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» Optimizing wide-band SDR receiver
performance

* Development of a multi-channel research
transmitter
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Introduction

Paul Elliott / WB6CXC

VP, TAPR Board of Directors

Turn Island Systems (AKA “TIS")

Retired engineer, RF / digital / telecom / fiber optics
Ham since 1975 (WNG6CXC, then Advanced, Extra)
Not much of an operator, | like designing stuff

| live in Friday Harbor, WA, closer to Vancouver Island
than the mainland
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SDR Receiver Performance

* Full MF / HF(+) reception requires dynamic
range optimization for best performance

» Careful filtering is needed to avoid aliased
sampling artifacts (Nyquist)

* Frequency accuracy and stability of “stock”
receiver (or transmitter) may be inadequate for
some modes and tasks.
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RX-888 SDR

 The RX-888 is the current choice for capture
and decoding of the entire 1-30/60 MHz range

* The principles discussed here also apply to
many other SDR receivers
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RX-888 SDR

Computer
LPF . yea » ADC o USB3 om0
60 MHz r> 16-BIT interface
LO ka9qg-radio
130 MHz wsprdaemon

130 million samples per second x 16 bits = 2.08 G bits/s

 The sample rate is often dropped to half that to reduce
thermal issues and to work with slower computers

* LPF is marginal, and obviously inadequate for half-rate

sampling (there will be aliasing), input stage has a fairly
high noise floor

« 16 bit samples: 2 = 96 dB dynamic range (actually a bit
more)
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I TU Noise Floor
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Typical noise levels versus frequency for various environments.
(Man-made noise in a 500-Hz bandwidth, from Rec. ITU-R P.372.7, Radio Noise)

These days, with the prevalence of digital devices, switching
power supplies, solar-panel regulators, etc, we should probably
raise that “residential” noise floor several dB.
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Noise Floor vs Signal Strength

RX888 Noise Floor & RF Gain v. Large Signal Input

60 MHz LPF, noise measured in 10 kHzBW at 14. AMHz
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* Noise floor affected by gain-control attenuator
and variable-gain amplifier

Chart: Glenn Elmore, N6GN
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RX-888

Measured Noise Floor and Dynamic Range
(measured at 17 MHz, 30 MHz is within 1dB)

« Gain setting * Noise floor * Noise floor * Apparent Clipping level « Dynamic Range

(dB) (dBm/Hz) (dBm in 500Hz) (dBm) (dB, 500 Hz)
-25 -106 -79 >+13 > 66

+0 -140 -113 +3 110
+10 -151 -124 -8 114
+20 -155 -128 -18 110
+25 -157 -130 -23 107
+33 -158 -131 -31 100

* Noise floor is very close to the ITU “quiet rural” level, sensitivity
Is marginal at the higher frequencies.

 Dynamic range is easily exceeded in many RF environments

Measurements courtesy of Clint Turner, KA7OEI
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Real-World Signals
(OCF 80m dipole)

Ref-10.00 dBm RBW 6.500000 kHz VBW 6.500000 kHz
Div 10.0 i i i Aften 0

Mspike

Mkri1: 1.109523645 MHz, -28.35 dBm

Mkr 2: 10.429522126 MHz, -59.41 dBm

oo Mhr 3::29.263804770 Mz, -104.81 dBm)

AN : :
W : : : : : :

‘ : @ : : :

-70.00-|

90000 L RY

WPTVIETOF OF LA ANEPRPTO PRI ML 1 M AT b A2 1 B
Center 15.050000 MHz Stop 30.000000 MHz
Span 29.900000 MHz Swp Time 77ms (15K pts)

Signal Hound SA44B, Serial: 18123879, Firmware - Version 2.12 3/26/2025 7:33:08 PM

Here is a spectrum analyzer plot of what is picked up by one of my Friday Harbor WA
home antennas (an off-center fed 80 meter dipole.) The green trace is the analyzer noise
floor. The strongest signals here are:

110 o ek i ORI ol o i Y AN i)
Start 100.000000 kHz

* AM broadcast band — the strongest is a 500W station about 20 miles from my location.
« WWYV 10 MHz
| live in a pretty quiet location.
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mspike ersion N
Ref-10.00 dBm RBW 6.500000 kHz VBW 6.500000 kHz
Div10.0 Atten 0

Mkr:1: 1109523645 MHz, -28.35 dBm
Mkr 2: 10.429522126 MHz, -59.41 dBm

ﬂﬂﬂﬂﬂﬂ

ﬂﬂﬂﬂﬂﬂ

90.00ff v

0000000 : i b il .

