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Craig Johnson, AA0ZZ 

IQ-VFO ...  
a High-Performance HF 
VFO using the AD9854 
Direct Digital Synthesizer
Back in 1997, radio frequency homebrewers 
really began taking advantage of the 
conveniences that DDS technology offered: 
1-chip simplicity, DC-to-30 MHz signal 
generation ability and relatively decent signal 
purity. Since then, AA0ZZ and others have 
been creating and refining signal generators 
using this technology. Within the last 12 
months, however, the author began working 
with one of the latest DDS chips from Analog 
Devices, with an end goal of designing a 0-60 
mHz VFO for use with the recently introduced 
KK7B high-performance R2PRO receiver. 
This the AA0ZZ story of taming the AD9854 
dual-output (I-Q) DDS chip and creating a 
PCB in the process that others can also use. 
Additionally, your friendly QHB editor has 
documented his enclosure for the project, 
creating a modular high-end VFO component 
for use on the bench. AA0ZZ and the NJQRP 
are also making his pc board and PICs 
available to help others construct this high-
performance HF VFO. 

 

 

Introduction 

In the July, 1997 issue of QEX magazine, Curtis Pruess, WB2V published an article featuring 
a signal generator which used an Analog Devices AD9850 DDS device controlled by a 
PIC16F84 microcontroller. The signal generator could be used as a VFO, of course. Those 
radios that need opposite sideband suppression could use this signal generator along with 
some type of hardware phase-shifting techniques. This project generated a lot of interest and 
many spin-off projects. 
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Since that time, a newer device has been introduced by Analog Devices – the AD9854. This 
device has some significant advantages over the AD9850. 

First, the AD9854 produces two outputs with a 90-degree phase difference. This phase 
relationship remains constant regardless of the frequency. When used in a DC phasing HF 
receiver or a single-sideband transmitter, these two outputs make it easy to provide opposite 
sideband suppression over a wide frequency range. The AD9854 data sheet advertises a 0.2 
degree maximum phase error. 

Second, the AD9854 has a 12 Bit DAC (D/A converter) while the AD9850 has a 10 bit DAC. 
This is important in reducing the undesirable byproducts (spurs). Dynamic performance 
(Spurious Free Dynamic Range - SFDR) improves by 6 dB with each additional bit. (See 
Analog Devices Application Note AN-282.) As a result, the AD9854 has an 80 dB SFDR. 

Third, the version of the AD9854 used in this project (the AD9854AST – not the thermally 
enhanced AD9854ASQ) has a 200 MHz maximum clock speed, compared to 125 MHz for 
the AD9850. The faster clock speed raises the Nyquist limit and makes the frequency range 
of 0 to 30 MHz operation easier to attain. 

This project is an extension of the concepts introduced in that original AD9850 project, but 
there have been many major changes. It still has an optical encoder for frequency selection 
and it still uses an LCD for displaying the frequency. However, the HF-VFO has been 
changed in these ways: 

1) The HF-VFO now uses two PIC microcontrollers - one controlling the optical encoder and 
the other controlling the AD9854, the LCD, the pushbuttons and the LEDs. 

2) The HF-VFO now uses a two-line LCD so more information is displayed. 

3) The HF-VFO now operates as two VFOs with two frequencies. 

4) The two-part VFO supports split-frequency operation. 

5) The two AD9854 outputs are amplified to produce signal levels that are compatible with 
common receiver requirements (such as the R2 or R2Pro by Rick Campbell - KK7B.) 
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Figure 1: Block diagram of the IQ-VFO 

This article describes the AD9854 HF-VFO project that Bruce Stough, AAØED, and I have 
developed. 

Optical Encoder and PIC16F628 

Early versions of this HF-VFO project used a single PIC microcontroller for all VFO functions. 
However, the PIC’s main code execution loop was very large and it varied a great deal in 
length, depending on if the LCD and DDS needed to be updated and if pushbuttons are being 
used. Since this single PIC also monitored the input signals from the optical encoder, reading 
the "gray code" to determine how fast the encoder was being turned, a variable size main 
execution loop made accurate timing and smooth operation very difficult to accomplish. 

In this version we decided to use a dedicated PIC16F628 microcontroller for the optical 
encoder. Why? They are inexpensive and provide a rather elegant solution to the problem of 
accurate timing for smooth tuning operation. Note that the PIC16F628 is a rather new 
incarnation of the PIC16F84, with some significant advantages. In this particular application, 
one of the advantages is that we do not need an external crystal to give accurate operation at 
4 MHz. By using a dedicated PIC microcontroller for the optical encoder, the "big brother" 
PIC16F877 microcontroller can easily handle the other operations it is called upon to perform. 

The encoder PIC monitors the output of the encoder. Periodically it sends information to the 
main (‘877) microcontroller to indicate that the encoder tuning knob has been turned as well 
as the direction of change. The encoder (‘628) microcontroller sends the data to the ‘877 PIC 
by setting up 3 data lines and a direction line and then generating a pulse on the ‘877 PIC’s 
interrupt line. The interrupt causes the ‘877 PIC to stop its current operation for a very brief 
period of time, to examine the data lines, save the new magnitude and direction, set a flag 
saying a change has been made, and then return to the task it was executing at the time of 
the interrupt. A very short time later, code in the main execution loop will detect the "change" 
flag and make the appropriate frequency change in the DDS and LCD. 
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The amount of change in the frequency is determined by an interesting algorithm. The optical 
encoder that we use puts out 128 pulses per revolution. Thus we have 256 transitions for 
each of the two output lines for a total of 512 transitions per revolution. 

We decided we want to have a maximum of 20 tuning updates per second. 20 updates per 
second converts to 50 ms per update. We want to count the number of transitions in 50 ms 
and send that number to the ‘877 PIC. We can easily handle this rate of interrupts in the ‘877 
PIC without having to stack them or lose them. 

We also decided we want the PIC to be able to capture all transition pulses when we turn the 
tuning knob (optical encoder) at a rate of least 2 revolutions per second. (When we turn the 
knob faster than 2 revolutions per second we will allow some transitions to be skipped.) At 
this rate, the maximum number of transitions per update would be: 

512 transitions/rev * 2 rev/second = 1024 transitions/sec.  
1024 transitions/sec = 0.98 ms / transition  
then:    
50 ms/update  divided by  0.98 ms/transition = 51 transitions/update  
We could send this number over with 6 "binary" bits (63 max). However, we have chosen to 
use this alternate scheme to do it with 3 "binary" bits: 

The encoder PIC counts the number of transitions in 50 ms. It sends over an "accelerated" 
value by looking up a value in a table. The value ENCINDEX in the following table 
(represented as 3 bits of "data sent") is sent to the ‘877 PIC microcontroller. Then the ‘877 
PIC determines the actual size of the frequency step, depending on whether the current 
tuning rate is slow or fast. 

Transitions 
in FSTEP  
50ms Enc   Data SLOW FAST 
——    —      —   ——    ——— 

1      0   000  1        1 

2      1   001  2        2 

3-4    2   010  5       10 

5-8    3   011  10      60 

9-16   4   100  100    600 

17-32  5   101  300   1800 

33-64  6   110  1000  6000 

65+    7   111  5000 30000 
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In this scheme, since 65 is the largest number of pulses that can be counted and 
distinguished with 3 data bits, we are limited to a little over 2 revolutions of the encoder per 
second. (If the encoder is turned faster, and more than 65 pulses occur in the 50 ms window, 
the result which is sent to the ‘877 PIC is still a "7", the same as it would be if only 65 pulses 
occurred.) 

How well does it work? In slow-tune mode you can tune in 1 Hz increments and accelerate 
up to about 25 kHz per revolution. In fast-tune mode you can still tune in 1 Hz increments but 
can accelerate up to about 150 kHz per revolution of the encoder. 

Mechanical Encoder instead of Optical Encoder 

Since the optical encoder specified for this project is a fairly expensive item (unless you can 
find it in a "surplus" bin somewhere, as I did), you may want to experiment with a much less 
expensive alternative – a mechanical encoder. DigiKey has one for about $3.50, instead of 
about $40 for their optical encoders. The difference is that the mechanical encoder only has 
24 positions per revolution, compared to 128 for the optical encoder. The result is that the 
tuning is not quite as smooth and responsive as with the optical encoder. However, it does 
work fine. 

