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Build
Refer to RF Amplifier Schematic Rev 9B.  PC layout is completed.  Numerous component

values will likely be changed as the build-and-test phase progresses.  In the PC layout, all the
active and passive semiconductor devices are in leaded packages (not surface-mount), while most
of the other components are surface-mounted.  Diode cathodes wire to the square pads in the
layout while the anodes wire to the round pads.  Transistor wiring matches the layout information
shown in the schematic at the bottom of the page.

General Description
The board consists of five identical RF amplifier circuits.  Three of them make up the input

stage.  These three share the same output load R1-RFT1-RFT2 so their outputs will add without
distortion.  The next two are cascaded so their gains will multiply.  Following the amplifiers are an
envelope detector (AM detector), AGC (Automatic Gain Control) buffer, and audio output filter.
Design parameters are based on nominal +6.0V power supply.  Pilot light, tuning meter, RF input
protection, manual detector bias, manual RF gain, and power distribution RF noise filtering are
also part of this design.  An off-board audio amplifier is being designed, so that a speaker can be
operated from the same power supply.

Design operation over the full span of battery voltages during the life of the batteries is yet
to be determined.  The power requirements are low (less than 10mA), so a small battery can be
used (AA-cells, 4 pcs in series).

Component Selections and Costs
The NPN transistors used in this design are BC550CBU types, currently selling at $8.72 for

100 pieces ($0.09 each).  PNP transistors are BC560CTA types, which sell for about the same
price ($9.43 for 100 pcs).  The N-channel enhancement-mode MOSFET transistors used in this
design (BS107P) cost more than five times as much: $0.50 each ($9.90 for 20 pcs).  All these
components cost less than inductors, transformers and many capacitors, so there is no need to
restrict their numbers in this design.  Compare these prices with the RF transformers used,
Coilcraft type SWB3010-PCL costing $3.85 each, or the RF chokes, API Delevan type 1641-105K,
costing $1.51 each.

Miller Effect Limitations vs Architecture and Component Selections
Testing of the PNP and NPN transistors mentioned above shows that the Miller effect comes

into play at broadcast-band frequencies (500KHz to 2MHz), but other circuit tradeoffs make the
use of anti-Miller strategies problematic.  Operating the BC550CBU at 1mA collector current in a
common-base amplifier essentially eliminates Miller effect since the base is grounded.   I
compared test results for the common-emitter amplifier and the common-base amplifier.  For
both, output isolation was provided by a common-collector buffer.  At 2MHz we have a gain of
132.1 for the common-emitter and a gain of 136.7 for the common-base.  This effect becomes
worse at 3MHz:  80.3 for common-emitter vs 84.7 for common-base.  After careful study of these
test results I decided that a common-emitter amplifier with a common-collector output buffer
would be used, saving me the complexities of cascoding, differential, and common-base
amplification.  At higher frequencies (such as in the FM band) this would be a completely different
story.

The Basic RF Amplifier Stage
In this design the RF amplifier architecture consists of a common-emitter amplifier whose

output load is a common-collector buffer amplifier.  This architecture reduces the output loading
due to the input impedance and capacitance of the following stage.  

In the schematic, the final amplifier stage consists of Q5, Q12, and Q15.  The common-



emitter amplifier is NPN transistor Q5, and the common-collector buffer amplifier is PNP transistor
Q12.  The gain-control system uses the MOSFET Q15.  Normally, Q15 is off and the Q5 base bias
network (R28, R29, R30, C26) operates as if Q15 were absent.  This biases Q5 for 1mA collector
current and maximum design gain.  Bias current (and gain) of Q5 could be increased but this will
reduce battery life.  Lower bias current in Q5 will produce less gain.

When the incoming AGC control voltage to the gate of Q15 increases, Q15 begins to
conduct, shunting R30 and reducing base bias voltage to Q5, which reduces the collector current
of Q5 and the gain of the Q5 amplifier as well.  An AGC gain range of 15:1 is possible and lab
testing showed that a gain range of 12:1 was easy to achieve by this method.