Start 100.000000 kHz Center 15.050000 MHz Stop 30.000000 MHz
Span 29900000 MHz Swp Time 77ms (15k pts)

Signal Hound SA44B, Serial: 18123879. Firmware: Version 2.12 3/26/2025 7:33:08

There are huge differences in signal strength between the AM BCB
stations and the weak signals at the higher frequencies

In even my quiet location there is about a 77 dB difference, and this
measurement is made with my spectrum analyzer, having about a 20dB
higher noise floor than the RX-888, so that becomes a 97 dB difference.
For many locations in the USA these AM stations will be much stronger:
a 50 kW station at 20 miles distance would be 20 dB stronger: a 117 dB

difference, which is beyond the limits of the 16-bit analog-to-digital
converter of the RX-888.
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05/11/25

TIS Filter-Preamp

* 30 MHz LPF, shelf HPF,+9dB gain
 Unamplified version also available
* 60 MHz and +20 dB gain versions on the way

TAPR, Turn Island Systems - WB6CXC
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TIS Filter-Preamp Response

Here are two response - i D 1
plots for the Filter-Preamp :/—A

The preamp has about

9dB of gain at 28 MHz, .
then rapidly falls off to -

provide filtering against 33
MHz sampling aliases.

800 -
Start 100 kHz Center 50.05 MHz Stop 100 MHz
RBW 100 kHz ~ VBW 100 kHz Span 99.9 MHz SWT 123.886 ms

The lower plot better
shows the two-section
shelf filter characteristics.
One section can be f —1 T\
jumper-plug bypassed.

200
500.0k
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Antenna With TIS Filter-Preamp

Eef %BO[_]DO dBm RBW;E.OOE%OO kHz
. . v 10. enAuto
e Green: unfiltered @ @
N [ttt { I3‘/ .................. .............................. .............................. .......................................................................................
 Black: Filter-Preamp
_3[]_0[] ........ [} \1’ .................. ...... Mkr 2 14999045190 MHZ, _3929 dBm ........... .............................. .........................
: Mkri3: 1.109523645 MHz. -22 .02 dBm : ]

- AM BCB -10 dB
15 MHz +10 dB

* This gives a +20 dB
improvement in
dynamic range
performance.

I

-30.00

-110.00

Start 100.000000 kHz Center 15.050000 MHz
Span 29.900000 MHz
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6-Meter Filter-Preamp

Hz 019dB
M2 30MHz 2027 dB
M3 56MHz 1837dB
_'_#_SZ_ 3 =729 dB
> M5 BBEMHz -63.08dB
ﬁ\ ME& 108 MHz 67.73dB
/ |
W%
0.
Start 100 kHz Center 100.05 MHz Stop 200 MHz
#RBW 3 kHz VBW 3 kHz Span 199.9 MHz SWT 23

« 20 dB gain
« >80 dB FM BCB rejection
 2-stage shelf filter (jJumper-select one stage bypass)

05/11/25 TAPR, Turn Island Systems - WB6CXC
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Other Dynamic Range
Considerations

 MF Broadcast — Not so much in the USA, but in Europe
there are many high-power AM broadcast stations, often
very close in frequency to the ham bands

* There is no general solution to this, as the filters that will
attenuate the broadcast bands ase essentially impractical

« Specific notch filters may be useful, and of course antenna
directivity can help

* Full-range SDR receivers, such as the RX888, are
particularly vulnerable to this problem.

» Narrower-range SDRs with switched band filters can be
less prone to overload.
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More on the Noise Floor

* Noise isn't just from atmospheric and distant sources

» Much of it can come from local sources and is often
coupled to the receiver via common-mode methods

« Commmon-mode chokes on the coax feed can help a little,
but are far from sufficient to achieve the far-field noise
level

 Even double-shielded coax can couple common-mode
noise to the receiver

e For receiving, short balanced “probe” antennas with well-
designed balanced amplification and twisted-pair cables
are proving very effective in reducing local common-mode
interference
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SDR — Reference Clock Interface

* For precision measurement of ionospheric
propagation Doppler-shift, or just for the stability
required by FST4W, many receivers and
transmitters will require a stable external
reference clock.

 TAPR and Turn Island Systems make
convenient reference clock adaptors for the RX-
888 receiver and for the QRP Labs “QDX”

transcelver.
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Reference Clock Interface Adaptors

B P
225

Adaptors for QRP Labs QDX == ® el SR
Two versions from TIS: ERERNAEE:
- 25 MHz direct input e

+ 5 /10 MHz input with PLL R

Adaptor for RX-888 from TAPR:
e 27/ MHz direct input
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What About the Transmitter?