I have changed the acceleration algorithms to the following when the mechanical encoder 
(24-position) mode is selected. 

Transitions 

in FSTEP 

50ms Enc Data SLOW FAST 
——   —    —    ——    ——— 

1         0    000     1      1 

2         1    001     5      7 

3-4      2    010    25     50 

5-8      3    011    50     300 

9-16    4    100    500    3000 

17-32  5     101   1500   9000 

33-64  6     110   5000   30000 

65+     7     111   25000 150000 

With this algorithm, it is still possible to tune in increments of 1 Hz. However, the acceleration 
increments change more rapidly than with the optical encoder. 
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By default, the board is initialized to use the optical encoder acceleration table as the primary 
and the mechanical encoder table as the alternate. (This priority order can easily be changed, 
of course.) To select the alternate encoder table, this sequence of button presses is used: 

1) Press and hold Pushbutton 1 

2) Press and hold Pushbutton 4 

3) Release Pushbutton 1 

4) Release Pushbutton 4 

You can tell whether the primary or alternate encoder table is selected by pressing 
Pushbutton 7 to select fast-tuning mode. If the character in the far right side of the first line 
becomes a "+" when in fast-tuning mode, you are using the primary encoder table. If the 
character becomes a "#’ when in fast-tuning mode, you are using the alternate encoder table. 

Once the alternate encoder acceleration table is selected, it remains selected until the VFO is 
powered down. Furthermore, the encoder selection is not remembered over the power-down; 
you must enter it again in the next session. Obviously, once you have settled on an encoder, 
you should change the code to use this selection as the primary encoder. 

Main processor – the PIC16F877 

The PIC16F877 microcontroller was selected for the main controller for several reasons. First 
of all, it has more I/O pins than are available on the smaller PIC microcontrollers. This gives 
us the opportunity to use dedicated pushbuttons for operator input as well as dedicated LEDs 
for operator feedback, without resorting to complicated multiplexing. We think a high-end 
radio, which this VFO project certainly can support, is easier to operate when it has dedicated 
pushbuttons. Single button radios and menus are more appropriate for other applications. 

Another significant advantage of using a PIC16F877 microcontroller was for ease of 
development. We were able to use Microchip’s In-Circuit-Debugging (ICD) tool. This made 
our development time much more productive and enjoyable. The version of ICD that we use 
only supports the high end PIC microcontrollers. (The ICD is available from DigiKey. Part 
number DV164001-ND.) 

Pushbuttons 

This HF-VFO version has 8 pushbuttons to control the VFO. 

Pushbutton 1: 1 MHz UP 

Each time this button is pressed the frequency will increase by 1 MHz. Frequency maximum 
is 30.000 MHz. 

Pushbutton 2: 1 MHz Down 

Each time this button is pressed the frequency will decrease by 1 MHz. Frequency minimum 
is 0.000 MHz. 



AmQRP Homebrewer, Issue #4 7 Copyright 2005, AmQRP, All rights reserved 

Pushbutton 3: Normal/Fast Tuning Rate 

Pressing this pushbutton toggles the optical encoder tuning rate between normal and fast 
tuning. 

The default tuning rate allows fine tuning in 1 Hz steps when the encoder is turned very 
slowly. When turned slowly, one complete revolution of the encoder shaft will change the 
frequency by 512 Hz. However, the acceleration algorithm provides greater rate of frequency 
change when the encoder is turned faster. In normal tuning mode the maximum amount of 
frequency change in one revolution of the encoder shaft has a practical limit of about 25 kHz. 

After toggling the pushbutton to fast tuning mode, the operator can still tune in 1Hz steps by 
turning the shaft very slowly. However, the acceleration algorithm ramps up much faster, so 
the maximum tuning rate is about 150 kHz per revolution of the encoder shaft. 

When in fast-tuning mode, the right-most character on the first line of the LCD displays 

a "+" (plus sign) or a "#" (pound sign). If the indicator is a "+" it means you are in fast-tuning 
mode and the primary encoder acceleration table is in use. If the indicator is a "#" it means 
you are in fast-tuning mode and the alternate encoder acceleration table is in use. 

See the section regarding the use of a mechanical encoder instead of an optical encoder for 
more details. 

Pushbutton 4: Special Select 

This button is used in two special situations. 

First, it is used during initial board debug. Since it is very difficult to see some of the control 
signals being sent to the AD9854, and since some of these essential signals are only 
generated at AD9854 initialization time, it is often very difficult to see them on an oscilloscope 
to verify that they are getting to the AD9854. This special debug mode is enabled by holding 
this pushbutton down while powering up the board. It must be held down for about 2 seconds 
- until the introduction/debug display on the LCD screen has gone and the normal frequency 
display is shown. 

Second, it is used in conjunction with Pushbutton 5 for selection of the alternate encoder. See 
details in the section describing the use of a mechanical encoder rather than an optical 
encoder. 

Pushbutton 5: Set VFOA = VFOB 

When this button is pressed, the frequency of the VFO that is not currently being displayed 
will be changed to match the frequency of the VFO that is currently being displayed. 

Pushbutton 6: Split Frequency Operation 

This pushbutton allows the operator to toggle between NORMAL and SPLIT mode. 

SPLIT mode operates in conjunction with the keying interface header on the board. 
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When this keying circuit is activated (by grounding the key line or shorting the interface pins 
together) and it is in SPLIT mode, the PIC will switch from one VFO to the other. In NORMAL 
mode the frequency remains at the displayed frequency (VFO-A or VFO-B) as the keying 
circuit is activated. 

The operator sets desired transmit frequency in one VFO and the desired receive frequency 
in the other VFO. The current VFO selection is done by means of the Rx VFO Toggle 
pushbutton. The LCD displays the frequency of the receive VFO when in receive mode and it 
displays the frequency of the transmit VFO when in transmit mode. The LCD displays the 
word XMIT when the keying circuit indicates transmit mode and RCV when in receive mode. 

The LCD displays the word SPLIT when in SPLIT mode. This portion of the LCD is blank 
when in NORMAL mode. 

Pushbutton 7: Rx VFO Toggle (VFOA / VFOB) 

Two VFO frequencies are used in the HF-VFO. This pushbutton allows the operator to toggle 
between VFO-A and VFO-B as the currently active VFO. The LCD indicates whether VFO-A 
or VFO-B is active. 

Pushbutton 8: Calibrate 

The Calibrate button is used to put the VFO into a special mode to ensure the DDS is 
generating a sine wave for the exact frequency that is displayed on the LCD. 

First a bit of background. When we want the AD9854 to generate a sine wave at a particular 
frequency, we need to send it a 6-byte number referred to as the Frequency Tuning Word. 
The AD9854 uses the Frequency Tuning Word and the reference clock to generate the 
output waveform. 

The AD9854 can generate an output frequency with 48-bit accuracy. However, in this 
application, since we are always going to be generating a frequency which is a whole number 
of Hertz, we keep a 4-byte numeric constant in the PIC’s EEPROM which represents a 1 
Hertz change in output frequency when used with the specified reference clock. We refer to 
these 4 bytes as: 

ref_osc_3 (the most significant byte) 

ref_osc_2 (next byte) 

ref_osc_1 (next byte), and 

ref_osc_0 (the least significant byte) 

Note that the AD9854 has a 48-bit frequency tuning word and we are only saving a 32-bit 
constant in EEPROM. For performance reasons, and since 48-bit accuracy is not required for 
this application, we will construct the 48-bit tuning word from the 32-bit value. We will use this 
value to calculate the 48-bit frequency tuning word. We will then multiply the 32-bit value by 
the desired output frequency, in Hertz, to obtain another 32-bit product. This 32-bit product 
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will be used as the most significant 32 bits of the 48-bit frequency tuning word and we’ll fill the 
remaining 16 bits with zeros. 

This numeric constant is interpreted as a fixed point real number in the format: 

<refosc3> <refosc2> <refosc1> <refosc0> 

where 

refosc3 = (2^32/ osc_freq_in_Hz) 

refosc2, refosc1, and refosc0 are the fractional part of: 

(2^32 / osc_freq_in_Hz) times 2^24. 

