical values for induction of medium wave reees are
200-300uH.

http://www.r-type.org/articles/art-010b.htm

Valve Technology - A Practical Guide

A series of articles from 1993 by Graham Dixey
C.Eng., MIEE republished by kind permission of
Maplin Magazine.

The Diode Valve

The diode valve is so called because it has justelectrodes
— the cathode and the anode.

ENVELOPE

LYINDRICAL
NICKEL ANODE

(a) Construction of a modern diode valve (indinedieated
type), (b) circuit symbol for a diode valve.

These correspond to the two electrodes of the raigiiode
valve mentioned above, the cathode being the eldetihat is
heated and emits electrons, and the anode beingleh&ode
that collects the electrons (notice also that thesms have
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Choice of the diode

If we know the diode resistance RD, we can caleulite
diode "saturation current” (Is value) with the faren

Is =0.000086171 x h x TK/RD

Is = saturation current of the diode in A

n = ideality factor of the diode, if you don't knawe value,
then take n=1.08

TK = temperature in Kelvin (= temperature in °C7#3p

RD = diode resistance

Now search for a diode which has a Is value clas¢he
calculated Is value.

Or connect several diodes with a low Is parallel,réach
together the desired value.

More information about diodes you can find here.

Diode connected to a tap on the coil.

The best sensitivity is always reached if the disdeonnected
to top of the LC circuit, and RL=RD= 3xRP.

But not always it will be possible to make the laadistance
RL high enough.

If we don't have a load (audio transformer) withigh enough
impedance, the LC circuit will be loaded to heaagd the Q
will reduce.

A method to prevent this, is to connect the diodeaotap
somewhere on the coil, instead of the top of thke co

The Q of the loaded circuit then will increase.

With the calculator at the bottom of this pagecfclhere) the
effect on output power can be calculated when uaitgp on
the coil.

Audio transformer.



When making a receiver with a high Q factor, thedlo
resistance will have to be very high, for instasoene Mega-
Ohms.

In that case we need a transformer which transfahisshigh
impedance down to the impedance of the used loaéispe
Transformers with such a high input impedance arellj to
find.

They can however be self made, look for instancemsgt
transformer unit 2

At high input impedances, in practice both efficgnand
bandwidth of a transformer will reduce.

Loudspeaker

Of course we use a loudspeaker with a sensitivéthigh as
possible.

More information about this, you can find here.

Calculate optimal components for detector circuit

With calculator 1, diode and load resistor are Wdated for
which the sensitivity of the detector circuit atakesignals is
maximum.

Fill in the yellow coloured fields, and click on diculate
calculator 1".

These values can then be taken over in calculator 2

Then you can self change in calculator 2 all paterseof the
detector circuit (all yellow fields), and calculatee effect of
this on sensitivity and loaded Q.

2. A rectifier is always followed by electronic
circuits called filter circuits which allow only
D.C. to pass through them and by pass the
A.C. Thus a rectifier-filter combination gives
a D.C. output.

Applications of Diode
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The two main applications of diode are :
(a) As a rectifier (b) As a detector



Input<—

B Y
] P, e
o HRVLYRVRY

1—

G
(i) Circuit (ii) Input-Output waveforms
positive. Therefore, the second diode conducts but the
first remains passive. Thus, the iwo diodes conduct
alternately. But in both half cycles of A.C., the current in
load resistance R, flows in the same direction. So, we get
continuous D.C. at output. For full-wave rectifier,

Note : Ipe, = 2%
Lok
i
Mmax = 81-2%
Ripple tactor, r= 048

The output of rectifier is fluctuating or pulsating. To make
it smooth, filters are used.

Notes: 1. The output obtained from a haif wave or full
wave rectifier is not a pure D.C. but it is a
pulsating D.C. (mixture of A.C. and D.C.)

t
MMDec) (ii) Pulsating D.C.

Current
or Voltage

Current
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Calculator 1: calculate components for maximum sensitivity at weak signals
Frequency £= |
Coilvalie L= [
Unloaded Q ——
Temperature of the diode T = [18 «c
Ideality factor of the diode n=[108
Reset ] Galculate calculator 1
Impedance of the unloaded LC circit k0
Load esistor RL= k0
Diode resistance RD= k0
Diode saturation current’ Is = A at «c
Diode "saturation current’ Is = nAat25°C
Loaded Q at weak signal
Loaded Q at strong signal

Calculator 1: calculate components for maximum isieity at
weak signals

Frequency f= kHz

Coil value L= uH

Unloaded Q

Temperature of the diode T = °C

Ideality factor of the diode n =

Impedance of the unloaded LC circuit: ~ Qk

Load resistor RL = Q

Diode resistance RD = [0

Diode "saturation current” Is = nA at°C
Diode "saturation current” Is = nA at 25°C

Loaded Q at weak signal
Loaded Q at strong signal



Calculator 2: change the values yourself and compare sensitivity and Q with optimum
[values.

Reset | [ Take overvalues from calculaior |

Frequency f= e
Coilvaive L= uH
Unloaded Q factor

Temperature of the diode T=  [18 o
Diode "saturation current’ s = A atf25 o
Ideality factor of the diode n= [108

Diode at tap of coil at: 100% ~
DC bias current through diode 1b=[0  nA

Loadresistor RL= K

Impedance of unloaded LC circit K

Diode saturation current’ Is = A a «c
Diode resistance RD= KO at «©

@B with regard to calculator 1
B with regard to calculator 1
X with regard to calculator 1
X with regard to calculator 1

Output power at weak signal
Output powwer at strong signal
Loaded Q at weak signal
Loaded Q a strong signal

Calculator 2: change the values yourself and coenpar

sensitivity and Q with optimum values.

Frequency f= kHz

Coil value L= uH

Unloaded Q factor

Temperature of the diode T = °C
Diode "saturation current” Is = nAat°C

Ideality factor of the diode n =
Diode at tap of colil at:

DC bias current through diode b = nA
Load resistor RL = Q
Impedance of unloaded LC circuit: Qk

10

Operation

@ AC, input is applied the plate 'P' becomes positive and
negative alternately.

@ For the paositive half cycle of input, the plate is positive
with respect of cathode. So that diode conducts and
plate current flows through the tube load R and
secondary. So output occurs across load. R, as shown
in fig. (ii).

Important Points
® During — ve hall cycle of A.C. input, —Plate is negative
with respect to cathode. So the diode does not conduct,
and no vollage appears across output.
® For half wave rectifier; (lg is peak value of current)

- Average value of current loc. = lofm
= Root mean square value of curent |, = Iy2
= Maximum efficiency Nmax = 40-6%
= Ripple factor r= 121

(B) Full wave rectifier—it converts full A.C. into D.C.
In this rectifier two diodes are used which conduct alter-
nately. The output is obtained across the load resistance
R.. Here in first haif cycle of A.C., plate of first diode
remains positive and plate of second diode remains nega-
tive. Hence, the first diode conducts and the second does
not. In second half cycle of A.C., plate of the first diode
becomes negative and that of second diode becomes
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Rectifier

Rectifier is a device which converts an A.C. into a
D.C. The process is called Rectification. Rectifiers are of
two types :

1. Half wave rectifier—Which conducts only during
+ ve half cycle of input A.C.

2. Full wave rectifier—Which conducts during full
cycle of input A.C.

(A) Half wave rectifier (in half wave rectifier only one
diode valve is used)
Circuit

@ The input A.C. voltage to be rectified is applied to the
primary of a transformer.

® The secondary of transformer is connected in series
with load R, between plate and cathode of diode (as

shown in fig.).

-{
Gl
P

:

Output < Input <,

C
(i) Diode as a half-wave rectifier (i) Input and output waveforms
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Diode "saturation current” Is = nA at°C
Diode resistance RD = Gk at°C
Output power at weak signal

to calculator 1

Output power at strong signal

dB with regard to calculator 1
Loaded Q at weak signal

to calculator 1

Loaded Q at strong signal

to calculator 1

Example 1.

=dB with regard

=X with regard

=X with regard

We have a LC circuit with a 20@H coil, the unloaded Q is

1000 and the frequency is 1000 kHz.

As load we use a 10@%audio transformer, because this is the

only one we have.

What is the output power at weak signals compacethé

optimal load resistor.

Fill in the following values, in calculator 1:

f= 1000 kHz
L = 200pH
Q = 1000

Click on "calculate calculator 1" (The optimal logbistor and

diode are now calculated).
Click on "take over values from calculator 1"

Change load resistor RL in calculator 2 in 1@0 k
Click on “calculate calculator 2"

We now see the sensitivity at weak signals is @B7lower

compared to the optimal load.
It's also interesting to see, the Q at strong $igisaonly 38

11



Example 2.

We have 2 receivers, both with a 2@ coil.

One receiver has an unloaded Q of 100, the otleeiver has
an unloaded Q of 1000, at 1000 kHz.

Both receivers have optimal diode and load resistor

What is the difference in output power between the
receivers?

Fill in the following values, in calculator 1:

f= 1000 kHz
L = 200pH
Q= 1000

Click on "calculate calculator 1" (The optimal logbistor and
diode are now calculated).
Click on "take over values from calculator 1"

Reduce the Q in calculator 1 to: 100.

Click on "calculate calculator 1" (The optimal logbistor and
diode are now calculated).

Click on "calculate calculator 2".

The result is, the high Q receiver gives 1000 timese output
power (+30 dB) at weak signals.

At strong signals, the difference in output powerld times
(+10 dB).

Example 3.

We have a simple crystal receiver, with a 280coil, and an
unloaded Q of 200.

As diode we use a germanium diode with Is = 400(atA25
°C).

The load resistor is 47k

12

as D.C. plate resistance. The
D.C. plate resistance R, is
given by
OA
R» = o8 B
Note : Since plate charac-
teristic curve is not a . A
straight line—There- E, (Volt)
fore, D.C. plate resistance is variable. Hence,
D.C. plate resistance may be calculated at the
actual operating point.

(ii) A. C. plate resistance—The ratio of a small
change in plate voltage across |,
a diode to the resulting change (MA)
in plate current is known as
A.C. plate resistance.

v Beromaee- :
o ="al

Note : The A.C. plate resis-
tance at operating point  Y|----
P can be found by con-
sidering small equal
changes of plate voltage on either side of the
operating point (.e., AB=A.C.)

(o] B AC

E,, (Volt)

BC

Change in plate current = YZ

= AC. plate resistance at p, r, = %

Change in plate voltage

253



2. AtVp=V,, aimost all the electrons constituting space
charge are collected by plate and space charge is
eliminated. At this point rate of collection of electrons
reaches its maximum value and it equals the rate of
emission of electrons by cathode. Therefore, if plate
voltage is further increased plate current becomes con-
stant.

3. The only way to increase the plate current is to increase
the rate of emission, i.e., to increase the temperature of
cathode. Since the plate current, in this region, may be
limited by temperature of cathode, this is called tempe-
rature limited region. in this region plate current is
independent of plate voltage and varies with tempera-
ture T of cathode as

| =cT? g0 ()]
where cand b are constant for cathode.
Equation (i) is simplified form of Richardson equation
for this case.

Plate resistance of diode—The plate current (l,)
varies as the plate voltage (V,) is changed, therefore, a
diode offers internal resistance which is known as its plate
resistance.

Note:  Mainly negative space charge is responsible for

the plate resistance of diode. As it is a non-

ohmic resistance its value is not constant and it
differs at different operating points.

Types of Plate Resistance
(i) D.C. plate resistance—The ratio of total D.C.

plate voltage across diode to
the resulting current is known

252

We are going to compare the sensitivity at 1000, kivith a
high quality receiver, with L = 20@H and unloaded Q =
1000.

This receiver has optimal matched diode and loai$tar.

The values of the simple receiver can directlyebeered in
calculator 2.

We don't have to calculate first the optimal loaudi aliode,
because this receiver isn't using optimal loaddiade.

So, in calculator 2 we fill in:

f=1000 kHz

L =200pH

Q =200

Is = 400 nA (at 25 °C).

RL =47 1Q.

Fill in the values of the other receiver, in caitot 1:

f=1000 kHz

L =200pH

Q = 1000

Click on "calculate calculator 1" (The optimal loeebistor and
diode are now calculated).

Click on "calculate calculator 2" the differencestween both
receiver are calculated.

Result: the simple receiver has 29 dB less outputep at
weak signals.

The simple receiver has a loaded Q of only 60 (etkwv
signals).

At strong signals, the loaded Q even reduces tadba¥ with

such a low sensitivity it's unlikely to get a stgosignal across
the LC circuit.

13
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We note from fig. (i) that curves coincide at low
voltage (in space charge limited region) but saturation
current increases as shown by portion CD of charac-
teristics.

(2) Low voltage characteristics—The plate current
is practically zero at zero plate voitage (however, plate
current is not exactly zero). If we measure plate current
using a micro-ampere plate current of the order of few
micro-ampere occurs. This is due to “the fact that even at
zero plate voltage a few electrons may have sufficient
K.E. to reach the plate and constitute a plate current of
few micro-ampere.” From the fig. (i) the plate current
becomes exactly zero at a particular negative value V¢ of
plate voltage, called cut-off voltage. The max. kinetic
energy of emitted electron is related to Vg as :

Kmax = €Vg

Important Points

1. If we increase plate voltage from zero volt to a value V,
in steps, more and more electrons are attracted from
space charge to plate (though at the same time same
no. of electrons are emitted from cathode so that space
charge is maintained) so piate current increases. As the
plate current is limited by space charge, this region of
curve is called space charge limited region. In this
region, plate current is related to plate voltage by
equation.

p= KV fl)

where K is a constant.
Equation (i) is known as Child-Langmuir’s law.
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V-l characteristics of Diode

(1) High voltage characteristics—Fig. (i) shows
high voltage plate characteristics when plate current is
measured in (mA). Keeping temperature of cathode con-
stant, say (T4) (l.e. filament current constant) when plate
voltage increased from zero volt in steps and correspond-
ing value of plate current j, measured in m.A. the variation
occurs as shown in curve OAB. If the cathode tempe-
rature is increased from Ty to T,.

© V), (Vol)
(i) High voltage characteristics

1501 1, (uA)
100

ve

=03-0-2-01 01 02 03
V, (Volt)
(ii) Low voltage characteristics

Fig. : V-l characteristics of diode.
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Crystal Set Analysis
by Berthold Bosch, DK6YY
http://www.oldradioworld.de/gollum/analysis.htm

(First published in German in 1993/94; see refezsrat end.
Updated 12/03/2002)
(See some of Berthold Bosch’s realized xtal sets)he

Contents: 1.Voltages and Powers in Set, 2. Ant&argi as
Signal Source, 3. Set with Parallel- Tuned Circdit,Diode
Properties, 5. RF Matching, 6. AF Matching, 7. @ater
Simu- lations, 8. Series-Tuned Circuits .

Since my schoolboy days | have been fascinatedristad
radio reception: radio in its most basic form. Hoer in

many cases | was not really satisfied with whagdd on the
subject in the literature. In the treatises | caaweoss, the
descriptions often remained rather vague, presgnlitie

convincing foundations. Partly they were rathercsisgive

and even presented contradicting conclusions. isréason |
found it advisable to carry out my own investigatio My

intention was to obtain more quantitative resiftis,example
as regards the best diode and the understanditig afbvious
interdependence between the radio-frequency (R&jlioa
frequency (AF), and DC subcircuits, what it meaot &n
optimum design. In the following | present resudistained
over the years. Only medium-wave reception is ctersd.

1.Typical Values of Voltages and Powers in Set

Let us first see of what order of magnitude the & AF
voltages and powers are which we have to deal with.

According to amplitude-modulation theory, the AFwgw
contained in the total AM signal of power PRF isegi by m2
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PRF / (2+m2) where m is the modulation factor. & assume
m=0.5 we thus have 11 percent of AF power in the #\hal.
Sometimes broadcasting stations use modulationracf up
to m=1 (100 percent) which then causes a correspgiyd
higher AF power component. At my urban location,tlie
West of Germany (Ruhr District), the strongestistaf15 km
away) produces an electric field strength of 0.181nd, with
my antenna and earth arrangement, an RF power aaft &
mW is available in the crystal set. Hence 330 p\WABfare
contained in the RF if we assume m=0.5. A practiiakar)
diode detector coupled to a tuned circuit delivé@sto 80
percent of this to the AF load. This means thagligel can
expect about 240 pW of AF being available from rogal
station, sufficient for moderate operation of adspeaker.

In the crystal set that | am going to investigdtig (2 below) |
measured the following RF voltages across the tusiemlit
when RF and AF matching existed (Secs. 2, 5 & 6):

a) Tuned to the local station (WDR 2, 720 kHz, 20U, 15
km away):8.9 V

b) From of my "district station" (DLF, 549 kHz, 16, 35
km, field strength 40 mV/m, 0.2 mW of RF power):¥.3

c) At night - with a wave trap for the local statiomore than a
dozen stations appear from all over Europe with % mV/m,

producing 130 mV across the circuit as a mean V@uepwW

of RF). Such low voltages will move the working podver

only a rather limited part of the diode characterishere the
relative curvature is low. Consequently, the deteefficiency

now drops to below one percent.

d) Good headphones produce an audible signal dowf pwW
of applied AF power.
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plate current. These electrons flow through the external
circuit and finally return to the cathode, thus making up
the supply of electrons lost by emission. On increasing
plate potential more electron will gain sufficient kinetic
energy so as to reach anode, hence the plate current
increases.

Important Peints to Note

@ The current flows in the diode only when plate is made
positive relative to cathode.

@ No current can flow when plate is negative relative to
cathode.

@ Within a diode electrons can flow only from cathode to
plate.

@ Due to unidirectional conduction property the diode acts
like a valve.

@ The diode automatically starts conduction when the
plate is positive or stops conduction when the plate is
negative (due this property) the diode may act as a
rectifier, converting A.C. into D.C.)

Characteristics of Diode
Characteristics of vacuum dlodl can be best studied
by finding the relation
between plate voltage
and plate current for a
given cathode tem-
perature.
The circuit for
determining the plate

characteristic of an

indirectly heated Circuit for determining
vacuum diode is plate charactaristics of
shown in fig. diode
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&
(i} Plate is open (ii) Plate is given {iii) Plate is given
-ve potential +ve potential

(1) Anode (plate) at zero potential relative to
cathode—This situation is shown in fig. (i)—The emitted
electrons do not have sufficient kinetic energy so as to
reach the anode. However, a few electrons may reach the
anode on account of their kinetic energy, constituting
negligible current. The emitted electrons accumulate near
the cathode and form a cloud of electrons. This is known
as space charge. At a certain stage the number of elec-
trons forming the space charge becomes constant for a
given operating temperature. This space charge becomes
a source of electrons that can be attracted to the plate, if it
is at a positive potential.

(2) Ancde (plate) at negative potential relative to
cathode—This situation is shown in fig. (ii). The emitted
electrons are repelled back due to retarding potential of
anode. For a particular negative potential of anode plate
current may be zero.

(3) Anode (plate) at positive potential relative to
cathode—This situation is shown in fig. (iii). The electrons
constituting the space charge are attracted to the plate.
This flow of electrons from cathode to plate is known as
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Employing a signal generator and using a sensitivde (see
below) | found that an RF power of about 10 nWeiguired to
generate this 10 pW of lower-limit AF. The deteagfficiency
has at this very low RF level thus fallen to a mene per
mille. Obtaining an RF power of 10 nW in my setuiegs a
field strength of about 0.3 mV/m. According to esies

based on groundwave propagation theory, a 1000 kW

transmitter operating near 1500 kHz should gener&@s
mV/m at a distance of 190 to 200 km; the electi@df
strength is roughly proportional to Radicle (PTXd2),
where PTX = transmitter power, f = frequency, and=d
distance. The particular example is chosen becatisi40
kHz | can during the day just hear the signal ofLRT
Luxembourg, being 195 km away and reported to tadia00
kW. The voltage measured across the tuned circast40 mV
in this case. To be able to receive RTL | carefligve to
suppress the local as well as the district station.

e) When | connect an AF amplifier to the crystal senumber
of stations located about 150 to 250 km away catitiadally
be heard via groundwave propagation in the daytifiee
diode thus provides (some) detector action at REldeeven
lower than 10 nW. But the AF power generated is theo
small to produce an audible signal in the phonescty.

The above numbers show the considerable variaitiotiee RF
voltage generated across the tuned circuit. Hehds not
surprising that a crystal diode found to be bestedufor DX
reception is not necessarily the optimum choiceaftitieving
best loudspeaker operation from the local statiut. before |
present results on diode behaviour | am going srilee the
circuit | employed. Let us start with antenna aaditle as an
integral part of the total circuit.
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Ed Note: Evaluation of Received power from above:

threshold weak medium  strong

RF power W 1.00E-08 5.00E-07 2.00E-04 3.00E-03

RFField mv/m 0.3 2.5 40 180

RF voltage v 0.02 0.13 25 8.9
my 20.0* 130 2500 8300

{* 40 in text: 20 provides superior fit)

Antenna:
Inverted L design, 43m (140)
Height = 10m (32')
Earth Rg =210 0 Counterpoise Rg =250

Received Signal
10.00000

Local

® R d signal

eceived Signal “'“my
100000 |———Power (Receivedignal)

Guud//
0.10000

0.01000

Power mW

y=0.032132%%
R=0.9999

0.00100

/‘V/\laak(Dx)
0.00010 /
Threshold
0.00001 <

001 010 1.00 1000

Voltsacross tuned circuit
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Competition Science Vision:
C.S.V./ January/2007/1432

Vacuum Diode or Diode Valve

A vacuum diode consists of two electrodes : a
cathode; and an anode enclosed in an evacuated glass
tube. Its operation is based upon thermionic emission, it is
also called thermionic diode.

Anode (or plate}—The anode is a hollow cylinder
made of Ni or molybdenum and surrounds the cathode.

Cathode—A cathode may be directly heated or
indirectly heated type.
Usually an indirectly
heated cathode is pro-
vided (except in high
power application).

As shown in fig. (i)
an indirectly heated
cathode is in the form of
nickel cylinder coated (i) (i) Construction of diode
with oxides of barium or (ii) Symbol of diode
strontium. Inside the cathode, a heater filament of tung-
sten is inserted.

Fig. (ii) shows it symbol :

Operation of diode—When electric current is passed
through the diode it emits a large number of electrons.
These emitted electrons may be accelerated or retarded
by applying positive or negative potential to anode relative
to cathode.
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when the tube is in operation. It can just be sglenving
orange in the diode portion of the tube. On one sidthe
diode with the triode on top; on the other is teatpde, all of
which are clearly displayed. The tube cost $3.10excellent
price considering all the experiments that candreedvith it.

The center tap of the input transformer is not usedhis
circuit. The triode has grid leak bias. It is naispible to
measure this bias with a DMM because of the largd g
resistor, but the plate current is only about 280 The diode
and triode are referred to the negative end ofithment, but
cathode bias is provided for the power pentode. fias in
operation is about -9.3 V, giving a plate currehaloout 5 mA
and a screen current of about 1 mA. The outputstoamer
can be any transformer on hand. | used the P-T&lhts been
used in other places, which matche3 ® 5 k2. The load
resistance should preferably be about X2 Kowever, it
drove a good speaker at considerable volume withtler
small input. A three-tube battery radio could bedmwith this
tube, an IF amplifier stage, and a pentagrid cdever tube
type which will be treated next.
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2. Antenna and Earth as Signal Source

(Fig. 1: Equivalent Re C.
circuit of antenna/earth
combination.)

| use an inverted L-type
antenna of 43 m length, l
about 10 m above
ground. The  earth
connection is provided (10 pH) (210Q)

by three metal rods of 2

m length each, driven into marly, i.e. a not paittcly well
conducting, soil. The antenna/earth combination d@n
represented by the equivalent circuit shown in Riggiving
measured values for the various elements. The maten
capacitance is denoted by CA, the inductance byRRjs the
earth loss resistance, RR the radiation resistaamoee, VA,O
the antenna source voltage. The two last elementedse in
value with the antenna's height and length. For gberce
voltage | measured a value of 1.6 V, using a seledRF
voltmeter. The knowledge of this quantity, whichpi®duced
by the strong local station, permits to easily detee the
earth resistance. For it 210 ohms were obtainealaively
high value. Reducing it by installing a better grdusystem
would pay high dividend. Note added in 2002: Meaitevh
installed an extensive counterpoise net in the ejaas earth
terminal. This reduced the earth resistance to taB6wohms,
with an associated marked increase in availabl@dfer.

(159)
Vl\.n

(350 pF)

LA RE

Maximum power is transferred to the load, ie. frahe
antenna to the crystal set connected to A-E, wheramange
for impedance matching and for resonance in thelteeg
antenna/earth series circuit. The set will preseintgeneral,
an inductance which is too small for achieving reswe in
the antenna circuit. Therefore, an additional auilist be
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inserted (Fig. 2). The resistance of about 400 olnmghe

series-tuned circuit (200 ohms source resistaneg 200 ohms
resistance of set when matched) yields a Q-factanty 4.

But this is still helpful regarding sensitivity, talso selectivity
(sharpness of tuning), since the delivered cur(eoltage) is
increased by this factor of 4, meaning 16 timegawer.

3. Crystal Set with Parallel-Tuned Circuit

As a sort of "standard set" | used and investigétedpopular
arrangement shown in Fig. 2 which employs two tuned
circuits. The inductance LC couples the antennénéocoil of
the tuned circuit, the degree of the variable cimgpthosen so
that matching is achieved. The fixed L1 has a somag¢varger
value than required for tuning the antenna/earttuitiof Fig.
1. The variable capacitor C1 is then used for wynin
resonance. The numbers for L1 and C1 apply to mijcpéar
case. C3 serves as AF storage capacitor for ob¢piai
maximum of AF amplitude at the phones, and it aoiatlly
provides a short for the RF. In practice, howeiteoften can
be omitted without audible drop in AF. - To be atuigroperly
match the diode detector to the parallel-tunedutircthe
detector branch is hooked up either to the top af t2
(wound with Litz wire onto a suitable ferrite rodi) to one of
11 taps provided on it. In this way the diode carcbnnected,
via a switch, to 12 resistance values along thedutircuit.
Such a fine adjustment was required for the ingaibns
reported in Sec. 5. The unloaded tuned circuitehessonance
resistance of 105 k ohms (at 1000 kHz), which ditopS2 k
ohms when matched to the antenna/earth. (Thesenatre
particularly high resistance values because ofnthey leads
from the taps to the switch.) According to the sWiposition
chosen the diode can so be connected to 12 resistariues
that vary between 52 k ohms and 100 ohms. Wheditlu is
set to the tap that provides matching the totabmasce
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circuit at the left. AVC is essential when diodasis used, to
keep the bias voltage in the proper range. Theoasidhal, of
course, rides on the bias connection. Diode biasiissuitable
for high-mu triodes such as the 6AV6 or 6AT6, sitioey are
very sensitive to the bias level. The 6R7 is a medinu
triode @ = 16). The 6SR7 is a single-ended equivalent, and
will also work in this circuit. The signal generatshould be
adjusted to peak the output, at 455 kHz. | obtaiarcaudio
output of 13 V peak-to-peak with a 30% modulated Aighal
of 0.2 V peak-to-peak, for a gain of about 289. Theed
circuit provides a large part of this gain.

The 6AQ6, 6AT6 and 6BF6 are all miniature dual-eéiod
triodes with the same basing as the 6AV6, the 6BEiBig
medium-mu and more appropriate for diode bias and
transformer coupling. The 6SQ7, 6SR7 and 6ST7 iandas
octal tubes, again all with the same basing. This & very
popular and useful
tube type, with many
options available.

+90+90 +a0

The 1D8-GT diode-
triode-pentode was
designed to provide a
complete audio system
for a battery-powered
radio. The circuit is
shown at the right. The
filament takes 0.1 A at
1.4 V, easily supplied
by a D cell. The B+
supply is 90 V, for which batteries were availaldensisting
of 60 small cells. This circuit has a drain of lékan 7 mA,
which is quite acceptable, and hardly more thamaaststor
radio with the same audio output. The filamentasdhto see

Detector - Audo Amplifier
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the plate of the 6AT6. The RF ripple was negligitiiat there
was some 60Hz pickup, not surprising with a hignga
breadboarded circuit out in the open. It was irging to show
the AM signal and the audio output simultaneousty the
oscilloscope.

The circuit will function without the tuned circuids you can
easily demonstrate. The signal generator output ties be
increased, because the resonance gain is condelefiie
circuit will also function with both diode platesmmected to
one side of the secondary, and the 1M potentionzetérfilter
capacitor to the other side. In this case, theleigpequency
will be halved, but the output voltage will be déed There is
not a great advantage in using a full-wave detettok at the
DC voltage across the potentiometer as the inpytliade is
changed. This voltage, negative with respect taimip can be
used for AVC, automatic volume control, as is dssmd
elsewhere. With the full-wave detector, it variedni -0.5V
for 10V p-p audio output to -1.0V for 30V audio put. In
practice, the AVC
voltage is further
filtered to remove
the audio.

+100 Htr. 2-7

Toko RMC
202313

455kHz::;}
M D]

The rectified signal
voltage is of the
correct polarity to
2201 [] 1w provide grid bias for
= = = the amplifier tube in
Diode Biasing this circuit.
Therefore, the grid
of the triode can be connected directly to somentpon the
diode load resistor that provides the proper hiplace of the
volume control potentiometer and coupling capacibown
above. This arrangement is calldidde bias, illustrated by the

244

resistance then drops to 26 k ohms. - On the fighig. 2 the
equivalent circuit of the headphones is given whighrequire
later on.

C, D,
)
y 01
12 (3 e 15
2 nF) EA
H
=20
i 4 x
L.@.J eg.

Ioc(1A)

(Fig 2: Wiring diagram of crystal set with paraiteihed circuit
and tuned antenna/earth.)

We have now the task to match (1) on the RF sidedibde
branch, via the tuned circuit and the antenna dogipto the
antenna source, and (2), regarding the AF, the gghon the
loudspeaker to the diode. Both procedures are gifron
interrelated. But first we must find out more abthe diode
and its dynamic resistance.

4. Crystal-Diode Properties

All semiconductor diodes principally show a depewwe of
current | on applied voltage V (static charactajstlike
1=IR,0*exp (V/nVT) - IR,0, where IR,O denotes theverse
saturation current at high negative voltages, VTe th
temperature voltage of 26 mV at room temperatund, rman
ideality factor between 1 and 2.
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<
' 8 g i
2 ]
InAs  Pb! Si GaAs

(Fig. 3: Theoretical current-voltage charactersstif various

p-n diodes; equal diode areas assumed.)

Reverse breakdown is neglected. The relationshjpiespto

both to p-n diodes and to Schottky diodes. Howevbe,

composition and physical meaning of IR,O differsnptetely

for these two diode types (diffusion current refgd current).

Important is the fact that the exponential risetied diode

current occurs the faster, i.e. the turn-on voltggea kind of
threshold) becomes the lower, the higher the sadaraurrent

IR,O is. Calculated characteristics for p-n diodesde from

germanium, silicon, two modern compound semicormhsct
and from galena (PbS) are given in Fig. 3, assureipgal

diode areas. The associated reverse currents abelsfThe
difference in diode behaviour is caused by diffgratectronic

material properties (band gap). Real curves, itiquaar of the

natural crystals, are flatter because of parasiiEements,
mainly of diode series resistance. Regarding lown-tn

voltage a galena p-n crystal diode is theoreticallgn slightly
better than one made from germanium.
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A detector-amplifier circuit

is shown at the left. This
circuit is fed by a signal
generator at AM in, and the
audio output is taken from
AF out. The amplifier uses
grid-leak bias, which
effectively clamps the peak
Diode Detector aanAF;mpliﬁer of the audio wave at 0 V.
The stronger the input
signal, the more negative the grid bias, which make most
of what is there. With an AM input of peak valu®®V and

modulation amplitude 0.37 V, the peak to peak outpas 3

V, for a gain of -8, which is quite good. | usedradio

frequency of 2 MHz,

and modulation of 1 +125

: Hir. 3-4
kHz. At _Iower radio £3V@n as
frequencies, the oout
" . Toko RAN- L EATE
filtering of the output 10AST29EK - Al
becomes M signel y : [10M

progressively worse; | 500kHz
this could be
optimized if desired. 2201 ]
This detector gives = =
good fidelity with Full-Wave Diode Detector and Amplifier

high sensitivity.