Input impedance of Q5 should be about 13K (more about this in the paragraphs below).
This drives the choice of the emitter resistor for Q11, the common-collector output buffer
(R26=12.4K) of the previous stage, and R34 for Q12.  The base bias network for Q12 (R32, R33)
is done with high value resistors so that its loading of the output of Q5 is minimal.  Input
impedance of the Q12 buffer is probably above 100K.  Output impedance of the buffer is about
12.5K, and output excursion limit should be greater than 4Vpp.  If excursion limits and distortion
are too great, values of R18, R26, and R34 can be reduced to increase the drive, but this will
lower the buffer input impedances.  The worst case situation will be found at Q12, since it is at the
end of the gain chain.  Signal levels here will be the highest.

Amplifier Input Connections and the Triple-Resonator Additive Design
The first three amplifiers are connected in parallel to the stage output load

R1+RFT1+RFT2.  This connection produces undistorted addition of signals at the load.  Note this
is addition, not mixing.  Mixing (not done here) is multiplicative, where one signal directly affects
(distorts) the others.  In this board design, in-phase amplitudes will add and opposing phases will
cancel, otherwise none of the three signals will affect the others at all.  The sum and difference
frequencies of the various input signals will be of very low amplitude, contrary to standard mixer
design.  Theoretically, only the instantaneous arithmetic sum and difference of the three signals
will appear at C14, the stage output.

Output Load Configurations
The collector load for the first and the second stage includes two inductors (RF

transformers used as inductors) and a resistor.  Gain at 1.5MHz will be about x180 in both stages,
based on lab tests.  The third stage uses only a resistor collector load (inductors RFT5 and RFT6
are replaced by a jumper), to keep gain lower (tested gain of x69) so that input overload limits
with minimum gain stay above 1mV.  

In the first stage, each of the three channels (Q1, Q2, Q3) runs with 1mA collector current
and drives the output load (R1, RFT1, RFT2) in parallel with the others.  This results in a high gain
for each channel, due mostly to the inductor load.  The signals from these three channels add
together in the load to give the stage output signal, buffered by Q10.

There are three possible collector loads, a resistor and two inductors.  Gain tables for two
configurations are shown in the schematic.  These are the recommended configurations.  Tests
show that when the inductors are used alone, gain is high, but I don't recommend this
configuration since if there is a short somewhere the amplifier transistors will quickly cook
themselves.  Gain with just one inductor seems to be distorted at low frequencies in the
breadboard tests, so gain figures for that configuration are not shown either.  Gain figures for a
resistor plus one inductor are also not shown in the schematic.

The inductors are RF transformers.  Later on, capacitors may be added to the secondaries
to tune the response.  Footprints for 0805-sized capacitors are in the PC board on the secondaries
(one for each half of the secondary), but these are not shown in the schematic.  Unfortunately
there was no room in the PC layout for tuning capacitors on the primaries.  At this time I have no
intention to use resonant tuning, but a future use of the amplifier is as an intermediate frequency
amplifier in a superheterodyne application.  There is no provision for fine-tuning however.  The
tuning features can also be used for single-frequency tuned RF receivers in which a front-end
resonator system is not used.  Another possibility is to use slope tuning to allow demodulation of
frequency-modulated (FM) signals with the existing envelope detector.



Build Options for Other Applications
This board can be built without the second (Q2) and third (Q3) input sections.  If so, the

board will become a single-input three-stage amplifier.  R1 can then be increased to the same
value as R19 and R27 to make the input stage gain the same as the rest.  

Also, the board can be built without the second stage (Q4, Q11, Q15) if less system gain is
needed.  The simplest way to do this in a fully-stuffed board is to remove Q4, R21, Q11, and R26,
then install a shorting jumper between Q4 base and Q5 base.

Input Impedance
The NPN silicon transistors used in the amplifier are BC550CBU.  According to the spec

sheet the hFE of these devices is 420, minimum (453 was the lowest test result).  This means that
for DC biasing purposes if the collector current is 1mA (target for my amplifier stages) the base
bias current will be about 1/453rd of this, or 2.21uA.  So, it is possible to use high value resistors
in the base bias networks.  Of several transistors tested, the lowest gain recorded was 453, so this
number is used in the DC bias design instead of the average gain test figure of 488.

At the RF inputs (inputs 1, 2, and 3), RF impedance is the parallel combination of the bias
network impedance and the transistor input impedance.  

Bias network RF impedance at the RF inputs is 192K ohms, set by the base bias networks
(R2, R5, R9, R13, R15, and C12) in parallel with the drain resistor (R4, R8, R12).  In the RF input
#1 protection network, R4 (4.99 megohms) is the drain resistor.  It can be removed if the input is
driven by a coil, since the coil would provide a DC short between input and ground.  