For example, for a 125 MHz clock: 

refosc3 is (2^32 / 125 x 10^6) = 34.359738368 truncated to 34 (0x22) 

refosc2 is the high byte of: 

(.359738368 x 2^24) = 6035408.303 

6035408.303 = 0x5C17D0, so high byte is 5C. 

refosc1 is the next byte of 0x5C17D0, or 17 

refosc0 is the last byte of 0x5C17D0, or D0 

The values for common oscillator frequencies are as follows: 

                   ref    ref     ref    ref 
Frequency osc3 osc2 osc1 osc1 

125.00 mHz 0x22 0x5C 0x17 0xD0 

120.00 mHz 0x23 0xCA 0x98 0xCE 

100.00 mHz 0x2A 0xF3 0x1D 0xC4 

90.70 mHz  0x2F 0x5A 0x82 0x7A 

66.66 mHz  0x40 0x6E 0x52 0xE7 

66.00 mHz  0x41 0x13 0x44 0x5F 

60.00 mHz  0x47 0x95 0x31 0x9C 

50.00 mHz  0x55 0xE6 0x3B 0x88 

Once again, we can think of this constant number as the step size which represents 1 Hz of 
movement. When we want to set the VFO’s frequency to a specific number of Hertz, we 
simply have to multiply this constant by the desired number of Hertz to obtain a Frequency 
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Tuning Word. We send this Frequency Tuning Word to the AD9854 and, voila, it generates 
the sine wave at the specified frequency. In fact, it generates two outputs exactly 90 degrees 
apart. 

Now we can see why we need the Calibrate function. When the PIC microcontroller is 
programmed, we set up preset values that are loaded into the PIC’s EEPROM, based on the 
nominal frequency of the AD9854’s external reference clock. However, it is never absolutely 
accurate as specified. The Calibrate function is used to adjust the 4-byte constant (step size) 
such that when the AD9854 uses it with this reference clock, the output frequency is 
accurate. The updated 4-byte constant is then stored back in EEPROM for future use in 
calculating the Frequency Tuning Word. It is not lost when the HF-VFO is powered down. 

When the Calibrate button is first pressed, the VFO switches to 10 MHz and the optical 
encoder tuning rate is set to a very small number. Now we tune a nearby receiver to WWV at 
10 MHz and we listen, in CW mode, to WWV’s tone at some offset (e.g. 700 Hz above). We 
also can hear the HF-VFO putting out a faint signal at what "it thinks" is 10 MHz with the 
same tone offset. While listening to the WWV tone and the HF-VFO tone, we can turn the 
encoder to adjust the HF-VFO’s tone. As the two frequencies get closer together, we can 
hear the "beats" get slower and slower. We listen for "zero beat" which indicates the tones 
are identical. When the two tones are identical it is calibrated. We press the Calibrate button 
again to exit this mode. The updated constant is now saved in EEPROM. 

Other Controls 

A keying circuit interface header is provided on the board for a connection to external keying 
circuitry. It is used for switching between the two VFO frequencies when in SPLIT mode. The 
LCD changes from RCV to XMIT when the keying interface pin is grounded (or the two 
header pins are connected together). In addition, if SPLIT mode is selected, and the PIC 
changes to use the opposite VFO frequency when the keying interface pin is activated 
(grounded). 

Test this feature by entering different frequencies in VFO-A and VFO-B. Select SPLIT 
operation. Now short the two header pins together and watch the display change from one 
VFO to the other and the display change from RCV to XMIT. By design, the currently 
selected VFO is always the "receive" VFO, and the receive frequency is displayed. The other 
VFO contains the "transmit" frequency and it is displayed when transmitting. 

LCD Display 

The LCD display shows the current frequency that is being generated by the DDS. 

It also shows the state of the SPLIT toggle, the current transmit/receive mode, and the 
currently active VFO (A or B). 

Virtually any 16 x 2 LCD which uses a HD44780 controller can be used. Surplus parts 
suppliers are a good source for more inexpensive parts. 

A variable resistor (R10) is included to adjust the LCD brightness. This resistor is not be 
necessary for all LCDs but may be required. For some types of LCDs, Pin 3 may be tied 
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directly to ground, while in others a small positive voltage is required on Pin 3 for maximum 
LCD brightness. 

LEDs 

There are several Light Emitting Diodes on the board. Eventually they will be moved to the 
front panel. 

LED 0 -- This LED for debug purposes. It is very briefly turned on when bit 0, the least-
significant bit, is set in the encoder data by the encoder PIC (the 16F628) when an 
encoder interrupt is generated. 

LED 1 -- This LED is for debug purposes. It is turned on during the period when LCD 
is being initialized. During operation, it is also turned on when bit 1 is set in the 
encoder data when an encoder interrupt is generated. 

LED 2 -- This LED is for debug purposes. It is turned on during the period when the 
DDS is being initialized. During operation, it is also turned on when bit 2 (the highest-
order bit) is set in the encoder data when an encoder interrupt is generated. 

LED 3 -- This LED is turned on when VFO-A is active in receive mode. 

LED 4 -- This LED is turned on when VFO-B is active in receive mode. 

LED 5 -- This LED is turned on when SPLIT operation is active. 

 

Circuit Description 

Figure 1 shows the schematic for the HF-VFO. 

The two socketed PIC microcontrollers control the HF-VFO functions. The PIC16F628 is a 
16-pin part, while the PIC16F877 is a 40-pin part. Each PIC pin that is used as an input has a 
1k ohm pull-up resistor attached to +5 v. 

The optical encoder feeds its two "gray code" signals to the PIC16F628. 

The HF-VFO uses a 125 MHz DIP clock oscillator for the AD9854. This was a tradeoff. We 
could have used a lower frequency clock oscillator and then used the AD9854’s internal clock 
multiplier, but this introduces additional phase noise as well. 

The output current (Iout) from the AD9854 is set by the size of the Rset resistor. We are 
using an Rset of 3.9k which translates to 10ma of output current. (20 ma is maximum, but 10 
ma is selected because it provides the best SFDR.) 

Software Description 

We run the AD9854 in serial mode. This means we use a single data line, a clock line, and an 
external update line to send the frequency updates from the PIC to the AD9854. Two reset 
lines are also controlled by the PIC. 
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Determining how to get the AD9854 initialized was a real challenge, especially with a 125 
MHz reference clock. The problem stems from the fact that the AD9854 powers up in internal 
update mode while it really needs to be in external update mode to operate in this type of 
application. See the AD9854 data sheet for details. After a lot of tinkering we were able to get 
this working properly. 

Board Description 

The layout is on a single-sided 4.6" x 6.6" (114 x 165 mm) board. Surface mount parts are 
mounted on the copper trace side of the board while all other parts are mounted on non-trace 
side. 

I did the board layout using WinBoard from Ivex, with some custom parts such as the ERA-
3’s, the AD9854, and the surface mount (0805 size) parts. 

External power to the board is 12 - 13.5 volts. The ERA-3 bias scheme uses 12 volts. A large 
TO-3 version regulator is used for the conversion from 12 volts to 5 volts while a TO220 
version regulator is used to drop from 5v to 3.3v. 

The AD9854 must run at 3.3 volts, so its reference clock (125 MHz) is also a 3.3v part. 

However, since the PIC16F877 runs at 5 volts and the AD9854 runs at 3.3 volts, we needed 
a method of converting the voltages of the signal lines that connect these two parts. We did it 
with simple voltage dividing resistors on each signal line. 

All pull-up resistors on PIC ports are 10K, 1/8 watt, and all surface mount resistors and 
capacitors are 0805 size. 

Power consumption for the entire board is about 425 ma but some of this is "burned up" by 
the 5-volt regulator (dropping from 12 volts to 5 volts). Output of the 5-volt regulator is about 
400 ma. About 375 ma of this goes to the AD9854 and the 125 MHz clock. 

Mounting the AD9854 

Much has been said about the challenges of working with the AD9854 with its 80-lead LQFP 
format. The .65 mm pin spacing does provide a challenge but it is not an insurmountable 
problem for homebrewers. I use a WTCPT soldering iron with a 1/64" tip. 

