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Table 1

7th-Order Elliptical Low-Pass Filter
Values

Component Passband
(see Fig 2) 1000 Hz 3000 Hz
L4, L5, L6 100 mH 33 mH
C11 0.39 0.15
C12 0.022 0.0068
C13 0.68 0.22
C14 0.1 0.033
C15 0.56 0.18
C16 0.068 0.022
C17 0.39 0.12

Note: Capacitance values are in microfarads.
L4-L6 are Toko 10RB series fixed inductors
and C11-C17 are 5%-tolerance metalized-film
capacitors. See text.

month. During the period when I was
building receivers I started shaving, got my
first real kiss, got my first job, joined the
Navy, got married, stopped shaving, played
a lot of music, climbed some big volcanoes,
had children, started shaving again-and
went to school for a long, long time. One
of the things I should have learned in
school is that anything worth doing
deserves a little forethought. In other
words, ‘‘engage brain before plugging in
soldering iron.”” My junk box is full of
direct-conversion receivers loosely catego-
rized as the good, the bad and the ugly. The
bad designs I can blame on someone else,
but the good ones are none of my doing
" either. They are all ugly.

None of the circuits I have copied over
the years would do what I wanted—take
a CW pileup on the low end of 40 meters
and fill my living room with it, with no dis-
tortion, clipping or hum. The dynamic
range represented by the signals in my
40-meter dipole is greater than the dynamic
range of a compact disk audio recording,
but the audio output of a typical 40-meter
receiver sounds like an AM pocket radio.
I wanted a 40-meter CW receiver with the
clarity and signal-to-noise ratio of a CD
player. To get it I had to start from scratch.

The block diagram of a direct-conversion
receiver shown in Fig 1 is deceptively
simple. There are only three blocks: the
downconverter, the local oscillator (LO)

and the audio amplifier. Fig 2 is a schema-
tic of the receiver. Not shown are the LO
and RF input circuits (discussed later). I
will not discuss LOs—if there is anything
about high-frequency VFOs and VXOs that
hasn’t already been published in the
amateur literature, [ don’t know what it is.
My VFO designs are shamelessly lifted
from the numerous articles by two genera-
tions of Haywards, Lewallen and DeMaw.
Maybe I can improve on them, but I
haven’t done it yet.

Downconverter

A product detector in a conventional
superhet receiver has an easy job: down-
convert the output of a narrow-bandwidth
IF strip to audio. The signals at the input
to the product detector have been scrubbed
clean by a narrow-bandwidth crystal filter,
and in most cases, a gain control of some
type is used to keep all of the signals at the
input to the product detector at about the
same level. Since the narrow filters in a
superhet precede the product detector,
everything at the input is downconverted
to audio, amplified a little, and sent to the
speaker. A casual product detector design
that works well in a superhet may provide
disappointing performance as a direct-
conversion receiver front end.

The first step in improving direct-
conversion receivers is to throw away all
the superhet product detector designs and
start treating the downconverter stage as a
low-noise, high-dynamic-range receiver
front end. All of the rules for high-
dynamic-range receiver design still apply,
whether the IF is at 9 MHz or 0.3-3 kHz.

The fundamental difference between a
superhet product detector and a direct-
conversion receiver front end is that there
are literally thousands of signals, from
nanovolt to millivolt levels, simultaneous-
ly present in the direct-conversion mixer.
A typical 40-meter direct-conversion
receiver with a 500-kHz-bandwidth filter
preceding the mixer downconverts the
entire 500-kHz-wide band to low frequen-
cies from dc to several hundred kHz, and
upconverts the 500-kHz-wide band to fre-
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Fig 3—Several authors have attempted to properly terminate the mixer in the desired
audio range by using a 50-ohm-input, grounded-base audio preamplifier as shown here.
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Fig 4—The diplexer shown here is used at the mixer IF port to provide a 50-ohm
termination from dc to 300 Hz and 3000 Hz to daylight, and to pass 300 to 3000 Hz

through to a matched low-noise amplifier.
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Fig 5—Input SWR and resistances of the
band-pass diplexer of Fig 4 connected to
Lewallen’s matched audio preamp. The
worst-case SWR, from dc to 500 MHz, is
1.4.

quencies near 14 MHz. All of these signals
are present at the input to the audio cir-
cuitry following the mixer. Basic receiver
performance is largely determined by our
treatment of the signals we don’t want to
hear that are present at the mixer IF port.