Transistor gain in the common-emitter section (Q1) multiplies the degeneration resistance
value (R6 in parallel with C4 plus the emitter equivalent resistance of the transistor at its
operating point) and presents this as AC impedance loading any input signal.  Experimental tests
show that stage gain measures 70.8 with a 2K resistor (R1) at 1MHz, with inductors shorted, so
Re of the transistor at the 1mA operating point is about 2000/70.8 = 28 ohms.  If the average
gain is 488x in the BC550CBU, and the emitter resistance is 28 ohms, base input impedance
would be 13.78K ohms.  The coupling windings of the three resonators (not shown in this
schematic) have only a few turns, to keep the amplifier input impedance from lowering their Q.
Adding the rest (4.99M + 200K=192K) in parallel we have a calculated input impedance of
12.86K.  This calculation might be way off, and the input impedance might be much higher.

The emitter resistor (R6, R10, R14, R23, R31) is bypassed (by C4, C7, C11, C19, C27) in
every section, to allow for maximum gain.  Previous designs included an un-bypassed series
resistor to the transistor emitter, but this has been left out of this design.  It is possible that an
un-bypassed series resistor could become useful in setting system gain limits, but for now, this
feature is not included.  An un-bypassed series emitter resistor would allow better control of
maximum system gain, but a better method is to remove a stage if needed, since this will also
reduce system noise.

RF Gain Control Action in the Input Amplifier
If the first three amplifiers (Q1, Q2, Q3) are built as shown, the action of gain control

MOSFET Q13 will affect all three base biases equally.  It is possible that these three transistors will
not react to this equally however.  If the AGC action is not the same in these three sections,
summing at the stage output will not be completely consistent over a range of incoming signal
amplitudes.  This might reduce the advantages that the triple-resonator design (not shown in this
schematic) might offer.  It is entirely possible that the triple-resonator idea will not deliver useful
results anyway, of course.

It might turn out at the system level (resonator losses included) that it is best to operate
the triple input section at a fixed gain at all times, and apply AGC only to the following two stages
of RF amplification.  It is hard to estimate system performance until the system is actually built,
but it is possible that considerable gain might be needed in this triple input stage.  If so, the
MOSFET Q13 may be removed.  For AGC system stability I would have to leave the MOSFET input
dividers in place (VR1, VR2, VR3).  Regardless of what actually gets built, the PC layout continues
to support full AGC implementation, as shown in the schematic.



Input Protection
At each RF input, schottky diode protection (D1, D2) and series resistance (R3) is used to

harden the amplifier against static spikes.  Normally it is not likely that any normal output from
the triple resonator will ever overcome the reverse bias and approach the conduction voltage of
either of these diodes, but if this does take place in practice and is not wanted, the diodes can be
removed.  If diodes are removed, the only protection available is the series resistor (R3 = 249
ohms).  It might turn out that this series resistor value can be increased for more ESD protection
without compromising amplifier performance.  Capacitor C3 protects against DC bias applied to
the input, while allowing input RF to pass through without significant attenuation.

Gain and its Limits
See the "System Voltage Gain, Rough Estimates" table in the schematic.  To develop this

table I used the maximum gain figures from the "Voltage Gain Per RF Stage" table for the
configurations shown in the schematic.  That is, higher gains for stages 1 and 2, and the lower
gain for stage 3.  Then I allowed AGC action to reduce gain to 1/15th of the maximum in each
stage, to develop the minimum gain figures.  Based on 2Vpp output of the third stage at minimum
gain, I was able to predict the overload points in terms of signal amplitude at the inputs (any one
of the three inputs).  The most disturbing part of the overload table is the limit of 1,530uV at
1.0MHz.  This might be too low.  If so, I might have to short out the inductors RFT3 and RFT4 in
stage 2 (Q4) to further reduce system gain.  We'll see...

Note also that the signal from the input resonators is reduced in voltage due to the step-
down ratio of the coupling windings to the total number of turns used in the resonator, so that if
the resonator runs at 100uV the amplifier might see only 10uV.  This loss is essential, to preserve
the high Q of the resonators, but leads to higher gain requirements in the RF amplifier.  This
particular combination might work well in terms of overload capability.

