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TWB Design History

The TWB is designed to capture individual Jovian S bursts so that we may determine the drift rates
and have a look at the morphology of these bursts.

The point behind a tunable wideband receiver is to be able to see a wider IF bandwidth at one
time. We want to do that because it in turn enables us to make a high speed spectrogram across
the whole IF bandwidth of the receiver.

For example, a garden variety HF receiver has an IF BW of about 6 kHz in AM mode. That is far
too narrow to see much structural detail of S bursts. We want to see high speed spectra of multiple
MHz in width — hence the TWB.

The ability to tune the receiver is required because S bursts are not confined to a fixed sub-section
of the HF band. We must have the ability to chase them where they appear, as they happen.

While it is true that one could perform this feat by digitizing the whole HF band at a very high
sample rate, doing so is an expensive venture. We chose the less expensive option of building on
previous designs by using an analog RF section to get the signal into a 2 MHz wide IF, then we
digitized that IF output.

Let’s take a look at the evolution of the design of the TWB receiver.
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> TWB Mark I, 1971-1980 (riagg)

500 kHz BW, fixed freq downconverters or HP 606
Sangamo 600 kHz mag tape & Saicor audio SA
Used on UFRO Helix, 26.3 array, Chile, Arecibo

> TWB Mark I, 1990—-2005 (Greenman)
1.3 MHz BW, 17-37 MHz tuning range

Honeywell 2 MHz mag tape or Gage digitizer
Used on UFRO TP array, 26.3 array

> TWB Mark ”I, 2013—present (Flagg, Greenman, Typinski)
2 MHz BW, 16—32 MHz tuning range
Gage Digitizer
Used on AJ4CO TFD array

TWB Mark I, 1971-1980

500 kHz BW, fixed freq downconverters or HP 606
Sangamo 600 kHz mag tape & Saicor audio SA
Used on UFRO Helix, 26.3 array, Chile, Arecibo

TWB Mark 11, 1990-2005
1.3 MHz BW, 17-37 MHz tuning range
Honeywell 2 MHz mag tape or Gage digitizer
Used on UFRO TP array, 26.3 array

TWB Mark 111, 2013—present

2 MHz BW, 16-32 MHz tuning range
Gage Digitizer
Used on AJ4CO TFD array
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The TWB Mark Il

Hardware
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TWB chassis layout.

19” rack chassis from Par-Metal Products in New Jersey. Very reasonably prices (~ $100 for this
2U x 20" deep aluminum & steel chassis).
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TUNABLE WIDEBAND RADIO TELESCOPE RECEIVER

DIGITIZER DOWNCONVERTER R8500 IF R8500 INPUTS UPCONVERTER
INPUT OUTPUT INPUT OUTPUT VHF OUTPUT INPUT

TO R8500 HF TO R8500 VHF INPUT FROM 24vVDCTO RF QUTPUT
ANTENNA INPUT  ANTENNA INPUT R8500 IF OUTPUT R8500 AGC JACK TO DIGITIZER

TWB chassis front and rear panels.

The TWB connections were designed for
a) easy connection of test equipment to each stage of the receiver, and

b) so that separate TWB components (Icom R8500 and the digitizer) could be easily used
separately for other experiments if/when desired.

Now that we’ve seen what the TWB looks like, let's get into what it does and what makes it go.
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TWB Mark Il General Specs

> Tuneable from 17 to 33 MHz

> 2 MHz bandwidth (IF out f. = 3.8 MHz)
> ~40 dB dynamic range

> ~8 dB noise figure (~1,700 K)

> 10 MSamp/sec ADC, 12-bit resolution
> FFT post-processing

> AT = 205 us (FFT block = 2,048)

> RBW = 4.88 kHz, 411 output bins

The TWB project started in July, 2013. The three of us put considerable effort into considering
what had gone before and what we could do with what we had available. After seemingly endless
hours of discussion, designing, testing, and building, the instrument worked beautifully the first time
out (November, 2013), capturing some nice lo-B S bursts in all their high speed glory.