I started by putting solder flux on the entire AD9854 pad area of the board. Then I tinned all 
the pads by applying liberal amounts of solder. I removed the excess solder by drawing a 
piece of solder braid, with my soldering iron heating it, across the pads. It doesn’t need much 
solder on the pads. 

To mount the AD9854, I used a lighted magnifying glass. I carefully placed the device, 
making sure pin 1 was in the correct position. I moved it around carefully with a toothpick. 
When I was confident that all 80 pins were lined up properly on their pads, I tacked one 
corner by touching the pin briefly with my soldering iron. Once again I examined it carefully. 
Note that it is a lot easier to remove the part when only one pin is tacked. When all 80 pins 
are soldered, I think you may have to use a heat gun to remove it. (Thankfully, I haven’t had 
to try this trick!) Satisfied, I tacked another pin in the opposite corner. After checking again 
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very carefully, I proceeded to solder all the pins by simply drawing my soldering iron along 
the row of pins. It is easy to see the solder flow as the pins attach to the pads. 

Now I checked it completely for unsoldered connections and possible shorts. I did this with an 
ohmmeter with clip leads and a common pin. I clipped one lead to a ground connection point 
and clipped the other lead around the common pin. One at a time I touched the common pin 
to each AD9854 pin that was supposed to be grounded and watched the meter to verify the 
connection. Then I did the same thing for all the Vdd (3.3v) connections. Finally, I verified all 
the PIC signal lines to the AD9854 by checking for continuity between the interface header 
pins and the AD9854 pins. Yes, at first I did have a couple of AD9854 pins that were not 
soldered completely, so I again touched these individual pins with my soldering iron. Then I 
checked the area again. 

[NOTE: Homebrewers who purchase the pc board from the NJQRP will have an option 
available to have the AD9854 DDS chip soldered on.] 

Enclosure 

It would be good to mount the HF VFO pc board into a sturdy metal enclosure, both for 
protection as well as EMI isolation. After all, you wouldn’t want all the digital signals causing 
birdies in rigs that you will be driving with this VFO! 

George, N2APB worked closely with me on the packaging of the project and developed an 
example of a convenient enclosure. See some details and photos at the end of this article. 

Performance 

Size of outputs 

Each of the channels produce an output waveform which is about 2 volts peak-to-peak (10 
dBm). See the I & Q output waveforms below. 

 

  

Opposite sideband rejection 

Initial testing by shows that an R2Pro receiver will get at least 40 dB of opposite sideband 
rejection. 
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Spurs - TBD 

Phase noise - TBD 

What’s Next? 

There are a number of directions to go from here. Here are a few of the areas that I can 
immediately see: 

1) Use another kind of DDS Reference clock to see if that makes the output "cleaner". Some 
people have said that a DIP clock is not nearly "good enough". Find out. Make an oscillator 
with a crystal and stabilization circuitry and see it is better. Check the phase noise. See 
Application Note AN-419 at the Analog Devices web site: http://www.analog.com or AN-263 
from National Semiconductor at http://www.national.com/an/AN/AN-263.pdf 

2) Add a PLL to the output and observe the reduced spurs at the output. See the trade-off 
between DDS spurs and the phase noise introduced by the PLL’s VCO. 

3) Experiment with dithering to reduce spurs on the output. See A Technical Tutorial on 
Digital Signal Synthesis at the Analog Devices web site. Also see High Speed DAC’s and 
DDS Systems by Walt Kester at the Analog Devices web site. http://www.analog.com 

4) Change the MMIC amplifier. Take the signal from the header at the output of the Low Pass 
Filter to an amplifier of your choice via 50-ohm coax. 

5) Change the Low Pass Filter. Try using larger through-hole components. 

6) Add an offset for an audible CW sidetone. 

7) Change the 5-volt regulator to a 5-volt switching power supply for less heat generation. 

8) Make a computer interface for the DDS, instead of using the PICs. The 6-pin header 
between the 16F877 and the DDS would be an easy connection point; all the essential DDS 
signals come from that header. You may want to use a parallel port. Then make your 
computer’s operator interface as simple or as elegant as you want. Maybe do your tuning 
with a mouse or with the keyboard. Maybe even a touch screen. 

9) Change the tuning acceleration algorithm to your liking. 

10) Use another kind of LCD. Larger/smaller. Display more information. 

11) Add code/circuitry for changing the selection of USB/LSB. This selection can be 
accomplished by simply reversing the I and Q output connections to the external 
receiver/transmitter. (The I and Q outputs of the AD9854 are always 90 degrees out of phase 
and there is no way to reverse them by programming in the AD9854.) 

12) Add code/circuitry to handle Transmit/Receive timing. We may need to add another PIC 
for controlling this keying. This would allow an exact adjustment for the delay in switching 
between Receive and Transmit. (This is different for every transmitter/receiver.) We must be 
careful to switch from the receive frequency to the transmit frequency before the transmitter 
starts transmitting, and we must NOT switch from the transmit frequency back to the receive 
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frequency until after the transmitter has stopped transmitting. Currently the main PIC 
instruction loop takes about 10 us when no LCD/AD9854 updates are being done, and about 
1.5 ms when updates are being done. This means that, worst case, the keying change will be 
detected by the PIC in 1.5 ms and the PIC will change between the transmit frequency and 
the receive frequency. This is probably too fast for most receivers/transmitters. 

13) Add frequency memories. They could be saved in EEPROM. Additional pushbuttons or 
switches may be required. 

14) Add another PIC processor. Maybe use a dedicated 16F877 for a more complete user 
interface – more pushbuttons, LEDs, and a maybe a keypad. The new 16F877 could 
communicate with the "main" 16F877 which controls the DDS and the LCD. 

15) Use the HFVFO to experiment with frequency-hopping Spread Spectrum. 

Summary 

This project is another step in the direction of a usable DDS–based VFO for a high-end radio. 
It has opened some new doors and has started us thinking about additional features that we 
would like to implement in future versions. However, it is likely that every user will have 
unique ideas about what is important to them. We hope this project will be a springboard for 
others use as they branch off in multiple directions. 

To get the very latest version of the various components of this project, visit my web page: 
http://www.cbjohns.com/aa0zz 
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QTY DESIGNATOR PART 
Part Number 

(DigiKey 
unless otherwise specified) 

1 U1 5 volt regulator     (TO3)  LM323K Steel-ND 

1 U2 3.3 volt regulator  
TO220 LT1085CT-3.3-ND 

1 REFCLK1 Crystal Oscillator  3.3v
 125 MHz   (SMT) 

520-3953M-1250-BN 
(Mouser) 

1 XTAL1 Crystal           20 MHz   CTX416-ND 
6 LED0 thru 5 LED              T1  P562-ND 

8 PB1 thru 8 Pushbuttons   5.0mm    
SPST P8083SCT-ND  

        

6 

R31, R32, 
R33, 

R34, R38, 
R39 

Resistor, SMT, 0805, 51 
ohm 311-51.0CCT-ND 

2 R35, R36 Resistor, SMT, 0805, 24 
ohm 311-24.0CCT-ND 

1 R28 Resistor, SMT, 0805, 
3.9k ohm    311-3.90KCCT-ND 

2 R29, R30 Resistor, axial, 1/2W, 
270 ohm 270H-ND 

5 
R18, R20, 

R22, 
 R24, R26 

Resistor, axial, 1/8W, 
3.3k ohm 3.3KEBK-ND 

5 
R19, R21, 

R23, 
 R25, R27 

Resistor, axial, 1/8W, 
5.6k ohm 5.6KEBK-ND 

21 
R1 thru R9, 

R11 thru R17, 
 R37, R40-43 

Resistor, axial, 1/8W, 
10k ohm 10KEBK-ND 

1 R10 Resistor, variable, 
trimpot, 1K ohm 36G13-ND 

        
        
2 L2, L5 Inductor, SMT, 0805, PCD1178CT-ND 
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0.33 uH     

2 L1, L4 Inductor, SMT, 0805, 
0.39 uH    PCD1179CT-ND 

2 L3, L6 Inductor, axial, 22 uH 
(shielded) DN41223-ND 

        

