QRIP

5W HF PA kit assembly instructions

1. Introduction

This is a Power Amplifier kit (PA) for CW or FSK modes, but with differences! The output power is
approximately 5W in the middle of the HF frequency range, using a 13.8V supply. A single
inexpensive IRF510 MOSFET is the amplification device. An unusual feature of this PA is the built-
in facility for envelope shaping, which can create a precise raised-cosine keying envelope shape.
This greatly reduces key-clicks when using on/off keyed modes such as CW or at the
commencement/completion of an FSK mode transmission.

The kit has a PCB of size 80 x 37mm, which is the same size as the other QRP Labs modules
such as the Ultimate3S QRSS/WSPR transmitter kit, the VFO kit and the Relay-switched LPF Kit.
It is therefore physically (as well as electrically) compatible with the other QRP Labs kits and can
be bolted behind them in the familiar PCB sandwich. Alternatively this PA can be used with your
own homebrew projects. The PCB has space for SMA connectors (not supplied by default with the
kit), if you wish to use SMA cables.

A discrete component power modulator (voltage regulator) is controlled by an 8-bit R-2R Digital
Analogue Converter, which allows an external microcontroller to control the amplitude of the
output by loading the on-board 8-bit shift register using three 1/O signals, and thereby create the
raised cosine shape. The 8-bit shift register in the PA kit can optionally be replaced with an
ATtiny84 microcontroller which will create the raised cosine profile without requiring an external
microcontroller at all!

This circuit contains many interesting, unusual and educational circuit blocks, and | would strongly
encourage you to read the following theoretical explanation and understand everything before
starting the assembly.

The PA kit must always be followed by a low pass filter to attenuate unwanted transmitter
harmonics, as usual for RF power amplifiers.

There are many ways to build this PA kit. You do not have to use a microcontroller to generate a
raised-cosi ne profile. You dondét have to build the
facility. The complete design will be explained in this document, along with some description of

how to omit various blocks if you wish.

Carry out an inventory of the components according to the parts list to make sure all the
components are present. Read the assembly instructions first before starting the assembly,
understand everything, and then finally start the assembly, following all the steps carefully!

| am deeply indebted to Alan GBLCO for his assistance in the design of many of the esoteric circuit
blocks in the power modulator.
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2. Parts list

Resistors

R27

(none)

R2, 19
R4..10, 28
R3, 11..18, 24
R20, 22

R21, 30

R23

R29

R1

Capacitors

C1..C3,C4..C8
C4

Semiconductors

IC1

IC2

Q3,4
Q1,2,6,8
Q5

Q7

Q9

Miscellaneous

16-pin socket
10-pin header
Heatsink
Insulation sets
Nut and bolt
FT50-43

Wire

PCB

0.33-ohm, 2 watt resistor

10-ohm resistor

15K resistor (2 pieces)

1.1K resistor (8 pieces)

2.2K resistor (10 pieces)

3.3K resistor (2 pieces)

330-ohm resistor (2 pieces)

8.2K resistor

47K resistor

4.7K trimmer potentiometer resistor

1uF capacitor (7 pieces)
1nF capacitor

74HC595 8-bit shift register, 16-pin DIP package
7805L 5V regulator, TO92 package

2N3904 NPN transistor, TO92 package

2N3906 PNP transistor, TO92 package

2SC4242 NPN power transistor, TO220 package
IRF510 N-channel power MOSFET, TO220 package
BS170 N-channel MOSFET, TO92 package

16-pin DIP socket for IC1

10-pin 0.1-inch header

65mm long PCB-mounting heatsink and pins

2 pieces silicone rubber insulation pads + washers for the TO220 transistors
12mm long M3-size bolt and matching nut

FT50-43 toroid

100cm 0.33mm diameter wire

80 x 37mm Printed Circuit Board (PCB)
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3. Theoretical circuit explanation
Hereds a block diagram of the PA circuit. Each

12 or 13.8V supply

8-bit 8-bit Digital to Power
Microcontroller shift register Analogue conv. modulator
control
RF IRF510 RF
Leakage gate
Input g9 PA stage Output

3.1 Raised-cosine envelope shaping

Firstly it is important to understand what a raised cosine envelope is, and why we would want one
in a radio transmitter.

At the moment of switching on a radio transmission, the large instantaneous change in amplitude
caused by a sudden key-down causes a wide band spurious emission. The same thing happens
when the transmission is stopped (key-up). For a short time, the bandwidth is often many times
larger than the bandwidth of the modulated transmission which follows.