A full-wave diode detector is shown at the rightsing
transformer input. The 6AT6 is similar to the 6A\It its mu
is 70 instead of 100. The transformer is a Toko RAN
10A6729EK, available from Digi-Key. It is specifieds 0.63
mH, and for 200 kHz. Adjust the signal carrier fiegcy until
the tuned circuit resonates; in my case, this vags18z. For
an input signal from the signal generator of 0.1j84Ak-to-
peak (modulation amplitude 0.04V), | got 26V peakpeak at
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The typical superheterodyne receiver used a diatectbr,
followed by an audio voltage amplifier. These fuoas were
usually combined in a single envelope, the dioded the
amplifying triode or pentode sharing the same ai¢hd\ very
good tube of this type was the 6AVS6,
whose structure is shown at the right. Th
diode plates are at the top of the envelop
with the cathode easily seen between ther ot
The IF output was usually from an air-core| ~ Section A-A
slug-tuned transformer, making it easy t
use full-wave rectification. Only one of the ? ?
diodes could be used for half-wave] B
rectification, which was usually quite
adequate. The triode is a high-mu triod:
with a maximum plate voltage of 300 V, GK| P
and maximum plate dissipation of 0.5 W Po1 oo
The maximum cathode current is no| BAVS Strueture
specified, but should not exceed a few
milliamperes. The tube has an unusually high pleséstance,
and the amplification factor is over 100. It is@og triode for
a voltage amplifier. My example gavg g 1.3 mS, y= 67k,u
= 90 at about 50QA plate current, and /= -1.0 V. The
transconductance varies strongly with plate currezeiching
2.2mS at 1 mA, whene = 116.

it
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For Schottky diodes principal curves like thoseFiy. 3,
relating to a particular crystal material, cannet dgiven. In
their case the characteristics strongly dependerkind of the
metal electrode and on the processing parametews. B
measured curves for Schottky as well as for p-rieBoare
given in Fig. 4, including fairly good examplesgslena (PbS)
and iron pyrite (FeS) detectors; see also the Thblew for
identifying the diode types. Again one notices thétively
low turn-on voltage of the two natural crystals ethequal or
even are below that of the germanium diodes INS4@AS5,
thus being well suited for low-level detection.
(Fig. 4: Measured current-voltage characteristi€svarious
semiconductor diodes (reverse currents indicated))

v
ma

as

Very interesting is the performance of modern Icavrier
Schottky diodes made from silicon, like the NEC 16S
(almost identical: 1SS99, BAT32, BAT63), which shewwn-
ons at 0.15 to 0.18 V. And, indeed, they show duwper
performance at low levels. One should expect that IhAs
Schottky diode (which was specially made for my
experiments) and the TU 300, a backward diode niade

23



Siemens, would according to the curves shown be ewere
sensitive detectors. But this is not the case.

As mentioned, a low turn-on voltage is inevitabbsaciated
with a high reverse current. This current reacteses of a
few hundred pA for the InAs diode, as also for Thé300 and
the Schottky diode BAT33. If the reverse curreng. ian
unwanted back current, reaches such high valueshave
strong counteracting effects, and ultimately theecter action
disappears completely. Anticipating the resultscofmputer
simulations described in Sec. 7 one can statedibdes like
the 1SS16 show the optimum relation between low-tur and
still acceptable reverse current, thus making thbe best
choice of presently available diodes as regardsctiat
sensitivity.

To show and compare the capability of various dsotiee
Table summarizes values of measured AF voltages cdnd
rectified currents, for 1 and 100 pW of available power. A
power of 1 pW is in my set typical for DX statioas night,
and 100 uW for stations 30 to 50 km away. As isnste
1SS16 leads the field. - For 3 mW of RF (my lodatien) |

obtained with a 1SS16 a DC current of 715 pA, which

increased to 1.85 mA in the short-circuit case @E/load =
0), and to 2.95 mA when under these conditionssttewas
retuned.
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positive in a resistance-coupled amplifier, distugbthe bias.
This is not a maximum in the same sense as thenmaxi
plate dissipation or maximum cathode current airces
damage to the tube is not in question. There isowble in the
grid leak detector, and values of several megohmes a
permissible.

There is no analogy to the grid-leak detector WiT's, which

otherwise behave pretty much like vacuum tubesalse the
leakage current is far too small for the desiredabeor. As a

gate-bias detector, however, the FET is suitahbe, @ BJT

biased near cutoff makes an excellent detectoweasaw in

the page on Amplitude
BALS Modulation.

T Hir 34
;'e%:}EEEC A diode detector, using
U~ 4o | a standalone diode, is

5e0 [Jrook shown at the left. The
output is the same
= amplitude as the
Diade Detector modulation on  the
carrier that is input,
very closely, so the detector could not do anyebe®ften, the
diode was included in the first AF amplifier tutsharing the
same cathode, and dual diodes were also availabléul-
wave detection, which doubles the output. If youeha tuned
circuit at this point, it would be easy to testiad® detector,
and high voltages are not required, just the heabever. A
solid-state diode would work the same way, butfeV drop
would make it less sensitive, and it would not exespond to
weaker signals. Using a Ge diode (1N34A) would help not
eliminate, the problem. The thermionic diode isaidi this
application.
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coupled by about 9 turns slipped over the loopstitkviding

an AM signal about 30% modulated with 1 kHz, in the
broadcast band. The output was roughly constantnatier
what the plate voltage (45 to 105 V), input ampléuvalue of
grid resistor (from 1M to 3M) or grid capacitor (LPF to 220
pF). The grid bias with no signal was about -0.%kh a 1M
grid resistor.

The circuit works by using the small grid curreritem the grid
is slightly negative. This grid current increasepidly and
very nonlinearly, so square-law detection is pdesibhe grid
resistor establishes a quiescent point around wihiehsignal
oscillates. The rf part is bypassed through the gepacitor,
while the af part remains and causes a voltage dcopss the
grid resistor, which is then amplified in the usualy. With a
100k plate resistor, the output af voltage coulgrepch 1 V
peak-to-peak. Another stage of audio amplificatiauld give
a quite satisfactory result, but | was hoping foe dube. (The
12AX7 has two triodes in the same envelope--if sadube
were used, the receiver would be, strictly speaksiggle
tube.) With most other kinds of detectors, suctopehwould
be quite vain, it must be admitted.

If the input signal amplitude is increased, thel drias starts to
decrease because the grid becomes positive oretties,pand
the detection becomes a little more linear. Ifghiel is biased
to cutoff with a C supply, then there is clear éineletection,
since the signal is effectively rectified. Suchiuit is called

a grid-bias detector, and the signal amplitude mbst
restricted so that the grid does not go positiieenvdistortion
would result.

You may notice in the tube manuals that a "maxinmgnd

resistance" is given for a tube; for the 6J5, Né. The reason
for this is positive ion current, which may driveetgrid more
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Type Kind Vag/ mV. loc | pA Vag / mV. loc / A
18816 SisD 36 105 360 152
N34A Gepn 2 60 3tz 121
PbS Det Galena 2 65 301 115
Atz Gopn 2 55 305 118
OAS Au/Ge pn 22 45 285 120
1NS711 SisD 16 25 260 80
FeS; Det. Iron Pyrite 12 20 235 85
o4 Sipn 25 02 320 110
BAT33 siso 1 05 3 125
InAs Experim. SD 05 02 29 10
Tu300 SiBWD. <0.1 <0.05 65 21
Para= 1 Pazo = 100 W

(Table: Measured values of AF voltage (across phafet k
at DC) and of rectified DC current for various désdand two
levels of RF power)

Sometimes a DC bias from a battery is applied Ififtisg the
operating point of the diode closer to the turnvoitage and
so improving the detection efficiency. By this mzdithe AF
voltage obtained can be increased, for example whewy the
1N5711 and the 1N914 at low RF levels. The 1SSbémof
diodes, however, hardly gains from a DC bias. CatlyRF
powers below about 200 nW | was able to measurertain
rise in AF voltage. At the lowest detectable RFelesf 50 nW
(Sec. 1), the AF voltage increased by 20 perceat fower by
45 percent) when the optimum bias was applied tEsteffect
was measurable only, being still too small to beced by the
ear.

Note added in Jan. 2002: Backward diodes (BWD} fike
TU300, are good detectors at extremely low RF diggeels,
below about 1 nW with associated voltages of onfgva mV.
This is due to the relatively sharp bend in the BWD
characteristic at zero volts. The generated AF aigs,
however, too small for operating phones directlg aalls for
an AF amplifier. Then stations can be copied whicé not
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heard when in such a set-up with AF amplifier artnal"
sensitive diode, like the 1SS186, is used insteatleoBWD.

5. RF Diode Resistances and RF Matching

For achieving best performance it is required torRéch the
diode to the tuned circuit. The dynamic resistamicthe diode
depends on the amplitude of the RF voltage appdeit and
on the kind of AF load impedance.

In AM tube radios the detector diode operates ligh level
(linear detection) and has a load consisting cdrge (ohmic)
resistor shunted by a small capacitor. Calculatghswv that in
this case the RF diode resistance, as presentée teuned
circuit, is roughly half of the ohmic load resistanin a crystal
set the calculation is somewhat more complicatadesthere
the RF voltage on the diode is generally lower #wediode
load is more complex (see equivalent circuit ofrE®in Fig.
2). Hence | preferred to measure the RF diodeteggie RD.
The measurements were carried out under actual imgprk
conditions using a signal generator. Figs. 5(a)@hdhow the
results obtained for high-impedance phones withohiks DC

resistance and for low-impedance ones with 120 ohms

respectively. The RF frequency used in these measmts

was 1000 kHz, the modulation frequency 1 kHz with a

modulation factor of 0.4 (given by the signal gexter). Figs.
5 give the measured diode resistances, as a fanofithe RF
power applied, for an 1SS16 (also some in parakebilicon

p-n diode 1N914, and for natural galena as well as

carborundum (silicon carbide; SiC) crystals. Thedéi circuit
was in turn connected to the various taps on tild.2aWhen

the RF voltage measured across the tuned circojipeid by a
factor of radicle (2)=1.41 compared to its valu¢haut diode,
matching was achieved. Then the RF diode resistaqoalled
the RF resistance of the tuned circuit at the @iptpTo avoid
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Unfortunately, | do not have any actual circuitsttlused a
1V6, but the amplifier shown at the left may bed#&d. It gave
a gain of -14 with a plate current of 3pA, so the effective
transconductance was 2985. | substituted a 100k plate
resistor, but the gain only increased marginallyabout -17.
By experimenting, you may be able to get more gaim the
tube. At low plate currents, the amplifier oscildtin an odd
manner, and there were other peculiarities seeteitlidling
around, but | did not take the time to track theown.

The Grid-Leak and Diode Detectors

Detectors are discussed Amplitude Modulation where the
two types of square-law and linear are explained,the grid-
leak detector is mentioned. A circuit using a 6dbde is
shown at the right. The audio output transformecah be
replaced with a 10k or 100k resistor, and the dutiserved
with an oscilloscope. | could find only a 1k t@ &ansformer,
really designed for use with transistors. The diraworks, but
| was not impressed by its output. Asking for lopekker
output from a detector is being very optimistict bhad some
hopes. Perhaps a more suitable transformer wouwtl lgtter
results.

5 The  tuned

circuit can be
one from a
crystal  set,
with a
loopstick and

variable

capacitor.
= The  signal
Grid-Leak Detector generator is
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These tubes make vacuum-tube experiments veryveietsyut
requiring high-voltage supplies, only what is fouindx normal
transistor lab.

Sub-Miniature Tubes

The smallest regular electron tube:

were the subminiature tubes, 1np
designed  for  battery-powered 242 pent.
portable apparatus, from hearing 3o
aids to radiosonde transmitters 4fil +
Typically, the lead wires were a9
brought out through the press seg| 4 7 p tiode
without a base, but there was also 7 il -
subminiature base used for a few 16

tubes. As an example, you can worl
with the 1V6, a pentode-triode with a filament rak40 mA at
1.25V (the filament supply can be a D cell). Thieetis 40mm
x 10mm x 7mm, approximately. The maximum plateagt is
45V, and typical plate currents are less than 1 mA.

A sketch of the 1V6 and its connections is showthatright.
On the press seal, there is a red dot that idestifihat | have
called pin 1. The filament is located at the cemtethe tube,
with the pentode on one side and the triode orother. The
triode shows au of about 10, y= 18.6 K2, and g, = 440uS.
The pentode has.gs high
as 694uS above 50QuA
plate current, but it drops
considerably at lower plate
currents. The two devices
can be tested as usual,
taking care not to exceed
45V or 1 mA. Note that the
pentode and the triode
share the same filamentary
cathode.

1V6 Amplifier
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an error one must readjust the coupling to thermatevhen
the diode is connected to the first found (V/1af) point and
then repeat the search for the now somewhat alt@/f&d4)
tap. A second iteration further improves the reshiit not
much.

As in principle to be expected from the charactieds the
diode resistances vary rather widely, from some db@s to
some 10 k ohms, with lower values obtained whenDRie
resistance of the phones is low. The galena detesttows
values only moderately higher than those of a sirgS16.
The silicon diode 1N914 presents high values duigstbigh
turn-on, which even more applies to carborundum.

(Fig. 5:Measured RF diode resistances versus &lailRF
power: (a) for high-impedance phones (4 k ohms @}, b)
for low-impedance phones (120 ohms at DC)

(2 =16KQ | Ryo=4k0) (Z,e=4000 ; R, =1200)

o1 1 10 100 W 1000 04 1 0 100 W 1000
Pap — P —

a) b)

The data obtained then indicate that the optimymptsition
on coil L2 (for matching) depends on the diode tyfee
strength of the received station, and on the D@Gstasxce of
the phones. The larger the value of the diodeteesis is, the
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higher must the tap position be up the coil. Somesi it was
suggested in the literature to have a fixed tam g@iint of
about 1/4 to 1/3 of the windings counting from #zeth point.
In the present case the tuned circuit has a resistaf
approximately 6 k at the 1/3 tap point. As Fig.sbaws, this
indeed is a rather good choice for a galena detedien high-
impedance phones are used and weak stations rdceive
Impedance matching requires that the reactancesute and
load cancel out. But in our case the resistancéheftuned
circuit has no reactive part at resonance, anddahetance of
the diode, caused mainly by the diode junction cipace of
at most a few pF, can be neglected.

Connected to a particular tap, the diode resistasd@uto-
Jtransformed up and appears in parallel to the nasce
resistance of the tuned circuit. This means thatafioof the
available RF power reaches the diode since a reason
fraction of it is dissipated in the resistancehs tuned circuit.
In order to really transfer the maximum of poweonfr the
antenna to the diode branch, the diode (of generall
resistance compared to that of the tuned circuigull be
connected untapped to the top of the coil L2. Thawever,
strongly reduces the selectivity of the set anduireg a
readjustment of the coupling of the tuned circut the
antenna. With high incident high RF power (and/ow |
impedance of the phones) the tuned circuit cangumtidese
conditions, become loaded to such an extend thitiems of
the capacitor C2 have no tuning effect any longenjch
means that C2 is obsolete and can be omitted. Tdwe d
circuit is then aperiodically coupled to the (tupexhtenna
circuit, while the coil L2 merely acts as the setany winding
of the transformer which matches the diode to tierma.

6. AF Matching
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The 12EK6 (also known as 12DZ6 and 12EAS6) is aestre
grid pentode for low-
voltage use. A voltage
amplifier using this tube is
shown at the left. This
tube was generally used as
an IF or RF amplifier, so
the load would have been
a resonant circuit, not a
resistor, giving much
higher gain. However, the

) 3 resistive load is easy to
Low-Voltage Amplifier experiment with. There is
no voltage to waste for
cathode bias, so grid-leak bias is used. When aakits
applied, the bias will adjust itself so that the tof the input
waveform is clamped to 0 V. Vary the input ampléutb
verify this. This circuit works with an input of up about 2 V
peak-to-peak, perhaps best for an input of aroufdvip-p.
The output voltage is then about 5.8 V p-p, theeptatential
is 6.0 V, plate current 1.8 mA, and gain about -5.5
corresponding to a transconductance of 1.8 mS, tatight
from measurements of the characteristics and tisitiqo of
the operating point in this case. The transfer attaristic is
rather curved, leading to considerable distortion larger
amplitudes. Nevertheless, it is remarkable that theuit
works so well at such a low voltage.

+12

As a triode (plate, suppressor and screen connéatgther),
the 12EK6 hast = 8.5, ¢, = 6.3 mS andyr= 1.35 2. The
transconductance varies considerably with platesatir which
gives rise to distortion for large signal amplitede
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current, which was stepped up by a transformer e
rectified to DC again (sometimes by contacts onvibeator)
for the B supply. Vibrators were electrically vempisy, and
had short lives, but were widely used until solits
equivalents became available. They came in cyladininetal
cans, and looked like electrolytic capacitors. TBE4,
mentioned elsewhere, was a rectifer specifically Vibbrator
supplies. Another possibility was th#ynamotor, a motor-
generator with a single rotating armature and kesishvhich
could supply more power than a vibrator and wasemor
reliable. However, they were too expensive for gehe
commercial use, though widely used in the military.

When 12 V became the automotive standard, vibsipplies
or their solid-state equivalents, could still bedisTubes with
12.6 V heaters were already common. Many had tlehe
center-tapped, so they could be used equally wel6& V.
However, 12 V is high enough to be used directlyhasplate
supply if the tubes are specially designed. A raafj¢éubes
was produced that could be used on 12 V only, wittany
high voltage at all. We have already discussedL#i2l.8 and
12K5 space-charge-grid tetrodes, and how the splaaxge
grid allows larger plate currents for small platdtages. There
were approximately 15 tube types designed for 12¥, wf
which only three, the 12DL8, 12DS7 and 12K5 arecspa
charge grid tetrodes, behaving like triodes. THeiotubes are
of conventional construction, in general having Iplate
currents, less than 1 mA in many cases. Thesededwin-
diode triodes (12AE6, 12FK6, 12AJ6), sharp cutafhipdes
(12AF6, 12BL6, 12CX6, 12EK6), remote cutoff pentsde
(12CN5, 12DZ6), twin-diode remote cutoff pentod@Ka),
pentagrid converter (12AD6), pentagrid (variableinpa
amplifier 12EG6, and a twin-diode power screen-geitode,
12J8. The last tube can deliver 20 mW output powealf, of
what the 12DL8 can do.
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If a crystal ear phone is used or the diode detestfnllowed
by an amplifier (generally of high input impedanoek has to
design for maximum voltage at the detector outplere, we
rather have to deliver a maximum of power to thergs.
Hence the impedance of the phones (or the speakehe AF
load should have such a value that a maximum opéwer is
transferred to it. The AF source resistance RGtibw RF
levels (square-law detection) approximately givey the
reciprocal of the slope of the diode characteristic the
operating point. At higher RF levels (linear peaettion) it
is determined by the current spikes flowing throtigh diode.
In so far, RG nearly equals the diode resistanseshawn in
Figs. 5. The tuned circuit presents an AF short.

| determined the equivalent circuit of a pair aftivimpedance
Telefunken phones (4 k ohms at DC) at 1 kHz by gisin
measuring bridge and obtained the quantities ginefig. 2.
REA is caused by the electro-acoustical transdupimngess.
The AF source has to provide the real power for RiAvell
as, necessarily, for the DC coil resistance, aménfiost the
reactive power for the phone coils (2.5 H) thattarenove the
membranes. In order to obtain the maximum of pavensfer
the magnitude (amount) of the overall phones” iraped ZAF
( 16 k ohms for my phones) must match the AF soukgain
| preferred to experimentally find the optimum A&ad: |
connected in turn 14 phones and speakers of differe
impedance to the set, partly connecting two of therseries
or parallel, which in total provided 20 load impada values
between 80 ohms and 75 k ohms in magnitude. FrenAth
voltage measured across these load impedancesriieed
the AF power. The coupling to the RF signal gemeratas
readjusted to retain RF matching each time the ol Iwas
changed. Fig. 6 shows the obtained results whemyusj a
diode 1SS16 at low RF power (1 pW) and b) with ®1dat
higher power (1 mW). The optimum AF load impedance

29



turned out to be, resp., 1.2 and 3 k ohms. In ot@laimplify

matters the diode was in this experiment fixecho1/3 tap at
the tuned circuit. This meant a compromise as tgaratch-
ing and generally did not produce quite the maximam
achievable AF power. The dashed curves of highepéwer

in Fig. 6 were obtained when the diode was condetiethe
top of the tuning coil (as discussed above).

1.2kQ | 3kQ

0 T T T A W R TR S U ST T

0
01 2 46 4 10kQ 100
Load Impedance Z,, ——

(Fig. 6: measured AF power versus AF load impedance

In order to present my measurement results in @ meneral
form, Fig. 7 shows the AF power obtained as a fonobf the
AF impedance now divided by the respective occgrsaurce
(= diode) resistance. The curves indicate thamthg&imum is
reached when ZAF has a value of 50 to 70 percetfieodliode
resistance. The simplifications introduced aboike, ¢thoosing
the fixed 1/3 tap, are probably the reason for neaiching a
higher percentage. But we can say to be roughlgecomwith
our predictions. - Sometimes it is suggested tocmatst
available phones (speaker) to the diode by usirayigable
transformer. | found this only helpful if the mistoa was
extremely high. In the other cases the winding iamd losses
of the transformer, as well as the inductive shuend to
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A pentode voltage
amplifier with a gain

of about -33 is shown
at the right, using a
1U5, a sharp-cutoff
pentode which comes
in a 7-pin miniature
package. Note the
polarity of the filament
supply,  which s 1 1

|mpor}ant, S'nce .n Pentode Voltage Amplifier
supplies a little grid
bias as well. Since the voltages and currentsaave you can
use the same 1/4W resistors used with transistbhe
capacitors must have an appropriate voltage ratihgpurse.
The 10M resistor is a "grid leak" that will prevetfite grid
from going positive. It charges on the positive wesons of
the grid to provide whatever bias is necessary. plate
current was 61A, and the screen grid current wasi2Q The
screen grid potential is above the plate's in thiguit.

Pentodes offer the capacity for controlling thetelaurrent
through the screen voltage, so that the plate geltean be
what is required. For higher voltages, the screed @5

normally at the same or lower potential as theeplan the
average. The grid voltage cannot be measured detureith

a DMM or scope, since the bias conditions will igtutbed.
However, you will find that the amplifier works wemwell.

Measure the gain the usual way, with a functioregator and
oscilloscope.

Radios for motor cars had 6 V DC available, whickswight
for 6.3 V heaters, but could not be used for tteipply--even
now, 6 V is inconveniently low for transistors. Thisual
solution was avibrator supply. Contacts on the magnetically-
driven vibrator armature converted 6 V DC to alatimg
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The 1LH4 is a loktal battery triode, which is showm a
voltage amplifier at the left.
A similar octal tube is the 125
1H5-GT, and either will do in
this experiment (but the
basing is different!). A diode
plate is included, connected
to pin 4, and using the
negative side of the filament
as its cathode. The diode is
not used in this circuit. The
maximum plate voltage is
110V, but this can be Voltage Amplifier
exceeded a little in testing. |
measured the characteristics for plate voltaged28V and
less, at grid voltages of 0.0, -0.5 and -1.0V (retato the
negative end of the filament). The plate currens \aéways
less than 1 mA. My results wegie= 62, g, = 340uS, and g =
182kQ. These values are close to the published values.
characteristics are noticeably curved in this regiso the
parameters will vary with plate current. The appéyelow
value of transconductance is quite reasonable Her small
plate currents at which the tube is used.

—

The amplifier shown gave a voltage gain of G - -ih an
input of 0.4V peak-to-peak. The plate current wasua 100
pA, which made the plate voltage 77V and the gridsbi
0.26V. The bandwidth of the amplifier was quite doo
roughly from 10Hz to 50kHz. It should be noted tti= total
power drain of this circuit is no more than 83 md¥ which
most is the filament power. This is very economital a
normal-sized tube. The tube remains quite coolenvise,
incidentally.
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dissipate more AF power than is gained by providimgright
transformation ratio. One also has to consider thathuman
ear cannot register small changes in acoustical epow
Alterations like those shown above the dashed itinEig. 7

will hardly be noticed by the ear. Thus, it seehst the exact
value of the AF load impedance is not of paramount
importance as regards noticeable output powerthgugeneral
principle holds that a number of small improvemeis
matching, each of which will not produce any auglibffect
for itself, might in sum indeed be noticed by the.e

So it turns out as an interesting and importantufeathat a
high-impedance AF load, which is associated withigh DC
resistance, will produce a high diode resistancég=source
resistance), and vice versa. This means that toeitchas a
self-optimizing tendency towards the matched cdowlit
Regarding RF selectivity of the set, as another oirgmt
quantity, a high AF impedance - leading to a higadd
resistance - is of advantage. But the influencethef AF
impedance in this respect is not particularly prowed. |
measured an increase in -3db RF bandwidth by arfaét2.5
when the AF load was decreased from 100 k ohms72&
kHz (local station) this bandwidth was 20 kHz in regt,
which yields a total loaded Q factor of 36 - le@vimom for
improvement (see Secs. 2 & 3).
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(Fig. 7: Measured AF power versus AF load impedance
normalized to AF source resistance.)

7. Computer Simulation of Crystal-Set Behaviour

As a summarising investigation | simulated the aller
performance of the circuit shown in Fig. 2, usihg &nalysis
program SPICE. An RF frequency of 1 MHz, an AF dfHz,
and a modulation factor of m=0.4 were assumed. tRheon
the coil L2 was held fixed at 1/3 of the windingsrh earth.
The I(V) equation given in Sec. 4 served to desctite diode
behaviour.
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because of space-charge effects. When you measeirg-t
characteristic of a diode, there appears to be all gusitive
plate voltage when the measured voltage is zemb,aalittle
current flows. The reason is that the electronseanitted with
some kinetic energy, and a negative space chargee#ed
around the cathode. The actual emission to theeacothes
from the minimum of this potential well, which is\@ral volts
negative, and so the plate may be slightly moretipeshan
this minimum, in spite of contact potentials.

Battery Tubes

In the early days, nearly all radios (and otherctetmic
apparatus) were powered by batteries, usually pyiroells.
With the rise of central power distribution, appasacould be
powered (and storage batteries charged) from theliAe&
which was a practically unlimited, cheap source fao as
radios were concerned. Transformers made highgei@wer
supplies easy to build. Low-voltage filaments wdaegely
replaced by 6.3V heaters and unipotential cathosiese
power was now cheap. However, there still remaameeémand
for portable radios beyond the reach of power |iresl these
were necessarily powered from batteries. The eniplese
had to be on small power drain, since battery povser
expensive. Typical batteries were 1.5V and 3.0 Mifaments
("A" batteries), and 45V or 90V for plate suppli¢®"
batteries), both the usual Leclanche "dry" celiarfents were
generally used, because of their much greaterneffiy in mA
per watt. Typical battery tubes had filaments tgkanly 50
mA at 1.4V, only 70 mW. Plate currents were nohhgjince a
few mA would be quite sufficient. For experimentsthw
battery tubes, a D cell in a holder is an adeqftitenent
supply, good for about 100 hours of service. EveriA cell
will do for experiments.
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What happens in a vacuum tube is illustrated in figere
below. Suppose metal 1 is the cathode and megaitzianode
or grid, and the connections are made by a thirgih®e(there
could be several such metals, but they all willliket metal 0).
At the left, metals 1 and 2 are connected by a wimmetal 0.
If metal 0 includes a DMM, it would show 0 V and,anurse,
no current would flow. However, the Fermi levelsatifthree
metals must line up for equilibrium, making a lesetface on
which the electrons will not tend to roll one waytlee other. It
is clear that in this state of equilibrium, thefages of metals 1
and 2 will not be at the same electrostatic poaéntin oxide-
coated cathode has a work function of about 1.Gvkile a
nickel plate or grid has a work function of abou@ ¥. When
the Fermi levels align, the cathode is 4.0 V puesitivith
respect to the other electrode.

electron p.e.(-Y) electron p.e. ()

Effects of Contact Potential

At the right, we have connected a source of emfirEo

conductor 0. A source of emf maintains a differencehe

Fermi levels equal to its voltage. With the polashown, the
cathode 1 has now become negative with respettetanode
2, by an amount equal to the applied voltage lesslifference
in work functions. If the device is a thermioniode, current
can now flow from cathode to anode. The actuakplattage
is about 4 V less than the meter says, becauskeotdntact
potential. In practice, things are a bit more cdogpéed,
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(Fig. 8: Simulated AF voltage across high impedapleenes
reverse saturation current of diode with availa®fepower as
parameter (m=0.4). Measured values for various ediod
included.)

The simulation results are presented in Fig. 8ctvishows the
AF voltage VAF AF obtained across phones of 16 fs\F
impedance (4 k ohms DC) as a function of the dialerse
saturation current IR,O. Parameter is the avail&bleower at
the tuned circuit, ranging from 10 nW (lowest sblesilevel;
see Sec. 1) to 1 mW (about local-station level).asteed
values pertaining to various diodes are entereddamparison.
These measurement values lie in part slightly belpartly
somewhat above the simulated curves, but agreeriargl. In
practical diodes, particularly Schottky diodes, tiective
reverse current increases noticeably with revecdmge (i.e.
with increased RF power). This had to be consideveeén
inserting the measured values in Fig. 8, and adsofon the
slight bending of the vertical lines to the rigfithe dotted
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curve in Fig. 8 shows the simulated DC voltage serthe
phones for 1 pW of RF power.

The simulated curves for VAF drop at the right siolediodes
with high IR,0O because of the adverse effect oérse current
as mentioned in Sec. 4. The decrease at the Iefigof8 for
low RF powers results from the high turn-on voltabewn by
diodes having a low IR,O. In these cases the astsatcsmaller
RF voltages increasingly fail to reach the turnebthe diodes.
The curves make clear how important it is to cho@sbode
which has the right value of reverse current. Airdef

maximum in sensitivity, especially pronounced atv IRF

powers, is found for diodes having a reverse satur@urrent
of a few pA. Particularly the 1SS16 diode class this range,
but also the OAS5 and 1N34 perform not too badly good
specimen of galena (PbS) crystals behave stilsfsatorily.

Hence this result is quite in agreement with what aiready
have found in Sec. 4. - When the AF voltages in Bigire
used for calculating the AF power, the AF/RF detect
efficiency can be worked out. It is found that #iiciency

drops drastically for low RF levels, with one peillenbeing

reached at 10 nW of RF. This agrees with the obsiens

described in Sec. 1.

In the simulation the reverse breakdown voltagewlsith in
practical diodes the current starts to rise rapidias not
included. For 1 mW, the highest RF power considetbd
diode resistances have dropped to around 3 k oFRigs %a),
calling for a low tap position on the coil. TheretRF voltage
is relatively low. My local station, with 3 mW offR produces
2.4V (i.e. a peak-to-peak value of 6.7 V) at thguired tap
point, so that the negative peak only just reackies
breakdown voltage of -6 V for a 1SS16. In consegaen
reverse breakdown seems not to be a particulatiigniactor,
even if the voltage across the tuned circuit mighsomewhat
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you measure with a DMM are not the actual voltaostsveen
electrodes, as seen by the free electrons, bugrdiff up to a
few volts from the true potential differences.

To understand this,
electran p.e. (-e) let's review
electrons in metals.

ols —

% o Tovark function One or more of the
Fermilevel |t outer electrons of
each metal atom is

filedd states L potertial free to wander in

wel the field of the ion

Electrons in a Metal

cores, effectively
binding the metal
together. The positive ions create a potential vesllshown in
the figure, and the electrons occupy the statedowkst
energy. Note that electron energy increases upwaidse
electrons are negatively charged, this means thitage gets
more negative upwards. There are not many moresstaan
electrons, so they fill up the states up to sonezgncalled the
Fermi energy at 0 K. At ordinary temperatures, ehir little
difference, since the thermal energy is small caetgbao the
kinetic energy of the electrons near the Fermilleve

If an electron is given enough energy, by therngataion or
absorption of light, it may be separated complefedyn the
metal and wander freely. The amount of energy rsscgso
just get outside is called thsork function. Anything more
goes into kinetic energy of the electron. The fetectron can
now be accelerated or decelerated by electricsfieldside the
metal in space. Work functions measured by theritjon
photoelectric and contact potential measurementseeag
roughly, but they depend sensitively on the surface
preparation.
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increases very rapidly beyond this point. The féamglows
brilliantly, like an incandescent lamp, since itpeating
temperature is about 2400K, not the 900K of an exidated
filament. The filament current should not be allolvte exceed
1.6 A. If the power supply has current limitingcén be useful
here. By setting the plate voltage at near 2004} gan see
the saturation current as a function of filamentemnt.

For two or more
reasonable values of the
saturation current, say 5
mA, 12 mA and 20 mA,
record the current as a
function of plate voltage
and plot your results. For
lf = 1.5 A, the plate
current  saturated for
about 50 V on the plate,
approaching a value of
about 12 mA. It is easy
to find out what plate
Testing the 5722 voltage to use to ensure
saturation when making
shot noise in this way. It is very difficult to maknoise
measurements in the usual breadboarding environment
thought it just possible to have seen some on nty N6z
scope with a plate current of 20 mA, without amgdifion.

See the page on Noise for more discussion of noise

measurements.
Contact Potential Effects
This is a good place to mention contact potentsilsze you

will probably run into their effects when experintieg with
low-voltage tubes. Because of contact potentidls, voltages
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higher in case there is a better Q factor. Assurairgnstant
available RF power, the RF voltage is proportiotalthe
square root of the Q (resonance resistance). Tivebdorier
silicon Schottky diodes, which show a reverse hideak in
the range of -5 to -8 V, are thus well suited fee drom the
lowest to the highest levels of RF power generadigurring in
crystal sets.

8. Some Remarks on Series-Tuned Circuits

Historically the first crystal sets, in the pre-adeasting days,
were of the kind shown in Fig. 9a. There the valofes1 and
C2 pertain to my particular antenna/earth situatiéior
maximum power transfer in the circuit of Fig. 9aeth
combination of crystal plus load in parallel shoumfdtch the
impedance of the antenna source. In the latter ettwth
resistance represents the main resistive part whithe then
primarily commercial stations had values of only tH0 50
ohms. On the other hand, the crystal-diode resistanvere
around a few k ohms so that a considerable misnetisited.
For this reason one soon changed to the arrangeshEig. 9b
with diode and load now in series, and with thesjinlity to
match the diode branch to the antenna by choosiegight
tap on the coil L1. To increase the selectivitytbé set a
second tuned circuit was eventually introducede.gs shown
by Fig. 2.