A requirement for high dynamic range
in a receiver front end is proper termina-
tion of the mixer IF port. Several authors,
notably Lewallen and Hayward, have
attempted to properly terminate the mixer
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Fig 6—The mid-band insertion loss of the
band-pass diplexer of Fig 4 is about 2 dB.

in the desired audio range by using a
50-ohm-input, grounded-base audio
preamplifier, as shown in Fig 3. High fre-
quencies are terminated using a series-
connected low-value capacitor (Cl) and a
50-ohm resistor (R1) to ground at the mixer
IF port. The d¢-blocking capacitor (C2)
between the IF port and the grounded-base
amplifier guarantees that low frequencies
are poorly terminated. This is a significant
departure from standard engineering prac-

tice in an otherwise conservative design.
The strongest unwanted signal of all in a
direct-conversion receiver is its own leaked
and radiated LO signal, complete with low-
frequency sidebands picked up from inter-
actions with the outside world. A diode-
ring mixer is a nearly ideal coherent phase
and amplitude detector. The subaudible
frequencies at the IF port may reach milli-
volt levels in a direct-conversion receiver
with a poorly shielded VFO. Diode ring
mixer application notes stress that all fre-
quencies present at the IF port must be
properly terminated for predictable per-
formance.

One recent receiver, A New Breed of
Receiver, designed and built by Gary
Breed,? properly terminates the downcon-
verter from dc to daylight by connecting
a 50-ohm resistor directly from the IF port
of the mixer to ground. Breed reports a
complete absence of hum and micro-
phonics in his receiver. Another receiver
described in a recent British Radio Com-
munication magazine uses a 50-ohm resis-
tor straight into the inverting input (virtual
ground) of a low-noise op amp.® These
techniques have two drawbacks: The resis-
tor is a source of thermal noise, and the
wide-bandwidth IF output of the double
balanced mixer goes directly into the low-
noise op amp. For high dynamic range, we
need to restrict the bandwidth before the
first audio amplifier, avoid resistors in the
signal path, and still provide a wide-
bandwidth 50-ohm termination of the
mixer [F port.

The solution is simple but elegant—
include a diplexer at the downconverter IF
port that 1) provides a 50-ohm termination
from dc to 300 Hz and 3000 Hz to daylight;
and 2) passes 300 to 3000 Hz through to
a matched low-noise amplifier. The design
of the diplexer, shown in Fig 4, was not
trivial and involved a number of trials using
modern network theory and PSPICE]
models before a final design was obtained.
The Qs in the network are all kept low, so
that components with 5% tolerance may be
used.

Since the terminating impedance is fixed
at 50 ohms, it is impractical to design the
network using just surplus 88-mH toroids.
Excellent lines of fixed, self-shielding in-
ductors are made by Toko (available from
Digi-Key) and HiQ (available from
Mouser). They are much smaller than tele-
phone toroids and offer a wide range of in-
ductances at reasonable cost. The Toko
inductors used in the network shown here
have finite Q, with series resistances of tens
of ohms.

The series resistances were included in
both the network theory and computer
models in order to synthesize a network that
would work with non-ideal parts. Fig 5
shows the input SWR and resistances of the
band-pass diplexer connected to Lewallen’s
matched audio preamp. The worst case
SWR, from dc to 500 MHz, is 1.4.



Fig 6 shows the passband insertion loss
of the band-pass diplexer, primarily due to
the losses in the inductors. The mid-band
insertion loss is 2 dB. The noise figure of
Lewallen’s preamp, driven by a 50-ohm
source, is 5.1 dB,'? so the noise figure of
the diplexer-preamp combination is about
7 dB.

The best published direct-conversion
receiver tested on the bench was from
Lewallen’s Optimized QRP Transceiver.
Significant improvements in selectivity,
close-in dynamic range and hum suppres-
sion were obtained by adding the diplexer
network shown in Fig 4 between the mixer
and Lewallen’s matched low-noise ampli-
fier. It is not at all clear whether the im-
provements are primarily due to proper
mixer termination or better selectivity, since
the band-pass diplexer offers both. I’ll let
you know when I figure it out!