CW operators will be familiar withthi s phenomena which is often cal
transmitters or simple homebrew transmitters suffer from this defect. Although your receiver (and

CW filter) may be tuned many hundreds of Hz away from the offending station such that you will
nothear his actual CW tone, you wil/ be able to
the envel ope of a CW Adito or Adaho). This c¢crea
nearby frequencies.

Note that a transmission mode which uses Frequency Shift Keying (FSK) rather than On/Off
Keying (OOK), does not suffer from key clicks except at the start and the end of the message.
Envelope shaping is less important for FSK than for OOK modes such as CW.

A good conscientious operator willwish t o mi ni mi se these ficlickso.
switching on and off the RF power rather than hard-keying it on and off. If the key-down and key-
up follow a raised cosine shape then this is ideal.

The following diagram illustrates sine and cosine functions (left). The cosine is the same shape as
the sine but has a 90-degree phase offset. It lags 90 degrees (a quarter of a cycle) behind the

sinewave. Now if the cosine function is shifted
with the correct sign, then we have the shape shown (right). If this function is multiplied by the RF
envelope, amplitude-modulating the moment of key-downandkey-u p, t hen the hard
eliminated and so are the fAkey clickso!
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Sine and Cosine functions Raised cosine
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A further detail concerns the rate steepness of the curve. CW transmission speeds are commonly
guoted in words per minute (wpm). Of course every word has a different transmission duration
depending on the letters which spell the word; but the wom speedassumes a fist andar d
which is PARIS. The Morse code symbols which spell out PARIS, and the inter-symbol and inter-

letter spaces, take exactly 50dit-l engt hs t o transmit. Coincidenta
takes 50-lengths dits to send! A convenient benchmark is 12 wpm; one word will therefore take 60
/ 12 = 5 seconds to transmit and if the |l etter

will have a duration of 0.1 seconds (100 milliseconds). A 24 wpm will have a dit duration of 50ms,
and so on.

If the amplitude of a 24wpm dit was to be shaped exactly like a raised cosine shape, with a
duration of 50ms, the resulting CW would sound completely unintelligible! So in practice a much
faster leading and trailing edge raised cosine shape is applied, such that there is a significant
period of full-strength carrier between them.

A common rise and fall time for the envelope shaping is 10ms. The following graph shows the
amplitude of a raised-cosine dit at 24wpm, with 10ms rise and fall times. The operator closes the
key at t = 10ms, then the envelope shaper gently increases the RF amplitude to full power, and at
t = 60ms (50ms later, for a 24wpm dit), the operator releases the key and the RF amplitude is
gently returned to zero.

A raised-cosine dit

0.8
0.6
0.4

0.2

0 10 20 30 40 50 60 70 80

Time (ms)

These charts were generated in an Excel spreadsheet. But the following image is an actual
oscilloscope screenshot, with this PA kit on 10MHz with 5.7W output power, transmitting a 24wpm
Adito 1 nto -ahm@uRry Ibaal.NseticeshOw it is just like the above graph! The
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oscilloscope measures the peak-peak of the RF envelope, which is why there is a mirror-image in
the x-axis.

] T:22._ 40ms

Bvpp:47. 40V
(100MS .5 ) Depth:10M{12-bit) CH1:DC-_/0.00mY
0.00div 4.45702MHz Type

-2.06div

mave

Resistor-Capacitor envelope shaping

It is also worth mentioning here a quite common misconception, which is that good key-shaping
can be achieved with a Resistor-Capacitor combination. It is often seen in simpler homebrew
transmitters and older equipment, and was even recommended in famous text books (which shall
remain nameless).

In fact, a Resistor-Capacitor has an exponential decay characteristic. It can help get reduce clicks
on key-down or key-up, but not both. It is better than nothing i but nowhere near as good as a
proper raised-cosine envelope shape.

The following graph is produced in an Excel spreadsheet numeric a |l | vy . l'tés an RF
amplitude shaped by a Resistor-Capacitor combination that produce an exponential shape to the
rising and falling edges.

Of course, in practice there will be non-linearities which may combine with the RC shape and
modify it, perhaps improving it i or maybe making it worse!

Rev 1.6 6



A Resistor-Capacitor shaped dit
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Note the sharp corners at the instant of key-down and key-up, circled in red in the chart. These
events will create key-clicks. The key-down event occurs at low power so it will probably not cause
a loud click. But the key-up event causes a sudden change in power, when transmitting at the
maximum amplitude 7 and will certainly create a pronounced key click.

3.2 IRF510 PA o O
A . L P o %o

So now webdbve deal't bri OO Out of
O O
O O

why we want a raised-cosine envelope, to
ensure a clean RF output. This section deals
with the power amplifier section of the circuit
itself.