Noise
Noise figure for the BC550CBU NPN transistor stated in the data sheet is typically 1.4dB

but could be as high as 3dB.  Every time a signal passes through a transistor, it is corrupted by at
least 1.4dB of added noise.  There are about 6 of these devices in the RF amplifier signal path:
two in the first stage (Q1+Q2+Q3 are the first one and the buffer Q10 is the second one) (with
three stages in parallel, I consider it to be equivalent to a single stage), two in the second stage
(Q4 and Q11), and two in the third stage (Q5 and Q12).  The total added noise is 1.4 x6 = 8.4dB.
It is possible that the second device in the stage (the common-collector buffer) contributes a lot
less noise than this, so we might get a final figure of less than 5dB overall.  This remains to be
tested.  

If the system gain is 1,000,000 at 2 MHz, and input-referred noise is 1uVpp, this noise
would become 1Vpp at the detector, enough to activate AGC function.  Also, since the input
devices (the triple resonators) have restricted bandwidth due to high Q, noise would likely be less
when they are connected to the amplifier compared with just letting the amplifier inputs float.

The Detector Driver
The audio detector is built around biased hot-carrier diodes (Schottky diodes D10 and D12)

driven by RF transformer RFT7.  When conducting, these diodes move power to the audio output
filter.  This power is provided by the detector driver stage consisting of Q6, Q7, and Q8.  The
driver has power gain but voltage gain is 1x.  All the system voltage gain takes place before this
stage.

Signal output from the third RF stage (Q5, Q12, and Q15) is coupled to the input of phase
splitter Q6 through DC blocking capacitor C31.  Since Q6 emitter degeneration (resistor R40) is
large, input impedance of Q6 is around 240K, primarily determined by the DC bias network R35,
R36, R37, and C32.  This should slightly load the output buffer of the third RF amplifier stage.

DC bias at the base of Q6 establishes a quiescent (no signal) voltage level of 1.75V at the
emitter.  R40 is 4.99K ohms, so the operating current of this stage is 350uA.  Note that the
collector load resistor R38 is also 4.99K ohms, so that whatever signal excursion present at the
base will be phase-inverted at the collector.  The two outputs (one from Q6 emitter and one from



Q6 collector) are 180 degrees out of phase and the amplitudes are very nearly the same.  If
transistor gain is low, it might be necessary to slightly increase the value of R39 to better equalize
the two output amplitudes.  At this point the 12.4 ohm value of R39 is based on transistor average
gain of x488.  Gain of Q6 is 1x, so Ft limitations should not apply here, and signal fidelity should
be pretty good.  As designed, the phase splitter Q6 should be able to provide at least 2Vpp to Q7
and Q8.

Outputs from Q6 are applied to Q7 and Q8, biased so their emitters are at 2.70V.
Collectors of Q7 and Q8 are connected through R45 to the system DC power, and C36 decouples
signal currents from these transistors so they do not interfere with the RF amplifiers.  Since Q7
and Q8 are not a matched pair, R46 and R47 can be adjusted to balance this pair.  Ideally, they
should equally share the 550uA current passing through R45.  Current gain of the set is controlled
by R46, R47, degeneration resistor R48, and bias resistor R49 (bypassed by C37).  This will
provide a lot of current gain into the transformer primary if needed.  

As designed, the detector driver should be able to provide at least 2Vpp to each side of
RFT7.  The weakness of this design is that the transistors can only pull "up" towards the positive
DC supply, and they cannot pull "down" toward the system ground.  So, drive is somewhat non-
symmetrical because of this, but as one side of RFT7 is driven more positive the other side is
allowed to fall toward ground.  Transformer loading seems to offset the non-symmetry.  

The transformer RFT7 is a Coilcraft SWB3010-PCL (as are all the RF transformers in this
design), with two center-tapped windings and  a turns ratio of 1:1.  Inductance of a single winding
measures 1mH or more in spite of a data sheet value of 780uH, and self-resonance seems to be
above 2 MHz (a high impedance measurement I tried).  At a system impedance of 50 ohms this
transformer is able to work up to 100MHz, but I am not using it in a 50 ohm environment, so self-
resonance is important.  Other RF transformers may be used here so long as inductance of one
side measures 1mH or more, and self resonance is above 2 MHz.  Note that the Coilcraft data
sheet specifies a winding inductance of 780uH, but tests on the bench showed an inductance of
1.2mH.  At 1.5 MHz, 1.2mH produces a reactance of 11K ohms, for minimum loading on the
drivers and minimum risk of core saturation.  The driver stage (Q7, Q8) is able to source enough
power for a step-up transformer to be used (ratio 1:2 or more) instead of the SWB3010-PCL if
desired.  This might become necessary if audio or AGC response turns out to be less than
optimum.