Richard Flagg built the amp and mixer modules and several filters. Wes Greenman built more
filters, particularly those with the fiddly Cauer designs. Dr Higgins graciously provided a digitizer.
Dave Typinski built the AGC defeat system, fabricated the chassis, tested the performance of the
hardware, and wrote the software necessary to display the data in RSS and create audio.
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Post-observation

RF Hardware Data Acquisition ;
Processing

| Downconversion / Filter I—-b—l Gage C51220 ADC | | Radio Sky Spectrograph |
4 v

| Tuning | | CompuScope Software | | Conversion to SPS |

L v 1
| Filter / Upconversion | | Hard Disk Drive I_.)._I Software FFT |

?

RF Input

Basic data flow within the TWB system.

The TWB is really a system of hardware and software, not just the receiver. It involves the
receiver, the digitizer, and post-processing of the recorded data.
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Multicoupler

15-40 MHz | | . 4-Way
BPF Gali74 3 dBPad splitter

to other receivers

——=to A

Upconverter

64-82 MHz
BPF

97 MHz
XTALOSC

2.5VDC AGC Defeat
Tuner

3dBPad

Downconverter

9.7-11.7
MHz BPF

X i to
Gali 74 3dBPad Diplexer — digitizer

14.5 MHz
XTAL OSC

Functional block diagram of the TWB’s RF section. We will take a closer look at each of these
blocks, but first let’s look at some analyses of the receiver design.
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TWB System Analysis ange only the
Typinski, October 2013 ﬂ a o talaatics

MC Block Upconv Block Tuning Block Downconverter Block

mHz | | upconv. | | ea-s2 | |monopote| | oae [ | resoo | [osaas| | . || 348 | |Dpownenv — 4.8 MHz
Fex dwm Feod fin p peta s wiarr [ "Gaira Ted v ad O LPF

Component #
in (dB)

NF(aB) 9.2 40 40 7.0 40

Input Compression Point (dBm)

G 3162 3162 63 3081

Cumulative G 3162 3162 3162 3162 316.2 100000.0 100000.0 6.3E405 636405 256408 2.5E+08 256408 256408 256408
wwwwww
289 75 438 4,306 75 865 75 438 2,014 1,163 35 438 289 627 35 35

289 150 1,101 38 ° 137 a7 348 5 23 ° 2 o ° ° °

5.012 3.081 1259.348 79.450 63.117 15.854 12.504 3982.538 501.372 3163.443 2819421 1122432 562549 177893 158548 141306

39.4 27.9 15.7 14.8 14.0

TWB noise figure and signal level analysis.
We used this spreadsheet to

a) Ensure no amplifiers would go into compression at the highest expected signal levels.

b)

d)

Conversion from temperature to dBm and Vpeak is calculated into 50 ohms over the prevailing
bandwidth at each stage. We used a 10 MK antenna temperature because that's about 10 dB
above the hotter S bursts we felt we were likely to see; it gave us some room in case we saw S
bursts that were hotter than we thought. As such, the TWB can accommodate even a fairly
strong 10 MK solar burst and still have about 8 dB headroom before compression.

Calculate the theoretical noise figure to make sure we stayed well below the galactic
background. At 1,700 K, the TWB’s expected noise contribution is 10 dB below the GB at 33
MHz and 17 dB below the GB at 16 MHz.

Calculate the amount of gain or attenuation needed at each stage while
a) maintaining a low noise figure
b) staying out of compression, and
c) having enough overall amplification to drive the digitizer.

To determine the appropriate range to use on the Gage digitzer (which is rated in peak
voltage). We use the £50 mV range (100 mV peak to peak) on the digitizer, which works
great.

10
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TWB Signal Levels (red lines indicates INPUT compression level in dBm)
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RF signal level analysis.

The blue trace (dBm) goes with the blue numbers on the LH vertical axis.

The brown trace (V_peak) goes with the brown numbers on the RH vertical axis.

Conversion from temperature to dBm and Vpeak is calculated into 50 ohms over the prevailing
bandwidth at each stage.

With a broadband 10 MK input temperature, the receiver is still ~8 dB from compression.
Expected output for this signal level is -24 dBm or 20 mV peak (40 mV p-p).

11
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TWB conversion and filtering scheme.