Most modern engineering texts frown on
the use of inductors in audio filter net-
works. Isn’t it possible to build a diplexer
using active filters with op amps, or even
digital filters? The problem is dynamic
range. Literally all the signals in the world
are present at the input of the network
shown in Fig 4. The dynamic range of a
Toko inductor is limited on the low end by
picoamp noise currents in the warm, lossy
wire, to milliamps on the high end, where
the ferrite core saturates. The dynamic
range of the inductor is thus about 180 dB.
No available op amp or practical digital
filter even comes close. This is one appli-
cation where an old fashioned RLC net-
work clearly outperforms the latest active
network.

Audio Amplifier

The audio amplifier chain has three
stages: a low-noise preamplifier to properly
terminate the downconverter and set the
receiver noise figure; an intermediate stage
to provide needed gain; and a low-distor-
tion power amplifier stage to drive a
speaker. A low-pass filter between the
preamplifier and intermediate amplifier sets
the upper edge of the audio passband, and
a 300-Hz high-pass filter between the in-
termediate amplifier and power amplifier
stages removes the last traces of hum from
the audio output.

50-Ohm Input Preamplifier

A significant effort was made to design
a low-noise audio preamplifier with a
50-ohm matched input. A noise figure of
less than 1 dB was obtained at the expense
of a step-up transformer and poor match
at the input. My final design is nearly iden-
tical to the grounded-base amplifiers pub-
lished 10 years ago by Lewallen and
Hayward. I have retained the active decou-
pler used by Lewallen, and added an emit-
ter follower to the output to drive the
following low-pass filter. This amplifier has
a gain of 40 dB, a noise figure around
S dB, and is well matched to 50 ohms.

The preamplifier must handle the entire
range of signal levels at the output of the
diplexer, since it is in the circuit before the
volume control. It was designed to handle
signal levels from 10 nanovolts to 10 milli-
volts without distortion. The distortion-free
dynamic range of the audio preamplifier
stage is a good compiement to the dynam-
ic range of the SBL-1 double balanced
mixer—the preamplifier adds little noise to
the signal, and begins to distort at about
the same input level as the mixer.

Low-Pass Filters

The low-impedance output of the audio
preamplifier drives a low-pass filter
designed for 500-ohm terminations on both
ends. The PC-board artwork accommo-
dates a number of designs, from a simple
3rd-order Butterworth to a 7th- order ellip-
tical. The 3000-Hz SSB 7th-order elliptical
filter designed by Niewiadomski!! and the
scaled 1000-Hz CW version shown in Fig 2
(C11-C17 and L4-L6) and Table 1 are
excellent choices for use in crowded bands.
The 6- to 60-dB shape factors of receivers
with these filters in place are competitive
with the best crystal filters. The use of off-
the-shelf 5%-tolerance components in the
SSB filter results in a fair amount of
unpredictable passband ripple.

Since the Classic 40 was designed for
high-fidelity sound, I opted to use a 5th-

" ‘order Butterworth filter with 4-kHz band-

width instead of the 7th-order elliptical
filter. See Fig 7. The Butterworth design
is more tolerant of component variations.
Fig 8 is a plot of the measured passband
of two different receivers with 7th-order
elliptical SSB filters, and the Classic 40 with
a Sth-order Butterworth filter. The ellipti-
cal designs really cut through the QRM, but
the Classic 40 with the Butterworth filter
sounds great.

Signal levels are high enough at the in-
put to the low-pass filter, and impedance
levels low enough, that it is possible to build
additional filters on separate boards and
select them with a switch, as shown with the
dotted lines in Fig 2. The preamp output im-
pedance is close to 50 ohms, so a series resis-
tor is used to establish the filter driving
impedance. The required 500-ohm output
termination is provided by the VOLUME
control. Fig 9 shows the PSPICEI calcu-
lated responses of the 1000 Hz and 3000 Hz
7th-order elliptical low-pass filters, and the
measured response of the complete receiver
with the 1000-Hz filter in place. The mea-
sured —6 dB bandwidth of the receiver
with the 1000-Hz low-pass filter is 580 Hz,
and the -60 dB bandwidth is
1210 Hz, for a shape factor of 2.1:1. The
passband is flat, with rounded corners, no
ripple and no ringing.