A

1
(025 mH)!

Y

o
(1 oF max 7|
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(Fig 9: Series-tuned circuits: a) Diode directlytumed antenna
circuit, b) Diode across tuning inductance (prefgraapped),

c) Diode in separate series-tuned circuit, couptethe series-
tuned antenna/earth circuit.)

Using modern low turn-on diodes (1SS16 etc., S¢cantl

having in general a higher earth resistance thaoimmercial
stations, the circuit of Fig. 9a is however quitieaive.

Possibly paralleling of diodes is of advantage,eteiing on
the actual source and load resistances. With tw®16Sand
employing a moving-coil speaker via a suitable sfarmer as
the load | obtained an AF power of 180 pW from rogal

station. With ten 1SS16 and two moving coils of bims
speakers in series as load, the obtained AF pofv2t® uW
approached the maximum possible after Sec. 1. ljdéad

diode resistance should, in my case, about eqaa&21b ohms
of the antenna source (Fig. 1). Reverse diode wouisenot
harmful, nor a possibly low reverse breakdown \g#taWe
have here a “current-controlled” case where vokageross
the diode remain low with associated high curreatiew tens
of a mV and some mA when | used the ten diodesohtrast,
voltage control is - more or less - experienced wparallel-
tuned circuits are employed where high(er) voltages!
low(er) currents exist. A set according to Fig. €n, is a
most simple hook-up for effectively receiving theanest
station. Substantially higher selectivity, appraagtthat of the
set of Fig. 2, is offered by the arrangement witlo tseries-
tuned circuits shown in Fig. 9c. Since there ansistance
(loss) in the circuit made up by L2 and C2 shouddkbpt low
for achieving a high Q factor, the diode(s) - praldy

paralleled again - and the phones/speaker shouldf bew

impedance. The RF choke might help to improve pewmce.
The diodes found in the left of Fig. 4, particwarihe
backward diode TU300 (which is of little use ongllai-tuned
circuits), operate excellently in the arrangemehtFy. 9c.
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some surprise, that this correlated successiverefecso that
they were emitted regularly to maintain a constamtent, and
therefore the shot effect was nearly completelynielated.
That is, a normal diode has no shot effect noisésimplate
current.

The noise diode is designed so that at reasonalae p
voltages, all electrons emitted by the filamentiammediately
drawn to the plate without forming much of a spaberge.
Since the electrons are emitted randomly, the amadlent
will show the full shot effect noise. This is dog purposely
making the filament to have low emission. To dos,tha
tungsten filament is used. Noise diodes give ugmrtunity
to observe a tungsten filament, as well as temperat
saturation.

An available noise diode is the 5722, whose baisiisiown at
the right. The 7-pin miniature tube was
made as late as 1977, and now costs Fa 5
about $14, which is probably not much F3 &p
more than when it was new. The

maximum plate voltage is given as 200 Q@KT
V, and the maximum plate current as 3§ TF

mA, so apparently the plate can dissipate 5722

7 W. The plate has wings that make a
good dissipation probable.

A circuit for testing the 5722 is shown at the.|&fbte that an
RF choke is put in the plate lead to act as a foathe current
fluctuations. This choke should be rated for theteplcurrent
employed. | connected a variable DC supply to tlhenent as
shown, to pins 3 and 4, leaving the center tapealdrhis
supply should be rated at 2 A or more. Increasefitimment
voltage gradually, looking for the glow. There wik no plate
current until the filament current reaches aboGt A, but it
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As an example of the small signal diodes that &teno
combined with a triode or pentode in the same epeland
share the same cathode, the 6AV6 or 6AT6 furnishdgo
examples. The 6AV6 has its heater at pins 3-4,ockfat pin
2, and the signal diode plates at pins 5 and 6.rarimum
current for each diode is 1 mA. | connected the plates
together for measurement, and took the curreno (A, for
which a plate voltage of 6.4 V was required. Theveuwof |
against \° sagged a little at low currents, but the uppet par
was quite linear, showing a perveance of 0.085 mA/iar
one plate. The incremental resistance was £25%kd V/I was
5.05k2 at 1 mA. The current for one plate obeyed the tdam

| = 0.15 + 0.085¥° mA. In this tube (and similar ones) the
plates are flat, one on each side of the cathode.

The 1A3 seems to be the smallest signal diode loftalvas
designed for portable measuring apparatus. Theehéakes
0.15A at 1.4V (a D cell), connected to pins 1 araf the 7-pin
miniature envelope. The cathode is at pin 3, tlelarat pins 2
and 6. The peak inverse voltage is 330V max., th&imum
plate current 5 mA, and the average plate curréhA DC.
Maximum heater-cathode potential is 140V. The ariedmly
a few millimeters high; most of the envelope camgaonly
vacuum. The measured perveance was 0.075 ATA/V

The Noise Diode

A special kind of diode should be mentioned herxzabse
experiments with it are quite interesting. It ig tivise diode,
intended for the specific purpose of producing wided RF
noise through thehot effect. Shot effect noise is fluctuations
in the anode current due to the random collectioelectrons.
We have already mentioned that the anode curreatisolled
by the space charge around the filament. It wasodered, to

228

Modern 8/16- ohms headphones or, for stronger oststi
directly the moving coil of a speaker are effectMe loads. -
Backward diodes, being scarce these days, are Itdiodes
which have the typical current hump reduced taaritgion at
about 200 pA height. The I(V) curve of the TU30@wh in

Fig. 4 has in reality reversed polarity. For reasoof

comparison with the other diodes the polarity waanged in
the graph. Other BWD types are: AEY17 /29, 1N353¥8,

TU1B.

In conclusion, the investigations sketched hereehzartainly
enlarged my knowledge on crystal-set design, wile t
identification of the “best diode” and noticing ttendency of
self-optimization which makes the set a sort of dyaatured
device. Other rewarding topics could not be coveesdthere
are, for example, more complex circuits for inceshs
selectivity and for DX. Also short-wave crystal seére
fascinating since they provide DX from all over therld with
simple designs.

Based on:

B. Bosch and M. Bussmann: Zur Empfindlichkeit von
Kristallgleichrichtern und Halbleiter- dioden beim
Detektorempfang.Funkgeschichte Nr. 93 (1993), {gp.-2285.
B. Bosch: Anpassungs- und Schaltungsfragen beim
Detektorempfang.Funkgeschichte Nr.98 (1994), pp.-2425.
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Loktal equivalent to the types 80 or 5Y3 that acsvrmuch
more expensive.

An excellent diode for observing the
P Langmuir-Child law is the 2X2A. This

2 3 tube has a 4-pin base like the 82
phanotron discussed below, and the
large, bell-like anode is brought out to a
HY JHK cap at the top of the ST envelope. The

2RIN, oxide-coated cathode thimble is easily
seen. The heater takes 2.5V at 1.75A, so
it can use the same transformer as the type 82ratee DC
current is 7.5 mA, and the maximum voltage is 450@\late
voltage of about 60V is needed to reach 7.5 mAeptatrrent,
S0 measurements can be made over a wide rangdtajes
Plot your results ag’f vs. V. A straight line will be found, that
intercepts the V axis at -1.2V. The perveance ef 2X2 is
found to be 0.0165 mARP. The unusually low value is due to
the large cathode-anode spacing.

The 6V3-A is a strange miniature tube with a capgapmthat is
the cathode connection. Its heater, connectecht4iand 5 of
the 9-pin miniature base, takes 1.75 A at 6.3 \k Phate is
connected to pins 2, 7 and 9. This tube is desigoedhe
rugged service of a televisialamper diode. During horizontal
retrace, the damper diode conducts, charging thestbo
capacitor while absorbing the large inductive kitke peak
inverse voltage is 6000 V, the peak current 800 wwAd the
average current 135 mA. The large-diameter catloloe and
long plate imply a large perveance, which, in fécgbout 2.3
mA/V*®. This tube happens to be very cheap, but wouldeser
as an excellent half-wave rectifier for practicadlyy purpose.
There are other damper diodes, such as the 6WA4thend
B6AXAGT (perveance 1.42), that would have similar
characteristics.
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The 6H6 is an octal dual signal diode like the 6AlS a
unique small metal envelope. The heater is condectgins
2-7, the cathodes to 4 and 8, the plates to 3 aBdabd 4 are
one diode, 8 and 5 the other, and completely inutdpet. It
can be used for any reasonable service, such asléidttion,
as a full-wave rectifier, or as a voltage doubger,long as the
current per plate is 8 mA or lower, and inverseaggs do not
exceed 420 V. The voltage between heater and oceshod
should not exceed 330 V. Measure the plate curasnia
function of the plate voltage up to 10 mA (the plabltage
will be about 7 V), and plot the current againgt 812 power
of the voltage. | obtained a rather straight lisdowing
agreement with Langmuir-Child, with a permeance Od§
mA/V1S, At 8 mA, the incremental resistance was @9and
V/I = 785Q. The 12H6 and 7H6 are similar tubes with
different heater ratings and basing.

The 7Y4 is a typical small full-wave rectifier witlan
indirectly-heated cathode, like the more common 6X4
(miniature) and 6X5 (octal). This "Loktal" tubeifexpensive.
Many of the common rectifier diodes are rather lgpor the
curious reasons associated with the current tub&enaThe
heater, taking 6.3V at 0.5A, is connected to pif& (as with

all Loktal tubes). The cathode is pin 7, and treqd are pins 3
and 6. The peak inverse voltage is 1250 V, the meakent
180 mA, and the average dc current 70 mA. The heate
cathode voltage should not exceed 450 V. Measweplite
voltage for currents up to, say, 50 mA, and plet tesults as
for the 6H6. Again, we find a straight line and eryeance of
0.58 mANAS, Note that the plate voltage varies considerably
as the current changes, from 4 V at 7 mA, to 16 ¥GamA.
Compare these voltages with those for a mercurgwap
phanotron as discussed in the next section. The 7Z4 is a
somewhat larger full-wave rectifier (with pervearizd0), the
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Diode Characteristics

by Kenneth A. Kuhn

Oct. 3, 2007, rev. Sept. 3, 2009, draft —-more tweo
Introduction

This paper examines various electrical characiesisdf a
typical silicon junction diode. Useful mathematicalations
are shown and illustrated with plots.

All of the plots are based on a typical sample ofemy
common small signal diode, the 1N4148 using a sisteset,
diode_plots.xls, written by the author and postadhts web
site: http://www.kennethkuhn.com . Because pararsetary
from diode to diode, these plots should be inteéepreas
representative rather than absolute. Variations frthode to
diode would typically be in the plus or minus selgrercent.
To illustrate temperature effects, several of tHetspare
created using three temperatures: the high tempera 100
C, the medium temperature is 25 C, and the low égatpre is
0cC.

Forward current versus voltage

The standard equation for current through a disde i
1 = 1S * (exp(V/(n*k*T/q)) 1) Eq. 1

Where:

| is the current through the diode

IS is the reverse saturation current
V is the voltage across the diode (can be positiveegative)
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n is a junction constant (typically around 2 foodfs, 1 for
transistors)

k is Boltzmann's constant, 1.38E-23 Joules/Kelvin

T is temperature in Kelvins

q is the magnitude of an electron charge, 1.609Eel8ombs

Looking at Equation 1 it would appear that the entrshould
decrease as the temperature increases. The expasitepis
what really occurs. The reverse saturation currédy,is a
strong positive function of temperature as disatisiselow.
The increase in IS with temperature more than tffshe
effect of T in the exponential above.

The junction constant, n, is typically a constaribev currents
and varies as the current becomes significant aay atso
vary somewhat with temperature. For this discussiomill be
taken as constant.

The sub-expression, kT/q, has units of voltage iarméferred
to as the thermal voltage and is typically aroufidndllivolts
at room temperature.

VT = k*T/q Eq. 2

Figure 1 shows a plot of Equation 1 for three terapees.
The strong temperature dependence can be cleanty $aere
is a very important thing to note about the ploFigure 1 —it
is not possible to directly obtain the plot by apy a voltage
and measuring the resulting current. Doing that glickly

destroy the diode because of a condition knownhasntal
run-away. Any power applied will heat the diode erhin turn
will result in the current increasing thus furtheeating the
diode because of the negative temperature coefficldnis can
be easily seen in Figure 1. The only way to colteetdata for
the plot is to apply a current and measure thetiegwoltage
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The 6AL5 dual diode, whose basing
is shown at the right (7-pin miniature
socket), is a typical signal diode. IS is|
an internal shield between the diodes|
The two diodes and the shield arg
easily seen through the glass|
envelope, and you should notice ho
close the plates are to the cathodeg.
The close spacing means a large

perveance, so only small plate voltages are reduiBon't
connect this tube directly across high voltagegleak inverse
voltage of 330 V can be resisted, and the DC piateent
should not exceed 9 mA. Peak currents can go 4 tmA if
necessary, however. | measured the perveance & 2.4
mA/V*®, for one plate, a large value. The 6AL5 gives 9 mA
with a plate voltage of only about 2.5 V! The heatennected

to H-H, pins 3 and 4, takes 0.3 A at 6.3 V.

Try the 6ALS5 in the circuit shown at
the left, which is a basic signal
rectifier with a 4.7k load resistor.

1 out Feed it with the signal generator, and
47k compare the output and input with the
: oscilloscope. Try input peak-to-peak

= voltages of only 2 V or so. You will

Signal Rectifier notice that there is no "diode drop"
with the 6AL5--it acts like a perfect
diode, rectifying down to small voltages. We knoanhto do
this with a semiconductor diode and an op-amp,heue it's
done quite simply. The 6AL5 has an incrementalkstasce of
only about 237, and is nearly linear. It is easy to run a plate
voltage versus plate current curve with a low-\gdtgpower
supply. Keep the load resistor, and subtract theages at
plate and cathode to find the plate voltage.

7
BALS
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Thermionic diodes have now been completely supetséy
semiconductor diodes, largely for economic reasphgsical
size and the need for a filament supply. A silicdiode
capable of carrying 1 A is available for $0.04 or and takes
up very little room. However, diodes can teach ustabout
thermionic emission and other interesting thingseyl do
work rather well, and it is good to make their agigtance.

The forward voltage (in the direction of currenovi) of a
diode is always relatively low, less than 15 V or $he plate
current is roughly proportional to the 3/2 powertled anode-
cathode voltage (Langmuir-Child law), and the pmipoality
factor is called theperveance. The perveance depends on the
geometry of the tube, increasing with larger ared eloser
spacing. It's remarkable that most diodes agrele veihngmuir-
Childs so well, in spite of different geometriesnc® the
voltages are low, contact potentials may affect ryou
measurements. Contact potentials are discussea heldthe
section on low-voltage tubes. The easiest way nd fihe
perveance is to plot? against V, and to draw the best straight
line. The intercept gives the value of the "trueta plate
voltage, and the slope, raised to the 3/2 powerthis
perveance. Perveances range from 0.02 to 2.4 HfAfst a
representative assortment of 12 diodes of all typhsre is no
turn-on voltage drop for a thermionic diode, as¢his for a
silicon diode. Conduction begins immediately whie plate

is positive with respect to the cathode, and stopsediately
when the plate goes negative. It is easy to meathere/-|
characteristic of a diode with a low-voltage DC psiyp a
voltmeter and an ammeter. | use a @Q0@sistor in series to
make adjustment easier and safer. Thermionic diadesiot
as easy to destroy as semiconductor diodes, afidaké a
good deal of abuse.
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across the diode. Diodes are current operated e®wénd
should never have a direct voltage applied fromowa- |
impedance source.

‘Gurrent versus Forward Valtage

0@

om S
o om o om0 om0 oM oa 0 100
Forwaravotiags

Figure 1: Forward Current versus Forward Voltage

The -1 term in Equation 1 can be omitted when tvevdrd
voltage is greater than about 0.1 volts at roonpeature. A
chart of the approximation and the exact is shoalova.

Forn=1, VT = 0.026 volts

Approximation Exact
\% exp(V/(n*VT))  [exp(V/(n*VT)) -1] error%
0.00 .00 0.00 infinite
0.02 2.16 1.16 86
0.05 6.84 5.84 17
0.10 46.8 45.8 2.2
0.15 320 319 0.3
0.20 2191 2190 0.05

Logarithmic forward voltage versus current
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It is useful to plot the data in Figure 1 with dnds swapped as
is done in Figure 2. An interesting observatiorFigure 2 is

that the forward voltage is a very linear functiofi the

logarithm of the current through the diode. Thisreleteristic
is useful in building electronic logarithmic conters. It

should also be observed that the slope is a fumctb

temperature and that creates a complication as etempe

compensation is required.

Equation 1 can be solved for the forward voltage:
V =n*VT*In[(1/1S) + 1] Eq. 3

Forward Voltage versus Current

3

Formara e
Figure 2: Forward Voltage versus Forward Current
Reverse saturation current

When negative voltages are applied to the diodectireent
becomes constant at —IS as the exponential tefBgimtion 1
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Diodes

Thermionic diodes, like semiconductor diodes, avaldd into
signal diodes that handle small currents at low voltages
rectifier diodes that handle large currents, often with darg

PRREF

half-wave ful-wave  half-weave fullwave  dual
or doubler

filamentary cathode heater cathode
Types of Thermionic Diodes

inverse voltages. A diode has an electron-emittaiiode and
an electron-receiving anode or plate. The arrangsner
cathodes and plates in commercial tubes, and wiet are
called, are shown in the figure. Signal diodes @s® often
added to a triode or pentode, sharing the sameodathnd
with one or two plates. Current flows only from telato
cathode, and this unidirectional conduction isthepose of a
diode. Diodes cannot amplify.

Signal diodes always have indirectly-heated catbose they
are easy to use. It is only necessary to make thatthe
heater-cathode voltage does not exceed specifiguts i
usually a few hundred volts. Rectifier diodes ofteave
filamentary oxide-coated cathodes, since theseodath are
more efficient when large currents are needed, inieguless
power. We are considering only vacuum diodesptrons, in
this section. Thermionic gas diodes, gtanotrons, will be
treated below, since they have rather differenpertes.
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Bakelite) to support the contact pins mechanicaliking the
strain off the pressed-glass seal, which was métiad glass.
Around 1935, the metal envelope was developedihene was
still a base. The all-glass "miniature" tube waslenpossible
by the "button seal" that supported the contacts pin
mechanically as well as bringing them through tHasg
allowing the base to be eliminated and tube siZgetoeduced.
The insides, or "cage," was the same size as irqu® tubes,
however. It is supported on its leads, which arédecto the
contact pins before the envelope is fused in placel
evacuated. The button seal is also used, in arldogm, on
tubes designated by GB at the end of the type dasan, and
by Loktals. The final step in manufacture was 'tilag" the
getter, usually barium or magnesium, to perfectvium by
adsorption of any remaining gases, leaving a shivgting.
This was generally done by heating a loop induttiy RF
from outside.
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quickly approaches zero. That is why it is refertedas the
reverse saturation current. The current is indepencbf
applied voltage once a small voltage magnitudexceeded.
This current is very small and is typically in tHew
nanoampere region. The reverse saturation curseatstrong
function of temperature as illustrated in Figure Bhe
following equation is a simplified model for the veese
saturation current and provides excellent resuitsnormal
operating regions.

IS = IK * exp-Eg/inVT Eq. 4

Where:

IS is the reverse saturation current

IK is a constant derived from n and IS at a knoemperature
Eg is the bandgap voltage for silicon (ranges fiabmut 1.20
to 1.28 volts)

n is the junction constant (typically around 2 tbodes, 1 for
transistors)

VT is the thermal voltage as previously discussed

The reverse saturation current should not be cedfusith an
imperfection in diodes known as leakage currentnfi@ high
value shunt resistance across the diode jucnticakage
current is often many times larger than IS. ThGsc&n not be
directly measured and must be computed using data the
forward bias region (see the section on measuriiogled
characteristics).
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Reverse Saturation Cument versus Temperature
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Figure 3: Reverse saturation current, IS, versuspEgature
Near Zero Bias

A theoretical plot of the diode current for the nearo bias
condition is shown in Figure 4. Note that once theerse
voltage exceeds about -0.2 volts in magnitude tifatreverse
current is the value for IS and is independenewérse voltage
—this is why it is referred to as the reverse sdtom current.
Only the plot for room temperature (25 C) is vigibThe low
temperature plot is too small to observe on thidesexcept for
the small forward bias region. The high temperatpict is

very steep passing through zero volts. This ilatsts why it is
important to keep diodes cool when reverse cuisean issue.

The plot in Figure 4 does not include the effectlextkage
shunt resistance across the junction resulting from
imperfections in the manufacturing process. Thisistance
varies from hundreds of millions to tens of billoonf ohms.
This shunt resistance results in an increasingeotirwith
applied reverse voltage and the current can becoary
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so the locking action guarantees that the tube staly in the
socket in spite of the small pins. The tubes angity the
same size as an octal GT tube. Most are one sitea flew
power tubes have a slightly longer envelope. Theeeno grid
caps on any Loktal tube, and the heater connecéimnalways
to pins 1 and 8. Among the thoughtful features aitdl

design, the type number appears in a hexagon cwphef the
tube where it is visible from above, not on theesig on octal
tubes. There is a dimple on the base corresporiditige key
of the central pin, making the tube easy to orfentinsertion.
It seems that a lot of getter was used, so the tipthe

envelope appear heavily silvered. The availablesygre only
those used in AM and FM receivers. There are, nheekss,
enough types for a broad variety of experimentd,the prices
are not excessive, so you may want to standardizeoktals.

Type numbers beginning with 7 have 6.3 V heatefslewype
numbers beginning with 14 have 12.6 V heaters. &twe
some 7xx and 14xx tubes that are not Loktal, amdestubes
that actually take a 7 V heater supply. One lokeatifier, the
5AZ4 (a 5Y3 equivalent), has a 5 V filament. Loktabes
designed specifically for battery-powered equipntead 1.4V
filaments. The type numbers began with "1L." Theeze also
rectifier and beam power loktals with 35, 50 andva@

heaters for AC/DC sets with series heater connestio

A tube designated simply 6N7 will be a metal-enpeloctal
tube with a 6.3V heater. A 6N7GT will have a cyliied| glass
envelope. A 6N7G would have a shouldered glasslepeef
the graceful shape designated ST. The electricabckeristics
of such tubes were the same, whatever the envslugyze.

A very important part of vacuum-tube technology was
bringing the metal leads through the glass envelope
Coefficients of expansion must be exactly matctadj the
seal must be strong. Originally, tubes had basasia(ly
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"duodecal” tubes were used in TV sets. Miniatuteesuwere
not miniature, simply tubes with a button seal afidglass
envelope closely fitting a normal-sized cage. Sulhire
tubes were actually miniature. Sometimes connestiorgrid,
plate or (rarely) cathode were made to caps atdpeof the
tubes. In small tubes, these caps have a diametgd'd The
pins are numbered consectively clockwise, starfiogn the
left of the index key for the octal, or to the left the wider
space, for the miniature, always looking at thetdmtof the
tube. This is shown for the octal base at the Rift. numbers
are given in the circuit schematics here. Most stxkave pin
numbers marked. You will need to get sockets fer tilbes
you study, one for each type of socket. Solder svioethe tab
at each pin that can be inserted in the soldeHdesadboard. |
use the resistor color code for the pin numbersoAvenient
octal socket fixture is available that comes witbresy

terminals for making connections. It was intended relays,
but is very useful for tube experiments. Heatemeations for
octal tubes are typically (not always!) to pins a7, and
often to pins 3-4 on 7-pin, or 4-5 on 9-pin, mini& tubes.
Sometimes halves of the heater can be connectseries or
parallel, for two different voltages. Sockets wengginally

mounted in holes punched in aluminum chassis, sdcby
locking rings or by screws and nuts with a mounptage. The
chassis was, not surprisingly, the ground or common

The "Loktal' tube was an excellent idea that wasene
universally adopted, mainly because miniature tubek over
in the 1950's. Since loktal was a trade name, R€g¥ tflock-
in" instead, and you sometimes see "loctal." THealotube
has an 8-pin button-seal (like the seal on minetmd octal
GTB tubes). A natural metal base (of some alumiralioy,
apparently) shields the base of the tube and haental pin
with a circumferential locking groove. The pins jeat only 6
mm, and are 1.4 mm in diameter, much smaller tluaal pins,
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times 1S. The effect of this resistance is mostdrgmt at low
temperatures where IS is very small. At high terapges the
effect of large IS swamps the resistance.

NearZero Bias
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Figure 4: Near Zero Bias

(the vertical red line at -0.1 volts is a Microsbfig and not
part of the actual plot)

The plot in Figure 5 includes the effect of leakagmnt
resistance. For this plot the resistance is 100 rivolhich
was chosen for illustration and is very low complai@typical
values of 1000 Mohms or more.

45



Effect of Leakage Shunt Resistance on Reversa Curant
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Figure 5: Effect of leakage shunt resistance

Temperature effect on forward voltage

With a constant current, the forward voltage drém aliode
has a very linear negative slope with temperafline. slope is
also a function of current which is why constant

current must be used. This characteristic is udefubuilding
electronic thermometers. This characteristic issshin Figure
6. Note that the slope becomes steeper as thentuhreugh
the diode is reduced. For practical temperaturesoreaments
it is important that the diode not heat with thelagl current.
The power dissipation should be less than 1 mitliwa@his
means that the constant current should be no rhare t
about 1 milliampere. The plot in Figure 6 is basedEquation
3 but the x-axis is temperature instead.
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main B+ supply. This cannot be done, of coursehéf B+
voltage is adjusted using a variable transformer.

An all-in-one economical supply for vacuum-tube
measurements is shown below. It uses an inexpeissilation
transformer from All Electronics, and can be made gbout
$30.00. The most expensive single part is the aumi
chassis. The grid potentiometer could be a pretidi@-turn
pot, but this would be expensive, and an ordinampen or
plastic potentiometer (1/2 W or better) will beisfaictory. The
maximum plate voltage of 120V and maximum plateentrof
35 mA is adequate for many measurements. If yolaubeee-
wire line cord, ground the chassis to the greerwfryou use
only a two-wire line cord, it is probably bettertrto ground
the chassis.

1128 S8 . IR
S G swaw
oo I o Finaranca)
200 T
T =2 1paT
chassis 7x5x2 Sereen
63V d d
gain Heater
63V
c
126WCT @14 RS 4y

Power Supply For 1
‘Vacuum-Tube Experiments Plate:
63 and 125 VAC for heaters

100, 80% and $0% for screen supply

10120 in 10V incremerts for plate supply 1

Ot -15Y for grid
M. plste ancl orid currert 35 mA

Cathode

N
P 10— o

L 5 Vacuum tubes come with metal or glass
3 5 envelopes, and in latter days with either the
QQ? familiar octal arrangment of 8 pins, or as

miniature glass tubes with 7 or 9 pins. There

177 ’ > " A
Octal Socket | Were earlier bases with four, five or six pins.
Later, 12-pin miniature “compactron" or
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The RC ripple filter is worth the expense. Wavefsrare
shown at the left. The waveform at node "a" isfdrailiar one
for a "tank" capacitor, and the ripple is fairlyda. Since the
impedance of a 10QF capacitor is only 28 at 60 Hz, the
ripple is reduced by a factor of almost 25. At 30@\put and
a load of 12 mA, the ripple is less than 0.1V, ayve
satisfactory result. Note that all that is lefttie ripple is the
60 Hz component. The filter would work even bettera full-
wave rectifier, but here it is very satisfactorgtter and more
economical than larger capacitors. Of course, tarfithoke
could be used for an even better result and lekagedrop,
but this would double the cost of the supply.

You will also need a heater transformer, which banquite
small if supplying only one tube that requires Q.3Phe
transformer can be put in a box with an on-off stviand
convenient terminals. Ground the heater supplg (@nter tap
if one is provided) to the B+ ground, to avoid esceoltages
between heater and cathode. If you have a 12.6\(cEiiter-
tapped) secondary, you can supply both 6.3 and 12.6
heaters. Many 12.6V miniature tubes can also beexead for
6.3V. Tubes whose designations begin with "1" Hisenents
that can be supplied from a single D cell. Obtaimoaler for
the cell so connections are easy. 6.3 V was chosebe
compatible with 6 V car batteries, but the supmlyusually
AC. Many rectifier diodes use a 5 V filament or teeasupply,
apparently for historical reasons.

A "C" supply, for the grid bias in measuring chaesistics,
can be any isolated low-voltage supply of say, 18%d a
potentiometer can be used to pick off a variabliégage, since
little current is involved. A separate high-voltagepply for
screen grids may also be convenient, though iagy ¢o pick
off the necessary voltages with a Zener or a VR tiubm the
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Forward Voltage versus Temperature

12000

10000

Figure 6: Forward Voltage versus Temperature
Temperature slope of forward voltage

The slope of the forward voltage versus temperatunee
varies with the magnitude of the constant currenstaown in

Figure 7. This plot is made by taking the derivatiof
Equation 3 with respect to current.
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Derivative of Farward Voltage with Tempersture versus Constant Current
ot 1t e verica s gate. Mgnie 1cresses gong comn

005 R [BRRRIII A
mEs = 100Es oes =
Constant Gurrent

Figure 7: Derivative of Forward Voltage with Temperre
versus Constant Current

= Ton0m3

Forward dynamic resistance

The operating point on Figure 1 represents a caadoe (or
its reciprocal function, resistance) for small sitgn(less than
about 20 mVpp). The resistance is the reciprocahefslope
of the line through the operating point. This makegsossible
to have an electrically variable resistor —the stesice is
inversely proportional to the current. Electronigalariable
resistors are useful for building multipliers arairgcontrol
circuits. By taking the reciprocal of the derivatiof Equation
1 (leaving off the -1 term) we have the forward alyic
resistance.

rd=n*VT/IEq.5
Observe that this resistance is a strong functideraperature.

A plot of Equation 5 is shown in Figure 8.

48

100 100 470
200v 1N4OD4 B
ks +
0548
1N4004
Tsvae 100 | 400 | fhark 3oovoc
100 4nnv-[ 400% S 20 ma
WY

i
- Voltage-Doubler B+ Supply

An idea for an inexpensive B+ supply is shown &t tight.
The greatest expense is for the capacitors, whiithcast
about $15. It is based on a half-wave voltage doutdnd
gives 300V for a 115V rms input. It cannot suppérge
currents, but is perfectly satisfactory for anythibut power
amplifiers. If supplied from a variable transformitrbecomes
a variable supply for all voltages from 0 to 300ot& very
carefully that one side of the supply is connedtedhe AC
line, and this must be the grounded side, for watfety, and to
avoid ground loops. You cannot ground the positeminal
of this supply to get a negative voltage supply (fse as a C
supply, for instance). An isolation transformer,ydu have
one, would eliminate this hazard. If you don't haveisolation
transformer, use a polarized plug to guarantee ttir@twhite
wire is connected to the circuit ground. If you @aa good
ground, consider the old trick of connecting onheawire in
the power cord, and using the ground to completeciteuit. It
is best to observe the power ratings of the resisamd the
voltage ratings of the capacitors. This circuit baen tested,
except for the fuse. If the
0.5A slow-blow fuse fails,

at g j\/iz.ﬂv try a 1.0A. This fuse is to
off if a

turn  things

e + capacitor fails; nothing
ot e 008 Y valuable is protected here,

¥ )
Effect of Ripple Filter but it saves mess.
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directly, because of the ground hazard. A variataesformer
(Variac) is anautotransformer that does not isolate the output
from the power line ground. | earnestly recommemat tyou
do not work on AC circuits without isolating themorin the
service ground. The 110/220 adapters commonly ahlailin
50W and 300W sizes, used for shavers and othell &radk,
should not be used, since they are autotransforametsio not
provide isolation. They are, in fact, quite dangmsrthings, and
should be used with great care. The supply was ioud 5" x
7" x 3" aluminum box, with an octal socket for MR tube on
top. The socket can be left vacant when the fixetlage
output is not required.

The voltage regulator requires a certain minimunmresu

(about 5 mA) to function properly. If you are omyawing a
few milliamperes from the supply, connect a 12kebkr
resistor across the output. Otherwise, the regulaid not

adjust down to the lower voltages. Or, 22@nd 10k fixed
resistors, and a 15k pot, could be used at thageltegulator,
which would draw the necessary minimum current. Vi
tube can be replaced by a high-voltage Zener diode.

A 25W isolation transformer is available at theedaf writing

from All Electronics (See th¥our Laboratorypage for a link)
for $4.50. This transformer is surplus from the EowDne
firm, and is an excellent value. Solder a jumpenien tabs 1
and 3, and another between tabs 2 and 4. The 120\ is

connected between 1-3 and 2-4. The output tabsarked B.
This transformer would work well in the circuit aleg or it

could be put in a box and wired with line cord amatput

receptacle as a general isolation transformetdulsl supply
200 mA without trouble, ample for our purposes.
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Forward Dynamic Resistance
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Figure 8: Forward Dynamic Resistance versus Current
Bulk Resistance

All diodes have a bulk resistance, Rb, that iseiries with the
diode. This resistance is typically very small {eglly around
1 ohm or less) and its effects are insignificant lawver

currents. At higher currents the effect is to redtie voltage
across the junction by the current multiplied bg thsistance.
This results in the steep theoretical exponentiatent versus
voltage curve transforming into a linear slope. &@n 6 is

Equation 1 with the effect of Rb included. Equat®which

omits the -1 term as that is not applicable forhigher diode
currents) does not have a closed form solutiorhasetis no
known way to manipulate the equation such thaeeittor V

is not involved with either a logarithmic or expatial term.