This part of the circuit is quite conventional!
The chosen amplification device is the IRF510
MOSFET. It is inexpensive, robust, easily able
to handle the power requirements, and in a
convenient TO220 package. On the other
hand, the IRF510 does have high gate
capacitance. It is originally intended as a
switch for switched-mode power supplies and
other such industrial switching requirements.
Using it as an RF ampl _I
manufacturerds originaln
well on HF, nevertheless! The power output

does drop off at the higher frequencies.

PA Supply

r ks

For this reason the PCB has been designed to also accept the RD15HVF1 transistor (and similar
devices) which are intended and designed for RF applications. They perform very well right up into
VHF, 2m band etc. So if you wish to use this PA kit for 6m and 2m you may want to replace the
supplied IRF510 with a RD15HVF1 or one of its siblings. The pinout of the RD15HVF1 is different
to that of the IRF510. The PCB has a second set of pads to suit the RD15HVF1.

QIRP Lak= Rev 1.8 7



The incoming RF is coupled to the IRF510 gate via a 1uF capacitor. The largish 1uF value is
intended to help the PA work well on LF and MF. A DC bias voltage must be applied to the IRF510
gate, this is supplied by 4.7K preset potentiometer R1 via the 3.3K resistor R20.

A trifilar output transformer wound on an FT50-43 toroid provides matching to the 50-ohm output.

There are pads/holes on the PCB for an optional SMA connector. This is not supplied in the kit but

is available in the QRP Labs shop. You can al so
instead of the 2-pin header. The RF output is also available at the 2-pin header JP5, and at a 2 x

5-pin header JP1 (not supplied). The 2 x 5-pin header matches the headers on the Ultimate3S
QRSS/WSPR Transmitter PCB and the 6-band relay-switched filter kit PCB. This option may be

used when using this PA kit with Ultimate3S, and is described in an application note.

3.3 8-bit shift register and Digital-to-analogue converter

This circuit provides a facility
for a microcontroller to create
an analogue voltage for
modulating the power regulator
(described next). The [
microcontroller can load a
sequence of analogue control
voltages that will allow the PA
output RF envelope to closely
replicate a raised cosine
shape.

The 74HC595 logic IC used as —
the shift register used here is 12 Mopry
an 8-bit type with a serial data
input and 8-bit parallel data
output. It requires only three ICip |_C
control signals from the

microcontroller.

- Micro-
controller

LELL

X
X =

This shift register can be N
visualised as a kind of L L3¢ ydN ye—
conveyer belteée wi wolws we
16s or 006s (bit el
and shift them along, one at a
time, then load the next bit. ke
This continues until a whole 8

bits sit in the shift register. The

74HC595 contains an output

latch. So the shifting of bits

along the conveyor belt as we

|l oad the shift AMA— Out
have to disturb the output.

The 4-pin header JP3 requires connection of signals to the microcontroller. The binary bits are
i nput on the. dBdah pbint Ai s c¢l| oc k e d -goimgtpudse ftrdiliag s hi f
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edge) on the SCK pin. Finally when all 8 bits have been loaded into the shift register, a low-going
pulse (trailing edge) on the RCK pin latches the 8 loaded bits, and they then appear at the 8 output
pins of the 74HC595.

The next part of the circuit is the 8-bit Digital to Analogue Converter (DAC). The DAC employed

here is a simple resistor network known as an R-2R resistor ladder network. It is simple and

inexpensive, consisting of just 16 resistors. A Apropero DA
The resistor network is arranged such each bit makes a weighted contribution to the output

voltage. There are only two different resistor values in the network, whose values have a ratio of 2.

In this kit the resistor values are 1.1K and 2.2K. The result of the network is that the output voltage

is proportional to the value loaded in the 8-bit register IC1. An 8-bit binary number corresponds to

the decimal range 0..255. A value of O corresponds to an output voltage of OV; a value of 255 will
generate an output voltage 1/ 2560th below the s

|l t6s worth mentioning that 8 bits of accuracy a
kit are 1% tolerance resistors. To really obtain an accurate resolution of 1/256 (8-bits) would

require finer tolerance resistors i but this would also increase the cost considerably! And again is

overkill for this application. If you really want to finesse the construction of this circuit, and you

have a means to accurately measure resistors, then measure all the resistors, and use the most

accurate ones (closest to 1.1K and 2.2K) at the most significant bits of the network, i.e. R18 and

R10. Work up the ladder as the values get less accurate. If you do this, you can probably achieve

the real 1/ 2566th resolution accurately!