1) Input BPF in the multicoupler, 15 to 40 MHz

2) Upconverter mixer, high side injection, LO = 97 MHz

3) Image and LO rejection BPF 64 to 80 MHz (real world useful upper limit is ~ 82 MHz)
4) lcom R8500 15t mixer, high side injection, VFO = 841.7 to 858.7 MHz (tuning stage)
5) lcom R8500 2" mixer, low side injection, LO = 768 MHz

6) lcom R8500 BPF equivalent in IF output, 8.7 to 12.7 MHz @ 1 dB points

7) IF BW BPF 9.7 to 11.7 MHz

8) Downconverter, high side injection, LO = 14.5 MHz

9) Image rejection, LO rejection, and anti-aliasing LPF, 4.8 MHz

Let's now take a look at each functional block of the TWB system.

12
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4 3 2 1
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Antenna Entrance Panel
° ] ] ] °
IN IN IN
Multicoupler A Multicoupler B Multicoupler C
1 +9dB +5dB +5dB +13dB +9dB +5dB +5dB +13dB +9dB +5dB +5dB +13dB ]
RCP LCP
c 4 2 b3 _/ $ 3 3 % c
3 §I—|_ v v vy VvV VvV v
1
DQK-7018 *
90° Hybrid
| -0.3dB |
TWB JOVE RCVR
20 MHz RSP Ch 2
B L]  JOVERCWR B
20 MHz RSP Ch 1
FS-200 SPECTRO
| NS 17-26 MHz ||
DPS
16-32 MHz
RCP & LCP
’—< EW
A " A
AJ4CO Observatory Diagram
AJ4COD
3 e PR ROVBER =]
A | 15JAN 2014 | N/A |
soue  NONE [P DAVE TYPINSKI [ swesr 5075
4 [ 3 [ 2 [ 1

The first “block” of the TWB, the multicoupler, is actually part of the observatory antenna entrance
panel.

Shown here is the observatory antenna connection and signal distribution schematic.

RCP and LCP are extracted from the TFD array by means of a Synergy Microwave DQK-701B
wideband 90° hybrid before being passed to multicouplers A (RCP) and B (LCP).

The TWB is connected to the +13 dB output port of either MC A for RCP (for lo-A & lo-B observing
sessions) or MC B for LCP (for l0-C observing sessions).
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TWB Multicoupler & Observatory
Antenna Entrance Panel

Multicoupler

15-40 MHz | | . 4-Way
BPF Gali74 3 dB Pad splitter

to other receivers

——»=to A

The observatory antenna entrance panel consists of three multicouplers. They were designed &
built by Flagg and slightly modified by Typinski to provide different gains at the four output ports.
The highest gain port on each MC provides +13 dB; these are the ports used for the TWB system.

In this capacity, the multicoupler acts as the front end filter and front end amplifier of the TWB
system.

Each multicoupler consists of a 15 to 40 MHz BPF followed by a Gali-74 MMIC amplifier, followed

by 3 dB pad, then a 4-way power divider, followed by an attenuator on each port to set the gain at
each output port.
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TWB Upconverter & Tunlng Blocks

Upconverter

=
64-82MHz | '
BPF !' ‘-"n.

Gal 24 Amp BPF 64-82 MHz

97 MHz
XTAL OSC

2.5VDC AGC Defeat
Tuner

Gali 74 3dBPad —

Shown here is the Flagg and Greenman designed and built upconverter section of the TWB.

The signal from the multicoupler runs through a 55 MHz LPF and is mixed with a 97 MHz LO.
The mixer output goes to a 64-82 MHz BPF. It is then amplified and sent to the Icom R8500.
The R8500 is tuned from 65 to 81 MHz to cover a system RF input range from 16 to 32 MHz.

The R8500’s 10.7 MHz IF output is sent to the downconverter block.

15
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R8500 Tuning Frequency vs TWB RF Input
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The 8500 looks at the signal after the first conversion to the 64 to 81 MHz range. Since the lcom
R8500 acts as the “tuner” for the TWB, we need to know where to tune the 8500 to observe the
desired 2 MHz -wide portion of the spectrum.
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TWB Downconverter Block

Downconverter

9.7-11.7

MHz BPF Gali 74 3 dB Pad Diplexer

14.5 MHz
XTAL OSC

\

AGC defeat

Y

NG et |
B L0145MHZ |
e —M

Show here is the Flagg designed and built TWB downconverter.