Numerical solutions are the only way to solve Eiumt.

Newton's method was used to generate Figure 9.

I = IS * exp((V-I*Rb)/(n*k*T/q)) Eq. 6
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Figure 9 is a plot of Equation 6 and shows theceftéf a 1
ohm bulk resistance for the room temperature cdsthe
diode. Notice how the current is significantly lefisan
theoretical for higher diode voltages. Note that tope is
nearly linear.

Effect of Bulk Resistance on Diods Current versus Voltage.

Voitage.
Figure 9: Effect of bulk series resistance

Sensitivity to light

The PN junction will respond to light —particularlgnger
wavelengths such as red and infrared. This featarebe a
problem for diodes in transparent cases such adN\Hd48.
The effect of light is to significantly increaseetheverse
conduction. A voltage can appear across the dindesponse
to light in high impedance circuits. This can beseved by
connecting a diode (in a transparent case suchLag248) to
a DVM on the 2 volt scale and varying the applightl In
situations where light sensitivity could be a peshlit is
common to enclose a transparent diode in an opsigeee.
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precautions and normal care, you will be fine. Bbéderless
breadboard, DMM and oscilloscope can handle thettages
quite well. All the usual resistors and potentioenstare not
afraid of 150V, so long as power ratings are ohegrtW and

1/2W resistors may be required in some places. caps.
must be able to stand the voltages across themy ofamose
used with transistors will not be adequate. Keegeparate kit

of capacitors rated at 100 V and above for thiskwétigh-
voltage capacitors are not needed everywhere,inthe plate
circuits and for coupling from plate circuits.

The circuit of the laboratory B+ supply that | use vacuum
tubes is shown at the right, and the supply iisethown in the

o
18 TETE 90 or 105 fixed
120 vAC 150K {1} 2 B0-150  var
NE-2 27K 230
MagnaTak 1000
ﬁlggf xE 200 w2 []rsk
0C2 Lf 25k

Labaratory B+ Supply

photograph below. It provides a regulated varisgflel50 V
output, and a regulated fixed voltage output (fveen supply)
created by a VR tube. VR tubes can be exchangedifferent
voltages. The MagneTek N-51X 115 V-115 V isolation
transformer is available from Antique Electronicsed
references), and a cheaper one
from Al Electronics. The
transformer secondary has a DC
resistance of 22, which limits
the surge current satisfactorily
without having to add a series
resistor. By no means eliminate
the isolation transformer and use
the 120 V household supply
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were manufactured for voltages of 75, 90, 105 abd that
were used like Zener diodes, handling from 5 tordQ There
is more information on glow discharges iRelaxation
Oscillators and on Zeners iMoltage RegulatorsVR tubes are
treated here because of their association with umctubes,
and the higher voltages involved.

Experiments

Vacuum tubes generally operate at higher voltadem t
transistor circuits. Like transistors, vacuum tuaes happier at
higher voltages, which for receiving-type tubespitglly
would be, say, 200 to 250V. It was once quite comrm
make DC power supplies for such voltages, using
transformer with a center-tapped secondary (say(2R00V),
and a rectifier with double anodes and a commohoci,
feeding a filter consisting of capacitors of 8 d iF, and a
choke of 10 H or so. It was not convenient to makaridge
rectifier with vacuum diodes (three separate filame
transformers are necessary), so full-wave rectificawith a
center-tapped secondary was usual. These days rither
difficult (and expensive) to acquire all these gsnwith the
possible exception of the capacitors, which are aoailable
up to millifarads at voltages up to 450 V.

The voltages normally used with receiving tubesraehigh
enough to be really dangerous, though a shock moll
improve your day. If you are eager for new experésn | can
save you the trouble of finding out by saying taddC shock
is kind of like a hammer blow, not the zap of an #ttock, and
does not paralyze, as an AC shock does. Shockgiae by
current, not simple contact, so a good and old isik® work
with one hand in your pocket around high voltagkvays turn
things off before making any adjustments or changds
course, and be neat. Avoid touching bare metalhWiese
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There is a special type of diode known as a photislivhich
is specifically made for sensing light. The caséramsparent
and often includes a lens to focus the light onjtimetion for
increased sensitivity. Technically, it is usuallyfrared
emission between around 800 to 1100 nanometersrreian
visible light that these diodes are sensitive tee $ensitivity in
the visible spectrum is usually poor except for wissknown
as blueenhanced diodes. These diodes can be apeitéter in
an unbiased voltage mode or a current mode usfixga bias
around 5 volts. The current mode is very linearrcvevide
range. The current is sensed by a virtual grouecteimeter.

Measuring Diode Characteristics

The mathematical model for diode operation candrepteted
by knowing IS and n. Neither of these are direntlyasurable
but both can be calculated from data obtained bgsoméng
the diode current at two voltages with temperatoastant.
We start with the following equation that omits tinéus one
term since our measurements will be at voltageldehigh

enough so that term is insignificant. Thus we have:

1 = IS * expV/(n*VT) Eq. 6
Equation 6 can solved for V by
V = n*VT*In(I/IS) Eq. 7

VH = n*VT*[In(IH) —In(1S)] Eq. 8A
VL = n*VT*In(IL) —=In(IS)] Eq. 8B

Where H refers to the high voltage and high current

measurement point and L refers to the low voltage law
current measurement point. These two points shbeldat
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currents less than 1 mA so that junction heating is
insignificant. Good points to use are nominally &200for the
high value and 5 uA for the low value.

Subtracting Eq. 8B from Eq. 8A gives
(VH —VL) = n*VT*(In(IH) —In(IL) Eq. 9

Eqg. 9 can now be solved for n

VT * [In(IH) —In(IL)]

As a reality check, n is typically between arounl and 2.0
for diodes and should be very close to 1.0 for sistors.
Suspect some error if n is less than 1.0 or grehger about
2.2. The most common type of errors are using aocimate
temperature or that the high and low measuremeets made
at different temperatures.

We can now calculate IS for the particular tempemathe data
was measured at. That temperature, T, must be kaodrhe
corresponding value of VT used in the following aton.

IS = IL * exp-VL/(n*VT) Eq. 11

As a reality check, IS should be around 1 nanoaengie or
take perhaps a factor of ten for diodes. For tstoss, IS will
be extremely small —picoamperes or less.

The proof that these two values are correct isttiet produce
results that agree with measured data over a veidger when
the model is plotted. The use of only two points fbe
calculations makes it extremely important to keep
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also acted as an electrostatic shield between alogtid and
plate, reducing the Miller capacitance to extremsiyall
values, 0.003 pF in the 6SK7. If the screen anggsor grid
are connected to the plate, the pentode operagesriasle.

A very curious and ingenious kind of tube waseleetron-ray
tube, used on receivers to give a visual indicatidnthe
accuracy of tuning to a station. Don't confuse ithwthe
cathode-ray tube that uses a guided electron beam for
oscilloscopes and TV receivers. It showed a lunsndisk,
with a dark sector. The dark sector was made adl stsa
possible to achieve accurate tuning. It worked ftbe AGC
(automatic gain control) voltage of the receivehisTis a
feedback signal that tries to keep the signal @ogi constant
at the output of the intermediate frequency angokfi
increasing the gain for weak signals and decreadinfgr
strong. It is usually a negative voltage producgddztifying
the IF output. The tube has a thermionic cathodkaaconical
anode ortarget covered with cathodoluminescent phosphor
(like a CRT), which glows from the 3 or 4 mA of @acurrent
that flows when it is across 125V or more (up t@)2%ontrol
electrodes, of which there are two on oppositessidiethe
B6AF6, make two dark sectors that are widest wheb\atand
narrow as the control voltage approaches the targlkage.
The control voltage is typically provided by theatg of a
triode controlled by the AVC, such that full negetiAVC cuts
off the triode and makes the sector as small asilgles All
this was cheaper and more graphic than a pointeerme

Another kind of tube that we'll look at here is thiew-tube
voltage regulator. The voltage across a glow digghdepends
on the gas and the cathode material, and is aliependent
of the current through the discharge in the "normiew"
region, in which the glow does not completely covke
cathode, and expands to accommodate more currebesT
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toward the plate, to suppress the escape of segpoeligtrons.
This is provided by a third grid, thseippressor grid, which is
usually connected to the cathode. The tube witkettgrids:
control, screen and suppressor, or grids 1, 2 ansl Glled a
pentode, which turns out to be a superior voltage amplifie
fully equivalent to a transistor. A typical smakrmode, the
6SJ7, has a plate resistance of over a megohm, aand
transconductance of 1.6 mS.

An ingenious modification of the pentode has etetes that
shape and concentrate the electron beam instead of
suppressor grid, the negative space charge of ldwrens
doing the same work. These are calbedm power tubes, and
were good for power work, as the name indicatesypical
example, the 6L6, had a transconductance as highOamS,
and the smaller 6V6 about 4.0 mS. Both types weitelyw
used for high-fidelity audio amplifiers, and tubmlifiers still
have proponents. The same tubes were used in amateur
radio transmitters, which shows the versatility \afcuum
tubes.

Receiving pentodes were also classifiedsaarp cutoff or
remote cutoff, an example of designing tubes to fit their
applications. A remote cutoff pentode had a grithwariable
spacing, so that areas of wider spacing let elesttbrough
when the grid was made more negative, when aressaller
spacing were cut off. This effectively reduced the
transconductance of the tube, decreasing its gaiesponse to
increased negative grid bias, which was used forCAG
(automatic gain control) in IF amplifiers. The 6S¥@s a very
popular remote cutoff pentode used as an RF armanififier.
The 6SJ7, on the other hand, washarp-cutoff pentode, used
as an audio voltage amplifier. The amplificatiorctéa has
little significance with pentodes, as with transist and
transconductance is the important parameter. Treesogrid
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measurement errors small. Much better accurachtaired by

using a spread of data over a wide operating rasg§

currents from 10 microamperes to 1 milliampere) aneh

using linear regression to identify n and IS. Thathod is

straightforward and is not shown here. For singieasons

one would enter data in a spreadsheet and thenaihyahueak

n and IS in the spreadsheet model to minimize tha sf

error’2 between measured diode voltage and theagelt
computed from the model.

The model for the complete diode characteristitutiog the
effect of temperature on IS can be determined Ipgtétuting
the computed values for n and IS from above andhéenal
voltage based on the measured temperature inttoilbeving
equation.

IK = IS * exp(Eg/(n*VT)) Eq. 12

As an example, at 25 C the calculated values feamaple
diode was 1.83 for n and 1.3 nanoamperes for |Sv&ggtaken
to be 1.23 —roughly a middle value. IK was then poted to
be 338 amperes. These are the values used to alabe
plots in this paper.

More to come ...
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shall examine these circuits in detail in the ekpents, but
this provides the background.

In order to provide higher voltage gain, the plagsistance
must be reduced somehow. We recall that with asistor, the
analogous collector resistance was very large tlagm@ was no
problem with voltage gain. The plate resistancénésresult of
the effect of plate voltage on the space chargés &tiect is
not necessary for control, which is provided by twntrol
grid, so what we need is to eliminate the effecthaf plate
voltage on the space charge. This is done by intiod
another grid, thecreen grid between the control grid and the
plate. If this grid is held at a constant potentthle space
charge is "screened" from the effects of changeplate
voltage. The screen grid is usually bypassed targtaby a
capacitor, whose reactance at the lower cornerudmecy
should be smaller than the resistance connectiagstieen
grid to B+. Some, but few, electrons are removethbyscreen
grid, since it is again a coil of fine wire. Withi$ change, the
plate characteristics become (nearly) horizontedj as for the
transistor, and the plate resistance becomes lappgpaching
a megohm. The resulting tube is callesti@en-grid tetrode.

Although tetrodes worked as expected, they had rmuse
defect. It happens that speedy electrons colligiit the plate
knock outsecondary electrons. In a triode, these are rapidly
sucked back to the positive plate, and the sampemegal in a
tetrode when the plate potential was higher tharstheen grid
potential. In normal operation however, especiallth large
voltage gain, the plate voltage has a large swarg] can
become less positive than the screen grid. Nowthake
secondary electrons (and some of the primary coe3, are
attracted to the screen grid, and there is a defgag in the
characteristic in this region. To prevent thisisinecessary to
establish an electric field at the plate that isasis directed
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amplifiers, the allowable plate currents can betequ bit
larger, and hundreds of watts output is possibté vélatively
small tubes. The interelectrode capacitances ob#3eare on
the order of 3.4 pF, and are significant at higiyérencies.

The small-signal
Go P Go P . L
Ta equivalent circuits for
Ik o Wkl the triode are shown at
the right. The Norton
K K source circuit is exactly
Triode Equivalent Circuits the one for the FET. In

the case of the triode,
the plate resistance is always important, and darb®
neglected. The other circuit is just the Thévenourse
corresponding to the Norton source. It shows theifitance
of the amplification factor, and is useful for tes because of
the rather small plate resistance. We did not fie
Th%eacute;venin source for transistors very usefud, did not
introduce a parameter analagous to the amplifindtotor for
this reason.

It's easy to see that the maximum voltage gaineaehie with
a triode igy, if the load resistance is much higher than tlagepl
resistance. The rule we derived for the gain ofamdistor
amplifier as the ratio of the collector and emittesistances
holds here as well, expressed hy= gur,. The quantity
analogous to.ris 1/g,, which is 338 for the 6J5. Mu is a
rather modest number, so triodes are not goodidr Vvoltage
gain. They make very good power amplifiers, howegéice
large currents can be controlled. Using the Thévesiurce,
the gain of a usual common-cathode amplifier (ag@is to a
common-emitter amplifier) is simply a voltage dieid
problem. There must be a plate resistor in serigstive plate,
or else the voltage would never change, but it Ehbe as
large as possible, and has only a small effecthergtin. We
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by B. Van Zeghbroeck, 2011

Chapter 4: p-n Junctions
4.4.4.1-V characteristics of real p-n diodes

The forward biased |-V characteristics of real piodes are
further affected by high injection and the seriesistance of
the diode. To illustrate these effects while suniniag the
current mechanisms discussed previously we coniigel-V
characteristics of a silicon p+-n diode with Nd x 4014 cm-
3, tp = 10 us, and up = 450 cm2/V-s. The |-V chadstics
are plotted on a semi-logarithmic scale and foufedint
regions can be distinguished as indicated on Figu&. First,
there is the ideal diode region where the curreateilases by
one order of magnitude as the voltage is increaye@d mV.
This region is referred to as having an idealigtda, n, of one.
This ideality factor is obtained by fitting a sectiof the curve
to the following expression for the current:

= LNLLA
J=de (4.4.39)
The ideality factor can also be obtained from tlapes of the
curve on a semi-logarithmic scale using:
1

_ logle) _ slope
Ioslope  59.6 mV/decade (4.4.40)

where the slope is in units of V/decade. To thedéthe ideal
diode region there is the region where the curieedbminated
by the trap-assisted recombination in the depletiegion
described in section 4.4.3.2. This part of the euhas an
ideality factor of two. To the right of the ideabde region,
the current becomes limited by high injection effeand by
the series resistance.
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High injection occurs in a forward biased p-n diodeen the
injected minority carrier density exceeds the dgpitensity.
High injection will therefore occur first in the i@st doped
region of the diode since that region has the Highgnority
carrier density.

Using equations (4.4.1) and (4.4.2), one finds thigh
injection occurs in a p+-n diode for the followirapplied
voltage:

¥, =2, In Yo
i (4.4.41)
or at Va = 0.55 V for the diode of Figure 4.4.5a@ be
verified on the figure as the voltage where thealite factor
changes from one to two. For higher forward biadtages, the
current no longer increases exponentially withagdt Instead,
it increases linearly due to the series resistaricihe diode.
This series resistance can be due to the contatitaece
between the metal and the semiconductor, due tredistivity
of the semiconductor or due to the series resistarfcthe
connecting wires. This series resistance increteeexternal
voltage, Va*, relative to the internal voltage, \¢ansidered so
far.
"
Vo =Vo+ iR, (4.4.42)
Where | is the diode current and Rs is the seeisistance.
These four regions can be observed in most p-nediod
although the high-injection region rarely occurs,the series
resistance tends to limit the current first.
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varied, the plate current and voltage vary alorglttad line.
The quiescent or operating point can be selectsdrae point
along the DC load line, and so the DC grid bias loarfound.
This grid bias can be obtained from a C battergaurivalent,
or from a cathode resistor, just as an emitterstesiis used
with a transistor.

A cathode bias resistor is often bypassed by acitapaf its
negative feedback effect is not desired in dynaopieration.
The reactance of the capacitor at the lower cofreguency
should be equal to the resistance looking into ¢hthode
(normally 1/g, in parallel with the cathode resistor). The size
of the cathode resistor has only a small effedthersize of the
bypass capacitor. The capacitor never has a laojege
across it, and can be a low-voltage electrolytiolyQpart of
the cathode resistor can be bypassed if some feledisa
desired.

A typical triode, of which the 6J5 is chosen he the
example, has g = 20, , = 6.7k and g = 3.0 mS. Of course,
the relation p = gm, always holds. The value of
transconductance may seem small, compared to aidt@n
but it should be remembered that it refers to avigitage
plate circuit, and that the input impedance isniidi, so the
power amplification is extremely large. The 6J5caled a
"medium-mu" triode. The similar 6SL7, a "high mufotle,
hasp = 70, = 44k and g = 1.6 mS. The 6SL7 is dual
triode, two independent valves sharing the saméehe@he
dual version of the 6J5 is the 6SN7.

The maximum plate voltage of the 6J5 is 300V, ahd t
maximum plate current is 20 mA. lts maximupiate
dissipation is 2.5W (product of average plate current and
average plate voltage). This gives an idea of #tngs of
receiving tubes used as voltage amplifiers. As powe
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characteristics are curved, these quantities varydffferent
currents and voltages.

What we desire to represent is a function of tweependent
variables §(V,,Vy), which can be represented as a surface
three dimensions. Our various characteristic curees
orthogonal views along one or another of the aXéere are
three such views possible, each directly relatedrte of the
three parameters, of which we generally use onéy, the ones
mentioned here.

A vacuum tube carrying a current | with a platetagé V

dissipates power VI, just as if it were a resistédowever, the
process is different. In a resistor, an electroregiup small
amounts of energy to the lattice as it is accederaind then is
scattered. In a vacuum tube, the electron acquir&netic

energy as it is accelerated, which it gives umabnce when it
collides with the plate. It is not really correotascribe this to
the "plate resistance,” as some texts do, whichais
incremental ratio. Since the plate is in a vacuthm, resulting
heat can only be radiated or conducted down thgasts

Much of the radiated heat is infrared, which isabed by the
glass tube envelope. Note how plates are blackemedise
their emissivity and often provided with fins. Rgalarge

tubes had plates externally exposed capable obraivater
cooling with elaborate seals to the glass p#ftste dissipation

is always a limiting factor in power applications.

The line markedoad line shows the difference between the
supply voltage W, and the voltage drop in a resistangeiiR
series with the tube at any plate current, givihg plate
voltage directly. The series resistance is mainijese resistor,
but if there is a cathode resistor (for purposediasing) it
should be included. There are generally differeatlllines for
static (DC) and dynamic (AC) operation. As the gridtage is
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Figure 4.4.5: Current-Voltage characteristics of séicon
diode under forward bias.
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characterigtic, and a plot ofj against | for a fixed value of
V, is called atransfer characteristic. From a family of either
characteristics, the complete circuit behaviorhef tube can be
predicted. Unlike transistors, tubes of differgyes can have
quite different (though similar) characteristics,characteristic
curves are much more important.

Let's begin with idealized plate characteristics #otriode,
shown at the right. These are curved lines, butrepeesent
them by straight lines for ease of understandire vthrious
slopes and distances involved, which will be camistActual
characteristics are not really far from straiglnied, anyway.
There is one curve for each grid voltage representdich
differ by a
constant amount,

O vgea2 here 2V. The

Ioadd ling

W b
Plate Characteristics

horizontal
distance between
them,
represented by
the line labelled
u, is the amount
the plate voltage
must increase to
hold the plate
current constant;
it represents the

relative influence of plate and grid on plate cotrend is the
amplification factor. The vertical distance between them
shows how much the plate current changes for agehangrid
voltage. The ratio is a conductance, called the
transconductance, denoted by g measured in siemens (mho).
The slope of the curves is the ratig/ig called theplate
conductance g,. With vacuum tubes, the reciprocgl was
always used, called theplate resistance. Since actual
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rectifier tubes, because they gave more currentwat of
heating power. The indirectly heated, equipotent@ihode
that could be supplied by AC rather than by batperwer was
widely used after 1930.

A tube with just cathode and anode is callediale, a term
that has survived into the semiconductor age. Biodere
used for power or signal rectification, just likeneir
semiconductor relatives. A "full-wave" diode hastanodes.
When a control grid is provided, the tube is caliedode, and
is used for amplification. Let's first study thecpéar circuit
behavior of triodes, which will lead us to the wador the
addition of more grids, and the creation of geatode, which
turns out to act very much like a transistor.

Circuit symbols for a triode are

P P shown at the right, and other tube
symbols are derived from it. The

e} G connections are plate P, grid G,
and cathode K or filament F, F'.

K FF These are analogous to the
Circuit Symbols collector, base and emitter of a
transistor, with the same polarities

and direction of current flow as an NPN transisfidre circle
is a part of the symbol. Grid connections can behéoright or
left of the symbol, as convenient. A gas tube dicated by a
dot in the lower right-hand part of the circle. Theater of an
indirectly heated cathode is usually not shown.old cathode
(operating by positive-ion bombardment) is showraasmall
circle. There are examples of these symbols below.

The important variables are the independent vargab} and
V,, the plate and grid voltages (with respect to dathode),
and the dependent variablg the plate current. A plot of; |
against  for a fixed value of Y is called aplate
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Abstract

This paper is devoted to the analysis of experiaiemsults
for a Germanium diode, and its comparison with ideal

diode theory. In particular, the I-V characteristis measured
for two different temperatures, showing a quakti
agreement with the predictions of the theory. Deses from

the ideal theory are presented and taken into atdowa more
detailed analysis of the forward bias characterisfThe

temperature dependence of the reverse saturaticentyields

a value of the contact potential in good agreemeitt the

known value of the gap for germanium.

1 Introduction

We analyze in this paper the experimental resoltsHe |-V
characteristics for a Germanium transistor ACY20d a
compare them to the ideal diode theory. The ideebty is
based in simple assumptions of how the junctiontved
opposite doped semiconductors behaves when puthergd,
2, 3].

Measurements of the voltage and current acrosslitiee at

two different temperatures, t = 20dC and t = 80a@, taken,
showing a qualitative agreement with the predictiad the
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theory. Possible deviations from the ideal thedryd, 3] are
considered in a more detailed study of the forwhias

characteristics, leading to several ranges of geltahere the
ideal or ideal together with other mechanisms seem
dominate the current through the diode. The tentpera
dependence of the reverse saturation current allasvdor

obtaining an estimate of the contact potential, plogential

barrier established between the two semiconduatbrshe

junction. This value is in good agreement with #mown

value of the gap for germanium.

In section 2 we present the main features of semdisctors
and junctions. Section 3 develops the simplestrthéar the
ideal diode, with a detailed calculation of theamse saturation
current from the underlying theory. Non-ideal metdbes are
outlined in section 4. The experimental set-up and
measurement procedure are given in section 5, ectibs 6
contains the experimental results and their araly&nally our
conclusion are presented in section 7.

2 The ideal diode

A diode is formed by the junction of two semicoridus
doped with opposite sign, i.e., a p-n junction. Tdifferent
electric character of the dopants at both sidethefjunction
establishes an electric field across the junctiohictv
determines the properties of the current which sgesthe
diode in the two different directions.

A n-type semiconductor is doped with elements daflenors,
because have electrons in excess of the intriesitconductor
elements (a semiconductor free of impurities dictdefects
is called intrinsic), e.g. phosphorous in silicofhe heavy
doping density of donors, ND, determines the lefehajority
carriers, electrons in this case, so that nn0 = Wbile the
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number indicates the heater voltage. 6 means 6.3\ineans
12.6V. Heaters are very forgiving of variationsvimitage, but
it is best to try to use the recommended voltages. is
generally used, supplied from a small transformier.is
necessary to make sure that the difference in gelteetween
heater and cathode does not exceed 90V, so therh&at
supply should be grounded. It is usual to grourdctnter tap
on the transformer for this purpose. Tubes fordmgttadios
have plain filaments that are both heater and emiind must
be supplied with DC. Their type numbers begin With and
are intended to be used with a standard dry cdll®¥. Larger
tubes for high voltages have to use thoriated-tiemgs
filaments at 2000K,a bright yellow, to avoid damafgem
positive-ion bombardment, small as it may be. Hsate
sometimes called filaments, and the heater supefilement
supply, out of linguistic inertia.

Before the 1930's, each manufacturer used arbitrary
designations for his tubes, and there was no umifgror
system. Tubes were first systematically identifiethe U.S.
by three-digit numbers, where the first digit dembtthe
manufacturer. For example, a type x10 was a porieie, a
type x36 a screen-grid tetrode, where x was theufaaturer's
number (usually omitted). Later, a new system wa®duced
where the first digit gave the filament or heatettage, and
the last digit gave the number of functional eledes. This
scheme was introduced by the RMA (Radio Manufactire
Association) in 1934. A letter between these digitas
assigned in order of introduction. For example A8 2vas a
power triode with a 2.5 V filament (this popularbéuis,
remarkably, still in use for hi-fi amplifiers becsiof its low
distortion!). This system was not comprehensiveugho and
in the final system, the first number designated Heater
voltage, but the remainder of the designation wdtrary.
Filaments were customarily used, especially in poard
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so electrons can pass through without hindranceenAihis
made negative, it opposes the effect of the anodeeating an
electric field, but does not attract any electran®] so draws
no current (except for the positive-ion current timred
above). If it is made sufficiently negative, it caut off the
plate current entirely. If it is made positivecén enhance the
plate current, but then draws sogréd current itself. The grid
provides a sensitive control, using negligible powe the
large plate current, so the vacuum tube is a paerf
amplifying device.

Early radio sets were battery-powered (domestictefieation
was in its infancy, and absent in rural areas, wheio
began), and a convention was established for iyérdi the
batteries required. The filaments required low agdts at high
currents (2W or more each), and their supply wélectcéhe A
battery. The plates required high voltages at smaifents,
perhaps 90V at a few mA, and their supply was daite B
battery. Grid bias was required, to hold the gngative,
demanding low voltages at small currents, and the
corresponding battery was the C battery. The motatA and
C were later little-used (except for actual batteaglios), but
the plate supppy came to be generally known asaBd, the
letter B appears in subscripts of quantities réfgrto the plate
circuit.

The cathodes of receiving tubes consist of a sledwsckel
alloy coated with a compound of alkaline-earth esi¢Ba and
Sr, usually). Inside is a tungsten heater wirelated from the
cathode with BeO or alundum (aluminum oxide) cecami
insulation. These cathodes must be heated onlpdate850K
(a dull red) to emit electrons in the amount nemgssMost
receiving tubes require 6.3V or 12.6V for their tees, at
about 0.30A or 0.15A, respectively. Every tube tyjse
identified by a type number, such as 6J5, where fils¢
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density of minority carriers is determined from thass action
formula

o= Fa/KT

21

np=mn? = NyNe

which leads to

Rao = Np,

(2.2)

where NV and NC are the density of states at tpeofothe
valence and at the bottom of the conduction baspeively,
and Eg is the band gap of the semiconductor.

Equally a p-type semiconductor is doped with acmesptwhich
have less electrons than the main element of theeriah
(boron in silicon), and then trap one electron ilega vacancy
in the valance band, which is represented as a Agkin, the
doping density of acceptors, NA, determines thee hol
concentration in a heavily doped material, and elextron
concentration is obtained from the mass action fgam

2
. fis Ne _m.
Ppo = Na, Mo = = e~ Fafkl

(2.3)

Now that we know the main features of n-type angype
semiconductors isolated we put them next to eabbrowWe

assume here that we can treat electrons and holes

independently. In this case the excess of elecirotie n-type
side will diffuse into the p-type side. This diffos effect
produces a depletion of carriers around the ineesghknown
as the depletion region, the depletion will be il to be
complete. Therefore producing an uncompensatedyehtar
both sides of the junction which gives rise to &ctic field
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(assumed to be contained exclusively within theletem
region). This electric field, in turn, generatesi@ft current
opposite to the diffusion current, until an equiliim between
the two processes is reached.

dp
lag = ';'DPE'
dv
lyrigy = appE. E:_H @.4)

Taking into account the Einstein relation Dp = kJgpit is
straightforward to obtain a relationship betweer tarrier
density to both sides of the junction,

Ppo _ Tnd _ qVo/kT

Pro Mo (2.5)

where VO = Vn j Vp is the potential drop across jthection
generating the drift electric field, also known lasilt-in or
contact potential. By using egs. (2.2), (2.3) ad) into (2.4)
we can write

which relates linearly the contact potential arel gap up to an
additive factor depending on temperature, dopind density
of states.

3 I-V Characteristic for an ideal diode
We can determine the general shape of the curlemt f
through the junction considering a general argunientthe

mechanisms implied in the formation of the diodee(dor
example ref. [1], page 169).
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The electrons emitted by the thermionic cathodemfaa
negativespace charge cloud around the cathode, dense enough
that if no electrons are removed by attractiorh® anode, the
rate of emission is equal to the rate of returneWthe anode
is made positive, some of the electrons are aéufact it out of
the space-charge cloud, andharmionic current results. The
amount of this current is given by | = A% where V is the
voltage from anode to cathode. This is called thegmuir-
Child law, and shows that electric field at the csp@harge
produced by the anode controls the electron curréhe
cathode emits electrons copiously, so much thatetlze
always enough electrons available to satisfy Larig@hild.
Of course, at a sufficiently high anode voltage, ¢chrrent may
saturate, when all the emitted electrons are attractedhto t
anode, but this never occurs in normal operatienssall
variations in cathode temperature have no effee durrent
in a vacuum tube is said to geace-charge controlled.

If enough gas is present in the tube, the posikves can

counterbalance the negative electron space chagieing the

anode of control and greatly increasing the currAigo, the

positive ions can take over a large part of thetede emission
at the cathode. Such tubes make efficient rectifiend the gas
pressure can be quite low, as in some rectifiersather high,

as in a mercury-arc rectifier. In receiving tubpssitive ion

collisions can destroy the delicate, high-efficigncathode
surface. Positive ions also cause small currentsefative

electrodes that otherwise might be expected tq carrcurrent
at all. For all these reasons, receiving tubes havkigh

vacuum.

The electric field at the space charge that cositiioé current
does not have to be created by the anode alonehird t
electrode, thegrid, is placed between the cathode and the
anode, closer to the cathode. It is made of alspiréne wire,
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filaments used low voltages and high currents, fzamtia short
life because of the high temperatures requiredaftequate
emission. Most radio sets had a rheostat to athasfilament
current properly. Wehnelt emitters would have beeaitkly
destroyed by positive-ion bombardment in these gube
Apparently by accident, thoriated tungsten wire wasd in a
trial at the GE factory in Harrison, NJ in 1920 arlJv201
tube. Thoriated tungsten gave 75 mA/W of filameatver,
while tungsten gave only 1.75. Thoriated-tungstéamients
became popular for receiving tubes, such as the OU¥2
which was an improved UV201, around 1924. Its fiain
required 0.25 A at 5 V, while the UV201's had reedil.0 A.
Since tubes were now alhard, or high-vacuum tubes,
indirectly heated oxide-coated cathodes, which gaygious
emission at low temperatures, were used almostsixelly in
receiving tubes after 1930. Not only did these cdés have a
long life, but were alsequipotential, making circuit design
simpler. Thoriated tungsten remained for transngttiubes,
where a rugged emitter was necessary because dfigher
plate voltages, but even here tungsten was the suitpble
choice for really high voltages, to avoid damagerfipositive-
ion bombardment.

The rate of emission of electrons from a heatedahietgiven
by the Richardson-Dushman equation, i =2&%" Alcn?,
where T is the absolute temperature in K, and A arate
constants typical of the emitter. For tungsten, AC=and b =
52,400K, while average values for an oxide catheade
A=0.01, b = 11,600. The exponential factor has &y the
largest influence, so emission increases rapidlyth wi
temperature. This makes thermionic cathodes veitalda
even for heavy currents. In all tubes, electroms emitted in
far greater numbers than required; most simplyrneta the
cathode.
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As it was shown before there are two mechanismswgive
rise to the diode conducting properties. On onedtthere is
the diffusion of electrons from the n-type sideoitihe p-type
side. These electrons have to overcome the poltdyaiaier
(contact potential) established by the electriddfief the
junction. This is achieved by a pure thermal atiiva
mechanism
1 o GUVO/KT

L [ (3.1)

and therefore the density of carriers overcomirg ghtential
barrier depend on the height of the barrier (giv®nthe
contact potential V0), and the temperature.

This diffusion current is compensated by a driftrrent

originated by the electric feld across the junctibifferently

to the diffusion mechanism this drift current ist nery much
affected by the variations in the contact poterttitiveen the
two sides of the junction, since the electric felcts on the
minority carriers, and is the small density of thevhich

determines the flow rather than the electric fieddlf.