5V voltage regqulator

The PA kit contains a TO92-package 5V regulator IC type 78L05, IC2 (also equivalently called
7805L by some manufacturers). Note that this is shown on the main circuit diagram but in not the
sub-block above. This 5V is used by the shift register and DAC, the power modulator, and PA
bias. Providing the regulator on board simplifies the use of this PA kit module because you only
need to provide a single PA supply e.g. 13.8V. However do not be tempted to power other circuits
from this 5V regulator output, such as the Ultimate3S kit or other. The 78L05 is only a low power
voltage regulator and has no heatsink. The 78L05 is rated for 100mA maximum supply current.

On-board ATtiny84 option to generate the raised cosine

You will also note on the circuit diagram of the shift register and DAC, several jumper wire points
WO0-W1, W2-W3, W4-W5. These are intended to provide yet another feature to this PA kit! This
document will describe the jumper connections for the 74HC595 shift register, to use an external
microcontroller to generate the raised cosine profile steps and load them into the shift register.

However, another use of the kit allows an ATtiny84 microcontroller to be plugged into the socket
instead of the 74HC595 IC. The ATtiny84 drives the 8-bit DAC directly, and generates the raised
cosine profile itself. This option is suitable for using the PA kit standalone as an amplifier for a
homebrew CW transmitter for example. A keying input is supplied, and the microcontroller
generates the raised cosine shape itself, with no external effort required.

This application of the PA kit is described in a separate application note, ANOO5.

@@@ LoEbs Rev 1.8 9



3.4 Power modulator

Now we come to the most complex and interesting part of the PA kit circuit (the inspiration of Alan
G8LCO)! This power modulator could also be called a voltage regulator, controlled by the Digital to
Analogue Converter (DAC). It allows the microcontroller to vary the supply voltage to the IRF510
PA stage, and therefore to control the RF envelope, and create the desired raised-cosine shape.

It would have been possible, perhaps, to use something like a power operational amplifier for this
function. But this discrete component regulator is so much more fun and educational!

| 61l start by me nesdtmtentiomgteriard 826 are N@T supaliéd inghis kit.
They exist in the circuit diagram (and PCB) for people who do not wish to use the DAC under
micro-controller control to create a raised-cosine envelope, but who do wish to use the power
modulator just as a basic voltage regulator.

Probably the easiest way to PA supply voltage|

understand what this circuit is trying to e [
achieve, is to consider it as a power -
operational amplifier. 1uF ™ §

The conventional way to consider an
operational amplifier with feedback is
that the op-amp is a black box which
tries to control its output voltage in
such a way that its two input voltages
are equal.

% Lo % MY

In the case of this circuit, the two g Out
Ai nputso are the b
and Q2; the Aoutpur
output voltage which powers the
IRF510 amplifier section. R23 and R24
form a potential divider in the feedback ¥
network, which effectively sets the
output voltage at a multiple of the input
from the DAC.

Consider as an example what happens DAC
when the DAC value is 100. The DAC in e <NI2Uo | 2N3906
voltage will then be 5.0 x 100/256 §
which is 1.95V. This circuit wants to
keep the other input (the base of Q2) vead = ——
also at a matching 1.95V. In order to
get 1.95V at Q2, the circuit output voltage mus
base is 0.21 of the total output voltage i due to the R23-R24 potential divider. 2.2 / (2.2 + 8.2) =

0.21.

So, the circuit does what is necessary (imagine the black box op-amp case) to keep the output
voltage at 9.22V, regardless of the load and regardless of the supply voltage.

@R@ Lok Rev 1.8 10



Differential amplifier

Transistors Q1, Q2, Q3 and Q4 are the differential amplifier. In the words of Alan G8LCO:

RnSo | designed something new, i1itos a pair of <co
constant current side Q1,Q3 linked to a differential amplifier Q2,Q4. So you get a diff amp with OV

inputs and very low offset voltage. | have not seen this before! So we should get effectively a DAC
controlled power supply. The four transistor arrangement can easily handle more than 36V which

is the tops for most Op amps and costs pennies.

Sziklai Pair

Now | etds consider the power output stage of th
moment R27, R28, R29 and Q8. Just consider the PNP Darlington pair Q5 and Q6. But wait!
That 6s not a Darlington! A PNP Darankistorsgbtitberewe ai r
see one PNP (Q6) and one NPN (Q5)!