The Detector
The envelope detector audio circuit is a full-wave rectifier (D10 and D12, type BAT41

schottky diodes) driven by the center-tapped secondary of RFT7.  Because of full-wave
rectification, the ripple is 2x the RF frequency, making the audio filter design less critical.  The
detector diodes are biased into very slight conduction by the network at the center tap consisting
of D13, C38, C39, R51, and R50.  Diode D13 acts as a voltage reference in this case.  It might be
best to select D13 for a lower forward voltage relative to the detector diodes, but this might not
be necessary since D13 operates at a higher current than D10 and D12.  Current into D13 (BAT41
schottky) will be around 500uA under optimum conditions, so D13 will have a low impedance.
Depending on performance of the detector (fidelity, dynamic range, etc) it might become
necessary to change the bias network (by reducing the value of R51 for example).

Provision has been made in the PC design for manual bias adjustment as well, so that the
optimum DC bias needed for highest quality audio reproduction can be set exactly.  Clockwise
rotation of the control increases bias current.  This control might be best kept away from the end
user, so once the value is known it could be replaced with a fixed resistor across J20 and J21.  Or,
the fixed resistor and the manual control could be switched in and out with a front panel toggle
switch, similar to the arrangement shown for AGC.
 The audio output should be able to drive an external Hi-Fi audio amplifier RCA-type line
input or standard computer-speakers type audio input, and it will drive a crystal earphone
directly.  There is not enough output power to adequately drive standard Walkman or iPhone type
low-impedance ear buds or stereo headphones, however.  

An external low power audio amplifier is in the planning stages, so that a speaker (or ear
buds) can be operated from the same 6V battery.  A main design requirement of this audio



amplifier is that it must produce no RF while it operates.  A class A/B design is being pursued.
The audio ripple filter consists of peak-hold capacitor C45 followed by the low-pass RC filter

R61-C46 cascaded with R62-C47.  These cascaded RC filters multiply the RF attenuation and
because of this two sections can be better than one.  Audio DC isolation is provided by C48, and
R63 grounds the user side of C48 to keep voltage across C48 at DC zero volts if no load is
connected.  

R60 provides a discharge path for the audio ripple filter.  Note the value of R60 is many
times greater than the values of R61 and R62 in series.  Too high a value for R60 will cause
distortion in the demodulated higher audio frequencies because the discharge slope will not
intersect the peak of the next cycle of rectified RF if audio frequency is too high.  If we use the
total capacitance of C45, C46, and C47 as the target to discharge, the time constant with R60 is
0.0004 seconds, allowing 63% discharge of 3,300 Hz peaks.  Audio quality tests are needed to
determine if the chosen component values are OK.  For better music fidelity, the value of R60
might have to be increased.

Note the audio detector (using D10 and D12) is separate from the AGC detector (using D9
and D11) to allow fine control of dynamic characteristics in each path.  Since two separate sets of
detector diodes are used, the two paths do not interact significantly.  Compromises do not have to
be made.

The maximum input signal amplitude to the audio detector diodes is about 2Vpp,
determined by the design of the detector driver, so that the maximum carrier level that can be
accurately detected is probably about +1.0VDC.  The detector probably cannot deliver more than
this.  This might end up as an audio signal level of 1Vpp at the output.

The AGC Driver
The gain control MOSFETs Q13, Q14, and Q15 cause gain to be reduced as their gate

voltages become more positive.  Therefore the AGC control voltage must go more positive when it
is necessary to reduce RF gain.