We can assume therefore that in equilibrium V =he t
diffusion and drift currents are compensated, arel lzoth
given by 10. When we apply a forward bias on theddiV > 0
the potential barrier is reduced from VO to VO i,Vand
therefore the diffusion current increases by aciaeqV=kT ,
while the drift current remains unchanged. In tfesec of
applying a reverse bias V < 0 the diffusion curreiit be
reduced by a factor ejqjV j=kT , while again thétdwurrent is
unaffected.

From the previous argument we can establish the I-V
characteristic for the diode
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=n (1)

where 10 represents the equilibrium diffusion amift durrent
for V = 0. Notice that for and infinity reverse bithe diffusion
current goes to zero and the only remaining onehdsdrift,
such that I(V = j1) = {I0, a small finite value kmo as reverse
saturation current. On the other hand, for largevéid bias
the current across the junction increases expaibnénd it is
completely dominated by diffusion.

ptype | — n-type

M+ +
M+ +

a

Vo=Va~ Vo

Ve

Figure 1. Ideal abrupt p-n junction, charge disttitn, profile
of the electric field and contact potential acrdesjunction.

3.1 Reverse saturation current 10
Now that we have obtained the general expressiothé |-V

characteristics of the current across a p-n junotie will turn
to compute the value of the reverse saturatioreatii0 under
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"receiving” comes from their use in radio receiyetiseir
principal commercial application, but refers to almall
vacuum tubes for general electronic purposes. li®cathode-
ray tube and making your own oscilloscope, Bee Cathode-

Ray Tube

The electrons move from the cathode (K), the negati
electrode, to the anode @tate (P), the positive electrode.
Conventional current is in the opposite directibhe electrons
are liberated at the cathode by heat--thermionission--or as
a result of bombardment by positive ions, which canse
emission of electrons or even heat the cathoderefaired
amount for thermionic emission. All receiving tubesploy
thermionic emission, though we will note certairamwples of
cold cathodes in special cases. These were not usually really
cold, but heated by ion bombardment rather thaa byrrent
supplied externally. The space in which the elextrmove is
not completely devoid of gas, so some gas moleaukes be
ionized by collision with speedy electrons, when an etatis
knocked off, leaving @ositive ion. The positive ions move in
the opposite direction to the electrons (but tleeirent is in
the same direction, since they are of oppositege)arThe
effect of positive ions in a receiving tube is vesynall,
because of the very high vacuum that is used.

Self-heated electron emitters are callddments. The carbon
filaments of the Edison Effect were soon replacgadnietallic
emitters, usually tantalum or tungsten, which wesed by
Fleming and de Forest. In Germany, Arthur Wehnelt
discovered in 1903 that barium or calcium oxidelsebaon a
platinum base emitted copiously, and used tluxide-coated
emitters on vacuum rectifiers evolved from disckatgbes,
which he patented in 1904. However, the usesofff tubes,
which contained residual gas, demanded the useugged
tungsten filaments, which dominated in 1910-20. skhe
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1904 (B.P. 24850), where a filament and plate veeranged
in the same envelope in a rather low vacuum, whalid be
used as a rectifier, or as a rather insensitiviorddtector. In
1907, Lee de Forest patented thede (which he called the
Audion; the term “triode" was not used until muatet, after it
threated to become a trade name), in which a #igdtrode,
the grid, was introduced to control the electrarai. This
made a more sensitive detector, but the amplifyingperty

was not used at first, and de Forest, who did mofetstand
well what was going on, defended gassy tubes higir gas
amplification. The introduction of high vacuum, ell as

improved materials and processes, especially retglss
seals, created a very useful amplifying device thilmwed

great developments in radio, telephony and sound

reproduction. Schottky suggested a screen grid dmtwthe
plate and control grid to make the electron tubefulsat
higher frequencies in 1919 (and actually made tubitls a
second grid, but this was for space-charge conthnl) this
was only realized by Hull and Williams in 1928 iadio
receivers. The metal tube was introduced in 1938, dtass
envelopes never disappeared and were constantlsovweq.
The final pattern of electron tube was the "miniatuor all-
glass type, which became the predominant receiyipg-tube
after about 1945. Transistors were invented in 1848 in the
next decade were improved to the point where tleydctake
over most of the amplifying applications of electrtubes at
much lower cost, and with greater reliability. Etea tubes
remain in use as cathode-ray tubes, magnetronay Xubes,
and for handling large powers. They were remarkebléces,
using many sophisticated materials and processsswgre
widely available at low cost. We shall look hereimha at
examples ofreceiving tubes, the smaller amplifying devices
that have been completely replaced by semicondsicior
current practice, but nevertheless will deepen lmawledge
of electronics, while being fascinating to studyheTname
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the assumption that it is generated by low leveinémity
carrier) injection. In this approximation the mafprcarrier
density is unaffected.

As shown in fig. 1 we suppose as a good approximatiat
we can treat electrons and holes independently, tlaaidthe
drop of the contact potential is produced withia tlepletion
region.

Assuming that the depletion region is completelpleled of
carriers we have two regions with opposite charged
densities equal to the doping, NA for the p-tymesiand ND
for the n-type one. This uniform charge produceinearly
spatially distributed electric field and a quadrally
distributed contact potential, as show in fig. 1.

Under the previous conditions the current acrosguthction is

established by the minority carrier injection oe thther side
of the junction. For example, holes will be injatte

dn dp
p-type n-type

po

no

Figure 2. Profile of the low level injection in theen abrupt

junction.
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from the p-type side into the n-type side, andcdiacentration
will decay to the equilibrium n-type hole concetita, pnO,
due to recombination of the injected holes, as shiowfig. 2.
Then, the concentration of holes in the n-type semductor is
given by

— —(z—zno)/Lp
op=Ap, e 33)

and a similar expression for electrons,

Sm — (z+ap0)/Ln
on = An, " (3.4)

where xn0, xp0, Lp, Ln are the border of the démtetegion
in the n-type and p-type sides and the hole andtrele
diffusion lengths. ¢pn “ p(xn0) i pnO is the excefkoles over
the bulk n-type hole concentration at the n-typedbo of the
depletion region. Similarly for ¢np “ n(ixp0) i nfdr the p-
type side.

The current passing through xn0 is given by thisiibn

d(o,
Iy(a) = —4AD, <52
o (3.5)

A similar expression to that in eq. (2.5) for theation of
carriers to both sides of the junciton under ebiilim
conditions can be derived for the case of a forvisad, i.e. V
> 0. The effect of a forward bias is to reduce plagential
barrier to VO j V , and therefore the relationshggween the

holes in both sides of the junction is now given by
Pw0) _ iviper

P(Zn0)

Apy = p(Tao) = pro = o (e = 1) )

—
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http://mysite.du.edu/~etuttle/electron/elect27.htmBiodes

Miniature vacuum tubes with cathodes of high-fielditting
carbon nanotubes are currently under study at AGgstems
in Murray Hill, NJ. A triode with amplification faor of 4 has
been constructed, with an anode-cathode spacir22@fim,

and a pentode is planned. Vacuum tubes may retorn t

electronic technology! Selehysics Today, July 2002, pp. 16-
18.

Devices in which a stream of electrong
is controlled by electric and magnetic
fields have many applications in
electronics. Because a vacuum mus|
be provided in the form of an T
evacuated enclosure in which the|
electrons can move without collisions =
with gas molecules, these deviceq Edison Effect
were calledvacuum tubes or electron
tubes in the US, andhermionic valves in Britain. In 1883,
Thomas Edison observed that a current flowed betvibe
filament of an incandescent lamp and a plate invéium
near it (see figure at the right), when the plages wonnected
to the positive end of the filament, but not whie plate was
connected to the negative side (the plate was lchetween
the two legs of the filament). No important appfice was
made of this unexplainefidison Effect at the time. In 1899, J.
J. Thomson showed that the current was due toearstrof
negatively-charged particles, electrons, that cbelduided by
electric and magnetic fields. Fleming patented dhae in
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In Fig. 11 the RF. input is fed to a special
intermediate-frequency transformer ~that
has two secondary circuits, 8, and §,, each
of which drives a conventional diede detec-
tor and filter circuit. (Usually one 6HE
dual-diode detector tube is used.) If the in-
termediate frequency of this receiver is 5.00
the primary of the “discrim-

TicxeR
i

[ e

inator transformer” would be tuned to the
same value, 8, tuned to 5.10, and 8, to 4.90
megacycles. If the Aol comes through at
500 bot!

anged that part of the amplified signal is
fed back to the grid to be reamplified. The
feedback |s supposed to be just a little too
weak to sustain self-excited oscillation, the
trick being to adjust the feedback just right.
A modification of this, the super-regen-
erative circuit, has several interesting and
useful features, Though tricky, it's exceed-
ingly sensitive and sharp-tuning. Essential-
ly it is & regemerative detector, but 8
“quench circuit” consisting of a triode and
an inductance-resistance network acts to
interrupt its functioning at a supersonic
frequency. The theory of its operation is
ingenious. An ordinary regenerative de-
tector with a little too much feedback will
hesitate for a fraction of a second, them
adually sweep into oscillation. The supe:
regenerative detector has 5o much feedback
s to cause oscillation, but the quench cir-
cuit keeps interrupting it before the oscil-
lation can establish itself. This permits a
tremendous amount of reamplification. The
circuit ig particularly useful on frequencies
of 100 megacycles and above, where tube
losses tend to be severe, for the principle
rmits B power to replace such losses.
The problem of demodulating F.M. sig-
nals is quite different from that with AM.

M. L. Rupert's “foxhole radio," used on the
||=1|w| lmM. gets reception on o razor blode.

B, Hanon chief snginest of

ved IQ by tying pencil lead to the pi
W ‘Gauge s et carical, but good headphones,
a long cerial, a ience in lo r
tive spot on the razor blads are all requisite

and their
Sciaa ekentits recsiva. a5 equal vol-
tage; and since the filter circuits are so ar-
ranged as to oppose the voltages, they can-
cel each other and no A.F. is produced. But
when the signal frequency varies either up
or down, it will approach the resonance of
one secondary and move farther away from
that of the other. One will get a decreased
and the other an increased voltage, and a
net voltage will appear across the audio
output. Since the voltage across the audio-
output terminals will increase as the RF.
signal departs from 5.00 megacycles, audio
volume will be determined by the extent of
frequency deviation. Audio pitch will like-
wise be determined by the number of times
& second that frequency deviation oceurs,
The circuit therefore meets the required con-
ditions of F.M. demodulation
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Plugging (3.6) into (3.5) and differentiating wetab an
expression for the current at the border of thdediem region
xn0
D, K
]P(Ino) =qA Epn“ (Cq‘ T _ 1)
. (8.7
and therefore the total current, adding up thetede part, is
given by
Pl Do i Dy [quf’k’r _1)
Ly Ln 3.8
from where we can easily read 10.

After using egs. (2.2), (2.3) and (2.5) we can i@vthe
reverse saturation current as
Dn ] Ny Ne e-BoltT
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which provide an explicit expotential dependence tbe
temperature and energy gap, or contact potensialjraing the
terms inside the square brackets cancel each othkave a
subdominant temperature dependence.

4 Non-ideal mechanisms

There are several aspects which have not been taken
account in the above derivation of the |-V charasties, and
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further complicate the understanding of the dio@dalvior
(ref. [1], page 211):

Recombination within the depletion region: We assdrthat
there was no generation-recombination processeshén
depletion region. For material with a small densifycarriers
the depletion region can be quite large and therptbbability
of recombination inside the depletion region isheig even
dominating the shape of the curve. The recombinatite is
proportional to

R~ 1/n; ~ edV/2T @1

Generation within the depletion region: For revebies what
it is important is the rate of generation, sincesasn as pairs
are generated they are swept away by the enhaneettie
field

G W VWV (g

High level injection: As commented before we sumubthat
the density of majority carriers was not affecteldwever, as
we increase the potential drop a large amount ofeca is
taken from one side of the junction to the othed @jection
for the majority carriers must be considered. Wteésis done
we can see that the forward bias is dominated @ydlowing

form of the current:

v /2KT
I ~ef 4.3)

Ohmic losses: The potential drop inside the p anegions, as
well as that in the contacts, can be taken intoowec by
introducing a series resistance Rs in the diodechwhwill

influence the measurements as we use an externsibme
V= Vext — 1R,
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The diode detector is commonly used to-
day. It can handle very strong signals with-
out overloading, has excellent fidelity, and
i3 simple and reliable. However, it isn’t ex-
tremely sensitive, since the filter system
imposes a load that draws power from the
tuned circuit. This in turn red

selective, though the Adelity was not high
and it tended to overload on strong signals.
It fs seldom us ay.

The circuit of a plate detector is shown
in Fig. 8 The high value of the cathode
reaistance makes the grounded grid strongly
negative with respect to the cathode, So
much go a8 to cut off the plate current when
there is no signal. When a negative signal
reaches the grid, practically no change of
plate current occurs, for it's already near-
Iy zero. Bfit when a positive signal arrives,
the strong bias is decreased and plate cur-
rent flows. This gives the nonlinear reac-
tion necessary for demodulation. Condenser
C, shunts the R.F. pulses to the ground.
Able to handle fairly heavy signals, the
plate detector shown gives good fidelity. It
imposes no load on the tuned circult and
hence has good selectivity.

The

Fig. 7 shows a modified diode detector di-
rectly coupled with a triode amplifier. Here
the filter circuit operates somewhat differ-
ently; when a positive R.F. signal comes
along, the 250-mmf. condenser C. transmits
it freely, applying a positive potential to the
diode plate and drawing electrons from the
filament until the charge on the condenser
) neutralized. -rm. may take less than a

the

detector, so called
because it has almost Infinite resistance to
RF. between grid and ground, and hence
places 1o load on the tuned circuit, is il-
lustrated in Fig. 9. A positive signal ap-
plied to the grid permits the plate current
to flow, and this causes a voltage drop
through R, that drives the cathode positive.
Since there is always some current flowing
through the tube, the cathode is always

poamm peak Seciines vo ero, the electrons
are trapped on ome plate of the condenser,
on the plate of the diode, and on the triode
grid. Their only escape is through the high-
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hat positive with respect to the grid,

and no grid current flows. Whatever the

positive potential of the grid, the cathode

rise to match it, though it won't follow

nm negative swings as rapldly because of

The result is that the potential across

R, exactly follows the peaks of the RF. sig-

nal. There is no amplification, but the de-

tector has excellent fidelity, will handle
strong signals, and is much used today.

Fig, 10 is the regenerative detector, of
evil memory. It has excellent sensitivity
and selectivity, but against these are poor
fidelity, extreme unreliability, complexity of
operation, and & bad tendeney to turn into

resistance shunt, and it takes more nearly
ten thousand microseconds than @ ten thou-
sandth of a microsecond for the charge to
leak away. Thus the charge on the con-
denser can inerease at radio frequencies but
can decrease only at audio frequencies.
Since it is applied directly to the triode
grid, the triode plate current will follow
AF. modulation.,

The grid of a triode is quite capable of col-
lecting electrons from the filament, and
consequently can serve as a diode plate in it-
self. In the grid-leak detector of years past,
a single triode was used to perform this
double function. The grid-lealk detector was
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a transmitter able to send out squeals and
howls into neighboring counties. Outlawed
on broadeast frequencies now, it is still used
by some amateurs on short-wave receivers,
Basically it is a grid-leak detector so ar-



AND HOW THEY WORK

derstood phenomenon in which certain me-
tallic oxides exhibit the ability of rectifying
AC. The plate-and-needle detector, essen-
tially & metal needle resting lightly on a
metal plate, embodies this principle, as does
the razor-blade radio shown on page 209,

One of the most sensitive Instruments
known in the early days of wireless was the
galvanometer. Unfortunately, it requires
direct current; if it is fed A.C. of even mod-
erate frequencies, the needle tries to swing
one way on positive impulses and the other
way on negative ones, with the result that
it stands quite still. Before it could detect
RF, it had to be coupled with a rectifier
that would intercept half the R.F. wave.

To improve the detector, the British Mar-
coni Company called In Dr. J. A. Fleming,
a leading English research physicist. Flem-
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plate in an evacuated envelope, in series
with a_galvanometer and the antenna cir-
cuit. The diode permitted one half of the
waves to kick the moving coil, but blocked
the opposite set of half-waves. Before long
headphones, taken over from the telephone,
‘were used in place of the galvanometer and
found unexpectedly efficient (Fig. 5).
ntially, 2 demodulating detector is &
nonlinear element—one that will pass more
current in one direction than in the other—
followed by = filter circult. (A diode can be
made to pass 85 percent of one half-wave
and none of the other; a crystal m: 80
percent of one and 40 percent of the other.
So long as conductivity is dissimilar, de-
‘modulation will take place.)
In the simple diode detector shown in Fig.
5, the headphones themselves constitute the
filter; the phone cofls have sufficient induc-
tance and capacitance to mako ax excellent
RF. trap. In Fig. 8, which shows a more
modern version of the diode etector, a re-

ing had already done some notable research
for o lamp-bulb manufacturer. The car-
bon-filament lamps of the time had a ten-
dency to burn out at the positive end of the
flament, due to the “Edison Effect” Edi-
son had reported that a hot filament n an
evacuated tube ~vould retain positive but not
negative charges—in modern terms, that it
would give off electrons, Therefore elec~
trons jumped from the megative end to the
positive, carrying part of the current and
heating the positive end by bombardment.

Dr. Fleming's studies of the Edison effect,
plus his realization that the galvamometer
‘would make a sensitive detector if it eould
‘be used with R.F. currents, gave him the
answer—the Fleming Valve. It was a sim-
ple diode rectifier, a heated fi'-ment and a
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filter is used instead.
The condensers and resistors are of such

E AF.OUTRUT TO AMPLIFIER-
vz}%

Modetn Dicde Detectat

values that the condensers discharge
through the resistors only at comparatively
low frequencies—15,000 cycles a second or
less—with the result that the ultrarapid
RF. pulses are completely smoothed out
and only modulation remains. [Turn the pagel

5 Experimental Procedure

In order to compare the theory of the ideal diodén the real

diode behavior we will measure the current crossing
Germanium transistor ACY20 when a tension is appdieross

it, in forward and reverse bias.

(a) Forward bias (b) Reverse bias

+ +a
Voltage -~ Voltage | avo
Supply Supply

- A

;\\’O

Figure 3. Experimental set-up for the forward aederse bias
configuration of the electric circuits to measuree tl-V
characteristic of the diode.

As shown in fig. 3a for forward bias an externaltage is
applied to the diode and a series varistor, and/dftage drop
on the diode, as well as the current, are meastnédi. 3b the
set-up for measuring reverse bias is shown. In ¢hise the
varistor is not necessary any more, since the tiang in
current as voltage is changed are small, and therethe
tension drop can be directly read from the voltsmerce.

At room temperature we measure the |-V characiesidty
controlling the current for forward bias (I < 40mAgnd taking
care of obtaining enough data for small valueshef toltage
(OV <V <0:2V) in order to capture the expectepaential
behavior of the characteristic. For reverse biaare control
the voltage itself and stop the reading before hieac the
breakdown point.
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In order to verify the exponential behavior of theverse
saturation current 10 with temperature (and eneyay Eg or
contact potential V0), we heat the sample, whilehinreverse
bias set-up, for a given value of the applied \gstaV = j5V ,
from room temperature up to a temperature of abs800C.

A new measurement of the |-V characteristic at abeu80C
is performed following the same procedure usedterroom
temperature case. We should obtain an incrementhef
current, in both forward and reverse bias, duehtothermal
activation of the density of carriers, as predidigdhe theory.

6 Experimental Results

We present in this section our results obtainednfrthe
previously described experimental set-up for a geiom
diode. First of all, in fig. 4 we can see the |-Nacacteristic for
forward and reverse bias, at room temperature2QdC) and t
= 80dC. (Notice the different scale used for theigpe and
negative axes of voltage and current).
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By
John W.
Campbell, Jr.

[N RADIO parlance, the circuit in a re-
ceiver that strips incoming high-frequency
waves of the audio impulses of speech and
music they carry is usually referred to as
the “detector” circuit. Actually the word
“demodulator” would be more accurate, for
a detector s any device that will reveal the
presence of electro-magnetic radiation,
‘Whereas a demodulator separates the mod-
ulated signal from the carrier wave.
When Hertz sought by means of the first
radio-frequency experiments to prove the
existence of the electromagnetic waves in-
dicated by the equations of Clerk Maxwell,
he first had to devise a way of generating
the radiations. The spark-gap oscillator
answered that problem—he hoped. Hertz
also needed a detector that would tell him
i this theoretical electromagnetic energy
‘was in fact present. The first detector was

~
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it would turn on a local current when con-
trolled by a distant signal. But it wasn't
particularly  sensitive,
and the filings had to
be “decohered” or loos-
ened up, usually by a
clapper device, before
it could react to a new
signal. It was thus
suited only for code
communication.

Next in order of sim-
plicity after the coher-
er was the crystal de-
tector, a circuit of
which is shown in Fig.
3. The property of cer-
tain crystals, notably
galena (sulphide of
lead), of converting
R.F. oscillations into uni-directional current
was discovered early in this century. Though
devised later than other, more effective de-
tectors, crystals had the advantage of sim-
plicity, low cost, and fidelity.

The operation of & crystal set i3 simple,
The incoming R.F. (4 in Fig. 4) is sent
through a cryatal which offers substantial-
1y more resistance to current flowing in one
direction than in the other. The result, as
indicated in B, Fig. 4, is a direct current,
still pulsating at high frequency, with wave
amplitudes that correspond to the audio

Spatk \
Tranimitter =
Feg. [ N
oicATES
Aecgpmion

Receiving Citeuit |

impressed on the R.F. When
this current is applied to & pair of earphones,
the diaphragms cannot follow the rapid R.F.
pulses, but they can respond to the much
lower frequency of the change in amplitude
of the RF.—that is, to audio modulations,
shown at O.

Precisely why a galena crystal can offer

simply a tuned circuit, matched to the trans-
mitter. In their earliest form, Hertz's cir-
cuits were similar to those shown in Fig. 1;
when powerful oscillations were set up in
the transmitter, somewhat weaker oscilla-
tions were built up in the mearby detector
circuit and @ smaller arc leaped its spark

Bap.

Stimulated by Hertz's proof of the exist-
ence of electromagnetic waves, other scien-
tists discovered new ways to detect them.
Tron filings, it was found, tended to clump
together in the presence of radio waves, and
would then conduct a local current more
readily. The result was the coherer (Fig. 2),
which was n effect a crude amplifier, since
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to A.C. has not yet
been satisfactorily explained. Scientists
helieve that its action is related to barrier-
layer rectification, another imperfectly un-

Crystal-Datectar Citeutt
sema  Feg.F  ueaoerones
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Figure 4. |-V Characteristics: values for t = 20d@d t =
80dC. Notice that the scale for positive and negatixis is
different.

For forward bias we notice an exponential behag@omore
detailed study is presented in fig. 5) of the cbamastics, and
how the higher temperature characteristic allows Higher
values of current in agreement with the assumpiiom larger
number of carriers available due to thermal aciovat

In the reverse bias scenario we can see how thentuends
to saturation. A saturation point is not reachedbpbly
because of generation current within the depleti&gion, or
other kind of non-ideal mechanism as we will discister.
Again the higher temperature curve yields a higherent.

Region 3

o —
B0 O Region 2 g

[ Region 1

I
o1

“V W)

Figure 5. Ideality Factor: measurements in forwksied. Three
different regions are identified, corresponding different
dominant mechanisms. Low voltage (region 1), low-
intermediate voltage (region 2), and large voltéggion 3)
regions are indicated in the figure.
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The confirmation of the exponential behavior foe forward
bias characteristic is presented in fig. 5. Acaagdb eq. (3.2),
by plotting log(l + 10) against V we should obtainstraight
line if the diode followed the ideal behavior. Wheon-ideal
mechanisms are considered, as those presentedtionsd,
different regimes should be identified as the slopthe curve
changes, since
gV qV
kT AET 6.1)

where A is known as the ideality factor. Usually=AL for the
ideal mechanism, corresponding to low injectionrent, and

A = 2 for high injection current (large voltage) or

recombination current within the depletion regitm.general
intermediate values are expected since all thetsffeork at
once.

There is a further uncertainty, since we do notvkneith
precision the value of the reverse saturation oirn®.
Although in principle we are asked to take the eafar a
voltage of V = j5V, 10 = 0:016mA, we will argueathit is as
reasonable to choose as saturation current the fatuV =
j0:05V , 10 = 0:0023mA. Other intermediate valudstime
saturation current would lead to intermediate tssibr
ideality factors in the low voltage region. Curvies both
saturation currents chosen are shown in fig. 5.

We can divide the points in fig. 5 in three regiolosv voltage
(0V <V <0:1V, (region 1), low-intermediate vaje (0:1V <
V < 0:2V, region 2), and large voltage (V > 0:3Vegion 3)
regions. By determining the slope of the lineatirfif in each
region we can obtain different ideality factors &ach region
and curve (m = g=AKT, see eq. (6.1)). The resudtsA are
presented in table 1.
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low band. About 1-2 wire diameter spacing betwe®n tivo
windings is recommended.
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experienced when using a conventional inductorgrfater
selectivity is needed at the high end of the BCdbamen
using a conventional inductor, antenna coupling tmioes
reduced and/or the diode must be tapped down otattieto
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 endeoBt band .
The low inductance (parallel connection) of the tcamvound
inductor enables a 4 times reduction in bandwidth7d0 kHz,
compared to results with conventional inductor.sTtaduces
the need to tap the diode down on the tank andatehnthe
antenna when one needs to increase selectiviteasioned
above.

Note:

One could use two separate conventional non-coupled

inductors, one of 250 uH and the other of 62.5instead of a
contra-wound configuration. This is not recommenbedause
the Q of the 62.5 uH inductor will probably be I¢isan that of
the 250 uH unit unless it is made physically agdaas the
contra-wound coil.and employs larger diameter witéso,

when using the contra-wound approach the hot enthef
inductor, when the two coils are connected in paratan 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 configuratigrarallel
and series) of a contra-wound coil will depend ugmw
closely spaced the two windings are placed, b, rétio of
the inductance of the series to that of the pdrad@nection
always remains at 4 times no matter how far orectogether
the windings are placed. Remember that overalribiged
capacity is greater when using the parallel cornoedn the
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Region lo (mA) A

1 0.016 3.10
2 0.016 1.45
3 0.016 2.58
1+2 0.0023 131

Table 1. Ideality factor for the different regioasd curves in
fig. 5

Our first curve (lo = 0:016mA) presents, in the loaitage
region, a much larger value of A than expected fram
recombination in the depletion region mechanisnthinlow-
intermediate region we could suggest a mix presesice
recombination and ideal mechanisms. For the highage
region a high value of A = 2:58 is obtained, whitlggests
that not only high level mechanisms are present.sfghtly
smaller values of the voltage drop (0:25V < V <3)/3) a
better agreement with high level injection currean be
achived. The large value of A suggests that ohossds must
be considered, which reduces the net current throthg
device.

We have considered as well the value 10 = 0:0023re¢ause
at room temperature, kT » 25meV , the saturationthef
current in reverse bias should be obtained foresmlaf the
reverse voltage as small as V » j0:05V . The exigtef other
effects in reverse bias (ref. [1], fig. 5-37, pa&fEB), as pair
generation in the depletion region, enhances thewry which
will be misleading when trying to fit the ideal laefior. The
smaller value of the saturation current in thisecamoothers
the curve for low voltages, and we can obtain & ricear
behavior spanning regions 1 and 2, with a valuthefideality
factor A = 1:31, which is closer to ideallity. Thialue can be
obtained when considering recombination in the etéph
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region due to interphase recombination, or defiecexcess to
what would be ideal.

Eq. (3.9) provides an explicit temperature depeceesf the
reverse saturation current with temperature, namely

exponential behavior (provided we assume that the

temperature dependence of the terms in square digack
cancels each other, or at least is subdominant)caMeaise the
data of the saturation current, measured at V =if5ie range
of temperatures of t = 20d j 80dC to obtain a vdarethe
contact potential.

T
%,
a5k "aco o Experimental data|
QO(, Linear fitting
El %0y g
S
- ooﬁ
on 35k b 1
B S
2 o9
°
4k %0, B
0 .5

sl gl

s | | L L | 1

b0 000 0003 0001 00032 00033 0003 00035

Figure 6. The contact potential is obtained frora $fope of
the linear fitting. This value is to be comparedhwhe energy
gap for Germanium. In the linear fitting the fiveost right
experimental points where dropped.

In fig. 6 we plot the log 10 against 1=T , and frae slope of
the linear fitting (m = 3607:9K) the value of thentact
potential is VO = 0:31V . This value of the contpotential is
directly related to the value of the gap of the isemductor
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The value needed, using a contra-wound approatB38i$ 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 inductor tungd2®

pF stray capacity with 14.65 pF more from the \a@ga
capacitor, the capacitor Q comes out at about 460.

«If one uses a contra-wound inductor that has G245
inductance with the two windings in parallel, tunied 20

pF stray capacity with 118.6 pF more from variable
capacitor B, the Q comes out at about 1770, 3.B<ias
great! This translates directly to greater sengjtiand
selectivity when using the commonly available 365 p
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
inductor. Changing to a contra-wound coil while ngsithe
easily available capacitor B goes a long way towagbal of
reducing the effect of the variable capacitor a1kt® 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 17Mzka
variation of 11.6 times . Contra-wound inductor:eT8 dB
down RF bandwidth will vary from 3.69 kHz at 520 kltb
12.15 kHz at 943 kHz in the low band, and from 3®i 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

191



See ‘The contra-wound tank inductor' in Part 3 dick #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 irahge 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&2-943
kHz can be tuned, using the 250 uH series conmectip a
capacitance varying from 374.7 to 113.94 pF. Ty biand of
943-1710 can be tuned, using the 62.5 pF paraiiehection,
by a capacitance varying from 455.76 to 138.60 pF.

For the purposes of this discussion, let us asshateantenna
matching (see Part 2 of Article #22) is always atid 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.Figp Article

#15, Article 17A and Article #22). This setting appimates
that for minimum insertion power loss (see Arti¢s8).

Reduction of insertion power loss at the high endhe BC

band (1720 kHz): The total tuning capacitance neesken
tuning a conventional 250 uH inductor to 1710 ksi39.9 pF.
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through eq. (2.6), which tells us that the valuethef gap is
given by the contact potential up to an additiventdepending
on the temperature, the doping, and the densitystafes.
Therefore we can assume that the values of thegagontact
potential must be within the same order of magmifuas it is
the case since for Germanium Eg = 0:67eV .

As in the case of the ideality factor, here we diswve to
consider the uncertainty in the saturation curréht The
results for V = j5V could be affected by other effewhich
produce uncontroled deviations of the values of ¢batact
potential and gap.

7 Conclusions

We have studied the behavior of a Germanium p-ctiom,
developing the simplest theory to explain it, nametieal
behavior of an abrupt junction with low level injien current.
We also outlined several corrections to this theayich must
be considered when analyzing the experimental data.

The I-V characteristic for the germanium diode \passented
for room temperature (t = 20dC) and t = 80dC, shgwthe
expected qualitative dependence with the applieterpial,
exponential increment with forward bias, and smadlues
quite independent of the reverse bias.

A further study of the forward bias regime was presd to try
to fit the different mechanisms involved in thensport of

carriers through the junction. It was found that kbw voltage
region is consistent with the ideal behavior plpsssibly,

generation within the depletion region. The higltage region
is consistent with a high level injection currergéahanism and
ohmic losses.
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The dependence on temperature of the reverse satura
current 10 (V = {5V ) yields a value for the cortgotential
generated by the junction, which is directly retat® the
energy gap of germanium. It was found that botlueslare
within an order of magnitude, and the doping densind
density of states account for the difference betwaem.
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Atio of cffective resistance to d.c. resistance

(megohms d.c.) « £ (Mc/s) 0.1 0.5 1.0 5 10 20
.C. type BTR (} W) 0.98 0.93 0.89 0.62 0.46 0.30
.C. type BTA (1W) 0.95 80 7 A48 37 24
.C. type BT-2 (2W) 0.80 53 40 19 14 11
R.C. type BTS 100 89 79 61 57

.C. type F (lower limit) = - 84 80 .75
n Bradley GB-1 0.85 .60 A48 24 A7 W12
lén Bradley EB} 0.90 68 57 46 23 15
peer SCT 4 0.92 70 60 35 27 .20

12. The effects from using the contra-wound dual-vae
inductor configuration in crystal sets as comparedo using
a conventionally wound inductor, both using capacive
tuning

Some quick facts:
«Crystal sets using a conventional single-valuetk teoil
usually suffer from poor selectivity and sensitjvit the
high end of the BC band.
*Use of both connections of a contra-wound dualeal
inductor enables the achievement of much higher
selectivity and sensitivity at the high end of € band
(series connection for the low half and paralleltfee high
half of the BC band).
*There will be some small reduction in tank Q ie tbwer
half of the BC band. One reason is that distrithute
capacity is greater in the series-connected catitahan
in the conventional solenoid (the close-space atjaends
of the contra-coil windings have 1/2 the tank vgétacross
them). Tank Q at the high end of the BC band isceably
improved.
«It is assumed that comparisons between conventinta
contra-wound inductors use coils having the sanysipal
dimensions and wire specifications. The inductavfcie
conventional solenoid is assumed to be about the s
that of the series-connected contra-coil.
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A fact of interest that some may not know is thiiste AC
resistance of carbon composition resistors, amd fésistors,
to a much lesser degree, decrease with increasaugiency
(the Boella Effect). This effect is strongest irglnivalue
resistors, above, say, 22k ohms and above 50 Mitn (f
resistors). The effect is noticeable in 500k antielg units at
lower frequencies. Low value resistors having skeatls and
resistances in the mid 10s to mid hundreds of carsquite
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 .