This arrangement is called a ﬁS i kl ai pairo aft
arrangement is also known var.i sly as ACompl en

or nAnpPLawdongtono. I't dates from the days when s
available, but power PNP germanium transistors were. It was desirable to create a NPN power

transistor. This 2-transistor NPN-PNP pair made a power PNP transistor behave like a power NPN
transistor. The NPN device can be a small signal low power device, and the PNP device handles

all the power. The gain of the resulting fitrans
like in a real Darlington pair. The Sziklai pair has the advantage of a 0.6V base turn-on voltage

compared to 1.2V in a Darlington.

In our case here, necessity also motivated this choice of circuit! During development of this PA kit
the extensive facilities of the QRP Labs junk box was unavailable for some time, due to a QTH
move. Nowadays NPN transistors are much
more common than PNP. At least, in junk
boxes. The desired PNP Darlington power
transistor was therefore nowhere to be found,
not for love nor money. But NPN power
transistors, and small signal PNP transistors,
were available! So Sziklai rescued the situation
without needing to wait for shipment delays
when ordering real PNP Darlingtons from a
component distributor! Effectively the
combination of the PNP transistor Q6 and the
NPN power transistor Q5 in this PA circuit, acts
as a single PNP power transistor.

Cc

Technically a Sziklai pair was used historically
to create an NPN power transistor from PNP, '
because NPN power tran<

available. But here PNP+ NPN--.SZIkIaI _reat
aPNPtransistor from NPN because PNP povwedof transi
complementary-Sziklai (see right).

In any event i this little diversion was such a fascinating education for me that when it came to the
final PA kit production | did not use a power Darlington. Instead | have left this Sziklai pair in the
circuit, to be able to share this fascination with you!

@R@ Loabns Rev 1.8 11



Regulator output vs control voltage,

Voltage regulation and load various supply voltages

requlation performance 30

—_—25
Here are a couple of charts which 25 18
show how nicely this discrete - :igv /
component voltage regulator '
works, under control of the

microcontroller via the shift register
and DAC. Note: R23 = 15K in

these tests. /

Firstly, here is a chart showing ’ /

measurements of regulator output o

voltage, with various supply 0 1 2 3 4 5
voltages, and with the DAC control Control voltage (V)

voltage shown on the x-axis. The

flat lines occur when the DAC Regulator output vs load current, |[——1ov
control voltage requests an output various output voltages —5V
that cannot be provided because of 55 _i:
the limited supply voltage. Note the

beautiful linear relationship
between output voltage and control
voltage (DAC). Wonderful!

o=}
=]

[y
L

=
=]

Output voltage (

=]
=]

[ary
i

Next, here are some
measurements of output voltages
vs load current up to 1A (x-axis).
What we want here, are perfectly 5
flat lines i the output voltage

should not vary depending on the 0
load current. In practice there is 0.0 0.2 0.4 0.6 0.8 1.0
some loss of voltage 7 bear in Load current (A)

mi nd a fampechip as aonmore
complex circuit than our discrete
component version i but it will be just
fine for our application.

[y
(=]

Output voltage (V)

owon » trig [ —f————————JF ]T:0.000s ¥

Finally, a microcontroller generated
DAC sawtooth waveform (top trace)
and the corresponding output voltage,
0 to 27V (bottom trace). The sawtooth
frequency is 570Hz. The output
voltage still linearly follows the control
voltage (DAC), up until the power
supply voltage limits the top of the : ]
output waveform. B : ]

| I
(1Z2-bit) CH1:DC-_f3.20V

So this circuit really is a nice power op- ! !-ims  (S00Ks/e)  Depth:10K
El:.oov- 3.00div 570.26%9H=

amp i configured as a DAC controlled  @s.o0v 4004
voltage regulator (or power modulator)!

Save
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Current limiting

Now | etds add current | imiting to this voltage
also serves a practical purpose, it will help to protect our components from destruction in the event
of short circuit. I f you donét know already fro

power transistors you can fry in the course of experimenting with power amplifiers and voltage
regulators i and anything that can be done to help reduce this carnage must be beneficial!

Simple current limiting can be implemented just by adding R27, R28 and Q8. Please ignore R29
for now!

R27 is 0.33 ohms, a low enough value that not too much power is wasted in this component.

Remember Ohmés | aw: V = | R. The voltage across t
and the current through it. At 1A current, the voltage will be 0.33V and at 2A current, the voltage is

0.66V. So you can see that at some point, as the voltage across R27 increases, eventually it

reaches a value that exceeds the 0.6V silicon junction base-emitter threshold of the transistor, and

it can switch on the PNP transistor Q8. ASwitch
t her eds a citching action.Boat it wilbsuffecevfor the understanding of the circuit. When

Q8 switches on it will forcibly limit the current through the Q5/Q6 Sziklai PNP power transistor 1 by
dragging its base high (thereby reducing its
base-emitter voltage and turning it OFF).
This is simple current limiting.