11 

C8, C9, C10, 
C16, C17, 

C18, 
C23-C27 

Capacitor, SMT, 0805, 
0.1 uF   PCC1840CT-ND 

4 C3, C5, C11, 
C13 

Capacitor, SMT, 0805, 
82 pF PCC820CGCT-ND 

2 C4, C12 Capacitor, SMT, 0805, 
150 pf   PCC151CGCT-ND 

2 C6, C14 Capacitor, SMT, 0805, 
10 pf    PCC100CNCT-ND 

2 C7, C15 Capacitor, SMT, 0805, 
33 pf PCC330CGCT-ND 

2 C19, C21 Capacitor, axial, 10 uF 
tantalum 80-T356E106K016 (Mouser) 

2 C1, C2 Capacitor, axial, 27 pF  
NPO  

140-50N5-270J-TB 
(Mouser) 

2 C20, C22 Capacitor, axial, 0.22 
uF mono    BC1149CT-ND 

        

2 U6, U7 ERA-3  MMIC, SMT pkg
(by MiniCircuits) 

(Dan’s Small Parts)    or     
(Down East Microwave) 

0 U5 AD9854AST DDS (Analog Devices) 
1 U3 PIC16F628     4 MHz    PIC16F628-04/P-ND  
1 U4 PIC16F877    20 MHz   PIC16F877-20/P-ND  

1 Encoder Optical Encoder (128 
positions) 

102-1007-ND 
(or alternate mechanical 
encoder: P10859-ND) 

1 LCD 
LCD 

(16 x 2 char, HD44780 
controller) 

628-L168200J  (Mouser) 

1   40-pin DIP socket  
(.600”) A411-ND 

1   18-pin DIP socket  
(.300”) A403AE-ND 
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8   Headers  (.100” 
spacing) (2-pins)       538-22-03-2021 (Mouser) 

1   Headers  (.100” 
spacing) (4-pins)       WM4002-ND 

1   Headers  (.100” 
spacing) (6-pins)       WM4004-ND 

1   
Headers  (.100” 

spacing) 
(two rows of 7-pins)     

538-10-88-1141 (Mouser) 

1   Heat Sink  (TO-3) HS149-ND (changed to 
.75") 

1   Heat Sink  (TO-220) 345-1022-ND 
1   PCB   
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Here’s the rear panel interconnections between the HF VFO and the Sierra QRP 
transceiver. This is a common operational setup used at the N2APB portable station 
with the NorCal BLT ATU on top, Sierra QRP Transceiver in the middle, and the HF 

VFO on the bottom. The headphones and small portable paddle are in the foreground, 
while the power supply (batteries) and antenna cable lead out of the photo. The Sierra 
was modified to accept an external VFO input that serves as the LO for the rig. (The 

small paddle shown in the foreground is a product made by KK5PY.) 
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Here’s the front view of the stacked pair: the Wilderness Radio Sierra QRP transceiver 
(top) and the AA0ZZ 9850 High Performance HF VFO (bottom). During operation, 

frequency tuning is done (and displayed) on the external HF VFO, while the dial and 
display on the Sierra is not used. 
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Building the IQ-VFO board into a fairly compact Ten-Tec enclosure makes for a great 
performing VFO and a great looking VFO on the bench!  This model enclosure is no 
longer produced by Ten-Tec, but several others come pretty close (MW-7, MW-8 or 

TPB-49).  

The hex keypad was installed by N2APB as a future feature for numeric input of 
frequency.  
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The rear panel provides connections for the two quadrature output signals (I and Q), 
the power jack and the power switch.  
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This inside view of the enclosure shows the HF VFO pc board to be a tight fit front-to-
rear, but cable to the controls, display and connectors is easily accomplished above 
the board. The panel-mounted pushbuttons and LEDs are wired in parallel with their 

board-mounted counterparts. 
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Craig Johnson, AA0ZZ 
Jim Kortge, K8IQY 

Harnessing Harmonics 
in the IQ-VFO 
The spectral purity of a DDS-based VFO has 
been the subject of great debate in the 
technical community.  Much of the discussion 
is related to earlier generations of DDS parts 
which feature Digital to Analog Converters 
(DACs) that are not as good as that on the 
AD9854 used in the currently popular IQ-VFO 
design.  Designer AA0ZZ, along with noted 
QRP Hall of Fame member K8IQY give this 
topic some serious study.    

 

 

Analysis of AD9854 output signal  

        Much of the speculation in the literature and the Internet that has been centered on the 
spurs that are generated as byproducts of the DDS devices.  Most often the speculation 
proceeds to the assumption that a phase-locked loop (PLL) is necessary on the output to 
reduce the spurs.   

    The AD9854 has a 12-bit DAC while previous generation DDS’s had fewer bits.  For 
example, the AD9850 has a 10-bit DAC.  Additional bits in the DAC are important in reducing 
the undesirable byproducts (spurs).   Dynamic performance  ( Spurious Free Dynamic Range 
- SFDR) improves by 6 dB with each additional bit. (See Analog Devices Application Note 
AN-282.)  The AD9854, with its 12-bit DAC, has an 80 dB SFDR.  

    This performance analysis was done for the purpose of determining the spectral purity of 
the DDS-based VFO as implemented in this IQ-VFO project.  

    Note that the IQ-VFO board includes 7-pole elliptical low pass filters between the AD9854 
dual outputs and the MMICs, to suppress VHF emissions.  The affect of these low pass filters 
is ignored in this analysis.  The low pass filters’ cutoff frequency is 30 MHz so it only affects 
(attenuates) signals that are higher than 30 MHz.  Since we were trying to analyze the noise 
within the frequency spectrum that is lower than the LPF cutoff frequency we ignored those 
effects.  
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Figure 1 

    The output signal level of the AD9854 can be adjusted by changing the value of the 
resistor known as Rset.   This resistor value is selected on the basis of the output signal level 
desired.   The formula for selecting Rset:  

Rset = 39.9 / Iout  

    The nominal value for Rset in the IQ-VFO is 3.9K, corresponding to an output current of 10 
ma.  This is in the center of the normal range of 8k (5 ma) to 2k (20 ma).   Since the output 
load resistance is 50 ohms, 10 ma through 50 ohms corresponds to an output voltage of 500 
mV RMS.  Note that these output levels are not attainable when the load is not exactly 50 
ohms.  In this project, the load is not exactly 50 ohms when the low pass filter and MMIC are 
attached, so 500 mV is not observable at the junction of the AD9854 and the low pass filter.  

    Note that design decisions were made from the beginning of the project to maximize the 
AD9854 output spectrum purity.   To this end, these design decisions were made:  

•  The AD9854’s clock multiplier was not used.  

•  The frequency of the DDS reference clock (125 MHz) was selected with the intent 
of keeping it well above the minimum (Nyquist) frequency.  The Nyquist frequency 
is two times the desired fundamental frequency.   

•  The output drive level was kept low.   

•  All unused portions of the AD9854 were turned off and the inputs were grounded.  
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•  Optional components that contribute to the SDFR, such as the DAC  bypass 
capacitor and other bypass capacitors, were used. 

•  Careful isolation (single connection point) was done between the analog and digital 
grounds of the AD9854.  

    With these design decisions in place, what does the output of the AD9854 DDS look like?   
To answer this question, an Advantest R3361A spectrum analyzer was used to produce 
spectral plots to demonstrate how the DDS outputs change under varying conditions.  

    The first plot (Figure 1) shows the signal at Header 10, after the low pass filter, and no 
MMIC amp in the circuit.  The only harmonic that is visible is the second harmonic and it is 
more than 65 dB lower than the fundamental.  The other harmonics are down in the low noise 
level.   In this case, the Rset value is 3.9k ohms.  The signal level is 115 mV peak-to-peak, or 
40 mV RMS.  

    The next plot, (Figure 2) shows what happens when the Rset value is changed to 15k, to 
reduce the AD9854 drive level.  It is also taken at Header 10, after the low pass filter, with the 
MMIC removed.  With these conditions, no noticeable harmonics or spurs can be seen; the 
output is very clean.  