A 2 MHz wide BPF filters the R8500’s IF output (which is actually over 4 MHz wide at the 1 dB
points).

The signal is then amplified and mixed with a 14.5 MHz LO to produce an output centered at 3.8
MHz.

The mixer output is passed through a diplexer and then to a 4.8 MHz anti-aliasing LPF prior to the
digitizer.

Not shown: after initial testing, slight aliasing with strong signals was evident. Greenman fabbed up
a 5 MHz Cauer LPF. With both anti-aliasing filters in series, no more aliases.

17
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TWB Digitizer

CompuScope 1220

Versatile waveform digitizer card for PCI bus  Analog Bandwidth:

Input Range -3 dB Point
+10V 5 MHz
5V 5 MHz
+2V 10 MHz
+1V 10 MHz

+500 mV 10 MHz
+200 mV 10 MHz
+100 mV 10 MHz
+50 mV 10 MHz

Sampling Rates:

20 MS/s, 10 MS/s, 5 MS/s, 2 MS/s, 1 MS/s,
500 kS/s, 200 kS/s, 100 kS/s, 50 kS/s,
20 kS/s, 10 kS/s, 5 kS/s, 2 kS/s, 1 kS/s

The Gage digitizer resides in a relatively garden variety PC running Windows XP. The digitizer is a
two-channel device, of which only one channel is used. This doubles the available recording time,
since the data from only channel is written to the digitizer’s on-board RAM. The TWB system runs

the digitizer at 10 Msamp/sec on a £50 mV range. Many thanks go to Dr Higgins for loaning us
this digitizer.

The CompuScope 1220 card is of 2005 vintage.
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Calibration

July 2, 2014
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T/
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—= Real time FFT showmg test S|gnal at 3 8 MHz in TWB output 35,

Icom R8500 tuned to 72 MHz to receive
25 MHz test si nal on TWB input SR
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Frequency Calibration (more of a verification, really)
TWB integrated system bench check

R8500

TWB receiver

PC with digitizer hardware and software

PC is running the GageScope software, showing a spike in the FFT output at the center of the
TWB’s output IF passband at 3.8 MHz.

20
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TWB (12-bit) Spectrograph Step Calibration — 20-Dec-2013
Adjusted Output Value & Color vs Antenna Temperature for 5.5 dB Feed Loss
Color Bar Corresponds to RSS Color Offset = 1045, Color Gain = 7.00

Adjusted Output Value = (FFT Output Value - Color Offset) * Color Gain
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Antenna Temperature (kK)

Power Calibration

The RSS color gain and offset are configured for a roughly 20 dB dynamic range for Jupiter. The
hardware will support a 40 dB dynamic range.

Calibration was performed by using a high temperature noise source of known output power and a
step attenuator (Kay 432D), running through 17 3 dB steps. Same setup as in previous photo, but
with an HP 461 noise source (calibrated against a 5722 noise gen) in lieu of the HP 8648 signal
generator.

21
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Software

July 2, 2014
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(5] GageScope (Professional edition) ver. 3.50.02 - CS1220

File View Capture Tools Window Help
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This is the user interface of the GageScope software. This software configures and operates the
digitizer hardware, pulling data from the digitizer's RAM and writing it to a file on the PC’s hard
drive.

On the left is the two-channel scope display (the card is two-channel, but the TWB only uses one).
On the right is the real time FFT showing the TWB output from 0 to 5 MHz.

Even though the digitizer can only record for 210 msec at a time, the software can be configured to
command the digitizer to make multiple recordings back-to-back, with minimal “dead-time” between
each recording. The “dead-time” is the time it takes the software to transfer the signal data from
RAM to disk.