* |n studying ionospheric propagation it became
obvious that a single band-scanning transmitter
was missing important details during rapidly
changing conditions

* A solar eclipse was rapidly approaching

* | offered to build a six-band simultaneous-
output transmitter — the BeaconBlaster-6

* Multiple BB6 units were deployed in time for the
eclipse
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Evolution of the BeaconBlaster

* Modular design allowing —
rapid development —

e uController design a
clone of the Adafruit
“ItsyBitsy” (Arduino)

10 MHz GPSDO
Reference input driving
output frequencies and
symbol timing / shaping

» Two Si5351 clock
generators, using output
divider frequency control
(-45 dBc spurious)

05/11/25 TAPR, Turn Island Systems - WB6CXC
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More Channels, Better Spurious,
Slmpler Phy3|cal DeS|gn’?

. The BeaconBIaster was tedlous to bund and a
bit fragile.

» SiXx bands good, Eight bands better!

» Better output spurious levels obtained using
Si5351 PLL feedback divider frequency control
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WSPRSONDE

Multiband Research Transmitter

* Accurate / stable WSPR / FST4W / CW signals
 Eight frequency-flexible output channels, 1 to 60 MHz
 Flexible transmit and mode scheduling

* One Watt per-channel output power
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WSPRSONDE-8

Multiband Research Transmitter

TN IsNe ) WSPRSONDE v2
e e e e e —————

2
i
)

» 8-channels WSPR /FST4W / CW

« Simultaneous 1W squarewave outputs

* Frequency range 1 — 60 MHz continuous
« External 10 MHz reference clock

» Excellent stability and spectral purity

« USB interface, or stand-alone operation

« Used in HamSci and other propagation
studies.

« Operating in Antarctica, Ellesmere Island,
W W V (Colorado), and elsewhere.

[SIVANEY)

uci Ay

Output through Filter-Combiner

DB A
\ \2> <4/‘ 6

N e 5
[SIVANAN
) <8

Mk
Mk
MKr

r1:3.5692
r2:7.0384

r3:10.138

30 MHz, 3
60 MHz, 3

nnnnnn

1.28 dBm
0.30 dBm

31.85-dBm

Mkr
Mkr

20.00

0.00

MKr
Mkr
Mkr

4:14.092
5: 18.107¢€

05 MHz, 3
89 MHz, 2

0.21 dBm
9.55 dBm

'6:21:099997 MHz, 3

7. 24,923
8:28.123

73 MHz, 3
72 MHz, 3

1:61 dBm
0.10 dBm
0.20 dBm

-20.00

-40.00

i |l

[od Lo
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WSPRSONDE-

e 1 Watt

e Simultaneous Multiband
« WSPR

« FST4W-120

Tn’dtw& 1989
Loogle

05/11/25 TAPR, Turn Island Systems - WB6CXC
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WSPRSONDE-8

Multiband Research Transmitter

12VDC > 5V Regulator
GPS Antenna — | RF GPS
Splitter > 1W Digital ]
Amplifier >
AUX GPS Antenna <@ \ Clock -
Generator .
10 MH
10 MHz Reference Clock — B> % I * 2 > 1X‘r’n3'i?igf' L
|
PPS  NMEA > 1W Digital |
Clock Amplifier >
oC -
Generator .
> 1W Digital o
Amplifier >
= Outputs_ tol _
Controller 1W Digital Transmit Filters / Combiner
—_— ' Amplifier Sk
oC -
Generator .
> 1W Digital o
Amplifier >
USB -
> 1W Digital ||
Clock Amplifier >
oC -
Generator .
> 1W Digital o
Amplifier >
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1-Watt Amplifier
__(prototype)

" N ;\»\

 Class D (sort of), 1 — 60 MHz range

* Digital 8x buffer packages provide complimentary
S5V drive to 1:2 transformer

e Digital 3.3V input, square-wave output
« Switchable to V4 W

05/11/25 TAPR, Turn Island Systems - WB6CXC
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1W Amplifier

)

VDDS|

ZXCT1107
approx 408uA qut per 100mV sense
P2

| SENS!

u? ot e 0,258
74LVC1600 u?
74LVC2604_SCT R-10K-0603

R?
R-10K-0603 u?
THACT244

u?
74LVC2604_5C70
1 6

Includes supply-current monitoring, automatic per-channel
overload detection and shutdown
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05/11/25

Unfiltered Square-Wave Output

Ref 0dBm Att 20 dB > M1 7.072 MHz -8.40 dBm
0.0,

00.0
Start 1 MHz Center 50.5 MHz Stop 100 MHz
RBW 1 kHz VBW 1 kHz Span 99 MHz SWT 2.701 s

TAPR, Turn Island Systems - WB6CXC
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Nine-Band Filter-Combiner
80/40/30/20/17/15/12/ 10/ 6 meters

The 9BFC attenuates
harmonics and allows
multiple transmitters to
share one multiband
antenna.