The AGC (automatic gain control) driver consists of Q9, biased so that it is saturated when
no signal is present.  This forces its output (Q9-C) to about +0.50V with no signal, not enough
voltage to turn on the MOSFETs.  AGC detector diodes D9 and D11 are standard junction silicon
diodes,  type 1N457A, instead of the BAT41 schottky diodes used for audio demodulation.  Note
the polarity of D9 and D11 is reversed relative to D10 and D12, so that their output (the input to
Q9) will go more negative as signal level increases.  The increased negative output from D9 and
D11 acts to slowly turn off Q9.  As Q9 turns off, the output at Q9-C goes more positive, turning on
MOSFETs Q13, Q14, and Q15 and reducing amplifier gain.  Provision is made for a manual control
to adjust the AGC control voltage instead of using the automatic gain control voltage developed at
Q9-C.  The manual control will deliver maximum gain (control voltage = 0) when set fully
clockwise (CW).

Resistor R52 conducts a small amount of current to slightly forward bias D9 and D11 and
to bias the base of Q9, so that Q9 is saturated when there is no signal.  R52 also discharges C40
and C41 in the absence of signal.  R53 allows some control of the speed of adjustment in the AGC
system, but a much larger C41 might be essential if this control is needed.  R54 will probably
need to be adjusted to match the voltage provided by the forward biased diodes D9, D11, and
D13 so that the 1.37mA saturation current of Q9 is correct when ambient temperature is at the
low limit.  At higher temperatures, Q9 will be further into saturation, and slightly more input RF
signal will be needed to take it out of saturation and begin to turn it off.  Diode D14 prevents
damage to Q9 from excessive base-emitter reverse voltage, possible in extreme cases if RF input
signal is large.

The AGC control voltage from the output of Q9 passes through VR1, VR2, and VR3 before it
arrives at the gates of MOSFETs Q13, Q14, and Q15.  AGC response of these three stages can be
adjusted if needed, so for example it will be possible to set up the system so that stage 2 gain
goes down before stages 1 and 3.  Or, any other tracking option can be set up.  Initially VR1, VR2,
and VR3 should be set to the CW position to deliver maximum voltage to the MOSFET gates.

Resistors around the pots allow a build without the pots, so long as the total resistance per
stage is kept to 200K.  For VR1, these resistors are R66 and R67.  For VR2, these resistors are



R68 and R69.  For VR3, these resistors are R70 and R71.  Do not install resistors if pots are used.
They are shown in the schematic with values of n/a, indicating that no resistor is installed.  In the
PC board layout the footprints for these resistors are on the component side, underneath VR1,
VR2, and VR3.  

Signal Strength Meter
A "signal strength" meter is supported, as a voltage meter measuring the voltage at Q9-C.

Because of the design margins, it is not recommended to use a meter that requires more than
100uA for a full-scale indication.  More sensitive meters such as 50uA meters may be used
without issues (adjust R56 and R57 values as needed).  R58 and C42 allow some control of
ballistics, at the moment shown set up for minimum effect.  The value of C42 might have to be
much higher to see a slowdown in meter needle speed.  R58 might be useful to compensate for
meter internal resistance depending on the particular meter that is being used.

Maximum voltage indicates maximum signal (and minimum gain if the manual gain control
is not being used).  When using manual RF gain, the meter indicates how close the detector is to
overloading, and this can serve as a guide to the operator to optimize the gain.   The design does
not require the meter, so it may be omitted without issues (wire a 499 ohm or 510 ohm resistor
across J14 and J15 in this case).  If the detector overloads, it should be quite audible anyway.

A high efficiency blue LED (same type as D16) can be used instead of the meter, but it will
not illuminate until signal level gets fairly high.  An alternate method is to connect the LED
between +6V and Q9-C (with a 15K series resistor), but the LED would dim when signal level
increases and this might be somewhat confusing.

Power and Bias
Incoming battery power from four AA cells or C cells in series can vary between 6.3V when

the batteries are new, to about 4.5V when the batteries are old.  Ideally the RF amplifier system
will function properly within this supply voltage range, but this remains to be seen.  Battery
positive connects to J8 (marked "+" in the board), and negative to J7.

Initial estimates place the current requirement at 9.6mA.  This requirement is for the RF
amplifiers set at maximum gain.  As gain is reduced the supply current will also be reduced.  The
ratio might be as high as 2:1, meaning that supply current with high levels of RF signal could be
as low as 5mA.