 

Figure 2 

    How about DDS harmonics/spurs?  The SA output plots show they are all down 65 dB or 
better.  This leads us to the conclusion that this IQ-VFO can be used as a sine wave 
frequency- generating source for an HF radio (transmitter and/or receiver in 1.8 to 30 MHz 
range) without additional filtering or PLLs to clean up the output signal.  If is also evident that 
Rset has an effect on the generation of harmonics.  

    Lowering the DDS output level will lower harmonics and spurious signals.  
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What does the MMIC amplifier do to the output spectrum?  

    The next SA plot shows what happens when a MMIC amplifier is used with the AD9854.    

 

Figure 3 

    Figure 3 shows the output at Header 9, which is also the input to the MMIC amplifier.  This 
is logically the same connection point as Header 10 but it is looking at the other output 
(channel) of the AD9854.  Once again, it is after the low pass filter but this time a MMIC 
amplifier is connected.   The second harmonic is now only 42 dB down, a degradation of 
about 25 dB, due to driving the input of the MMIC amplifier.  Additional low level spurious 
outputs also appear.  In this case, Rset is at 15k to reduce the drive and minimize these 
problems.   

    Figure 4 shows the signal at Header 11, the output of the MMIC amplifier.  The second 
harmonic is now only 35 dB below the fundamental, and other byproducts are also seen.    
Rset is 15k in this case also.  The signal level is now 2.4v  p-p or 850 mV RMS (11.6 dBm).  
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Figure 4 

    This leads us to the conclusion that MMIC amplifiers cannot be driven hard.  If they are, 
the harmonic levels will be greatly increased.     

    Note that the MMIC used in these tests is an ESA-33SM.  In other tests, the ERA-3 was 
shown to have similar characteristics.  

   

Confirmation by Modeling the MMIC with ElectronicWorkBench  

    To investigate this phenomenon further, a MMIC was modeled with Electronics Workbench 
(EWB).  Figure 5 shows the circuit that was used to represent the MMIC. 
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Figure 5 

    The generator in the simulation model is set to twice the desired input voltage since one-
half of the power is consumed in the generator's internal impedance, Rg.  The input of the 
MMIC model starts at the base of the first transistor and its bias resistors.  

    First, we analyze the MMIC when a input signal level of 7.07 mV RMS (20 mV p-p) is 
applied. Figure 6 shows the transient response of the model with this input level.  The 20 mV 
p-p input level results in an output of 120 mV p-p. The modeling software can also provide 
spectrum analysis, showing the harmonics when this signal level is applied. The results, 
Figure 7, show a fundamental that has a magnitude of –25 dB, a second harmonic that is –82 
dB (57 dB below the fundamental).  The third and fourth harmonics are both about –102 dB, 
which is 77 dB below the fundamental.   
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Figure 6 

  

 

Figure 7 
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    What happens when the MMIC is driven harder?  This is answered in Figures 8 and 9.   
When the input is 200 mV p-p, the output is 1200 mV p-p.  The spectrum analysis shows the 
fundamental magnitude to be –5 dBm and the second harmonic at –42 dBm, just 37 dBm 
below the fundamental.  The third harmonic is at –61 dBm (56 dBm down from the 
fundamental) and the fourth harmonic is –88 dBm (83 dBm below the fundamental).    

 

Figure 8 

  

 

Figure 9 
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    The harmonic levels are summarized in a chart (Figure 10) and a graph (Figure 11).  The 
chart and graph also include values for the harmonics produced when the input drive level is 
doubled to 400 mV p-p.   Now the second harmonic is only 28 dB below the fundamental and 
the third harmonic is only 38 dB down.  

 

Figure 10 

  

  

 

Figure 11 

    This EWB modeling confirms the previous observations that MMICs generate higher 
harmonics when driven with anything except very low levels.  
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Choices to be Made  

    What do these harmonic levels mean for an amateur radio VFO application?  The builder 
has several options.   The first would be to keep the drive levels very low and minimize the 
harmonics.   However, these drive levels may be lower than what is required by most radio 
front ends.  

    Another option would be to replace the MMIC with a different type of amplifier having 
significantly better linearity.  For example, a Norton lossless feedback amplifier or high 
performance op amp.  Then the harmonics would again be be evaluated.  

    Still another option would be to drive the AD9854 at the higher level and use a low pass 
filter or band pass filter on the output to reduce the harmonics.  Different filters would need to 
be selected for different frequency ranges.  

    In practice, filters will probably be required anyway!  

  

Conclusions 
 
1)      The output of the AD9854 DDS is very clean.   A 
Phase Lock Loop on the output is not necessary for 
HF radio applications.    
 
2)      MMIC amplifiers generate harmonics when 
driven at normal levels.   These harmonics are still 
present but at much reduced levels when the MMICs 
are driven at a level that is much lower than rated 
levels.  
 
3)      When the IQ-VFO is used in a transmitter, band 
pass (or low pass) filters designed for the operating 
frequency range are needed to suppress harmonics.  
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Work to be Done  

More experimentation is needed.  These are some of the ideas that need testing:  

•  Replace the MMIC with a different type of amplifier having significantly better 
linearity.  For example, a Norton lossless feedback amplifier or high performance 
op amp.  

•  Use band pass filters to further suppress spurious output. For multi-band operation, 
use relays to select different filters with appropriate frequency ranges.  

•  Try the IQ-VFO in different applications – with active and passive mixers, etc.  

  

Craig Johnson, AA0ZZ may be reached by mail at 4745 Kent Street, Shoreview, Minnesota 
55126, or by email at aa0zz@cbjohns.com  

Jim Kortge, K8IQY may be reached by mail at PO Box 108, Fenton, Michigan 48430, or by 
email at jokortge@prodigy.net  
 
 
All material in HOMEBREWER is copyright 2005 and may not be reprinted in any form without express written permission from the 
American QRP Club and the individual author. Articles have not been tested  and no guarantee of success is implied. Safe construction 
practices should always be followed and the builder assumes all risks.  HOMEBREWER Magazine is a quarterly journal of the American 
QRP Club, published on CD-ROM. Each issue typically contains over 200 pages of QRP-related homebrewing construction and technical 
articles intended for builders, experimenters, ham radio operators and low power enthusiasts all around the world. HOMEBREWER features 
include construction projects for beginners all the way up to the advanced digital and RF experimenters. Annual subscriptions are $15 (for 
US & Canada) and $20 (for foreign addresses).  For information, contact editor/publisher George Heron, N2APB at n2apb@amqrp.org or 
visit HOMEBREWER Magazine home page at www.amqrp.org/homebrewer.   



 

AmQRP Homebrewer, Issue #4 1 Copyright 2005, AmQRP, All rights reserved 

 
 

 

Wayne McFee, NB6M 

A Nuts and Bolts 
     Approach to RF  
         Design ... Part 2 
This homebrew transceiver was the subject 
of a presentation made during the QRP 
Symposium at Pacificon 2003. I focused on 
the process of designing and building this 
transceiver from scratch by selecting portions 
of proven circuits and stringing them together 
in order to achieve the desired result. In the 
previous issue, I presented a step-by-step 
approach to designing and building this rig 
using some simple "nuts and bolts" 
techniques.  This time I’ll take you through 
the detailed circuit analysis, measurement 
and tuning procedures. 

 

 

DESIGN OVERVIEW 

When attention is paid to appropriate detail, building this or a similar transceiver is well within 
the ability of many homebrewers. Please refer to the schematic diagrams presented in Part I, 
as the discussion continues. 

As can be seen in the photos, the entire transceiver was built "Ugly style" with discrete parts, 
using no Manhattan style pads or other devices. 

Laying out the circuit in a logical and straightforward fashion, almost the same as the circuit 
diagram itself, kept interstage interference to a minimum, and allowed space for future 
modifications and improvements. 

It has been shown that building RF circuitry onto a solid copper substrate helps to ensure that 
circuits perform more cleanly, spectrum wise. Evidence also shows that circuits constructed 
this way simply work better, and more as designed. An additional benefit of building this way 
is that the circuit can be built very rapidly, and then can be changed easily, as needed. 