Current limiting, 0.56-ohm sense

16

14
Herebds a measurement o
when R27 is 0.56-ohms (used during
testing). You can see that at a little over
1.1A current (V = IR = 0.62V) the current
limit activates and reduces the output
voltage to limit the current.

[y
o

Voltage (V)

No limiting

——Limiting

(=] M BT )] [+]

We can still improve on this though, with 0 02 04 06 08 1 1.2 14 16
something called dAfo. __ __ .. _ _ . . Curentld

An Arduino-controlled swept variable current load

Before that though, hereb6és an interesting digre
measurements using a DVM is a time-consuming process, prone to human error and changes in
experimental conditions due to the long duration of the measurements. If nothing else, it starts off

fun but can quickly get tedious.

5V

So her eds a-costiollagpvarableD
load circuit that with the help of an Arduino,
helps turn these kinds of measurements

into a pleasure, not a chore.

The Digital to Analogue Converter is just
the same old shift-register and DAC
described previously in section 3.3. The
ON4283 is a large ex-TV power NPN
transistor from the junkbox, bolted to a large heatsink. Remember that P =1V (where P = Power,,
| = Current, V = Voltage) so that at 20V and 1.5A of current for example, 30W of heat must be
dissipated.

@@@ Loabns Rev 1.8 13




The 0.39-ohm resistor in the power transistor emitter circuit has a voltage across it proportional to

the | oad current, which iIis measured by the Ardu
input. The A1 ADC input measures the applied voltage via a potential divider (1K8 and 12K

resistors).

Now it is a fairly simple Arduino sketch to load the shift register with a value, stepping from 0 to
255, and on each step pause, measure the ADC values A0 and Al, and repeat on the next step.
The measured A0 and Al values can be sent to the Arduino serial monitor on the PC, so that the
set of 256 measured points can be copy-and-pasted into an Excel spreadsheet to generate nice
charts!

Foldback current limiting

Now back to the discussion on current limiting. The previous simple current limiting acted upon the
regulator output voltage, reducing it to limit the current. But this is not what we really want. What
we really want to do is limit the POWER dissipated in the Q5 power transistor, since it is heat that
fries components to destruction, not current.

As an example, consider again P =1 V. So in the previous example, suppose the supply voltage to
the kit was 20V, and the current limit set to 1.1A. If the output voltage dropped to 4V to limit the
load current, then the transistor has 16V across it; and 16 x 1.1 means the transistor must now
dissipate 17.6W of power, a considerable amount that will quickly raise the temperature. So if we
want to protect our Q5 transistor, we need to limit power dissipation, not just current.

Fortunately, this is very easy to do, by the addition of a single extra resistor, R29 (47K). This
applies some current to the base of Q8 from the regulator output voltage. It is a form of positive
feedback that adds to the current measured across the 0.33-ohm resistor R27. The effect is that
once the current limit kicks in, both the voltage AND the current are reduced, which cuts the power
dissipation, saving our precious Q5 power transistor.

The values of the components now require some experiment to determine. The positive feedback

alters the required value of R27. The following graph shows a set of swept measurements with

R27 = 0.56-ohms and varying the value of the R29 foldback feedback resistor. The shape of these

V- curves also explain why the techiecagsethe i s c al
current folds back under the curve!

Current limiting, 0.56-ohm sense

16

14

12

10 No limiting

No foldback

— 150K foldback

Voltage (V)
oo

— 100K foldback
82K foldback
70K foldback

— 50K foldback

— 33K foldback

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Current (A)

@R@ ] Rev 1.6 14



The final values chosen for R27 and R29 Current limiting, 0.33-ohm current sense, 50K foldback
are 0.33-ohms and 47K respectively, 25
with R28 as 1.1K. This is quite close to

the measurement shown here (right) with 0
R29 = 50K and R28 = 1K. The final
component values in the kit were
changed to 1.1K instead of 1K, because
the kit already contains a pile of 1.1K
resistors in the DAC. It simplifies and .
lowers the cost of the kitting process to

reduce the number of different 0
component values used. R29 was

changed from 50K to 47K to suit readily
available resistor values.

Voltage (V)
-
w

=
o

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Current (A)

The current limit occurs at 1.6A. This is somewhat higher than we are likely to encounter in the
normal operating conditions of the PA, so the current limit will not be incorrectly initiated in normal
operation. On the other hand 1.6A is still low enough that it will provide protection against short
circuit conditions or other accidental abuse.