23
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TWB FFT Processing

>Processing performed in Mathematica

Create new SPS file and write header info
—* Open one (next) Gage signal file for input
Read Gage signal file header
Read Gage signal file data (2,096,961 12-bit samples)
—» Perform FFT on one (next) block of 2048 samples
Discard upper half of output, leaving bins 1 through 1024
Find vector absolute values of output bins (convert complex to real)
Convert mV spectrum to pW (square and divide by resistance)
Add optional DC offset as desired (Offsetl = 100)
Convert pW to dBm
Add optional DC offset as desired (Offset2 = 11)
Convert dBm spectrum to FSX-4 ADC counts (50 counts per dB)
Add optional DC offset as desired (Offset3 = 1000)
Write subset of data (e.g., 411 channels) as one “sweep” in the SPS file

— Loop until all samples in the file have been processed
Write “dead time” padding sweeps to SPS file
Close the Gage file

'— Loop until all Gage files have been processed
Close the SPS file

The Gage digitizer can only record about 210 msec of data at a time. It can do this repeatedly, but there is a “dead
time” of about 180 msec while the Gage software writes the contents of its RAM to the hard drive. We tell the software
to records 153 of these “data bursts” in rapid succession. This covers one minute of observing.

The digitizer writes its time-series data points to a file on disk, two bytes for every data point. The goal is to convert the
Gage time-series data into a frequency domain format we can work with. We have done so using a Mathematica
routine that converts all 153 data files for a 1-minute observation into a single SPS file. The outline shown here
describes the processing, all of which takes place in Mathematica.

The SPS file can then be manipulated by RSS in review mode, to do drift rate analysis and to save spectrogram
images. Many thanks go to Jim Sky for adding several features in RSS to handle the high speed data — such as putting
milliseconds on the timestamps on the x axis of the waterfall displays.

The Gage time series data is first processed by an FFT using an FFT block of 2,048. The FFT output is converted from
voltage to power, and then a conversion from power to the equivalent output of a log detector is made. The FSX
spectrographs use log detectors, and we emulate the FSX-4.

Offsets 1 through 3 exist to help get the visual dynamic range into some useful colors in the spectrograms. The values
shown here work fairly well.

A more thorough write-up of the TWB data processing is available on the SUG web site.
http://www.radiojove.org/SUG/Pubs/TWB Data Processing Description v4 (FGT, 2013).pdf

The next slide show a simpler representation.

24
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TWB FFT Processing

IFFT.[

————+ Offsetl

SPS, = ADC counts per dB | 10log — R 1L Offset2 |+ Offset3
1000 uyW/mW

SPS, =50{ 10log| —2% |+ 11{+1000
1000

This is the mathematics of the TWB processing, to get the time domain data from Gage signal file
format to the frequency domain SPS format readable by RSS. The subscript i represents the ith
element of each FFT output being converted to the ith element of the SPS data file frequency
sweep.

The conversion from microwatts to milliwatts exists because the Gage digitizer records voltages in
millivolts, not volts. Millivolts squared gets you microwatts — but you need milliwatts for the
subsequent conversion to dBm.

The values for the offsets were determined by comparing the log detector response and post-
detector, pre-ADC DC amp offset in the FSX-4 so that the TWB’s post-FFT output would be similar
to the FSX-4’s output.

25
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TWB Digital Audio Processing

12-bit Gage| |
Data

4.82 MHz
LO

> All processing performed digitally in Mathematica
> 10 Msamp/sec RF played at 44.1 ksamp/sec

> 227 X slowdown (~ 8 octaves)

> 25—27 MHz RF expanded to 88 Hz — 8.9 kHz AF
> 210 msec of RF stretched to 48 sec of audio

The TWB audio is created after the data has been digitized.
1) The 12-bit Gage signal data is multiplied by 16 to convert it to 16-bit data.

2) The signal data is passed through a 2.8 MHz high pass filter to remove the high-frequency RF
components that lie above the desired band (remember, the TWB output passband is inverted).

3) The signal is mixed with a 4.82 MHz LO, high side injection to mirror the passband, thus de-
inverting the output. This has the effect of taking the 4.8 to 2.8 MHz inverted TWB IF output
(the Gage signal data file) and downconverting it to the 0.02 to 2.02 MHz band.

4) The signal is then passed through a 2.0 MHz LPF to remove unwanted high freq components.
The sample rate is still 10 Msamp/sec, but we only want the signals that lies in the 0 to 2.02
MHz band.

5) After being suitably processed in steps 1 through 4, the 10 Msamp/sec time series signal data is
then written as a WAV file. The header of the WAV file indicates the data is to be played back
at a rate of 44.1 ksamp/sec (44.1 kHz). This has the effect of time-stretching the data upon
playback, in turn reducing the bandwidth by a factor of 227. This comes from 10 Msamp/sec
(original sample rate) divided by 44.1 ksamp/sec (playback rate) = 226.76. Thus, a Gage RF
data file lasting 210 msec will take about 48 seconds to play back as an audio file.