In this particular case, a simple superhet design was used as the base, and proven circuitry 
from many sources was added in order to complete the transceiver design. 
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Key ingredients for ensuring the success of the design were appropriate impedance matching 
and signal level adjustment between key stages. Taking appropriate steps to ensure the 
spectral purity of the transmitter output also provided for good results in the end. 

An analog VFO using a permeability tuned variable inductor was chosen as the local 
oscillator (LO). This oscillator is quite stable, inexpensive, relatively easy to build, and allows 
for wide frequency coverage. In this case, the rig covers the bottom 165 kHz of the 40 Meter 
band. 

VFO output was routed to the receiver mixer through an NP0 capacitor, the value selected so 
as to provide just over 5 Volts peak-to-peak to the mixer. Because the VFO Buffer Amplifier 
chosen for the transmitter chain required a signal taken from a source at DC ground potential, 
a 9 turn link was wound around the tuning coil, and the VFO signal was taken from there to 
the buffer amp. 

Output of the buffer amplifier provides a little better than +7 dBm for the transmitter mixer 
chosen, a diode ring mixer, and also provides more than ample output for the FreqMite CW 
Frequency Annunciator. Although different mixers could be employed, the desire to use 
discrete devices and the spectral purity benefits of using a balanced mixer as a transmitter 
mixer, dictated the choice here. 

The output from the Transmitter Oscillator was routed through a resistive attenuator pad so 
as to set the TXO injection level to the Transmitter Mixer to approximately -10 dBm. 

One of the inputs to the diode ring mixer needs to be of sufficient amplitude to ensure that the 
diodes conduct fully on both halves of the input cycle. Hence, the +7 dBm level was chosen, 
as set by the VFO Buffer Amplifier. However, the second input needs to be kept quite low, 
about -10 dBm, so as to minimize spurious output from the mixer. 

In addition to this, the mixer output was terminated in a 50-Ohm resistive 6 dB attenuator pad 
so as to provide a true 50-Ohm termination for all RF from the mixer. This was followed with a 
double tuned, 50-Ohm input to 50-Ohm output bandpass filter so as to select the proper 
signal from the mixer output for amplification by the transmitter amplifier chain. 

A 50-Ohm input, to 50-Ohm output RF amplifier was added next in order to compensate for 
losses introduced by the 6 dB attenuator pad and the double-tuned bandpass filter, and to 
boost the signal to a usable level for the transmitter’s driver amp. An LC impedance matching 
network follows this RF amplifier, in order to transform the 50-Ohm output of the RF amplifier 
to the 2.2 k Ohm input at the base of the transmitter driver amplifier. 

Driver amplifier, power amplifier, and T/R circuitry, all borrowed from popular QRP 
transceiver designs, completed the transmitter. The initial transceiver design was completed 
with the addition of the muting circuitry. 

Preliminary Results 

Even in its first form, after initial construction, this transceiver showed very good promise. The 
receiver has a very low noise level and has plenty of sensitivity for the 40 Meter band. 
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Although the dual crystal IF filter might not be narrow enough for some, it does provide good 
opposite sideband rejection and has a nice, crisp, clean sound. 

While the audio amplifier chain in this receiver does not supply a ton of audio, the audio 
output is quite sufficient and is very clean sounding as long as good quality stereo earphones 
are used. 

The transmitter puts out 1.5 to 2.0 Watts, which is more than enough for many contacts. This 
lower power level was chosen because of readily available outboard power amplifiers for 
those times when band conditions warrant. 

As with all construction projects, changes are made when the actual building starts. Some 
changes are made simply because of having substitute parts already on hand. Others are 
made because new ideas prompt improvements or additions to the original circuit. Further, 
some are made necessary because the final results may not be quite up to expectations. 

In this project, once the injection levels to the receiver and transmitter mixers were properly 
set, and the receiver and transmitter frequency offsets were adjusted, the basic receiver and 
transmitter sections worked very well. The analog VFO is quite stable and it is really nice to 
be able to tune all of the CW portions of the band. Although it would certainly be nice to have 
a digital VFO, this one is so easy to build and gives such good results with so few parts that it 
is well worth using in more than one project. The addition of a FreqMite CW frequency 
annunciator, or another frequency reporting device, gives us the complete confidence of 
knowing exactly where we are in the band. 

However, even without a digital readout or a FreqMite-type annunciator, it would be difficult to 
stray outside the band. The IF is exactly on 4.000 MHz, and when the LO is tuned to 3.000 
MHz, effectively putting the rig on 7.000 MHz, a birdie is heard in the receiver, providing a 
very effective band edge marker. This birdie, plus the fact that the upper end of the tuning 
range is 7.165 MHz, helps to ensure that all transmissions stay inside the band. 

One area of the transceiver that needed improvement was in the receiver muting circuit. A 
definite goal of this project was to be able to hear the transmitter’s signal in the receiver. 
There are several advantages this, not the least of which is that you have a ready indicator 
that the transmitter is actually working. In addition, once the receiver and transmitter offset 
frequencies are adjusted so as to coincide, all one has to do in order to zero beat another 
station’s frequency is to tune the rig so that the received tone matches the tone heard on 
transmit. 

In this particular case, the JFET mute switch inserted between the audio preamp and the 
audio output amp did not quite produce the desired effect. Although it did provide some 
muting, the audio tone was too loud and had a strident quality, which indicated that muting 
was needed in previous stages of the receiver. 

The first step in evaluating the problem and determining a correction was to move the muting 
circuit from between the two audio amplifiers, and place it between the product detector and 
the audio preamp. This did not correct the problem, so an experiment was conducted to see 
what audio level and quality would be had if Vcc was removed from the two IF amplifiers on 
transmit. 
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In order to answer this question, the 12-Volt leads to the two IF amps were unsoldered and 
disconnected. The results were that, on transmit, the audio tone quality was good and the 
audio level was just about right. So, the following circuit was inserted between the 12-Volt 
bus and the Vcc leads to the two IF amps. 

 

The audio tone heard on transmit was louder than it was with the two DC leads simply 
disconnected. This was probably due to capacitive coupling, although this simple switching 
circuit did shut off the Vcc to the IF amps completely, 

In an experimental effort to see if using another type of switching circuit would provide better 
results, the switching circuit shown below was installed. The results were the same. Although 
the audio tone heard was of good quality, it was still too loud at the highest settings of the 
receiver’s volume control. 
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On-the-air experiments were conducted to determine if this was truly going to be a problem, 
or if it was a situation where the audio level on transmit was at an acceptable level at the 
normal settings of the volume control. 

In practice, it was found that almost all of the time the volume control was at less than 
maximum, and the audio tone on transmit was at a comfortable level. However, in those 
situations where it had been necessary to have the volume control at maximum, one had to 
turn the volume down before transmitting, in order to keep the audio tone at a comfortable 
level. 

Further experimentation showed that a keyed, bipolar transistor switch, connected in such a 
way as to short the audio from the wiper of the volume control to ground on transmit, gave a 
very satisfactory reduction in sidetone volume, and a much nicer sounding tone as well. Here 
is the circuit used. 

 

Two other areas of concern cropped up, and showed the advantage of having a spectrum 
snalyzer on hand while the circuit was being built. Using the SA, I could actively check and 
modify stage performance as each stage was added. 

First of all, the output of the transmitter did not initially meet FCC specs. There were two 
spurs – one at 6.88 MHz, and one at 7.20 MHz – that were -28 and -30 dBc (dB below the 
carrier) respectively, as shown in the spectrum analyzer photo below. 
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Spectrum analyzer shows spurs.  (Test and photo courtesy of W7ZOI)  

FCC specs for a transmitter with a power output less than 5 Watts require all spurious output 
to be more than 30 DB below the carrier, or main signal. The fact that the spurs were 
relatively close to the carrier frequency, definitely not harmonics of the carrier, and the fact 
that the output from the VFO Buffer had previously been checked, led to investigation of the 
output of the Transmitter Oscillator, which turned out to be the culprit. 
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Differences Between Receiver BFO and Transmitter Oscillator 

The receiver’s BFO frequency offset was accomplished with the addition of a 56 pF capacitor 
in series with the BFO crystal. This was done to utilize the lower sideband as the mode of 
reception in this 40 Meter rig. 