In order to reset the current limit, the power to the whole PA may need to be switched off and on
again.

This completes the description of the discrete componentvol t age regul ator <circ
modul ator o), with mi c r-lotshdtmegisteodnd RAC circuit.Ther ol vi a a
microcontroller can program a series of power modulator output voltages in quick succession, to

create a raised cosine profile of the RF envelope: the desired click-free outcome!

3.5 Leakage gate

The final circuit block to consider is the leakage gate, at the input |n-|_ PA modulator
to the IRF510. |, —— voltage

In practice it is found that even when the power modulator
voltage is at OV (or | should say 0.15V, which is as close to zero
as it gets) and so the IRF510 is doing nothing at all, RF can still

leak through to the output. | measured 3.5V peak-peak at 10MHz JLHIQ‘“
using an Ultimate3S as the driver to provide RF input. It is !
desirable to attenuate the input signal, hence my name for it: § g

il eakage gateo.

The requirements on this fgate ren
therefore difficult to achieve. It should:

T El'i minate | eakage when the gate is fAcl osed?o

1 Not distort the linearity of the ratio of RF output envelope to DAC control voltage across the
entire DAC control voltage range 0..5V

1 Not attenuate the drive signal significantly when the gate is open (on); since the gate
capacitance of the IRF510 is high, we cannot afford to attenuate the signal which would
decrease the final maximum output power.
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The gate circuit using a BS170 MOSFET switch is shown (right) and was determined by a great
deal of experiment.

The initial idea may be understood by pretending that R21 is not in the circuit. In this case C6 and
C3 block DC, so that only AC signal flows through this gate circuit. That means that we are free to
add some bias to the BS170 MOSFET at the source pin, here this is R30 (330-ohms). The power
modulator voltage is connected directly to the gate of the BS170 transistor Q9. When the power
modulator is zero, the BS170 is off (high impedance) blocking the RF flow through from the RF
input connector to the IRF510. When the power modulator rises above the BS170 gate threshold
voltage, it will switch on the BS170, allowing the RF to flow through to the IRF510.

The BS170 has a static ON resistance of typically only 2 ohms. The typical gate threshold voltage
is 2V. Putting 2 ohms into the signal path does not damage the maximum output power
significantly.

The real behaviour differs from the simple explanation above. In practice the BS170 is of course
not a simple on/off switch. The incoming RF is also rectified by the BS170 and contributes to the
gate voltage, altering the gate-source resistance, which in turn again affects the rectification and
contribution to the gate voltage. So itbés a rat

The result of the simple gate (with no R21) MOSFET gate vs un-gated drive
is shown here. This test is done at 10MHz 50

and with 13.8V supply voltage. The graph
shows Peak-to-peak output voltage
against the DAC value supplied from the
microcontroller. The un-gated situation is
the blue curve. Notice that it is
approximately linear (which we want!) but
it has this annoying offset. By contrast the
gated curve shown in red reduces the
offset (the leakage). There is still some
leakage, but we are down in the realms of 0
ground loops etc. now. It also does not ’
harm the maximum power output. But the
linearity is unfortunately destroyed!

w
[=]

=
o

w
[=]

Pk-pk output voltage

=
o

—1. Base case, No gate

10 =—2. Basic gate

10 20 30 40 50 60 70
DAC value

A total of 28 different variations on the Final Leakage gate circuit
circuit and component values were 50

examined and measured comprehensively.
In the end, it was determined that best
solution was the simple addition of R21
between drain and ground, with the same
330-ohm resistance value as R30 between
source and ground. | think that the effect of
this biasing arrangement at the source is

Pk-pk output voltage

= 1. Base case, no gate

somehow to allow the incoming RF to 10 0 BesRbamDand®
rectify and contribute to the gate in such a

way that the non-linearity of the curve is " 10 20 50 40 s0 60 70
cancelled out. DAC value

Tests were also performed at 3MHz and 28MHz to verify that the result still applies at different
frequencies from the 10MHz used in the development. It is found that the level of RF drive to the
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PA kit influences the linearity of the Peak-to-peak output vs DAC control value. At very low levels
of drive the curve tends to return to the non-linear Red line in the previous paragraph. At 28MHz
the available drive is lower and this is also the case. However at all reasonable levels of drive
likely to be encountered in practical use, the linearity is good.

This Al eakage gateodo circui t-10dBireducdon oftheleaagehi ev e s
without impacting the final maximum power of the amplifier, and without significant distortion of the
linearity of the peak-to-peak output voltage to DAC ratio.