NOTE: Since the original sample rate is 10 Msamp/sec, the original bandwidth is 5 MHz. The
WAV file reduces this by a factor of 227, to 22 kHz.

HOWEVER: the Jovian signals only lie from 0.02 MHz to 2.02 MHz of the processed data, so they
cover a range of frequencies in the WAV file from 88 Hz to 8.9 kHz. This is good, for while cats
can hear audio up to 80(!) kHz, the response curve of human hearing starts to fall off around 10
kHz and is around 10 dB down at 16 kHz (your mileage may vary).
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TWB installed in a 19” rack. AJ4CO Observatory, High Springs, Florida.
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7 - multicouplers e C
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DPS |{/
DPS & TFD hybrids |
DPS aux IF HIETES

. TWB dlsplay

observer support device

w 150 VDC boat anchor for 5722

TWB installed in a 19” rack. AJ4CO Observatory, High Springs, Florida.
TWB system component labels in orange.

The wide bandwidth displays from the DPS were used to determine where to tune the TWB —
other words, to determine what 2 MHz slice of spectrum to look at with the high speed digitizer. In
this way, we could chase S bursts, SN events, and N events as they changed in frequency.

The R8500’s audio was connected to a speaker, but since the AM demodulation mode on the 8500
is relatively narrow (12 kHz max at the center of the 2 MHz BW being digitized), this was of little
help.

Likewise, the GageScope software’s real-time FFT display was of similarly little to no use; the FFT
is only 1024 points, three times per second, so the continuum display was far too noisy to see
much of anything except across-the-board spikes from nearby lightning.
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WWYV Frequency Check

b02337.05 002337805 O02B3TSME 002337966 002337967 002330007 O0:2339028 O02332.048 0023 32,063 00:23:32.083 00:23:32 110

WWV showing 20.00 MHz center frequency — verifying that all the RF hardware and software
processing is not shifting the signal frequency.

Also visible is the 100 Hz BCD time code subcarrier (21 envelopes across the spectrogram) and a
440 Hz audio tone on top of that (the smaller envelopes, each 4 to 5 pixels wide).
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TWB Observations
2013-14 Apparition

> 19 Jupiter observing sessions, Nov—Mar
« 11 good storms w/ digitized data
« 3 no-shows (no S bursting or N events)
« 5 washed out with line noise

> Data collected & processed: ~ 2 TB

Let's take a look at some examples of what we were able to observe

31
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&]4C0 Dbservatory 11 Mar 2014 - DPS 60 kHz IF on TFD &rray in CF Mode - RCP

03:40:03 073:40:19

032046265 033346296 033946308 032048327 003046347 033946369 033946388 033346409 013:39 45423

A comparison of a typical FSX waterfall (this one from the DPS) versus the TWB high speed data
waterfall. This is intended to provide a sense of the time scale represented in the spectrograms on
the following slides.

The DPS spectrogram, upper right, covers 110 seconds in 700 pixels, or about 157 millisec per
sweep (sweep rate of a little over 6 sweeps per second).

The upper left image is just a blown-up view of the DPS spectrogram, so we can see the small
inner rectangle. This rectangle contains spectrogram data 1 pixel in width and about 40
pixels in height.

The lower spectrogram is the TWB data taken at the same time, covering 210 millisec and 2 MHz,
(1,023 pixels by 411 pixels).

TWB Spectrogram DPS Spectrogram
210 millisec window 110 second window

2 MHz of spectrum 16 MHz of spectrum

411 channels 300 channels

205 microsec per FFT 157 millisec per sweep

4.88 kHz RBW 60 kHz IF BW (slight overlap of channels)
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\\‘\i*\\iil‘x\m
\\)33>3>950
T A

The S burst zoo, from Figure 1 (vertical frequency axis inverted) in Riihimaa, Evolution
of the Spectral Fine Structure of Jupiter's Decametric S-Storms (EM&P, 1991).

Riikimaa reported a wide variety of S burst morphologies. His spectrograms were plotted with the

low frequency at the top, so we invert his image here for better comparison with spectrographs that
plot the high frequency at the top.