Diode D15 is a 7.5V 1.3 watt zener diode, to protect against overvoltage on the DC input.
In the event of reversed battery polarity this diode will short out and it can burn up (if there is
enough time) to protect the rest of the board.  Also, this diode will short and burn if the applied
battery voltage is greater than 7.5V.  And, it is much more likely to burn out quickly and short if
the battery voltage is too high.  The board layout includes copper areas around D15 to dissipate
some of this generated heat.  There isn't a strong reason to protect the board against overvoltage
since the semiconductors have voltage ratings above 20V.  D14 could be a high current rectifier
diode instead, so it protects against reverse voltages only.  But, if a series schottky rectifier is
used as protection, its forward voltage burden will reduce battery life in practice.  This is why I
use a reversed parallel diode.  Under normal conditions D15 will not conduct, and it will not
dissipate any power.

After passing through a common-mode filter (RFC6, C49 to C55), the DC supply connects
to sub-filters for the several stages in the board.  The first of these is for the input amplifier,
consisting of RFC1, C1, and C2.  These sub-filters prevent the various stages in the board from
interfering with each other.  There are five of these filters in the board.

Blue LED D16 provides an on-board pilot light whenever DC power is applied.  J9 and J10
allow this T-1 sized LED to be off-board if preferred.  The recommended LED is very high efficiency
and will appear bright even at 230uA operating current.  Part number of a surface-mounting very
high efficiency equivalent (in an 0805 size) is Kingbright APT2012LVBC/D.  In a pinch, this can be
surface mounted on the T-1 LED footprint.  For maximum battery life the LED can simply be
omitted, of course.  Since board current is about 9.6mA, leaving out D16 will reduce this to
9.37mA, not much of a reduction.



Grounding
A chassis ground is supported with R65 and C56, to provide RF grounding and DC isolation.

Terminal J11 provides this chassis ground connection and the board mounting holes are also
connected to this point.  There are four mounting holes, each 0.125" diameter for #4 size screws.

A "GND" test point is also provided (turret TP1), connected to DC common (not chassis).

Shielding
Each of the three RF amplifier stages can be separately shielded.  Tracing and pads allow a

shield to be fitted to the board around all the components of each stage if needed (except possibly
the terminals for the three RF signal inputs, although the shield could be extended over them).
The shields will have to be custom made out of tinfoil if they are needed.  It is possible that
shielding will not be needed if the board is installed in a metal box, but this remains to be
determined.  The detector driver and detector sections are not shielded.

PC Board Layout Notes
PC board layout is for a board size of 2.5" high and 3.8" long (1/16" thick).  This layout and

the necessary assembly drawings are available for download on tomschumelectronics.com.
Resistors are surface-mounted 0805-size parts.  Capacitors are also surface-mounted, and

can be any size between 0805 and 1206, with provision for the higher values to be 1210-size as
well in some cases.  So, if capacitor values need to be increased during debugging, the footprints
on the board should be large enough to accomodate this.  Input/output connection terminals J1-
J21 are a double-pad suitable for Vector terminal type K32.  Bend the short leg to clamp (if
needed), then solder the terminal.  Other terminals can be accomodated, many 0.025" square-pin
types for example.  The easiest thing might be to solder wiring directly into the PC board of
course.

Semiconductors Q1-Q15 are all in TO-92 packages (3 wires).  Sockets can be used,
allowing semiconductors to be easily replaced in the event of EMP, ESD or other catastrophic
events.  Sockets may be made from screw-machined socket pins available from Mill-Max, but
molded sockets to fit these PC patterns might not be available.

The zener diode D15 is to be mounted to the board horizontally and soldered for best
power dissipation just in case it is ever stressed by overvoltage or a reversed battery.  The LED
D16 is also soldered to the board, but a surface-mount LED can be substituted, or a LED can be
wired remotely via the terminals J9 and J10.  The other diodes D1-D14 will stand up vertically
(cathode is the square pad).  It is possible to use sockets for D1-D14 if desired.  My strategy is to
avoid the use of all sockets for now.

Use of a binocular assembly microscope is highly recommended.  Skill at surface-mounted
assembly is required.  Appropriate tooling is vital.  

Use ESD-safe handling and assembly practices at all times.  The MOSFETs are most likely
the worst for ESD sensitivity, since the gates do not appear (from the data sheet) to be protected.
The high-beta NPN and PNP transistors I'm using are also going to be extremely sensitive to ESD,
more so than the other semiconductors (diodes, LED, etc).

Three copies of the PC board are available in a small batch for $55.05 from the provider,
ExpressPCB, shipped anywhere in the USA and maybe internationally as well (check with them for
this).  They call this their "MiniBoard Service".  