FIG. 6 High Frequency Characteristic
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A chart providing similar info on carbon compositicesistors,
taken from the Radiotron Designer's Handbook, Fourt
Edition, page 189 is .
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DIODES
Dick Kleijer crystal-radio.eu
http://www.crystal-radio.eu/endiodes.htm

Which diode can | use best in my crystal receiver?

Maybe you think a diode with a voltage drop as la&
possible, then also small signals at the detecirouit are
detected. But diodes with a low voltage drop, &lawe a high
reverse current (leaking current), this will loak tdetector
circuit heavier, the Q of the detector circuit reels, and with
that also the voltage across the LC circuit. Abadr input
voltage the diode will give much more losses, andan
happen that despite the lower voltage drop of tbelel you
have less voltage at the load resistor. Besidesrgduction of
circuit Q will also gives a less selective receiver

For every 20 mV less voltage drop, the reverseectirwill
approximately double.

Germanium, silicon, en schottky diodes. Dependimng tioe
material they are made from, we can distinguishmgaium
diodes, silicon diodes and schottky diodes. Theee some
more types, which are not discussed here.

Silicon diodes have the highest voltage drop (alfilohitVolt)
and are for this reason not very useable for crystzeivers.
Unless we use a small DC bias current, which brthgsdiode
already a little bit in conduction.

Germanium diodes have a low voltage drop (about- @12
Volt) and are often used in crystal receivers. Pheperties
like voltage drop and reverse current can varytab&ween
two germanium diodes of the same type. In praatieecan
best test several germanium diodes in our receiver then
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choose the best. The diode resistance RD of geumediodes
is most times rather low, and only useable in alystceivers
with a low Q (low sensitivity and low selectivityfror high
performance receivers, we can better use a suisahiettky
diode.

Schottky diodes have a voltage drop of about 0.28.\The

differences in properties between two diodes ofstmme type
are often small. Schottky diodes with the corresistance RD
are very useable in high quality crystal receivers.

The given voltage drop is normally measured at ravdod

current of about 1 mA. Also if we measure the \gdtalrop of
a diode with a multimeter, the test current shalabout 1 mA.
But also below this voltage drop the diode can eahdurrent,
and can rectify a RF (radio frequency) signal. Ghly current
through the diode is then much smaller. When réngivery
weak stations, the current through the diode caa dpeonly 10
nA. At such a low current, the voltage drop of tliede is also
much lower then at 1 mA.

Detected voltage as function of the input voltagé. we

rectify a RF signal with a diode we can distinguisto

situations.

Situation 1: Rectifying in the linear region

If the input voltage is high enough (well above thetage
drop of the diode at 1 mA), the output voltagehef diode will
be about proportional to the input voltage.

So double input voltage, gives about double owpliage.
The output voltage is almost equal to the peak evaifithe
input voltage.

The power losses in the diode are in this regiory Jew
compared to the rectified power.

78

The brand of resistor may be guessed by examinimy t
smoothness and shininess of its surface finish,laoking at
each end of the resistor to see where the wires.edilen
Bradley resistors look the best. They have brigibrccode
colors and a smooth shiny finish. At the wire epaint from
the body one can usually see the appearance ofi sinmy
ring embedded in the plastic. Actually, this istpafrthe lead,
shaped to be the contact electrode. Stackpoletoesifook
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 calodsa rougher
surface than the Stackpole's. They usually looi ey have
been wax impregnated. At the axial exit points fritva body,
a small copper colored dot may be seen next tavites lead.
This is actually the end of the lead, which wasléal over and
back on itself to form the electrode. The IRC sthedacarbon
comp. resistors can be identified by the visibleltflash'
marks on the body and ends. The colors are goadhéwody
is rough. Their end surfaces are slightly convet, 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 resistiesn a long term
resistance drift point of view turn out to be thB Anits. 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.
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«Audio transformers having too low a shunt induceanc

will reduce bass response. When using magnetic

headphone elements, this can be partially compethdat
by connecting the transformer to the headphonesyusi
suitable capacitor.

*Refer to Articles #2, #3,#5 and #14 for more info.
Consider the ‘Ulti-Match’ by Steve Bringhurst at
http://www.crystalradio.net/sound-
powered/matching/index.html

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

From my early experience in the manufacturer ofnBier-
Tongue products, the following is some insight tieéato 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 resistadcié. Allen-

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

know. The value of this carbon comp. resistor slifte least,
as a rule. Stackpole composition. resistors used 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 8tackpole
resistors, as a rule. The IRC resistors that ldkdé tarbon
comp. units actually are made by another procebsy &re
called metallized resistors. My impression is ttheir drift is

similar to the of Stackpole resistors. | have fotinat the IRC
resistors usually generate much more low frequemaige
when passing a DC current than the others. It seemsa
general rule, that the high value resistors drifren over time,
than the low value ones.
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Situation 2: Recifying in the square law region

If the input voltage is low, lower then the voltagep of the
diode (at 1 mA) then the situation is completefjedéent.

The input of the diode behaves for the RF sigthal & resistor
with value RD.

The output of the diode behaves like a DC voltamerce in

series with a resistor, the value of this resigaalso equal to
RD.

The value of the DC voltage source is square |dataé to the
amplitude of the RF input signal.

So double input voltage, gives 4 times as muchotiedeDC

voltage at the output

In the square law region the output voltage ofdieele will be

much lower then the input voltage, the diode givesch

power loss between input and output.

The lower the input voltage, the higher the losses.

The higher the input voltage, the lower the diazkesés.
When further increasing the diode input voltage,gredually
come into the linear detection region.

When receiving weak stations, detection takes placéhe
square law region.

Between the linear and square law region, thegerégion not

linear, and not square law but somewhere in between

This region is not discussed here.
Al

b = PSR

Equivalent circuit of a diode at low input voltages
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Via this link you find a measurement on severalosikly
diodes, which shows detection in the square lavioretakes
place at input voltages below 200 mVpp.

Diode resistance RD.
At zero voltage, diodes have a certain resistance.
This resistance at zero Volt we call RD.

The lower the reverse leaking current of the didte,higher
resistance RD.

When detecting small signals (in the square laworggthe
input of the diode also behaves like a resiston wétlue RD.

But how do we know the RD of a diode?

We can calculate it with the formula:

formula 1: RD =0.000086171 xnx TK/Is

RD = diode resistance at zero Volt (unit: Ohm)

n = ideality factor, the lower this factor the leeftbetween 1.0
and 1.1 is a very good value.

TK = temperature in Kelvin (= temperature in °C73p

Is = saturation current (unit: A)

x = multiply

The values of n and Is can (sometimes) be fourttiéndiode
datasheet.

In the following table some types of schottky disdeith the

values for n, Is and Rd, the maximum reverse veltagd the
diode capacitance at zero voltage.
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Here are some practical experimental ways to Viaeyaudio
source resistance of a crystal radio set whenviegeiveak-to-
medium-strength 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 saturatiorent,
such as from a germanium diode (1N34A) to one verse
paralleled Schottky diodes such as the Agilent SP&25.
Schottky diodes described as "zero bias detedtars a
high saturation current and are not suitable fostneoystal
radio set use. Schottky diodes described as "power
rectifiers’ usually have a high saturation curantvell as a
high junction capacitance. A high diode junction
capacitance will reduce treble response. Too larg®de
RF bypass capacitor in the crystal radio set cam @duce
treble response. A side benefit from a change dinde
having a lower saturation current value, on sonystat
radio sets is an increase in selectivity. Thibdsause the
RF load resistance presented by the diode to thie i
raised when the diode saturation current valuedsiced.
This reduced loading raises the tank Q and henceeases
selectivity.

*Use an audio transformer between the detector batml
the phones. A smaller step-down transformer impeela
transformation ratio will raise the transformeddécsource
resistance seen by the phones. A larger ratiodeitease
it.

«If the headphone elements are in series, recomgetttem

in parallel will reduce their impedance to 1/4 firevious
value. This has the same effect as increasingffeetive
source resistance driving the headphones. If @reyin
parallel, series connecting them has the effedecfeasing
the effective source resistance.
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#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
of their Schottky diodes in dual, triple and quadnf in the
SOT-363 package.

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

10. How to modify the tone quality delivered by
headphones: It is interesting to note that driving magnetic
headphone elements with a high source resistamus t®
improve the treble and reduce the bass responsegyared to
the response when the AC source resistance mattiges
effective impedance of the elements. Converselying the
headphones elements from a low resistance sourds te roll
off the treble, and relatively speaking, improve tiass. With
piezo ceramic or crystal elements, a high soursistemce
tends to reduce the treble and improve the bagsomes,
compared to the response where the source resstaaches
the effective impedance of the elements. A lowrseu
resistance tends to reduce the bass and emphasizecble.
Some piezo elements sound scratchy. This condi@mnbe
minimized by driving the elements from a lower sesice
source.
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type Isat |[RD |maximumr
dyig de N 25 |at 25 |reverse |capacitanc
°C |°C |voltage

5082- 22 1260 4
2835 1.08 A ko 8 Volt 1pF datashest

+

200
BAT85 | ? ? o 30 Volt 10 pF datasheet

??
HSMS 22 1260
2820 1.08 A | ko 15 Volt 1pF datasheet
HSMS 3000 |9.07 |
2850 1.06 nA | KO 2 Volt 0.3 pF | _datasheet
HSMS 38 | 743
2860 1.10 A | ko 4 Volt 0.3 pF datasheet

To decrease the value RD, we can connect more sliode
parallel, with two the same diodes parallel theugabf RD
shall halve.

With 3 diodes parallel, the value of RD shall beidéd by 3
etc..

Diode resistance when using bias current.
We can decrease the value of RD by sending a $dtabias
current (e.g. 0.1 uA) in forward direction throule diode.

The higher the bias current, the lower RD will be.

With the following formula we can calculate the dho
resistance RD, when we make use of a DC bias durren
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Formula 2: RD = 0.000086171 x n x TK /(Ib + Is)

RD= diode resistance at certain DC bias curreifutit: Ohm)
n= ideality factor of the diode

TK = Temperature in Kelvin (= temperature in °C73p

Ib= DC bias current through the diode in A

Is =saturation current of the diode in A

A diode with a certain RD value at a certain biagent, gives
the same receiving performance as a diode withiastdurrent
with the same RD.

Influence of temperature on "saturation currerit: Is

The saturation current (Is-value) is strongly deiiem on
temperature.

A temperature increase of 1 °C will increase thedkie by
about 7 %.

In datasheets, the Is value is most times gived &C.

If the diode temperature is not 25 °C, but anotfzue "T",
then we must multiply Is with a factor 1.07/(T-25).

T = diode temperature

A = raise to the power of

Ideality factor n

The ideality factor n of a diode indicates how gabe diode
performs with regard to an ideal diode.

A (not existing) ideal diode has a value of n=1.

At low input signals, the maximum available detecteitput
power is proportional to 1/n.

So doubling the n will halve the output power (thisly
applies at weak signals).
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signals, each of power P/2 and that there will dner butput
components, as stated above. They are:

*The two second harmonic components (both of tiheesa
frequency and phase).

«The sum frequency component (f1+f2) Hz, which vai#{

of the same frequency and phase as the second tiarmo
components since f1=f2.

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

«If we filter the harmonic and sum components a#i ag&
the two original signals from the output, only thero Hz
signal will remain; and we call it the detected B@put.

A diode detector can be thought of as a "Black Bo'the

DC output impedance of the detector is matchedstdoad

resistor and the AC signal power source of P Watisilable
power' is impedance matched to the input AC impedaf a
diode detector, the DC output power can closely@agh the
‘available power' from the AC source. This givesamother
way to look at a detector. It can be considerebet@ "Black
Box" that changes incident AC power of frequen¢yH# into

output power of frequency zero Hz (DC). This ie tietected
DC output.

9. Using surface mount components in crystal radisets:
A convenient way to connect to the tiny leads o&ksurface-
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 canios to a
circuit.

A surface mount device such as the OPA-349 intedraircuit
(Eight lead SOIC package) can be soldered to &earf such
as that manufactured by Capital Advanced Technetodi
http://www.capitaladvanced.com ). Their Surfboa#8681 or
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voltage (remember the equivalent voltage is 3 tintles

original source internal voltage). The 1/2 comesnfthe 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. Tédgiates 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.

7. Caution to observe when cutting the leads of glass
Agilent 5082-2835 Schottky diode (or any other glas

diode): When it is necessary to cut the leads of a glass

packaged diode close to the glass body, use dhabbives a
scissors type of cut. Diagonal cutters give a sadghysical
shock to the diode that can damage its electriefbpmance.
This physical shock is greater than one might eixpecause
of the use of plated steel instead of more ductipper wire.
Steel is used, in part, because of its lower heatlactivity, to
reduce the possibility of heat damage during saider

8. Several different ways to look at a diode deter: A

diode detector can be thought of as a mixer, if thingks of its
input signal as consisting of two identical signafsequal
power, in phase with each other. It is well knothat if a
common AM mixer is fed with two signals of frequérs f1

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 discussibnthe case
of an AM diode detector, we may consider thatrifgut signal
of power P Watts is in reality the sum of two eqimaphase
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Diode capacitance

Between the two connections of the diode there tdl a
certain capacitance (capacitor value), when thimcigance is
fairly high (e.g. 10 pF) the tuning range at higégiencies is
limited.

At increasing reverse voltage across the diode#éipacitance
will reduce, also the detected voltage in a crystakiver is
such a reverse voltage.

Through this, the frequency of the circuit can tshipwards
when receiving strong signals.

On the next page: experiments with a detector ymitfind in
table 3 a measurement about the frequency shift.

Measuring the Is value of a diode.
We can measure the Is value of a diode as follows:
Send a small current through the diode, the valfig¢his

current (ID) must be aboutydA.
Measure the voltage across the diode (VD).
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nF

Circuit diagram for measuring the Is value of adeio

The voltage across the diode is about 0.2 Volt.

The voltage across the resistor is about 10 Vetighe current
is about uA.

The voltmeter must have a resistance of at leas@0

The 100 nF capacitor reduces the influence of raifinals
and hum on the measurement.

Calculate Is with the formula:

formula 3: Is=1D/ (e” (VD /(0.0257xn))-1)

Is = saturation current of the diode in nA

ID = current through the diode in nA, (A = 1000 nA)

e = base of the natural logarithms, this is abort&

A = raise to the power of

VD = voltage across the diode in Volt

n = ideality factor of the diode, if you don't knahis value,
take for instance: n=1.08
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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(itice or

capacitive) component of the impedance of the aatgmound

system must see an opposite reactive (capacitiviedactive)

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

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

the antenna-ground system is made available foriugsbe

crystal radio set and none is reflected back tosvérd 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@€ns.
Assume that the antenna-loaded resonant resistahtbe

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. Iedmpedance
matches the 10k ohm source RF resistance to the ok
ohm RF resistance via RF impedance step-up tranaf@n
(maybe connecting the antenna to a tap on the tainedit,

and leaving the diode on the top), good things bBapp(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

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 cinangie
equivalent source resistance to 90,000 Ohms. Wibat?
Before matching, the diode got 9/10 of the souroéage
applied to it. Now it gets 1/2 the new equivalesaiurce
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and spreads out as it goes away from the anter@e can
prove that power is radiated by substituting a L&iBde for
the regular diode, getting physically close enotggthe 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 tunélserstation
one gets sound in the headphones. What activates o
hearing system is the power of the perceived souiBW, if
one gets too much sound power in the ear for a &@maugh
time, the power can be strong enough to breakanffesof the
hair cells in the inner ear and reduce one's hgas@msitivity
forever. The theoretical best one can do withystat radio
set setup is the following: (1) Use an antennagdosystem
to pick up as much as possible of the RF power ipgss
through the air in its vicinity . In general, aher antenna will
pick up more power from the passing RF waves thdhaw
lower one. (2) Convert the intelligence carryiniyl Aideband
RF power into audio electrical power. (3) Convéne
electrical audio power into sound power and get fwaver
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 theesahd RF
power passing through the vicinity of the antenoapfure
area) changed into audio power for our ears. \&Btwll of
the "available power" at the antenna-ground systenbe
absorbed into the crystal radio set then passeatrongh it to
our headphones as sound. However, some of it lvell
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 pahiitérg

the input to the crystal radio set will be refletteack to the
antenna-ground system and be lost.
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More information about measuring the Is you caw fim the
website of Ben Tongue , in his articles number d H

| measured the Is value of several diodes, anduleaéd the
diode resistance RD.

Also some European germanium types are measured.
Several diodes are measured of the type OA95 artil8A

Diode VD (Volt) at 1 I(iA) (kg)l,j
HSMS282K 0.1341 7.9 3428
;‘asr’;"lilzm 2 0.118 145 1867
HSMS286K (1 diode! |0.1116 183 1479
5082-2800 0.1871 114 23756
5082-2835 0.1464 5.04 5373
5082-2835 2 paralle]0.1289 95 2850
BAT 82 0.136 7.3 3710
BAT 85 0.0686 90.8 28
OAB81 (germanium) 0.0225 800 34
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OA95 #1

(germanium) 882;?
OA95 #2 0'0271
OA95 #3 0'030 4
OA95 #4 )

AA116 (germanium) | 0.0441

AA119 #1

(germanium) ggggg
AA119 #2 0'0428
AA119 #3 )

600
821
604
502

25€

461
370
272

45
33
45
54

106

59
73

100

The HSMS282K is the same as the HSMS2820, only the

HSMS282K has 2 equal diodes in one package.

The Is value of the HSMS282K, the HSMS286K and50@2-
2835 is lower than the value in the datasheet hidgsalso been

noticed by other people.

Ben Tongue wrote me, that the Is value of the 5P&25 has

been reduced over the years by the manufacturer.

Also temperature has big influence, | measured8afQ, in

datasheets the Is value is given at 25 fIC.

A increase from 18 fIC to 25 fIC will increase tiseby 60 %.
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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 rtbklgms
encountered by those experimenting with doublers.

4) Half-wave voltage doubler operating at a lowuingignal

power level: The detector, in this case, does petaie 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 witittbinput
and output matched, power loss in both half wave aalf
wave voltage doubling detectors approaches zero $8und
volume should be the same with either detectorlotinput
power levels both detectors exhibit substantial @oivss. |
believe, but have not proven, that at low input polevels the
doubler has a higher power loss than the straiglit iiave
detector, and should deliver less volume.

6. Some misconceptions regarding Impedance matcign
and Crystal Radio Sets: To understand the importance of
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 radiated ispace.
This power leaves the transmitting antenna atpeed of light

179



1) Conventional half-wave detector operating atigh hinput
signal power level: The detector, in this case,rates as a
peak detector. Since it is a passive device, itgutypower will
approximately equal its input power, under impeganc
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*sofJRo, the
input RF resistance (Ri) must equal 1/2 Ro. ThaRisRo/2.
This llustrates 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 dritvifigthe
diode were an ideal diode, the word "approximatshduld be
eliminated, and "approaches" should be changeti¢éoomes"

2) Conventional half-wave detector operating abwa input

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

input signal power levels Ri approaches 0.026*glems

(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
will approximately equal its input power, under idance-
matched conditions. The output DC voltage will a@mh
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
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Diode forward voltage drop:
David Knight

http://www.g3ynh.info/circuits/Diode_det.pdf

All of the diode detectors described above havéeast one
diode forward voltage-drop in the path to the meagu
device. The diode forward voltage drop, Vf, varies
approximately in proportion to the logarithm of therrent, If,
passing through the diode, and also depends on the
temperature of the diode junction. For many typgsliode,

this behaviour is described to a good approximatigna
modified form of the Ebers-Moll equation[12]:

VE=m (KT/q) In[(1f/1s) +1]

where k is Boltzmann's constant (1.38068P

Joules/Kelvin) , q is the charge of an electro$@21892110

Coulomb), and T is the temperature in Kelvin, itee absolute
temperature (flC+273.16). The factor kT/q is somes given
the symbol VT, and has a value of 25.3mV at 20fl@" is a

dimensionless correction factor between 1 and 2. i§ the

natural logarithm (Loge). Is is the junction revesaturation
leakage current.

For small-signal rectifier voltmeters, diodssould be
chosen for low forward voltage drop and low junotio
capacitance. Most sources of information now mainthat
the best diodes in this respect are silicon Schditirier (i.e.,
silicon-metal junction) diodes, such as the 1N5TAgilent
5082-2800) [18]; and so to investigate this mattez, forward
voltage drop versus current characteristics ofreetyaof small
signal diodes were measured. The results are shovihe
graph below:
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The 1N4148 is a silicon P-N junction diode. The IW5 is a
silicon Schottky diode. The OA47 is an archaic gemium
gold-bonded diode, and the rest are germanium 4oointact
diodes. Two 1N4148 diodes from different manufeetsiwvere
measured merely to illustrate the point that siliédN diodes
have the highest forward voltage drop and are fberex poor
choice for low voltage detectors. The 1N5711 cuiwvehe
average of results from four diodes, all from tlense batch,
which had practically identical characteristics. eT®A47
curve is the average for four diodes from two maotirers,
all having similar characteristics. The OA90, OAahd 1N60
curves are from single examples, and are therefme
necessarily representative of the type. All dataewecorded
at an ambient temperature of 21fIC.
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signals are received, since both input and outptsgpecome
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&lof a
sufficiently long time const ant. This detectorynte thought
of as a low loss impedance transformer with a tovosie
impedance step up from input to output, BUT hawmgAC
input and a DC output, instead of the usual AC inand
output. The DC output power will approximatelyuadthe
AC input power and the DC output voltage will beabsqrt 2
times the RMS AC input voltage.

5A. A comparison of conventional half-wave and hél
wave voltage-doubling detectors:Here is some info that may
be of interest re conventional half-wave detectarsvoltage
doubling half-wave detectors when each is termohatith an
output load of Ro. For illustration purposes wel adisume 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 goaftslisuch as
a 5082-2835 Schottky, ITT FO-215 germanium or oty
used. The info relates to the RF input resistarficetectors (it
has a large effect upon selectivity) and their attpudio
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. & ipput
power level is defined as on that is low comparethat at the
LSLCP of the detector. See "Quick Summary" in Aeti¢15
for info on LSLCP.
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resistance. Further, since the detector is nowak pletector,
the DC output voltage is the "square root of 2"eimarger
than of the applied input RF RMS voltage. (It's @&qu the
peak value of that voltage). These existence afseh
relationships is necessary so that in an ideal pegéctor, the
output power will equal the input power (No freendh).
Summary: Output DC voltage equals sqrt2 timestirpMS
voltage. Since the output power must equal thetimower,
and power equals voltage squared divided by remistathe
output load resistance must equal two times thercsou
resistance, assuming impedance matched conditiensip If
we were to adjust the input source resistance ay, 495k
ohms (reduce it by sqrt2) and the output load ta@sie to
990k ohms (increase it by sqrt2) by changing theutirand
output impedance transformation ratios, the insertioss
would become even lower than before the changehenthput
and output impedance matches would be very muchoived
(remember we are now dealing with high signal Ig\el

A good compromise impedance match, from one pofnt o
view, occurs if one sets the RF source resistamde794*Rd
and the audio load resistance to 1.26*Rd. Witls getup,
theoretically, the impedance match at both inpud entput
remains very good over the range of signals fromelpa
readable to strong enough to produce close to getéction.
A measure of impedance match is "Voltage Reflection
Coefficient”, and in this case it is always bettiean 18 dB
(VSWR better than 1.3). Excess insertion losgss than 1/3
dB and selectivity is largely independent of sigrevel.
Information presented in Article #28 shows thatthié diode
load resistance is made equal to Rd and the RFcesour
resistance is made equal to Rd/2, the weak sigrtalioof the
detector will be about 2 dB greater than if bothtpaare
impedance-matched! There is little benefit wherorsy
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The data indicate that the IN4148, the 1N574rd the
OA47, all obey a logarithmic V/I relationship rathevell,
whereas the germanium point-contact characterissiosw
considerable curvature due to high internal reségta With
regard to the forward drop however, the germaniiodes are
all superior to the IN5711 in the 1-108 range, and the
preference for the latter may merely reflect thet fhat many
semiconductor manufacturers can no longer fabricate
germanium. Silicon Schottky diodes, such as the7lN5and
1N6263, being essentially UHF devices, have beliigh-
frequency performance than germanium diodes, but
germanium diodes work well at VHF and are therefore
perfectly adequate for HF applications. Among teenganium
diodes, there is little difference between the guddded and
standard varieties in the 1 to 108 range, but the OA47 is the
best choice for currents up to 1mA. We should oleser
however, that detector diodes only conduct on geke of the
applied waveform, and so the instantaneous cuisemuch
higher than the average current, the differencagbabout an
order of magnitude. Therefore, in selecting dioftesaverage
currents in the region of 1 - 10@, we should consider the
steady-state voltage drop in the regiom20- 1mA; in which
case the germanium gold-bonded diode offers theedow
forward-drop without contest. Note however, thae af the
consequences of the Ebers-Moll equation is that fowward
voltage-drop is associated with high reverse lealagrent. If
reverse leakage is an issue, then silicon Schalityes are to
be preferred. To put this issue in perspective hewethe
reverse leakage current of an OA47 diode was medsas
follows:

Vr/iVolts 1.0 2.0 3.0 50 100 150 200
Ir JuA 11 13 14 21 41 63 88
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The leakage current is approximately linear in3H20V range
and may be modelled by assuming a resistor of abidt in
parallel with the diode. Such a defect has litffiea on the
operation of a detector loaded with a 10-100kesistor. Some
final points in favour of the silicon Schottky diesl however,
are that germanium diodes show a wider spread
characteristics, and that the OA47 is obsolesddahce the
Schottky diodes are definitely preferable in apgiicns
requiring diode matching, precise calibration, emikbility
through normal commercial channels. The 1N5711
particular also, has a very high reverse breakdeoitage for
a device of its class, its Vr max of 70V makingiititable for
half-wave detectors of up to 24.7V DC ouput. An GAdlf-
wave detector has a maximum DC output of 10.6Vrifmvéax
is not to be exceeded.

Detector diode data: Source: refs. [18], [19]
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having 3 dB less potential weak signal output thea of the
diodes by itself.

5. Explanation of why, in a diode detector, and byhow

much, the RF input resistance and audio output restances
change as a function of input signal power.Consider first, a
diode detector that is well impedance-matched boits input
and its output when driven by a very low power Rpui

signal. There will then exist an appreciable polwss in the
detector. (The audio output power will be apprelgidess

than the input power.). The input and output ingpees of
the detector will approximately equal each othet approach:
Rd = 0.026*n/ls. See part 3 above for a definitafrterms.

For this illustration, let the diode have an Is38fnA and an n
of 1.02. Rd will be 700k Ohms. The well impedantatched
condition will hold if the input power is raisedofn a low
value, but only up to a point. After that , thetatewill start to
deteriorate. At an input power about 15 dB abdw of the
square-law-linear crossover point, the match wikvén
deteriorated to a VSWR of about 1.5:1 (VSWR = ¥g&
Standing Wave Ratio.). A further increase of ingignal

power will result in a further increase of VSWRhi§ means
that the input and output resistances of the dmtekave
changed from their previously matched values.

The input resistance of the diode detector decdefisen the
value obtained in the well impedance matched lowgrdevel
situation. The output resistance increased. €hean for this
change is that a new law now governs input and uutp
resistance when a diode detector is operated @haemough
power level to result in a low detector inserticwer loss. It
now operates as a peak detector. The rule hehatithe CW
RF input resistance of a diode peak detector aphesa’ the
value of its output load resistance. Also, thei@unltput
resistance approaches 2 times the value of the &@source
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crystal radio set operation, but varies with diaderent in
silicon pn junction and germanium point contactdéis. 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 idealedi@mving
an n of 1.0. Less applied signal, of course, tesinl less
detected output.

Here are a few bits of information relative to diods:
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 vpiliss 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 cutreh-0.9 times
its Is. These values are predicted from the claSsiockley
equation. In the real world, reverse current capanit
substantially from values predicted by the equakiepause of
effects not modeled (the reverse current becomghehi.
Gold bonded germanium diodes usually depart somefndra
the predicted values when operated in the forwamectbn.
The effect appears as an increase of Is when nezasuts are
made at currents above about 6 times the low-culsen

Values of Is and n determine the location of th@aaent
‘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 Artigls.

If one connects two identical diodes in paralleé tombo will
behave as a single diode having twice the Is, badame n as
one of them. If one connects two identical dioeseries, the
combo will behave as a single diode having twieerttand the
same Is as one of them. This connection resulis dode

174

Detector diode data: Source: refs. [18], [19]

Ty Vi@ |Typ L@ V:
\ /V /mA /pA| IV
IN5711 Si Schottky (2.0pF) 70 | - - 041% 1 02 50

Type  Description

IN5712 20 - - 055 1 015 16
AA119  Gepointcontact 45 100 35 2.6 30 170 | 45
AAY30 Ge Au-bonded. High speed 30 400 - 088 150 8.0 | 30
AAY32 GeAu-bonded Highspeed 30 | 150 - 0.60% 30 | 11 | 30
AAY33 GeAu-bonded Highspeed 12 240 - 05* 30 | 15 | 12
AAZIS S;h‘:}‘z‘éb“ded High 100 250 - 08 250 16 | 100
AAZ17 GeAu-bonded. Genpurpose 75 | 250 - 0.8 250 16 | 75
BATS1 40 033 | o1

BATS2 Si Schottky (1.6pF) 50 30 - 04 1 02 30
BATS3 60 10 |15

0A47  Ge Au-bonded. Ge

30 150 - 054 30 | 10 30

0A90  Gepoint contact "diode"?* 30 45 10 20 30 300 30
OA91  Gepoint contact 115 150 50 2.1 30 75 100
OA95  Gepoint contact 115 150 50 185 30 80 | 100

* max.
** a very non-linear resistor pretending to be a diode - best avoided!

6-8a. Thermionic diodes:

Given that semiconductor diodes are imperfect, sceaeers
may wonder if thermionic diodes (valves) are capalflbetter
performance. The answer however (avoiding expls}ii& an
an unequivocal 'no!. The forward voltage of aninectly
heated valve diode in the low-current (space-chéirgited)
regime (according to Terman [20]) is given by tRpression:
Ve=[(1#/k)] - V-

where k is a constant determined by the geometthenfliode
and Vc is called the contact potential, by analegth the
potential developed by a thermocouple. The diodetamt
potential arises because some of the electrongedjémm the
cathode arrive at the anode even when there isasp &nd so
the anode becomes negatively charged. This meatstha
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diode must be reverse biased in order to preverftoin
conducting, and the amount of bias required vanih the
heater temperature and the age of the valve. Igigive
measurement terms, the contact potential is encsmaéu
sample of eight double-diode valves of type EBIALE&)
showed contact potentials ranging from 0.48 to 0.96ith a
mean of 0.73V) when measured using a voltmeter 90M
input resistance and a stabilised 6.30V DC heatgplg
(sensible measurement was impossible using a filame
transformer connected to the domestic mains supply)
1000A moving coil meter with an internal resistance980
was connected across a diode having an open-cironiact
potential of 0.74V, and registered a zero-biasenirof 707A,
i.e., the diode gave a DC output of 4\ due to the thermal
current. When the meter was padded to 10K simulate the
diode loading in a realistic detector circuit, tkero-bias
current was 22A, i.e., 22% of full-scale deflection. We may
safely conclude that thermionic diodes have no tmeri
whatsoever in small-signal measuring applicatioeen if
they do glow attractively in the dark.

(Ed note: thermionic diodes were the original dialiectors
and can STILL make an interesting radio.)
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increase in reverse current at a specified voltagese diodes
are called Zener diodes.

Diode Saturation Current is a very important SPICE
parameter that, along with the diode Ideality Factn
determines the actual diode current when it is &wdibiased
by at particular DC Voltage. Id=Is*(e”(Vd/(0.026*t) at
room temperature. This expression ignores thectefié the
parasitic series resistance of the diode becausmst little
effect on the operation of crystal radio sets atltw currents
usually encountered. Here Id is the diode curmig,the base
of the natural logarithms (2.7183...), " meansseathe
preceding symbol to the power of the expressioh fiiows
(Sometimes e” is written ‘'exp’), * means multiplget
preceding and following symbols, VD is the voltaggoss the
diode and n equals the "Ideality factor" of thed#io At low
signal levels, most detector diodes have an n tfden 1.05
and 1.2). The lower the value of n, the highet bdl the weak
signal sensitivity. One can see that Is is a sgéfctor for the
actual curve generated by the factor (e”(VD/(0.096t).