Lewallen and others have pointed out
that elliptical filters are not the best choice
for time-domain signals, particularly high-
speed CW. The receiver with a 1000-Hz
elliptical low-pass filter sounds very good

at 25 words per minute. Maybe if I change
it to a Bessel filter I’ll be able to copy 50!

The output of the low-pass filter is the
ideal place to pick off a signal for digital
signal processing (DSP) experiments and
applications. The entire receiver is linear to
this point (no AGC or other forms of dis-
tortion), so the usual drawbacks to audio
filtering do not apply.
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Fig 7—If you enjoy high-fidelity listening,
you can replace the 7th-order elliptical low-
pass filter shown in Fig 2 (L4-L6, C11-C17)
with this 5th-order Butterworth filter
(bandwidth = 4 kHz). The elliptical filter
cuts through the QRM better, but the
Butterworth filter sounds great. L1 and L2
are Toko 10RB-series fixed inductors and

C1-C3 are 50-V Panasonic V-series
5%-tolerance metalized-film capacitors.
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Fig 8-—This graph shows the measured
passband response of three different
receivers: a Classic 40 with a 3-kHz
elliptical filter; a Classic 40 with a 4-kHz
Butterworth filter; and a Sisu receiver with
a 3-kHz elliptical filter.
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Fig 9—This graph shows the PSPICE1
calculated responses of the 1000-Hz and
3000-Hz elliptical low-pass filters, and the
measured response of a complete receiver
with 1000-Hz filter in place. The measured
—6 dB bandwidth is 580 Hz, and the —60
dB bandwidth is 1210 Hz, for a shape
factor of 2.1:1. Using the calculated
response of the 3-kHz filter, the shape
factor is 1.6:1 for the SSB filter.
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sary to maintain any semblance of linearity
in most receivers. Only the most expensive
models permit the AGC to be turned off.

There is no question that AGC is a con-
venience for some types of casual opera-
tion, and even a necessity for some more
demanding applications like mobile SSB
and traffic nets. Two quotes from the 1966
ARRL Handbook are still true 25 years
later: ‘‘Automatic regulation of the gain of
the receiver in inverse proportion to the sig-
nal strength is an operating convenience in
phone reception”” and “‘If the selectivity
ahead of the AGC rectifier isn’t good,
strong adjacent-channel signals may de-
velop AGC voltages that will reduce the
receiver gain while listening to weak
signals.”’

A receiver with AGC is constantly
readjusting its gain to approximate the
desired output level. It is always close, but
never quite right, and always changing.
Just as pro rally drivers require manual
transmissions and professional photo-
graphers use manual focus cameras, serious
radio amateurs need manual gain control.
I offer no apologies for leaving AGC out
of this receiver—it is considerably more
difficult to design a receiver that works well
without AGC than to include an AGC

loop. A receiver with high dynamic range-

all the way from antenna connector to
speaker leads sounds great, and opens up
a world of possibilities for advanced ana-
log and digital signal processing. In the near
future, AGC, noise blanking, SSB and CW
filtering and digital mode demodulation
may all be performed by a single DSP chip
set.

R1 Receiver PC Board

The downconverter, diplexer, 50-ohm
preamplifier, low-pass filter, intermediate
audio amplifier, 300-Hz high-pass filter,
mute switch and audio power amplifier are
all built on a single 2.5 X 3.5-inch PC
board (see note 1). All that is needed to
make a complete high-performance direct-
conversion receiver is an RF input circuit,
a VFO, a 500-ohm volume control, and a
speaker.

There is little wasted space on the circuit
board, but assembly is straightforward.
Due to the tight layout, component substi-
tutions may be difficult, but this should not
be a major problem—all of the parts except
for the mixer are available from Digi-Key.