P f 3¢

Single-band filters are
available for 160

through 6 meters.

L1 C1 C2 L2 =——Combined_Output

Band_Input ' (0 | = | (0 =

C3——

NS
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9BFC Harmonic Filtering

MSpike Version 3.8.8
Ref 40.00 dBm RBW 6.500000 kHz VBW 6.500000 kHz
Div 10.0 Atten Auto
: : : : Mkr 1: 7.039046 MHz, 30.26 dBm
¢ Mkr 2 Delta: 7.038094 MHz, -62.033 dB
00,000 e T 1 N SN R ST ST SR B —
0.00
220,00 B e o B L e
A
i\?/)
-40.00
-60.00
Start 1.000000 MHz Center 15.500000 MHz Stop 30.000000 MHz
Span 29.000000 MHz Swp Time 79ms (14k pts)
Signal Hound SA44B, Serial: 18123879, Firmware: Version 2.12 12/29/2024 5:45:37 PM

05/11/25 TAPR, Turn Island Systems - WB6CXC
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Eight Ham Bands into One Antenna

MSpike Version 3.8.8

Ref 40.00 dBm RBW 30.000000 kHz VBW 30.000000 kHz
Div 10.0 : ; : ; Atten: Auto

AN A 5 : Mk;r 1: 3.569230 MHz, 3;1.28 dBm
OROSA ) &) 7\ (B MKr 2: 7.038460 MHz, 30.30 dBm
......... ) VA WY /\;\x i MKE3:-10.138460- MHZ;-31.85-dBm
: : : : Mkr:4: 14.092305 MHz, 30.21 dBm

Mkr:5: 18.107689 MHz, 29.55 dBm

20.00) e ........................ ........................... ........................... ................. Mkr6'21099997MHZ,3161dBm
; : 5 : : Mkr:7: 24.923073 MHz, 30.10 dBm

[ A [ S A S— — — — — S— —

e 1 .- 1 N T— T— T— S— T— T—

40.00] T S —— S— . S — — | I—— — F——

60.00 ; : ; : ; ; :

Start 1.000000 Hz Center 50.000000 MHz Stop 100.000000 MHz
Span 99.999999 MHz Swp Time 47ms (12K pts)

Signal Hound SA44B, Serial: 18123879, Firmware: Version 2.12 12/29/2024 5:36:44 PM
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GFSK
(Gaussian Frequency Shift Keying)

WSPR : “bang-bang” 4FSK has wide spectrum
FST4W : Filtered 4FSK reduces sidebands

WS8 GFSK is done using many small frequency steps (41 steps per
symbol for FST4W-120)

Software uses DSP filtering to calculate the steps, each transmit
frequency requires different values to be written to the Si5351 clock
generators.

WS8 FSK frequency accuracy is typically better than 1 uHz (micro
Hz) when given an accurate 10 MHz reference clock.

WS8 symbol timing is essentially perfect, driven by the reference
clock.
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4FSK vs 4GFSK

Frequency vs Time

!
¥ ot - oo
”‘ f‘ Py
| NN
r e
| B ‘
SR T | L -
4FSK 4GFSK

05/11/25
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4FSK vs 4GFSK

Sampled GFSK step response: /

« GFSK modulation
sidebands fall off

much more rapidly
than with raw FSK

 Matched filter at
receiver improves
detection

05/11/25

i

MSpike

Version 3.9
Ref -20.00 dBm RBW 1.000000 Hz VBW 1.000000 Hz
Div 10.0 Atten Auto

Mkr 1: 1.838000 MHz, -23.75 dBm

TAPR, Turn Island Systems - WB6CXC

Center 1.838000 MHz Stop 1.838050 MHz
Span 100.000000 Hz Swp Time 9151ms (433 pts)
1/23/2024 5:11:03 P
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Resources

* https://tapr.org/
e https://turnislandsystems.com/
» http://wb6cxe.com/
» http://wsprdaemon.org/
KA7ZOlI blog:
» https://ka7oei.blogspot.com/2023/09/measuring-signal-dynamics-of-rx-888-mk2.html
» https://ka7oei.blogspot.com/2020/08/revisiting-limited-attenuation-high.html
» https://ka7oei.blogspot.com/2024/12/frequency-response-of-rx-888-sdr-at.html

05/11/25 TAPR, Turn Island Systems - WB6CXC
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