Diode ideality factor (n): The value of n affects the low
signal level sensitivity of a diode detector arsdRf- 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
over the full range of currents and voltages entered in
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source, so we can say we have a 'no loss' situatidaw,

assume that a transformer or other two-port deigideserted
between the Vs,Rs source and Ro, and that an outftage
Vo is developed across Ro. The output power is"2)/&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 valtle

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,ghatien for

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

4. Diode Saturation Current and Ideality Factor:
Saturation current is abbreviated as Is in allhefse articles.
Assume that one connects a DC voltage source inde avith
the polarity of the voltage source such as to thasdiode in
the back direction. Increase the voltage from zetb the
diode obeys the classic Shockley ideal equatiorctixahe
current will start increasing, but the increasd flaktten out to
a value called the saturation current as the veliagfurther
increased. That is, as the voltage is increasedcurrent will
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, calledreverse
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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A Procedure for Measuring the Saturation Current ard
Ideality Factor of a Diode, along with Measurementson
various diodes
http://www.bentongue.com/xtalset/16MeaDio/16Meabtiml
by Ben H. Tongue

Quick Summary: A schematic and operational insivns 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 differendltages.
These two data pairs are then substituted intoStheckley
diode equation to create two simultaneous equaiiois and
n, and then solved for Is and n. Since the equstioclude
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 $licon p-n
junction diodes exhibit values of Is and n thatyvavith

current. The values for Is and n of Schottky dodee quite
constant over the range of currents used in orglicaystal
radio set reception.
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A convenient set of measuring currents is abous @fld 3*Is.
Substituting Id = 6*Is, 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 odleoused 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.
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Fig. 1 - Schematic of Device for Measuring Diode Is and n.
Schematic

S1 is a triple pole double throw switch, S2 is apbutton
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
a conventional 3 1/2 digit DVM. It is also used ewh
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gain of, say 80 times, the output power is 2.5 XZID mW.
2.5 mW expressed in dBm is +4 about dBm. A poveen of
80 times is about +19 dB. The output power is 4+D3B
dBm.

3. Maximum Available Power: If one has a voltage source
Vs with an inaccessible internal resistance Rs, hed
resistance to which the most power (Pa) can beateli is
equal to Rs. Pa is called the 'maximum availablegy' from
the source Vs, Rs. Any load resistance other timenequal to
the source resistance, Rs, will absorb less povis applies
whether the voltage is DC or AC (RMS). The formiia
power absorbed in a resistance is "voltage-squdinéded by
resistance". In the impedance matched conditienatise 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 vill
appear across the load resistance. The actualrpoxaéable
to the load will be, as indicated in the precedielgtion: Pa =
[(Vs/2)"2]/IRs = (Vs"2)/(4*Rs). Again, in the impadce
matched condition, the total power delivered to Heies
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 "usefutput
power" to the load resistance.

The 'maximum available power' approach is usefulenvh
measuring the insertion power-loss of two-port desisuch as
transformers, amplifiers and crystal radio setsicivimay 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 dissipateower of Pa
Watts. This is the maximum available power frora ¥s, Rs
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frequencies. This is the main reason why diodednbdarge
values for Rs and CJ perform poorly at high freeies)

2. An explanation of the meaning and use of dB andBm:
In the acronym dBm, "d" means one-tenth. "B" refer the
Bel and is named after Alexander Graham Bell. Be¢éis

used to express the ratio of two powers, say (Qutpu

Power)/(Input Power). Let's call this power ratigpr)".
Mathematically, a power ratio, expressed in Bedsequal to
the logarithm of the ratio of the two powers. BFlgr). If the
two powers are equal, the power ratio express@&els is 0 B.
This is because the log of one is zero. AnotHestilation:
Assume that the power ratio is twenty. (Pr)=20.e Tyarithm
of 20 is about 1.3. This power ratio in Bels is B3 One
decibel is equal to 0.1 Bel. That is, 10 dB=1IBwe express
the two power ratios mentioned above (1 and 2@dBinwe get
0 dB and about 13 dB.

So far, we have seen that the decibel is used peess the
ratio of two powers, it is not a measure of a poleeel itself.
A convenient way to express an actual power lesilgudB 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

170

measuring diodes having a high Is. R2 is usedctmrse
setting of the diode voltage. R1 is a ten turrcisien 20k pot
such as part # 594-53611203 from Mouser. It isl dse 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 expettetave a
high Is. S4to HC and R1 to 1 about turn from p&n

2. Take Data Set #1: Set S1to V. Push S2adpdt R2 to
obtain a reading of about 0.055 volts. Use R1dbthe
voltage to the voltage desired (0.055 volts is ssged). Call
this voltage V1. Set S2 to |, read the DVM andl ¢hat
voltage V2.

3. Take Data set #2: Set S1to V. Push S2adbst R2 to
obtain a reading of about 0.039 volts. Use R1dbthe
voltage to the voltage desired (0.039 is suggest&fll this
voltage V3. Set S2 to I, read the DVM and callt thaltage
Va.

4. The diode voltage (Vdl) from Data Set #1 & 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 mmv be
entered into two Shockley diode equations (showavepin
order to make two simultaneous equations in Isran8olving
them will yield values for Is and n, measured ataarrage
current of about 4.25 times Is.

A numerical equation solver can be used to solee ttho
simultaneous equations for Is and n. One is availan
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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.mcdeckte it in
MathCad, then enter your Current and Voltage vallés,
Vd1 and 1d2, Vd2 as 12, V2, 11 and V1. Pull dowfath' and
click 'Calculate Worksheet'. The program calciddgeand n.
Since most crystal set operation occurs at curgmtew that
there is negligible voltage drop across the diogesasitic
series resistance, there is no need to enter amyambers for
13, 4, 5 and V3, 4, 5 on the worksheet. The progra
sch_char.mcd does not work in versions of MathCardiee
than 6. If you have an earlier version of MathCafj it has a
non-linear equation solver, actual entry of theaD&et will
have to take place without the convenience of tie 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 pmogby
clicking here.

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

Some programmable pocket calculators include aimean
equation solver. One calculator that has one ésHR 32S
Scientific Calculator. A program to solve for ndats takes
only 28 steps of program memory and is here.

Mike Tuggle posted on ‘The Crystal Set Radio Cliig
following simple procedure for determining Is antynusing a
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PRACTICAL CONSIDERATIONS, helpful definitions of
terms and useful explanations of some concepts

Ben H Tongue
http://www.klimaco.com/HAMRADIOPAGES/xtal how t
o.htm

1. An explanation as to why some diodes that wonkell in
the Broadcast Band cause low sensitivity and selédty
when used at Short Waves The parasitic (approximately
fixed) series resistance Rs of a diode is in sewéb the
parallel active elements. The nonlinear active eletare 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.

Ci
Rz

Fi

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 capag@twaractor
diode).

The parasitic series resistance of some 1N34 digdesbe
pretty high, and in series with the junction capatie, make
that capacitance have a rather low Q at high frecjes. This
capacitance is, in a crystal radio set, effectivelparallel with
the RF tank. The tank usually has a small valuengun
capacitor itself, so the overall tank circuit Qrésluced at high
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resistive loading occurs from the real but usualgglected
current passed in the back direction during the&#rse peak
voltage excursions. This causes power loss andcauae of
loss of volume. For a given Is, good germanium edre
usually superior to Shottkys in this respect.

Best regards,

Ben
eug4not
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spreadsheet. ‘In lieu of an equation solver pazkabe
Schottky parameters can be solved for by simpk-amnd-
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, ld1[exp(Vd2/0.0257n)l].
Then experimentally plug in different trial valuesn, until the
two expressions become equal. This gives the ciovedue of
n.  Now, plug this value of n into: Is = Id1 /
[exp(Vd1/0.0257n) - 1] or, Is = |1d2 / [exp(Vd2/0Bn) - 1] to
get the correct value of Is." An Excel spreadsheestructed
as Mike suggested is here. An example from ddntan an
Agilent HBAT-5400 is entered, for reference, oreli2. Line
3 may be used for calculations using data from rotliedes.
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 repdi®ne can
easily check for this condition by reducing the BGurce

voltage to zero, thus leaving only the internalsesce 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 witteemic

capacitor of between 1 and 5 nF, preferably, an N\p@. |

use a 0.047 uF NPO multi-layer ceramic cap from $éou
Electronics. Connect the capacitor across theediaith very

short leads, or this fix may not work.
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Tips

* If the Is of the diode under test is too hitD55 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 aluorincan be
used for the ground plane. Use shielded cable fiemlead
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 cleaiy the
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 incredsd0é
Celsius results in a saturation current increasebmfut two
times. A simple rule is: For each 1fl 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 lly 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.

Note: A simplified method of determining the Satima

Current of a diode, if the Ideality Factor is estted in
advance is shown in Section #2 of Article #4.
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resonance increases as the coupling between thetaleind

ATU is reduced - and therefore a diode with a largealue is

a better match. If this is the case, then for yegiod radios
with very high Q detector tank circuits, two diféet diodes
may give the loudest output - one when couplingeiy tight,

and a different one when coupling is very loosenyA
comments??)

For my radio used here, the 1N141 diode (thank Bouce

Kizerian!) seems to give about the loudest outpubbth tight
and loose coupling at the low end of the band. et FO-

215's output is very close and has a bit bettezcsivity. The

schottky diodes (1SS98 & 5082-2835) are seen toidadul

even for my modest radio if there is plenty of sibthat can be
traded-off for greatly improved selectivity.

Well, that's my attempt at measuring my crystalio&daudio
output. Hope it's of interest. If my measurementsmethods
are way off base, please let me know.

It sure is a blessing to be retired and to haveuary of time
to play.

73's, Dan

May 23, 2007

Hi Dan,

You have developed some really insightful informati

There is one thing, | believe, that is being ovekled re the
low Is (high Rx) Schottky diodes when one is goifag

maximum volume. They have rather low reverse breakd
voltages so, when a large RF is being detectedt aflextra
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Summary of measurements on some diodes:
2.) Loose coupling between the detector and ATU” (12
separation). The following charts show typical values for Is andfor
diodes that might be used in crystal radio setsie €an see,
The last plot again shows how the ac “audio” vadtag and for any particular diode, that Is and n do not vagymuch
the dc benny voltage Vb vary as different diodes ased in over a moderate current range. Therefore, they imay
the radio. considered to be dynamically constant when recgisisignal.
Each value of n and Is is calculated from two \gefaurrent

T cortio #5 but s Hobbydome pairs as described above. The diode current (gndor each
| S60Khz; Bogen TF25 |vm v Diode. Detector-ATU separation = 12" of the n, Is pairs is the geometric mean of the twerents
used in the measurement. A Fluke model '89 IV/2digit
DVM was used to enable measurements down to asi$ohb
nA on some diodes. Noise problems cause some nesasit

) 4 1gsoss error at low currents. That is the reason forfihetuations in
R ) some of the readings. Values of n very close @oot.below
0 Leaselcesning are obvious measurement errors. Those low valoesnf
IF detector & ATU. should have come out somewhat higher and the assdci
. Eouplngeoctiiri e values of s, also higher.

[hg

[T

seeTérman po 156,Fig 18.

o=

k]

a8

Z Note that the germanium diodes show an unexpeetetehcy
- — to increased values for Is and n at the higherecist The
4

E]

2

1

a

i 1N4148 silicon p-n junction shows the expecteddase of Is

" and n at lower currents. The Schottky diodes saeiave
DM pretty constant values of Is and n across the oumanges
s measured. Experiments described in Article #27cate that
the measured values of Is and n for silicon Sclottiodes

i ' Messured Dicds o (=0.025 740 ) ey o tested here, when used as detectors, remain an¢asured
1 omamesiinnr o ek shins values at rectified currents so low that a voigmal is barely

readable. This is not necessarily true for allngemium

The benny voltage (RED DOTS) seems to peak in itiaity diodes.

of the benny resistance as before. However, thé pEa . .

“audio” voltage Va range (BLUE CIRCLES), may befthg Table 1 - Measured n.and Is values for various epdver a
toward higher diode rc values than for the tightpling case. range of currents (Id), in nA.

My assumption is that the detector tanks’ paratisistance at
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IN4148 silicon | Base-emitter junction | e eraie SHACK | g gilen B
ajoncion | ot A G | PNaGeaae | IRIHINY | paTeonw
diode transistor having 8o version Schottly
nomenclature diode
W (o [ B[ 0 [ o [6 [ W [ o [6[ 0 [ o B [0 [« ][5k
7106 175 [12 710 [ 171 3500
sk | 1o+ [ 150
350k [ 175 [ 145 5506|169 3200
v 187 219 | ok | 105 (160 [ 1k | 161 [2550
s [152 [ 226 s
i (180 [ 198 | e [ 101 | 1590 | dak
22 [ 1ss [ 300 | 189k [ 101 [ 1580 | 22
11k [189 300 1k
5500 [ 195 [ 380 [ 5700 | 101 [ 1660 | 5500 S0 115 | 265
2760 [ 194 350 | 1790 [ 055 [ 1730 [ 2760 | 110 | 750 26007 [ 106 | 238
1350 [ 202 490 w0 | 105 | 6w
0 198 [440 | e | 05 | 1700 | es0 | 120 [s0 [ 90 | 115 570 [101 [ 200
g 30 35 [ 1o [e0 | 60 3 (104 |26
570 0 [1os |70 | 160 15 104 [ 236
76 155 | 3 | @ [0 [ 36
EREIED
S [11s 261 | 3 [10s |23

* 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, exoefthe
highest current one. There, a correction for tbitage drop
was made.

Table 2 - Measured n and Is values for various eSpdver a
range of currents (Id), in nA.

100

| onfig 43 but no Hobbydyme

'|580 khz; Bogen T725 Vout v Dinde. Detectar-ATU separation = 5 |
B2 ivit
13 I L benny, de mb
14 = 'a, ac m¥ 5 100
13 &
1z =
1 Critical coupling
between
10 detector & ATU
E 221 Coupling coefficient (co)
v N [ 5, 15809 el
- g 3 4, 15808 see Terman pg 156,Fig 18
:' Selectivityfor  given diode
& L s nticeably less than for
5 the loose coupling case
SO e
3 etit (3
N L
1 1
[ T

10 10000

100 1000
Measured Diode re (=0.0257%n/1s) k ohns

| pan baeitis Sizor0?

If Va is in fact related to audio power, then tHet pndicates
that for this radio, the audio power delivered efdt diodes
with critical resistances in the range of say 50k200k - a
pretty broad range. The dc benny voltage Vb (REDTBD
however, seems to peak in the vicinity of aboutk50Qhe
value of the benny resistance. As others have natesl
selectivity - as judged by listening - continuoustyproves as
diodes with larger and larger rc values are usedcldosing
different diodes, you can tradeoff loudness foestlity. The
plot shows the magic of impedance matching. (ThankBen
Tongue for your articles!) All this is old hat torse folks but
for a novice like me, it's neat to see.
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The modulation on my talk show test signal seemidyfa
constant - as long as measurements are avoideahgduri
commercials or the occasional music. A spottingarhelps in
avoiding high modulation surprises. The ac sigraésd still
bounce around a bit. Taking 20 random voltage regdper
data point and averaging helps smooth the results.

The radio used as a test bed is double tuned &5 litz
coils close-wound directly on Amidon 0.5"x4” feei61 rods.
The coupling between the detector’s tank circud gre ATU
tank is varied by changing the end-to-end separdigween
the ferrite rods.

1.) Tight (approximately critical) coupling betweethe
detector and ATU.

The first plot shows how the “audio” ac voltage \BLUE

CIRCLES) varies as the detector diode is changedth a
small 5" separation between the detector and ATds.ro
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One diode of
HSMS-286L triple| Infineon
Schottky, all three | BAT62-08S triple

Radio Shack Ge | Agilent HBAT-5400 | Agilent HSMS282M
IN34A diode | Schottky diode (low | quad Schottky, all four

marked 12101-3PT Is version) diodes inparallel | o0 L O | Calode Sehottl
W [0 [ W [ [k | . w K | W [o [k (W[ [
W [ 128 |20
1 [ tis [ 188
95k | 116 | 174

67k [ 103 | 102 650 | 105 | 183
28 | 113 | 160

w0 | 105 | 47 | 1750 [1oa [ 76

60 | 105 [162 | 510 | Los [ 104 | 40 | 102 | &1 700 | 102 | 12

205 [ 115 166 W [ 10 | a1 22 [ 102 | 136
51 | 103 | 105 | 1os | 0ss | 40 | 17 [1o2 | 72
st [ 114 [ 161 9 [ 101 | 134
55 [ tor [12 | % | 0% | 3 W [0 | B8
155 [ 160 B EAEREREE
264 [ 102 [ 100 | 231 | 098 | 3 | 245 [102 | 72 [236 | 101 | 135
B[ 10 [102 | 153 [ 102 | @
102 | oo | 3 | 126 106 | 76
63 |18 | @
X )

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-
2835 and a typical 1N34A. | obtained my FO 215d®from
Mike Peebles at: http://www.peeblesoriginals.com/ .
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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.

#16 Published: 03/28/01; Revised: 02/10/2004
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Layout used to measure:
Va (ac mV) as an indicator of audio power,

Vbenny (dc mV) as a tuning indicator.

Bogen T-725

- 2anpt

Detestor
Tank Circuit]

DenModillis 5121107

The ac voltage (Va) across the 5.6k resistor lsabsumed to
be proportional to audio power (=V/2/R). The DVMedsis
supposed to have a 10 meg input on the “ac mV’esdés
specs say it has a 40 - 400 hz ac response, andsaautput
calibrated to a sine wave. Since the audio volagess the
5.6k is not a sine wave, and has frequency compsmenside
the 40 - 400 hz response range, | can only hope the
DVM's output will be a relative measure of audiow®s. The
DVM is all I've got, so it will have to do.
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Audio and Benny Voltage Measurement:
May 21, 2007

A lot of the fun playing with crystal radio for mavolves
“measuring stuff’. The “benny voltage” - the dc tagje across
the benny resistor in the matching transformerudire is a
favorite parameter of mine. It's easy to measur wiDVM
and it seems to vary with everything. And it's ayegood
tuning aid.

However, Dave Schmarder has gently and patienthjinged
me on many occasions that it's the audio powewesdd to
the headphones that's important -- that | shoyiddrmeasure
relative audio power as well as benny voltage whealuating
radio changes. The following is my first attempave thought
it might be of interest to the group.

With a DVM as the only measurement tool, and weaiiche

talk stations (non sports) as signal sources, mgsorements
are low-tech. The circuit used to measure the &age (Va) -

that | hope is related to relative audio power stiswn in the
attached layout.
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Diode Modeling Update
Kevin Smith
http://www.lessmiths.com/~kjsmith/crystal/dmodetrsh

The following explains my first attempt to compage
measured diode characteristics with calculatedsphased on
the Shockley Equation.

| have been taking serious look into diode modelamy
measurement recently in an attempt to better utatetshese
solid-state successors to the humble crystal atisl whisker
detector. There is much good information on diotesbe
found in many excellent web sites of course, bugrehis
nothing quite like actually making the measuremeats!
working with them to get a good feel. This pageorepsome
of my protocols and test setups which | have fotmdbe
useful.

Most probably the single best web article for theasurement
of diode Is and n parameters is given by Ben Torigueis
Article 16. In this article he describes an intérescircuit for
the measurement as well as protocols for makingtt@r my
purposes | did not wish to make this a construgpimject and
felt | might get along with good quality meters anay
already-built "Diode Test Jig". Essentially Ben For's
method consists of making two precision measuresnefit
Voltage and Current through a diode at small sideaéls,
essentially about 3 and 6 times Is (sufficiently Iehat the
voltage drop across the series resistance Ro cagnbeed).
The measurements are then substituted into the kiglyoc
equation Is*{exp[(qe/(n*k*T))*(V-I*Rs)]-1} and soled
simultaneously for the two data pairs. Mike Tugdias
provided a nice excel spreadsheet to do the matlis T
spreadsheet, Cal_n_ls.xls forms the basis of nfynigue and
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| am thus indebted to both Ben Tongue and Mike Teidor
making this project feasible.

In addition to simply calculating the main paramets and n,
| also wished to measure enough points to plotaaacheristic
curve, and to compare the measured curve with aleelated
directly from the Shockley equation. My first spiebeet then
combined Tongue/Tuggle calculation protocol andaplical
view of the match between measured and theoreticdid
make a few methodology modifications which | thotdgbped
would allow added accuracy:

1) Using the full Shockly equation without simplifg for an
assumed 25dC room temperature. While the 25dC gg@mm
is generally good and probably within the measureneeror
(or perhaps not), including the actual measuredpéeature
eliminates doubts of inaccuracies due to this patam With
the power of PC's and spreadsheets there is norrsasplify
the equation.

2) Used Vd = 0.04 and 0.05 V (adequately close &n B
Tongue's recommended 0.039 and 0.055 V) whenever
possible. Note for some diodes with significantlijfedent
forward voltage drops, Si diodes in partictularddhto use
higher values for Vd.

3) Reporting: | decided that, as there is no unsplation to n
and Is, each is dependant on the valuse Vd andfés| that
reporting both Vd and Id is necessary for repebipbi
Naturally | also include the ambient temperatur¢hia report
as well, and

4) | included a calculation for Ro (or Rg if youeausing

Tongue's reference) as that is the goal of theceseer
A screen shot shown below:

104

Effect of Diode Rd on Audio Power
http://theradioboard.com/rb/viewtopic.php?t=330
By Dan McGillis

Introduction:
Sep 13, 2011

Kevin - thanks for posting your work. Really goddfs
Mike Tuggle & Mike Peebles gave excellent advice on
choosing a diode.

Here's a plot of how the choice of diodes - andr hgsociated
Rd's - affected the relative loudness of one otnygtal sets.
http://theradioboard.com/rb/viewtopic.php?t=330

As you can see, there is a "best" choice of Rdhfisrparticular
set if maximum loudness is the goal. Using diodéh ®Rd's
larger than that needed for maximum loudness daverystal
set more selectivity (and less loudness).

| should note that you get this kind of curve ofidoess vs
diode Rd when detecting WEAK signals. For very mstro
signals, all my diodes gave about the same measumddess.

ie. The choice of diode (& it's Rd) doesn't matter much for

very strong signals.

As a side note, my measured Rd's for a given davdea bit
higher than yours and Mike's because | tend to uneaat

higher Vd's for convenience. And my measuremengs rar
where near as accurate as yours.

Sure is fun stuff isn't i

73, Dan
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then: d21/dv2 = d/dV [U-1] = -1*U-2 *dUdV, where
dUu/dv = (dU/dV) + (dU/dl)* (dl / dV), ahwhere
(du/dv) = (-1/1s) *exp [-q (V - | Rs) / nkT]

(du/dl) = (Rs/lIs)*exp[-q(V-IRs)/nkT]

Sze's Gamma:

y = (d21/dv2)/ (dl / dV)
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I/V Characteristic

To use the sheet one need only adjust the voltafjéo\that
shown in the first column and record the currentlfdonly
Vd1/Vd2 and 1d1/Id2 are measured then the next &ejo
adjust the value for "n" until the match betweer tiwo
equations is exact. | even provided a simple reaioulation to
easily test for a match.

While the math is good and results excellent, tkjyifound a
couple deficiencies in my method,

1) measurements require high precision and its lyear
impossible to land EXACTLY at the voltage required.
needed only to get quite close, let the metersigtalfor 2 - 5
minutes, and then record BOTH Vd and Id.

2) the work is rather tedious and, for a large neindf diodes
it pays dividends to measure only the needed Vdl@aehd let
the plot aside. My second spreadsheet thus dispemitie the
plot. It is with my second spreadsheet that all daga tables
and results are posted.
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3) better comparisons between diodes can be madmeif
targets specific Currents rather than Voltagesgudision on
this below.

A view of my current data reporting spreadsheetsig ALL
input parameters as well as determined values Isf and Rd.
Data input fields in blue: (target Id1 close to LA and Id2
close to 0.5 uA).

Calculated fields in red and black.

Adjustment field "n" in green: (adjust value of ntilithe ratio
of the two calculations = exactly 1).

P
ToEes | 7anE0s

(Note: the engineers in the crowd will have notidadthe
above report than | am carrying a degree of pratigiot
justified by the level of accuracy in my measuretseiThe
final results of n, Is, and Rd should be roundddmhot more
than three significant figures.)

A copy of my spreadsheet can be downloaded here..

While measuring a good number of diodes, both Geiuma,
Schottky, Silicon, and even a few LED's, | noteat flongue's

recommended measurements at Vd = 0.039 and 0.055 V

resulted in current reports spread out over mogn ttwo
orders of magnitude. As the determination of Is anid not
unique but a function of Id, | felt uneasy by thiethod. While
most Germanium diodes | have measured have a farpw
range of Forward Voltage drops, (Vf), that of Stkygs can
range up to a tenth of a volt. This is the facesponsible for
the huge range of measured Id values, see theviaioplot of
I/V characteristics for some selected diodes:
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Schottky Law with I*Rs Term

Current, |:

I = Is{exp[q(V-1*Rs)/nkT]-1} (impkit expression)

Dynamic Conductance, dI / dV:

rearranging, let: exp [q (V-1Rs)/nkT]-((I8)+1) = 0 =
F(V, 1)

then: di/dV = (- dF /dV) / (dF / dI)

(-dF/dV) = exp[q(V-IRs)/nkT]*(q/ 1R, and
(dF/dl) = exp[q(V-IRs)/nkT]*(-g Rs ki) -1/1s
then,

di/dv = 1/{(nkT/qls)*(exp[-q (V-1 RY nkT] + Rs}

Dynamic Resistance, 1/ (dl / dV):

Rd = dv/dl = (nkT/qls)*(exp[-q (V- 18/ nkT] + Rs

Curvature, d2I/dv2 :

d21/dv2 = d/dV [1/{(nkT /qls)* (exp [-GM - | Rs) /
nkT] + Rs}]

Let: (NkT/qls)*(exp[-q(V-1Rs)/nkT] ks = U
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3. With increasing V, the slope (or conductantssli
increases initially, and then levels off at a canswalue of 1 /
Rs. (red curve)

4. Curvature, the rate-of-change in slope withéasing V,
increases initially to a maximum level. After tliadecreases
and goes to zero as the straight-line portion efdirve is
reached. (blue curve)

5. Sze's sensitivity figure, curvature over slogiarts out
constant initially but decreases to zero as cureagoes to
zero. (red curve in figure below -- compared t® bfack
curve case with no Rs term)

Sze's Bamma

6. Note that Sze's gamma takes a dive near the galtage
where curvature peaks. (??)
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I/V Characteristic

™

o

In order to get what | feel is a better comparismiween
diodes, | have decided to target not some pre-uéted
voltage, but rather target currents of Id = 0.5 ar@luA. On
the above plot on the right (with Log Id vs Vd s9ait will be
clear that | am aiming at the same part of the atteristic
curve regardless of Vf. Hopefully this will allowogd
comparison between diodes with rather different &fen as
far as including Silicon and LED's in my mix. Onwair....

Shockley equation Id = Is*{exp[(qe/(n*k*T))*(V-I*R§-1}
where:

n = ideality factor

Is = Saturation current in Amps

Id = Diode Current in Amps

Vd = Diode Voltage

k = boltzmann = 1.38E-23 J/K

T =temp K =300

K =dC + 273.15 Kelvin

ge = electron charge = 1.609E-19 cmb
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Often simplified to:
Id = Is*(exp(Vd/(0.0256789*n))-1) [at roormieerature]

Diode Resistance Rd = VT *n/Is
Where:

T = 300K

VT = k*T/ge = 0.0256789
SO:Rd=k*T/qge*n/ls

| cannot express enough my indebtedness and thanBen
Tongue and Ken Khun for their great work and web
documentation in matters Diode!

A photo of the current "bench" setup. Keithey 19piko-
ampmeter + Keithley 192 DMM bench meter.

Kevin 09/2011
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Schottky with Rs Term

 Current

o 10 L .
= ® Curvature
o8
0.6 >
04 .
o : Te o . .
s ¥ .
. L) Ny )

01 0 01 02 03 04 05 06 07 08 09 1 11

Voltage

Diode: Is =1e-7 A; eta (n) = 1; Ro = 258 k-ohiiRs;= 3.2
ohms; T =300 K.

1. Atlow voltages, current rises exponentiallyiwst but then
increases linearly as the I*Rs voltage term doneimat(black
curve)

2. Initially resistance (1/slope) decreases expbakly from a
high value. Then it becomes constant as barristemce R
becomes vanishingly small and parasitic resist&ee
becomes the dominant resistance. (resistance ootve
shown)
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Spreadsheet for calculation of diode n and Is (@1u®)

LE04 Diode n Is Rd
P, nA k Ohm
Germanium Diodes
e FO-215 ITT 111 175 163
1Es01 ° FO-215 ITT 1.10 196 144
° IN277 black 1.50 2293 17
e F, . 1N277 black 160 2296 18
2 o ® Schottky. V "
£ oo OO I AV 1N270 bonafide ~ 1.28 915 36
Lo IN270 blue 126 857 38
1IN270 blue 1.66 2310 19
LE03 ! D18 russia 1.20 194 160
LEos D18 russia 1.27 193 170
e GAZ 51 Tesla 1.14 140 211
e GAZ 51 Tesla 152 617 64
1E06 ; OAS5 Tesla 1.85 3384 14
Leor OAS5 Tesla 1.48 1996 19
02 04 05 o8 1 12 D9E russia 142 2161 17
volts D9E russia 1.54 2414 16
1IN34A bonafide 1.82 2153 22
Schottky Behavior with Rs Term 1IN34A bonafide 1.25 1392 23
1IN34A green 1.57 1389 29
Do ot o e s o S mon gen 13w x
expression .
so'r)ne of the resulting quantities. s IN34A green 132 1554 22
1N34A 37 orange 1.10 1458 19
1N34A 37 orange 1.36 1370 26
1IN34A red 1.34 833 42
1IN34A red 1.32 993 34
D310 russia 1.01 1215 21
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Diode

GD 402A
GD 402A
UK A
UK A

UK B red
UK B red
UK C ora
UK C ora
UK D blk
UK E blk
UK F blk
UK G blue

Average

russia
russia
russia
russia
russia
russia
russia
russia
russia
russia
russia
russia

Schottky Diodes
HP 5082-2835

1SS98
1SS98
IN5711

IN5711
1N60
1N60
BAT 46
BAT 46
1N34A ?
1IN34A ?
1N5819

110

blue
blue

schottky
schottky

1.55
171
1.56
2.00
1.64
1.85
1.92
1.95
2.00
2.00
1.82
1.86

1.39

1.07
1.08
1.06
1.07

1.07
1.09
1.10
112
118

111

1.24

1.19

nA
970
1360
1565
5766
2049
3777
3462
3354
4901
5862
3523
3123

1334

12
12
13
6

6
178
161
141
172

317

482

750

Rd

k Ohm
41
33
26

21
13
14
15

10

13
15

54

2206
2302
2188
4541

4816
158
176
204
177

90
66
41

Effect of Parasitic Resistance Rs on Diode Current

The common Schottky expression predicts extraorijrizigh
currents for applied voltages above several hundriéiyolts
(black curve). For example, at the "knee" volta®y@,volts,
predicted current is on the order of 50,000 amp$ktourse,
this doesn't happen. When one includes the effesries
parasitic resistance Rs, replacing V by (V - | Rs)rent is
tamed to a more reasonable 100 milliamps in thésrepte.

When I*Rs term is included, | appears on both safese
Schottky expression and cannot be rearranged isitgée |
term. It must be solved for by trial-and-erroxcEl's
SOLVER function can be used, but still, each datatpmust
be solved separately.

Diode: Is =1e-7 A; eta (n) = 1; Ro = 258 k-ohiiRs;= 3.2
ohms; T =300 K.
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1N5819 1.14 807 36
DC RESISTANCE (Shockley-Law):

RDC = V/I = (nkT/q)*In[(1/1s)+L]+ Rs Diode " Is Rd
RDC = R + Rs nA k Ohm
1SS16 NEC 6.24 14288 11
Dynamic resistance Rd is the impedance (resistiffejed by 1SS16 2.27 4101 14
the diode to an alternating (RF) signal when theldiis biased
by a DC current I.  Rd is the inverse of the slopthe DC |
el i
resistance. It is the resistance to be consideteh matching
the diode to, say, the tank circuit in a crystal stee Silicon Diodes
illustration below. 1N914 195 5 9203
. 1N914 2.02 7 7618
DYNAMIC RESISTANCE: 1N4148 2.00 6 8934
Rd = dV/dl = d/di [(nkT /g) *In[(1/1s) + 3 | * Rs] 1N4148 200 6 9323
Rd = (NKKT /g ) *In[(1/1s)+1] 1N4007 151 1 64311
1N4007 1.51 1 77954
1 6A10 1.57 2 19275
e SO AR 6A10 1.54 2 20379
TS e 1IN4736A  Zener 115 0 1.91E+09
1N4736A Zener 1.14 0 2.50E+09
\\ KB 130 russian 1.14 0 5.83E+08
KB 130 russian 1.16 0 4.36E+08
. Av UKH russian 194 8 6263
UK H russian 1.77 4 12548
T e av UK'| russian 1.78 0 260253
it TR <F KD 401A russian 1.51 0 232930
R KD 401A russian 1.38 0 1539619
D 220 russian 1.26 0 322405
D 220 russian 1.24 0 537707
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D 223A
Diode

D 223A
UKJ
UKJ

Average

russian

russian
russian
russian

Light Emitting Diodes

Red

Red

Amber
Amber
Yellow
Yellow
Green

Green

Water Green
Water Green
White-Gn
White-Gn

Average

112

1.20

1.20
1.46
1.40

1.52

215
2.07
1.56
1.62
1.59
1.38
2.05
2.07
3.27
1.93
1.44
3.04

2.01

oooooooooooo

10262661
Rd
k Ohm
8565213
9849
20013

2.37E+08

1.70E+12
5.52E+12
2.09E+17
6.46E+16
8.03E+17
2.87E+20
4.23E+13
4.34E+13
4.85E+13
5.79E+19
1.05E+20
6.88E+09

3.76E+19

Diode Model
Notes provided to the editor by Mike Tuggle

The diode is modeled as follows:

v

|
, 1
v
® 1> DIT >

[nd Ryc Rs
) “ @
c

If a DC voltage V is placed across the diode, curtdlows
through the diode.