 

BFO 

Adding capacitance in series with the crystal raised the oscillator frequency. The amount of 
capacitance was arrived at experimentally by adjusting the value so as to provide enough 
offset to give good rejection of the opposite sideband, while allowing for reception of the 
desired lower sideband. 

The BFO output waveshape is a pretty nice looking sine wave, indicating little harmonic 
energy. This is borne out by the fact that the receiver’s audio output is very clean sounding. 

The Transmitter Oscillator’s frequency was adjusted downward by the addition of two 12 uH 
inductors in series with the TX Oscillator crystal. This arrangement closely matched the 
transmitter’s frequency offset to that of the receiver, but in the opposite direction frequency-
wise. This places the transmitted signal very close to zero beat of a received signal when the 
rig is tuned so that the receiver’s audio output tone matches the frequency of the transmitter’s 
sidetone. This addition is shown below. 
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Transmitter Oscillator Mods 

Again, the amount of inductance needed was determined experimentally. 

In this case, on investigation, the waveshape of the Transmitter Oscillator’s output was not a 
clean sine wave, indicating the presence of harmonic energy. As shown in the preceding 
photo of the transmitter’s output on the Spectrum Analyzer, this harmonic energy caused 
strong spurs to appear relatively close to the main carrier frequency. The answer, and 
correction of the problem, was to filter the output of the Transmitter Oscillator, before its 
output was applied to the Transmitter Mixer. 

A five-element Chebyshev filter, with a cutoff frequency of 4.5 MHz, was added to the output 
of the Transmitter Oscillator, as shown above. 
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The addition of this filter completely eliminated the close-in spurs, as shown in the Spectrum 
Analyzer picture below. 

 

(Test courtesy of WA6AYQ, photo by NB6M.) 

The second area of concern was that the wideband spectrum analysis of the transmitter’s 
output showed that the second harmonic was at –33 DBC, in spite of the fact that all 
harmonics of the carrier were more than –30 dBc. Refer to the photo below.  
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(Test courtesy of WA6AYQ, photo by NB6M.) 

While this was certainly within FCC specs for transmitters at this power level, further 
harmonic attenuation was desired.  

A five-element, halfwave output filter had been used in the transmitter’s final amplifier stage. 
In order to further attenuate the second harmonic, and to see just how much difference it 
would make in the purity of the output, a seven-element Chebyshev filter was installed in the 
transmitter. This filter has a cutoff frequency of 8.5 MHz. 

 

7-Element Filter 

Although a seven element-filter is a bit of overkill in this case, it was interesting to see the 
improvement made in the spectral purity of the transmitter output.  
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As the Spectrum Analyzer photo shows below, the addition of this filter, all spurious output is 
now reduced to approximately –60 dBc. 

 

(Test courtesy of WA6AYQ, photo by NB6M.) 

Suggestions to Builders 

Obviously, we all would love to have a complete set of laboratory test equipment such as 
spectrum analyzers, tracking Generators, and other high priced gear. Not all of us can afford 
to purchase such items, however, and we may not yet have the skills to build our own. What 
can one do with limited equipment in order to help ensure that a homebrew rig such as this 
operates as intended, and has a transmitter output that should meet current FCC 
specifications? 

First of all, proper signal injection levels can be set for key stages such as the transmitter 
mixer. To do this the output of stages such as the VFO Buffer and the Transmitter Oscillator 
should initially be terminated with a 51-Ohm resistor, without running the signal further. Then 
the output can be measured with either a high impedance voltmeter and RF probe or with an 
oscilloscope, and the signal level adjusted as necessary. 

The appropriate signal levels are often stated, such as the minimum of +7 dBm needed for 
one of the inputs to a diode ring mixer. These levels relate to the amount of power provided 
to a true 50-Ohm load, such as a 51-Ohm resistor used to provide termination for 
measurement purposes, and are not what would be read at the input of the mixer itself once 
the signal is properly routed. 
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In this case, the output of the VFO Buffer was adjusted by simply adjusting the number of 
turns of the link providing VFO energy to the amplifer, thus setting the output at just 
approximately +8 dBm. 

In the case of a homebrew diode ring mixer using 1N914 devices, it takes a minimum of 0.7 
Volts to make one conduct, which means that one of the two signals fed to the mixer should 
be at least a little over 1.4 Volts p-p. 5 milliwatts, or 0.5 Volts rms, is 1.414 Volts p-p, which is 
6.9897 dBm. Therefore, it would seem reasonable that in this case, the VFO Buffer output 
should be set just little above that level. 7.2 milliwatts, or 0.6 Volts rms, is 8.5733 dBm, and 
should be adequate for the 1N914 diodes used in a homebrew mixer. Remember, this 
measurement is made when the output is connected across a 51-Ohm resistor to ground, not 
when it is connected to the mixer. 

This is also true of setting the injection level from the Transmitter Oscillator. A 51-Ohm 
resistor to ground is connected to the output and the measurement is taken. The dBm level is 
calculated, and a 50-Ohm resistive attenuator pad is selected to provide the needed 
reduction. The pad is inserted between the Oscillator output and the mixer. Resistor values 
for pi-type 50-Ohm attenuators are easily found in such references as the ARRL Electronics 
Data Book. 

As an example, let us say that we measured 0.45 Volts rms across the 51-Ohm resistor 
terminating the oscillator output. The 0.45 Volts rms signal is 4.05 milliwatts (rms, squared, 
divided by 50), which is 6.07 dBm (4.05, divided by 1, LOG, times 10). Let’s round that off to 
+6 dBm. 

In order to set the injection level to –10 dBm, we need to reduce the signal level by 16 dB. 
According to the table on page 5-2 of the ARRL Electronics Data Book, we need resistances 
of 153.8, 68.8 and 153.8 Ohms, respectively, for a 16 dB, 50-Ohm impedance, pi-type 
attenuator. We use the closest values, 68 Ohms and 150 Ohms, and there we are. 

Now, if one doesn’t have a Spectrum Analyzer on hand, in order to evaluate the outputs of 
stages such as the VFO Buffer and Transmitter Oscillator, how can we tell if the signal 
coming from these stages is relatively clean? 

An Oscilloscope is needed in order to check the wave shape of the signals when they are 
terminated in the purely resistive 50-Ohm load. If the wave shapes appear to be clean sine 
waves, then there should be little harmonic energy. If the wave shape is distorted, then 
harmonic energy is definitely present, and a filter such as what was used in this rig between 
the Transmitter Oscillator and the resistive attenuator, should be installed. A 51-Ohm resistor 
should be connected from the output of the filter to ground and the waveshape should be 
checked again before routing the signal to the mixer. 

The mixer itself will distort the wave shape of the inputs once they are connected, and for that 
reason, checking input wave shapes at the mixer will be misleading. 

The use of the resistive 50-Ohm impedance, 6 dB attenuator at the output of the transmitter 
mixer helped ensure that harmonics of the two signal inputs were properly terminated. The 
double-tuned bandpass filter following the attenuator also selected the proper signal for 
amplification to the transmitter output. 
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The transmitter output filters with higher harmonic rejection can certainly help ensure that the 
signal radiated out the antenna is as clean as possible. Thus using the 7-element Chebyshev 
filter instead of a 5-element half wave filter improved the signal quality. 

Thoughts for the Future 

While this homebrew transceiver is fun and easy to operate, I am quite sure that it has not 
reached its final state of development. 

Different audio amplifier circuits could be added to give a speaker output with plenty of 
volume. RIT could also be added to the receiver. The keyer should be built in. The FreqMite 
or another type of frequency annunciator would also be easy to build-in. Different types of 
mixer and amplifier circuits can be tried. Of course, there are other bands to build for, and on 
which to enjoy the operation of a totally homebrew rig. 

This little rig has provided not only a wonderfully informative learning experience, but now 
provides the satisfaction of being able to say "rig HB, from scratch" to each person in QSO. 
There is tremendous pride in knowing that the rig meets and surpasses expectations on 
almost all levels. Even more satisfying is the joy of sharing information and ideas with others 
who may be interested in trying scratch building as well. 

  

Wayne McFee, NB6M may be reached by mail at 2379 Saint George Drive, Concord, 
California 94520, or by email at NB6M@aol.com  
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