4. Assembly

This assembly section will assume that you are constructing the whole PA kit circuit as described
in the previous sections. However you may choose to omit the power regulator, or omit the
microcontroller controlled DAC circuit, or other blocks of the circuit. This may apply if you simply
want a basic power amplifier without waveform shaping or any other of these features included
here. These options are covered in a subsequent section. Therefore please read the whole thing
before starting assembly, and consider carefully what you are aiming to achieve.

Assembly of this kit is quite straightforward. The usual kit-building recommendations apply: work in
a well-lit area, with peace and quiet to concentrate. The IC (chips) and some of the other
semiconductors in the kit are sensitive to static discharge. Therefore observe Electrostatic
discharge (ESD) precautions. And FOLLOW THE INSTRUCTIONS!!

A | e wddude & reallg useful for inspecting small components and soldered joints. Yo u 61 |
a fine-tipped soldering iron too. It is good to get into the habit of inspecting every joint with the
magni fying gl as s (likethis pne huse), |
right after soldering. This way you can easily identify any
dry joints or solder bridges, before they become a

problem later on when you are trying to test the project.

It is always best to detect and correct any mistakes as
early as possible (immediately after soldering the
incorrect component). The board is quite compact, to fit
the required 80 x 37mm PCB dimensions. Removing a
component and re-installing it later is often very difficult!

All of the resistors in the kit are installed vertically,
because PCB space is limited. It was important to design
it to fit on an 80 x 37mm PCB for potential use with other QRP Labs kits such as the Ultimate3S
QRSS/WSPR transmitter. You will need to bend the resistor wires as shown in the picture below.
On the parts layout diagram there is a small circle around the hole where the body end of the
resistor should be installed. This is
not critical (res
which way around they are) but it is
recommended, just to try to ensure
that the folded over wire-end of the
resistor doesnot
wire or metal part.

~"Body" wire end
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Please refer to the layout diagram and PCB tracks diagrams below, and follow the steps carefully.

(e Eé?

(= =)& QRP Labs e QRP Labs
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Gnd RCK SCK

ot

PCB track diagram. Tracks shown in BLUE are on the bottom layer. Tracks shown in RED are on

the top layer. There are only two layers (nothing is hidden in the middle). Not shown in this

diagram are the extensive ground-p | anes. Everything on the bottor
ground-plane! Large areas of the top side are also ground-plane, connected to the bottom ground-

plane layer at frequent intervals by vias.

Note that the heatsink is not electrically connected to ground or anything else. The area right
under the heatsink has no ground-plane on the top layer. This is to prevent the heatsink potentially
scratching the soldermask and connecting to a ground-plane if there was one. For the same
reason there are no tracks on the top layer under the heatsink. The metal tabs of both TO220
transistors are NOT connected to ground, and are insulated from the heatsink, so long as all the
insulating hardware is properly installed. The heatsink itself is therefore connected to nothing at
all.
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4.1 Inventory parts

74HCS95 chip Heatsink
and matching
16-pin socket

4.7K trimmer
potentiometer

M3 nut & bolt IRF510 and
2x TO220 insulators 25C4242
(C] 2x TO220 plastic
washers

10pcs 2.2K resistor 11K

lllllll

8pcs 7pcs 0.1uF "105"

| “ \|l,“‘|| ? 1pcs 1nF
‘1 | I‘I ' | 1J “M J‘\ Il102ll
oA 4pcs 2N3906 capacitor
|l d et @ |
”% i 1488 W” * 2pcs
RRRRNE 2N3904
| \ | | 78L05 BS170
i 10-pin
“ header
2pcs 2pcs 2pcs
15K 3.3K
- 82K ngg ‘U 10-ohm | FT50-43
". * T n Otoroid
H 0.3340hm

IR .
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4.2 Install 1uF capacitors

Install and solder the 7 capacitors C1, C2, C3, C5, C6, C7 and C8. These are 1uF capacitors and
the text on the capacitor body is A1050. They <c
are not polarised. The capacitor locations are shown in YELLOW in this diagram.

4.3 Install 1nF capacitor

l nstall and solder C4, the single 1nF capacitor
and it is shown in RED in this diagram.

“DRP Labs 2016

4.4 Install 1.1K resistors

Install and solder the eight 1.1K resistors with colour code brown-brown-black-brown-brown.

These are resistors R4, R5, R6, R7, R8, R9, R10 and R28. They are shown in BLUE in this

diagram. It is recommended to place the body of the resistor next to the circle shown in the

diagram. The bent over wire-end should go in the other hole. This helps to ensure that the wires
dondédt touch any other components or met al parts
but be careful not to put one in the R3 position! R3 is NOT 1.1K!
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