PC Layout software is proprietary to ExpressPCB, and is a free download from
www.expresspcb.com.  PC boards may be ordered directly from ExpressPCB over the internet
using the layout file I'll post on my website.  You can also view the file and make changes if you
like.

Since you will be able to order boards yourself, I am not planning to sell bare PC boards on
tomschumelectronics.com, but I might offer assembled and tested boards for sale eventually.

Recommended Reading
Build Your Own Transistor Radios, a hobbyist's guide to high-performance and low-powered radio
circuits, by Ronald Quan, McGraw-Hill, copyright 2013, ISBN 978-0-07-179970-6



Quite a few circuit ideas and radio projects are inside, some quite a bit better than the RF
amplifier/detector I am building.

History vs Modern Times, and a little bit of commentary
One goal of this design is to reclaim the experimental feel of the 1920s with the technology

of the 21st century.  People have forgotten the need for multiple batteries, long antenna wires,
large receivers, fragile and variable electron tubes, and air-core coils.  I think we can safely leave
these behind, well maybe not the air-core coils.  At the present time, a small cadre of antique
radio collectors and restorers carry on, preserving this technology for the future.  There is no "new
work" in this area so far as I know.

Much radio craft knowledge has been lost over the years, as early manufacturers developed
incredible devices and then went out of business.  After that their trade secrets disappeared.   For
example RF transformers that were sold as components in the 1920s and 1930s had very high
inductances (for low circuit loading) and very high self-resonances (for response flatness across
the AM band).  You can't buy these anymore!  You can't find these anymore!

Even now, the tuned-RF (TRF) radio receiver technology developed during the 1920s and
early 1930s remains the only viable alternative to receiver technology using inboard oscillators.
The big advantage of TRF is that internal oscillators are not used, and therefore these receivers
will not radiate RF (unless of course something goes wrong).  This feature makes them very
difficult (if not impossible) to detect at a distance, even a small distance.  TRF is the ultimate
covert receiver technology.  If the application is for single-frequency operation, tunability across a
wide bandwidth is not needed and the RF design can be simplified quite a bit.  

The main difficulty of TRF AM receiver design is to retain selectivity and sensitivity across
the AM band (almost two octaves).  This proved so difficult that TRF receivers practically
disappeared in the marketplace after 1936.  Part of the reason for this was that short wave
broadcasting became popular.  The other part was that it was expensive to build the extreme
physical precision needed for successful TRF, and economic times were dire.  Regenerative
receivers were more advanced technically and they could also be made more affordably because
there was no need to tune several resonant stages simultaneously to high precision.  They took
over, followed soon by superheterodynes.  In superheterodynes, the intermediate-frequency (IF)
amplifier remained TRF, but it operated at a fixed frequency.

A few AM-band TRF designs appeared in the 1930s in which the complexity resided at the
receiver front end, and the RF amplifiers were untuned and non-resonant.  Even these did not
succeed in the marketplace, but were built by a few hobbyists.  The approach I am using is like
this.  The tuned circuits consist of a three-resonator front end.  The resonators are built around
ferrite rod coils that also serve as antennas, and the three outputs are added in the RF amplifier
(not mixed).  Interference between the resonators is expected to provide selectivity and audio
bandwidth, but we will see...

TRF design methods can be sucessfully applied to receivers for the FM broadcast band (88-
108MHz) since this span of frequencies is quite a bit less than one octave.  At this point, however,
analog FM broadcasting has been phased out in one Scandinavian country and is becoming more
digital in the USA.  This means that successful FM radios basically need to be digital radios, and
these are usually too complex for the casual hobbyist.  The high operating frequency also makes
empirical design and debug more difficult and expensive for the casual hobbyist (people like me).
Not so in AM:  frequencies are about 1/100th of FM.  Low cost test equipment can work easily.

The AM broadcast band is in widespread use throughout the world, and past innovations
such as High Fidelity AM and AM stereo have failed generally.  The low cost of receivers seems to
insure the continuing future of AM radio broadcasting so far, especially in the less-developed
countries of the world.   So, AM radio might be here for the long run.

I've been working on this radio design of mine for several months, and I'm getting pretty
tired of making revision after revision.  I might finally have an amplifier/detector design that can
work (at least a little) without changes.  It's time to build a board I think.