Some care should be taken in selecting
capacitors for the diplexer, low-pass filter
and high-pass filter. The tolerances need to
be tight to get the best performance from
this receiver. In the low-pass filter
(C11-C17), I used Panasonic V-series 50-V,
S5%-tolerance metalized film capacitors.
The V-series capacitors go only as low as
0.01 uF, so for C12 in the 3000-Hz ellipti-
cal filter I used a 0.0068-uF, 50-V
Panasonic P-series polypropylene capaci-
tor (2% tolerance). In the diplexer (Cl1,
C3-C5) and 300-Hz high-pass filter (C23,

C24), I used Panasonic type ECQ-E(F)
100-V miniature metalized polyester film
capacitors. Although these capacitors are
specified at 10% tolerance, I measured
many of them and they were within about
4% of rated value. The other nonpolarized
capacitors are not critical and can be disc
ceramic or metalized polyester film units.

It’s important to use the Toko 10RB
series fixed, self-shielding inductors speci-
fied, since their characteristics are designed
into the circuit. An acceptable alternative
is the HiQ series of inductors sold by
Mouser. The HiQ parts have wire leads in-
stead of pins, though, so it takes a little
work to fit them on the R1 PC board.

C1 is a metalized polyester 1-4F capaci-
tor that feeds the high frequencies to a
51-ohm resistor. If the R1 board is used at
VHF or UHF, a chip capacitor of about
0.001 uF should be added in parallel with
C1 to make sure all of the high-frequency
energy at the input to the diplexer ‘‘sees”’
the 51-ohm resistor. The PC artwork has
a spot on the foil side for the chip capaci-
tor to be added.

The TIP29 and TIP30 audio-output
transistors require a small heat sink. I’ve
used scrap pieces of 1/8- or 1/4-inch alu-
minum plate to dissipate the heat.

The R1 board is very easy to use, as there
are few interconnections and all are low im-
pedances. The inductors in the audio stages
will pick up hum from 60-Hz magnetic
fields, so the board should not be mounted
in the same box as an ac power trans-
former. On the bright side, the preampli-
fier active decoupler and the power supply
rejection of the LM387 are so good that the
R1 board is perfectly happy running on an
inexpensive 12-V-d¢ plug-in wall trans-
former. ~

Local Oscillator

I have not included a VFO circuit here,
but the amateur literature is full of good de-
signs. For HF operation, any of the VFO
circuits published by DeMaw, the Haywards
and Lewallen are recommended.!>6!7 ]
have copied most of them, and never had

any problems. My favorite is from
Lewallen’s Optimized QRP Transceiver,
since it works as well as any, with fewer
parts. Another good choice is the
VFO/buffer portion of the Haywards’
Ugly Weekender; PC boards are available
from FAR Circuits.!8

The LO level should be close to the value
specified by the mixer manufacturer,
+7 dBm in most cases. Some double
balanced mixers will work fine with LO in-
jection down to 0 dBm, with slightly
reduced intermod performéance. For best
performance in high-density signal environ-
ments, high-level double balanced mixers
are worth considering.

In any case, the LO should be well
shielded, with the signal brought into the
mixer through coax. A source of many of
the problems associated with direct-
conversion receivers is LO radiation, inter-
action with the local electrical environment,
and subsequent pickup by the antenna.
Two well-known cures for these problems
are 1) completely shielding the VFO in a
soldered-shut box; and 2) using a balun,
balanced feed line and a balanced antenna
system. A direct-conversion receiver with
an unenclosed VFO, a speaker on one end
and a few feet of wire stuck in the other
end may not just hum, it may howl!

RF Input

The double balanced mixer RF port is
nearly 50 ohms, and a filter should be used
between the antenna and the mixer. In early
tests an ‘‘Adequate Transmatch’’ (the
Ultimate Transmatch circuit from the
ARRL Handbook, hastily assembled with
Jjunk-box parts) was used between the open-
wire feed line on the 40-meter dipole and
the mixer port, with excellent results. The
only drawback was that 15-meter signals
could be heard leaking through when the
band was open.

Later versions have all used a simple two-
resonator band-pass filter built on a
separate piece of unetched board (see
Fig 10). It would have been simple to in-
clude a pattern for the filter on the main

20
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Band~Pass Filter

Fig 10—Here’s one design for a 40-meter band-pass filter to provide RF-input selectivity

for the Classic 40.

C1, C2—3-20 pF film trimmer (Digi-Key
SG3007 or equiv).

L1, L2—32 turns of #26 enameled wire on
a T-50-6 toroidal, powdered-iron core. Tap
5 turns up from the ground end.
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