RDC is the non-linear, Shockley-law DC resistariz varies
with V and I. RDC is determined by diode-specffarameters
Is and eta (n) in the exponential expression.

Rs is the fixed parasitic (bulk) resistance thaystconstant
with V.

C is the junction capacitance that can be ignorieeinw
considering just the direct current (DC) behavibthe diode.

CURRENT:
I = Is{exp[(V-I*"Rs)/(nkT )] -1}

VOLTAGE:
V = (nkT/q)*In[(1/Is)+1]+I*Rs
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Diode Test
Kevin Smith
http://www.lessmiths.com/~kjsmith/crystal/dtestrsht

So, what is the best diode out there to use? Dstals/always
show poor sensitivity compared to germanium? Whmtug
Fleming's marvelous device, the vacuum diode? it dig
using a test jig, the design shamelessly modifi@nfDan
Petersen in the Nov 2009 Crystal Set Society Netes|e(if
you aren't a member, go sign up to be.. NOW):

Diode Test Jig

-y

puT —

23k ohm

1k ohm

kjs11

This is a very simple circuit allowing power inpattaching a
diode for testing, and sampling both the currerd maltage
across the diode under test, (DUT). | made a simple
modification by adding a voltage divider, about 2@t the
power input. The power supply can be connecteceih the
front across the divider, or after the divideriiarft of the 100k
current limiting resistor for higher voltage reaghn | get the
input voltage from a modest 18V, 2A regulated DGveo
supply. This unit has both volt and amp controlhvdigital
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readouts, nice to use and doesn’t take up much oMy
desk. Here is a case where | recommend you logletéing a
new unit. | looked long and hard on ebay, but foded
bargains and few units with the same featured, Sté supply
regulator was never designed to adjust the outpytrécise
small values making it somewhat difficult/tediows adjust.
Adding a small rheostat to the test jig may aidrfaking fine
adjustments on the voltage. Another piece of egaiginyou
will need for this test is an amp meter. At firstded a nice
small digital meter | found new on ebay for $15pging
included. It reads amps to a lowest range of 200ndéve than
enough precision for the task. For that price get t_ater as |
got to making more precision measurements for the
determination of diode n and Is | acquired a Keighl95A
bench volt/amp meter with very high input impedantie
DVM is, of course, my trusty Keithley workhorse.

| have received occasional criticism for the simelst jig with
the suggestion that proper measurements cannatkba with
the jig as-is. | note that, while the test setupsiimple, the
instrumentation is high quality and performs the jeell. |
have had the opportunity to collaborate with Mikaggle,
comparing our respective measurements. Even myy earl
characteristic curves taken with the small amp mebenpare
well and provide a good view of the diode and deteation
of the diode Rs series resistance. The detail n bnd
measurements presented here essentially matchghthat
somewhat less precision, those data from Mike. fideeler
should have some assurance that the data and me®sis
found on this page are vetted and reliable.

Easy protocol as follows:

1) Set up the test with the diode and meters cligpetie jig.
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Diode Is vs Ro
5000

©Germanium
@ Schottky
0215

Is, nA

Ro=0.0257 *n/lIs
Rp=2pi*f*L*Q

Mike Tuggle Database
s .

10 100 1000 10000
Ro, kohm

| absolutely agree, your data set on diodes isnpireant for its
detail and variety of diodes covered. [l attaclsummary
index of all the diodes I've measured (ed note:rsany chart
above). Each diode has a full multipoint analgsid I-V plot,

if you're interested in any of those. Quality earias the
methodology has improved over the years.

Best regards, -Mike-
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Hi, Kevin.

Coincidentally, | have been thinking about the sueeament
of diode I-V's at higher voltage levels. For ad @olt drop
across the 1N34A that we've been considering, tieciSey
law current through the diode will be some 312 mA.

To measure that with a 50 k-ohm current sensetoesiae
would need to supply 15,600.4 volts -- 0.4 voltsoas the
diode; 15,600 volts across the current sense oesist
Obviously not practical, for my setup anyway.

A much smaller current sense resistor is neededsaly about
1 ohm. Then there would be 0.4 volts across thelediand
0.312 volts across the current sense resistor 0. k2 volts
total. That could be done. Whatever current seesistor is
used, its value needs to be known accurately.

Under these conditions, the DC resistance of the4BNs 0.4
volts/0.312 amps = 1.28 ohms. The bulk (parasitis)stance
of the diode would need to be considered. | wauldgest
multiple measurements regressed by Excel's SOLUERg
the Shockley expression with bulk resistance parameSome
notes are attached. (p 153).
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2) Adjust the power supply until the reading on th&ND
meter is where you plan to measure. Adjust theagelt(DVM
readout) in steps from 0 to 1.0 Volt in 0.1 V inoents and
record the current (Amps) in a spreadsheet.

3) Repeat at each tenth volt recording while the askeet
makes a sweet graph.

Test Results

First, | offer a quick look at my diode modelingtige | am
currently upping the ante on resolution in orded&termine
diode parameters Is and n, hoping for success et and
protocol..

Over a period of a few weeks | ran |-V characteiratests
on a good number and variety of diodes, crystatsrag two
tubes to see how very thing stacks up. The follgwiresents
the resulting curves, diode photos, and some mgzli
questions/conclusions | churned up in the processart off
with the realization that when one orders diodess by no
means certain what one will get. This seems esihetiae for
the supposedly ubiquitous 1IN34A. Unless you see pie
number actually on the diode, you probably neeteso it to
know what it really is. So, lets take a look!
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Germanium Diodes | can get the full 100 mV. With low resistance dés, the
attainable voltage is proportionately less.

Germanium Characterization My measurement sets typically consist of 20 (10né &0 -)

10 V-1 measurements. | then regress these measursragainst
——1N34Alg |m I // the Shockley equation. (I minimize, using Exc8GLVER,

5 |=t=1 d the sum of squared differences between measureentsiand
——1nzaADT7 Shockley model currents, by adjusting eta (n) asd |

§ |-t Parasitic (bulk) resistance is neglected.
1 N270 bonafide B .

5 | may be able to get higher currents through a 1bj3going
e to a 1.5 volt C cell and shunting across the 5dhin voltage

. divider resistor. | don't want to mess with thed I0-ohm
S current sense resistor -- it gets too complicated.
e GAZS 1

L4
E 5 [TeoE Here's a shot of my test stand:

e D16

‘ TN

3

F 4

1

o

050 0.00 050 1.00 150 200

Mike
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Com. Volts-Ohms
O mv O
= \__J =
1 k-ohm

- 10 mey
Curr. Comp. Ad| I

+ +—e SHORT

r
1
1
i

/
1
1
1
i
1
1 OPEN
1
1
1
1
1
1
1
1
1
1
1
1
'
'

'
'
'
TEST ﬂ' :
SW. 100 k-ohm '
S4A v current sense H
e § H
s1
v Diode :
Under Test 5 mey, to :
match DVM !
9.6 k-ohms input resistance :
1
500 ohm Helipot S2CQ - .

Test voltage is supplied by a single 1.5 volt AAl.cdesign
philosophy was to cover voltages (and currentseegpced
by diodes in crystal sets. This setup can suppér 400 mV

across the diode. The maximum voltage across dedio

depends upon the resistance of that diode. Wiitosildiodes,
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1N34A series

IN34A IN34A-g
*LF— e —— **._.
IN34AT 1N270 37

D18

1N270-277 series
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Diode Test Apparatus
Mike Tuggle

Hi, Kevin. My basic diode test circuit is:

Diode
Under Test

Basic Diode Voltage Measurement

DVM

5meg

Diode Rsense

Under Test

4]

5 mey

Basic Diode Current Measurement

Diode voltage and current measured sequentiallshbysame
DVM in voltage mode. The 5 meg resistor compersséte
the 5 meg DVM input resistance. Here's the coraplet
measurement circuit designed with much help frorm Be

Tongue:

GAZ51 0AS
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Photo of the lab with my diode test jig, amp metewd diode
vacuum tubes under test.
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Here we see a set of Germanium diodes and photdkeof
diodes under test. Immediately you should notice sets of
curves, what | call the "1IN34A" set and the "INZZQF" set.
In this analysis, the second set appears cleanpergar in
sensitivity and deservedly so. In the photos itléar that one
bunch of diodes | purchased as 1N34A were in fatteb
1N277, the black band and thin gold contact wirevall as
common curve unite these. "True" 1N34A's have aemor
robust contact wire. | also purchased a 1N270 awoeived
pretty orange diodes with the number "37" stampedtoa
fairly robust contact wire and a curve that mosbsely
resembles a 1N34A, go figure. Mercifully, | DID nzye to
get some bona-fide 1N34A's with the part numbertiom
diode, as well as a single bona-fide ITT 1N270 diadgth the
part number. These are my base for comparison.

In addition to the standard Germanium Diodes teatele, |
also have latched my hands on a few "other" gemmmani
diodes for the fun of testing. These include twamtage
Russian types, a D9E (in the 270 class) and a BaB8sftional
between 270 and 1N34A). Additionally, | got a fewZZ
diodes popular, | suspect, with the guitar gadgetvd. These
are larger packages in metal cases so | cannohmeethe
internal contact is made other that they are staiele gold
bonded point contact type. Clearly these are higlelysitive
diodes in my 270 class, the OA5 looking best of the
Interestingly, | recently purchased from good MeeBles a
few of his "Holy Grail" ITT FO-215 diodes. My measd
characteristic for one of these is a dead laydowrthe gold-
bonded OA5. From the photos, these are in diffgpankaging
with the FO-215 in a traditional glass casing. Wimakes the
FO-215 so great is the fact that its resistance i&Rkdan
interesting 150k ohm or so which matches very weth
typical moderate Q tank circuits. Interestinglyfiid that an
old Russian D18 diode has very similar characiesidpb the
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FO-215 and so much also be placed into the "HobilGelass
of germanium diode. Take your pick!

Spreadsheet for calculation of Germanium diode d &n
(modified from Mike Tuggle's spreadsheet)

Spreadsheet for calculation of diode nand s Tuggle Method from “Cal_n_ls.xis"
Diode Rd Temperature  Vd2 1d2 vd1 1d1
dF dc v

under test nA  kOhm uA
FO-215 T 10993 19 144 807 | 271 003574 049730 0.05123| 100250
FO215 T 11050 175 163 | 809 | 27.2 003882 050990 005735 113850
270 blue. 16610 2310 19 824 | 28.0 000835 049630 001635 1.07150
N0 bonafide 12790 915 36 824 | 28.0 0.01432 049660 0.02437 0.99860
270 blue 1259 857 38 825 281 0.01505 0.50440 0.02829 1.18850
277 black 14990 | 2293 17 815 | 275 000765 050180 001402 1.00250
N277 black 16042 229 18 816 276 000821 0.50400 0.01639 1.11620
1141 blue 14795 126 42 851 | 295 001642 0515640 003075 1.26650
141 blue 12570 1402 23 845 | 292 001024 051750 0.01795 1.02980
D310 rssia 10059 1215 21 836 | 287 000915 051170 001695 1.11490
DIE nussia 15350 2414 16 811 | 273 000748 0.50250 0.01522 1.13280
D9E ssia 14200 2061 17 806 | 27.0 000755 049570 0.01402 1.01000
GAZE1  Tesla 15152 617 64 831 284 00235 050850 0.03782 1.00240
GAZE1  Tesla 11379 140 21 829 | 283 004491 050280 0.06275 1.03850
OAS Tesla 18490 3384 14 834 286 000664 0.50370 0.01255 1.01480
OAS Tesla 14810 | 1996 19 833 | 285 000865 050550 001645 1.07020
NMA  bonafide | 18220 2153 22 816 276 000995 0.50780 0.01911 1.08050
NMA  green 13210 1554 2 829 | 283 000945 049530 001695 0.99850
NMA  bonafide 12500 1392 23 822 27.9 0.00995 0.50250 0.02014 1.20570
NHA  green 13030 1185 28 831 | 284 001175 049420 002136 1.04750
NMA  green 15740 1389 29 827 | 282 0.01237 049360 0.02327 1.07190
NHA red 13220 993 34 836 287 001401 050250 0.02475 105390
NUA  red 1340 83 4 833 | 285 001675 0.51670 0.02765 1.01250
NMAST oange  1.0955 1458 19 833 | 285 000861 051740 0.01495 101250
NMA3Y omnge | 13550 1370 26 836 | 287 001091 0.49990 0.01925 1.00190
D18 russia 12040 194 160 825 281 0.04004 050910 0.05913 110500
D18 russia 12706 193 170 | 629 | 283 004215 050250 006415 116550
GD402A  mssia 17080 1360 33 836 287 001365 049200 002785 1.19350
GD402A  mssia 15535 | 970 | 41 834 | 286 001719 0.51780 0.03185 1.17270

Averages: n=1.38 Is=1315nA Rd =52 kOhm

The above spreadsheet is based on measuremehesdibtles
shown above. For the determination of Is and nhdse at
random two examples from my collection of variousdes,
(all germanium in this case) and measured via aiffedd
version of the methodology outlined by Ben Tongne Blike
Tuggle. For this work | have chosen to set I1d2 aiiobuA and
Id1 about 1.0uA and then read the needed voltalgs. i§ the
inverse of the normal method but the justificatisrthat for
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Small currents will continue to flow even with agagive bias
to the plate, (Contact potential).

In order to explore this idea, | ran a series sfgewith the
tubes running at lower operating voltages (effedjiv
diminishing the space charge thus lowering the gmmee) as
shown:

5726 Characterization 6C19P Characterization

= = 7

Here you see the impact of lower operating voltay¢ish the

tube operating between 3 and 4 volts the charatitedurves
begin to pass through the origin as in reguladsstate diodes
and crystals. It is precisely in this voltage rarbat | found

the radio sensitivity, as measured by loudnessyt@an, to be
most pronounced. It appears that the diode chaistateneeds
to pass through the origin of the I-V graph for Hegt

sensitivity. This takes me to the 20D1 tube whiglerates at
9v but only 200mA. This will still take a power flp to use,

but the good thing is that the characteristic cupasses
through the origin. Running at its design paransetbe tube
looks a lot like the 6C19P at 4v.

144

any diode regardless of forward voltage drop thesaement
is made at the same part of the LOG | vs V charistie This

allows comparison between all diodes. | have inetudhe
actual room temperature in the calculations in orde
eliminate this variable as a source of doubt oorerAll the

measured parameters as well as the determinedsremel
presented in order to facilitate repeatability.
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Schottky Diodes The perveance numbers above range from 0.02 to Bver
mA/VA3/2 (with >2 being good for small-signal detiea) and

. clearly shows my choice of the 6C19P to be an éxuedne. |
Schottky Characterization am surprised to see a huge 5.4 for the 6DN3 diadeglor
10 television damping diode. It takes a Novar 9-pinked and is
—+—HP5082-2835 f ’ / a large tube so doing more with this tube may haveait a
o |—s—31834 i bit.
g == Calvert's 2001 published data
o INGO il
g LB, , / Tube Perveance
——i1n571 r’ / 6AL5 2.42
s | 6H6 0.50
f 7Y4 0.58
o ’ o / 2X2A 0.017
g = 6V3-A 2.3
t ! ] 6AX4GT 142
4 [ 6AV6 0.085
I§: I 1A3 0.075
3
Iil The high-perveance diode tube types | tested show a
2 ° interesting property in that their characteristioves do not
,‘ // pass through the origin of the graph. These cuaveswholly
T acceptable as crystal radio detectors although whikyequire
J power to operate. What | have noticed with suctesuis that
o when | turn them off after using them with a radia, cooling
-0.50 000 050 100 150 200 they go through a period of much increased seityitjvery
v loud) before fading to nothing. It is as thoughnimg them at
the full 6.3V lowers their full potential as crybtaadio

rectifiers. The reason is in the high perveanctheftubes, the
anode is already proximate to the space chargerebefny
plate voltage is applied. Effectively, while theag (anode)
"Zero" voltage is measured with respect to grouhe, plate
itself is still positive with respect to the catlimdpace charge.
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5726 Characterization

8 | ——sav
o w2 @sav / ‘

7 | ——_ov

- nzzEsov

18898

Y=15306x+0.1162

" 09993 INS711 SD103A
& P=1.5306"L5
< D =189
B i
050 000 aso 100 150 200

With my measurements calculating the perveanceaistipal
and quickly done, results as follows:

18816 1N60
Tube Perveance R2
6C19P 2.54 0.997
5726 2.19 0.998
6DN3 5.40 0.997
20D1 2.02 0.985 —
5C12P 0.32 0.999
1S5 0.063 0.999
2D1S 0.155 0.975 BAT46 1NS819
6G2 0.050 0.999
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Schottky diodes are very sensitive diodes that veoudellently
in crystal radios. Their construction and theorg different
and | confess to not fully understanding these aorepts.
Still, from the characteristic curves, they areedbent! Again,
note that you dont always get what you bargain Ftere |
found what was supposed to be 1N34A's to be somteofo
Schottky of unknown pedigree. The 1N5819, whileihgthe
lowest forward voltage drop, has a rather very highction
Capacitance and will not perform well. Posts on the
RaidoBoard Crystal Radio Forum however highly reswnd
the 1IN5711 for crystal sets although the charasttercurve
dosnt look that fabulous. Many web pages out tber&hottky
diodes, | recommend you do your homework. Of ak th
schottky's, | note that Ben Tongue recommends rhiagtly
the HP5083-2835. The high resistance Rd makes thesful
for DX sets with very very high Q tanks. Even se tliodes
need to be paralleled with up to 4 or 5 diodes tatcm
correctly the Rd with the tank Rp. | have found sthe
somewhat hard to find and expensive, especiallynwee
requires using several in parallel. | recently need a few
1SS98 diodes and | discover them to have charstitsri
extermely similar to the HP and | feel they desemere
attention. Sadly, on ebay they seem to be justiféisudt to
find and expensive. No free ride!

Spreadsheet below for calculation of Schottky diadend Is
(modified from Mike Tuggle's spreadsheet)
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Langmuir-Child Law, the steepness of the I/V cheeastic is

largely due to the geometry of the tube elementd tue

volume of electron space-charge between them. Jge@a

Theory of Vacuum Tubes informs one that this isgheperty

called Perveance in a vacuum diode. Measuringréujsires
plotting | raised to the 2/3 power against V anking the

slope of the best-fit line through the data. Thépe raised to
the 3/2 power is the perveance. The following clilrstrates

graphically the relation bewtween the tube charastie and

perveance. For the 5726 tube | plot the charatieiis dark

blue for the tube heated with the design 6.3 vaitdight blue

| have plotted the measurements and raised thethet®/3

power. One sees immediately that the new curvimésil. The
slope of the curve raised to the 3/2 power yidhgsgerveance
factor for the tube.

(Note in addition that when running the tube at arem
sensitive point with 4 volts only on the heater peeveance is
slightly less than spec.).
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Vacuum Diodes

When | decided early on to construct a radio basedhe
vacuum diode (see my Fleming Radio section), |toafihd a
suitable tube for the project. That began with atemsive
search through the datasheets checking vacuum diode
properties and reviewing the characteristic curfeesa large
number of diode tubes. In the above figure | ploe t
characteristics as best | can on a commpn plotdawparison.

| was hoping to find a good candidate with sensitiv
characteristics and low energy consumption. As walfind,
such a beast did not exist. Following this resedreban a
period ot purchase and testing.

| have tested seven different tube types incluir®y rectifier
diodes that take a lot of power to run and arerealty suitable
for battery use, a 9v dual diode tube (20D1), aquetdiode
tube (1S5) that is designed to run on a batter§.3Y and
50mA, and a couple miscellaneous but cute tubesedting
the 1S5, | found the filament never glowed incandes at
1.5V and, on measuring, was barely sensitive tahemy. |

cannot imagine this tube would make much of a ditate
crystal radio use. | tested different manufactu#é fubes from
two different suppliers. No dice. Finally, | trigd push the
tube to operate at higher-than-specified voltagest.3V the
I-V curve was still very flat, but shifted slightljigher,
crossing the Amp axis at about 0.4 mA, (see graphp.5V

one of my tubes gave up the ghost and | didnt deniqretty
much rule the 1S5 out for my crystal radio workoks like il

be needing the power supply when | get around
building/operating that Fleming Radio.

=

0

A question remains as to what in fact is differabbut these
tubes to give such different characteristics. Whle I/V
characteristic of most vacuum diodes pretty mudioviothe
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Spreadsheet for calculation of diode n and Is Tuggle Mathod flom “Cal_n_Is xis"
Temperature  Vd2 1d2 vd1 1d1
df dC A

Diode
under test
HP 5082-2835
15598
15598
NSTH1 blue
NST11 blue
SD103A  50pF
SD103A  50pF

BAT 46
NMA?  schottky
N34A?  schottky
N5B19  100pF
1N5819 100pF
18516 NEC
15516 NEC 22100 4101 | 14

Averages: n=1.48 Is =1275 nA Rd = 1030 kOhm

The above spreadsheet is based on measuremehesdibtles
shown above. For the determination of Is and nhdse at
random two examples from my collection of variolusdes,
(all schottky in this case) and measured via a fieztiversion
of the methodology outlined by Ben Tongue and Mikiggle.
For this work | have chosen to set 1d2 about 0.Zunél Id1
about 1.0uA and then read the needed voltage. iShike
inverse of the normal method but the justificatisrthat for
any diode regardless of forward voltage drop theasaeement
is made at the same part of the LOG | vs V charistie This
allows comparison between all diodes. | have inetudhe
actual room temperature in the calculations in orde
eliminate this variable as a source of doubt oorerAll the
measured parameters as well as the determinedsremel
presented in order to facilitate repeatability.
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Silicon

Diodes

mA
w

Silicon Characterization
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In the photo | indicate groupings based on an easysure of
performance. | note the current in milliamps focleaet where
the plate voltage is set at 0.5V. The greater tneeat the
better are your chances to get a sensitive cryatsuming
Ohm's Law is not followed! Crystals in the "deadebon the
left will have their woods metal re-melted for neletector
crystals and the bad ones tossed, its tough loverfatals. |
find that easily half the potted crystals | make &ssed this
way, and only a few can be considered superlative.
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Galena" samples (Tintic Utah, or Leadville Colorptwre are
numerous hot spots under virtually every place uctothe
probe, but in general the sensitivity is good tosso These
crystals are very kind to work with in terms ofding spots
and avoiding frustration. Mirror galena on the othand may
have quality hot spots, but any hot spots at &l rare and
frustratingly difficult to locate. Here my Philmoréetector
crystal shines with an almost ideal "Galena" resporiro
chase down this rabbit | purchased some lovelyanigalena
from Sweetwater Missouri. | broke off a few appiaf#-size
chunks to pot in woods metal and test. At first dswery
excited with the high currents | was seeing at matde
voltages. Figured | had struck gold. When thesstaty failed
miserably to rectify anything in my radios, | re-aseared
things in both forward and reverse directions. Ehesystals
obey Ohm's law and act like typical resistors, switable for
radio work at all.

For my pyrite crystals the work has been especiatiious
and frustrating. With one of the crystals one "repiot"

alternated, entirely on its own, between hot and Wwaile |

was making the measurements. | would start over cevea,

sometimes getting interesting readings then sugidemtould

drop to low values and I'd start over, back andhfor present
this data as best as | have measured, and | dwertd to go
back! You see at least one of the crystals, myfig€hi*, (from
a lead/silver mine in Hunan) gave a sweet classikihg

curve. More to the point, "ideal" curves for natumdnerals,
are difficult to come by. Most crystals you usel\w# less than
ideal. The good news is that, while listening toulycset,
poking about for a good spot is far easier thantwhaave
gone through to produce these curves. Your eartaké care
of you!
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Silicon diodes have good characteristics, but aacceptably
high forward voltage drop making them a very poasice for
crystal radio unless used with bias. The 1N4736A Eenner
diode.

Spreadsheet for calculation of Silicon diode n Engimodified
from Mike Tuggle's spreadsheet)

127



Spreadsheet for calculation of diode n and Is Tuggle Method from “Cal_n_Is xis"

Diode n Is Rd  Temperatwre Vd2 142 vdl  ldi
under test nA  kOhm dF dC Vv v uA
N914 19510 | 54 | 9293 | 820 278 022733

N914 69 7618 829

N4148
N4148
1N4007
1N4007
BA10
6A10
NATI6A  Zener
NATI6A  Zener
KB 130 russian
KB 130  mssian

5 0.00002 1.9E+09 834
5 0.00001 25E+09 834
0.00005 5.8E+08 834
0.00007 4.4E+08 834

04929

UKH russian 8 6263 836 287 33 0.4486
UKH russian 4 12548 831 284 022717 05148
Averages: n=1.52 Is=2nA Rd = 2.4E8 kOhm

The above spreadsheet is based on measuremehtsdibtles
shown above. For the determination of Is and nhdse at
random two examples from my collection of variousdes,
(all silicon in this case) and measured with a riedi
methodology to that outlined by Ben Tongue and Mike
Tuggle. In this case, with the radically differefdrward
voltage drop of these diodes from Germanium or 8kfo
diodes, | have kept the Id values constant (abd2t0.5uA
and 1d1=1.0uA) and varied Vd. | have included thual
room temperature in the calculations in order tmielate this
variable as a source of doubt or error. All the soeed
parameters as well as the determined results asepted in
order to facilitate repeatability.
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Galena Characterization Pyrite Characterization

/

The above curves demonstrate the wide variatigoraperties
and qualities that can be found in natural cryssélgalena or
pyrite, the two most common and best quality natst@nes.
In each crystal test | first poked around the aly&tr some
time to 1) determine a typical sensitivity for tbeystal in
question and 2) to locate the best hot spot witichvio test.
This turns out to be a non-trivial exercise on thede test
setup. In a crystal radio one need only listentfa loudest
spot. With the test setup one needs test bothativeafd and
reverse current in order to determine if the whiskeon a hot
spot or not. Very tedious work! (In retrospect, \ifere starting
over making a test jig, | would definately add aMPswitch
to readily change between forward and reverse wurre
measurements. I'd probably toss in a rheostat foe f
adjustments as well).

For many crystals there are limited number of pmeshot
spots, but these may be hot indeed. For most of'&tgel
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Light Emitting Diodes

I/V Characteristic
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This plot at left takes some actual diode I/V meesents -
rather than the models presented below and plets #long i
with the above RF voltage across the LC circuitsuerRF

power in mW. Here one sees that pushing for very kv Vf

(via high Is / low n combinations) pushes the linot

detectable signal power from the antenna. At sudhute
power levels | imagine the reverse leakage curbembmes
significant and probably offsets the low operatpajnt gains
sought.

Crystal Galena and Pyrite Diodes
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As long as | am measuring various and sundry diodigure
| ought to include that most ubiquitous of modeiode, the
LED. Found everywhere, these diodes are rapidly iy
the low-energy light source of choice for many figh
applications. | have read occasionally of someosking
whether these ought to be useful for radio appticatas well.
To this question the answer is generally a resogntiNo!".
The turn-on voltage is waaay above any reasonahleev
expected to be delivered by an antenna to a crgstalStill,
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The above is an interesting plot taken from thé tscussion
in "Crystal Set Analysis" by Berthold Bosch. It geats
received signal strength across the tuned cirauitvarious
scenarios from threshold audibility to local blovedo. This
plot should be considered a single example spetifihis
location and antenna/ground system. In the textldseribes
his antenna an an inverted L 43m long (140" anth high
(32", an excellent antenna most of us do not hheereal
estate to erect, but offsetting this is a poor gibwith Rg =
210ohms. Given the offsetting conditions | wouldagine this
is a good generic example of what received sigothge and
power levels presented across the LC circuit todibele are
likely to be. Bosch cited 40nV as the thresholdaafiible
detectability (impedance matched conditions witkatén RF
impedance / 4kohm DC phones) and for this plot shed it
back to 20nV as it gave a superior regression fit.
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Additionally | have plotted RF signal Rs as orangeles from
published coil unloaded Q (see my section on Cgil T
convert from Qu to QI | have made the assumptian idaded

Q is about 1/5 unloaded Q for low-end sets while i

performance sets it may approach 1/2.5 the unlo@dékhis is
only an estimate then, but starting from actuahdab make
the conversion to Rs | simply plugged the data ithe
standard equation R = 2pi*f*L*Q using a scaling tfacto
divide down Qu to QI from high Q (1400/2.5) to lo@
(100/5). This provides a nice visual display of #wpected
range for Rs in many crystal sets. | plot the Raire the
value of QI used. Note that these data are focése at about
1MHz and inductances between 200 and 300uH, asspetl

Matching the diode to the tank is a matter of figda diode
with both sensitive qualities (low n) and an Rdseldo the Rs
presented to the diode (as per Ben Tongue's suggegor

Peak and Square Law detection). Those diodes wihr the
100 - 250 nA (100-280 kohm for n=1.1) or so rangeehthe
possibility to match while connected to the toptaf tank coil
without the use of Q-lowering taps, while untapmeatching

to high-end high-performance big-Litz baskets wéuire

diodes with Is's in the 35 - 60 nA (500-800 kohm ifier1.1)

range. Most "typical" germanium diodes have higtvatues
(>500, >60kohm) and will require a tap. Diodes sashFO-
215, BAT 46, 1N60 and GAZ51 can be matched to ntanls

without taps. For tanks with high quality Litz coibne will be
using HP 5082-2835 or 1SS98 diodes, generally 3 tio

parallel to lower the Rd to the desired range. i@usly, | have
not found any diodes with Rd values in the 300560tkohm
range.) Note that both resistance and impedancieaneency-
specific so a match at one frequency will not rentaatched
across the broadcast band.
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this simple answer avoids the actual question, whegct does
the characteristic curve of a LED really look liké/here is the
turn-on voltage with respect to the published jiorcvoltage,
(assuming you can find that).

To provide just such a look | visited my local efeeics store
and bought a small handful of LED's, most with jinection
voltage listed and took them home to measure. Bypi&D
junction voltages seem to range from about 1.82.tov or
more. The turn-on voltages look closer to 1.6v-1Aryone
used to working with Carborundum crystals or siliatiodes
will be used to biasing their rectifier to get gosensitivity.
These LED's once on have a very sharp rise andanjittoper
bias should work quite well as detector diodesaA®nus you
will get a sweet glow as well. OK, not as coollas glow of a
vacuum diode, but certainly more sensitive!

Spreadsheet for calculation of Light Emitting Diodeand Is
(modified from Mike Tuggle's spreadsheet)

Spreadsheet for calculation of diode n and Is Tuggle Method from “Cal_n_ls xis"

Diode n Is Temperature  Vd2  1d2  Vdl  ld1
under test nA  kOhm  dF  dC

Red 24547 0.00000 1.7E+12 807 274 1

Red 20720 0.00000 5.5E+12 807 271 1

Amber 15627 0.00000 2.4E+17 | 804 269 1

Amber 16163 0.00000 6.5E+16 802 268 1

Yellow 17 | 804 269

Yellow 7
Green

Green
Water Green
Water Green
White-Gn
White-Gn

807
80.7
804

809  27.2 154780
0.00001 6.9E+09 307 137740

Averages: n=2.01 Is=TrnA Rd = 3.8E19 kOhm
The above spreadsheet is based on measuremehtsdibtles
shown above. For the determination of Is and nhdse at

random two examples from my collection of variousdes,
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(all led's in this case) and measured with a medlifi
methodology to that outlined by Ben Tongue and Mike
Tuggle. In this case, with the radically differefarward
voltage drop of these diodes from Germanium or 8k}o
diodes, | have kept the Id values constant (abd2t0.5uA
and 1d1=1.0uA) and varied Vd. | have included thual
room temperature in the calculations in order tmielate this
variable as a source of doubt or error. All the soeed
parameters as well as the determined results @septed in
order to facilitate repeatability.

Why know the values of Is, n, and Rd of your diodés

| have been attempting to get a handle on the rdaide
parameters Is, n, and Rd and how they impact tieeatipn of
a crystal radio. My method of choice is to use apbical
approach, plotting charts where variations betwpéited
parameters become apparent and easy to visualibave
developed an interesting chart from the measuresmainbve
that compares many diodes with respect to Is,chRah and to
understand how this fits into a matching situaticith a fuzzy
indication of typical tank impedance limits.

Ultimately one seeks a diode with an Rd that matetieh and
conjugate to the impedance it sees from the taakténna). In
the following discussions | will start with the eplot of Is to
Rd and then proceed to a look at how received R¥epplays
a part in the selection and why low Is and n asired.
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Diode Is vs Rd vs Rsignal
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The plot above shows the relationship between disdand
Rd. Rd is calculated via the equation Rd = VT *Is ivhere
VT is the thermal voltage = k * T / q = 0.0257V &om
temperature and Is and n are from the measurecesliddis
Boltzmann's constant = 1.38E-23 J/K and q is tletein
charge = 1.609E-19 coulombs. On such a plot | bawdines
of constant n, and plot the values for individuades for
which | have spent considerable effort to determthe
parameters Is, n and Rd (where Is is the dioderat&in
current, n is the ideality factor, and Rd is theddi resistance).
On the plot it should be evident how changes im s dmpact
a diodes' Rd.
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