Jove 2014 July 2, 2014

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

084553223 024553 244 04553 264 04553 285 034559306 0B4GS946 QS59365 024559387 (B4SEA407 094553428

> 210 msec window
> 2 MHz of spectrum
> 205 us per FFT
> 4.88 kHz RBW

> —15 MHz/s for true S
> —26 MHz/s features
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05:08:51.223

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:08:51.243 05:08:51.264 05:08:51.284 (05:08:51.305 05.08:51.325 05:08:51. 345 05:08:51.366 05:08:51.387 05:08:51.407 05:08:51.428

> —15 MHz/s
>SN+ S
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05:08:45.741

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

(05:08:45.762 05:08:45.782 05:08:45.803 (05:08:45.823 05:08:45.844 05:02:45.864 05:08:45.885 05:08:45.905 05:08:45.926 05:08:45.945

> —15 MHz/s
>SN+ S
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05:08:47 307

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:08:47.328 05:08:47.348 05:08:47. 365 (05:08:47.389 05:.08:47.410 05:08:47.430 09:08:47.451 09:08:47.471 05:08:47.492 05:08:47.512

> —15 MHz/s
>SN+ S
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05:08:47 £33

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:08:47 719 05:08:47.740 05:08:47. 760 05:08:47 781 05:08:47 807 05:08:47. 822 05:08:47.842 05:08:47.863 05:08:47.883 05:08:47.904

> —15 MHz/s
>SN+ S
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05:12:36.392

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:12:36.412 05:12:36.433 05:12:36.453 05:12:36.473 05:12:36.494 05:12:36.514 09:12:36.535 05:12:36.565 03:12:36.576 05:12:36.596

> —16 MHz/s
> “‘pure” S
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05:13:30.429

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:13:30.450 05:13:30.497 05:13:30.511 05:13:30.531 05:13:30.552 09:13:30.572 05:13:30.593 03:13:30.613 05:13:30.634

> —16 MHz/s
> “‘pure” S
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05:13:31.212

TWB Observations — S bursts

29 Dec 2013, lo-C, LCP

05:13:31.233 05:13:31.253 05:13:31.274 05:13:31.294 05:13:31.315 05:13:31.335 05:13:31.356 05:13:31.376 03:13:31.417

> —15 MHz/s
> “‘pure” S
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05:13:26. 350

TWB Observations — S bursts

30 Jan 2014, lo-C, LCP

05:13:26.370 05:13:26.411 (05:13:26.432 05:13:26. 452 05:13:26.473 05:13:26.493 05:13:26.514 05:13:26.534 05:13:26.554

>—17 MHz/s
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TWB Observations — S bursts

30 Jan 2014, lo-C, LCP

i,

05:13:26.741  05:13:26.762 05:13:26. 802 (05:13:26.823 05:13:26.843 05:13:26.864 05:13:26.884 05:13:26.905 05:13:26.925 05:13:26.945

>—17 MHz/s & —13 MHz/s
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TWB Observations — S bursts

30 Jan 2014, lo-C, LCP

05:20:27 796 05:20:27 816 05:20:27 837 05:20:27 857 (05:20:27 878 05:20:27.898 05:20:27.919 05:20:27.939 05:20:27.960 05:20:27.980 05:20:28.001

> —17 MHz/s
> poorly organized SN event?
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TWB Observations — S bursts

04 Mar 2014, lo-B, RCP

AJ400 Observatory 04 Mar 2013 - TWE 2 MHz 1P on TFD Anay in CP Mode - ACP

256
254

52

0212:42.097  0212:42117 0212:42.138 02:12:42.158 0212:42.179 02:12:42.199 02:12:42.219 02:12:42.240 02:12:42.260 02:12:42.281 02:12:42.301

> —23 MHz/s
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TWB Observations — S bursts

04 Mar 2014, lo-B, RCP

0212:63.844  0212:53.864 02:12:53.885 02:12:53.905 02:12:53.926 021253 945 02:12:53 967 02:12:53.987 02:12:54.008 02:12:54.028

> —20 & —25 MHz/s

a7
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TWB Observations — S bursts

04 Mar 2014, lo-B, RCP

0212:64.236  0212:54.256 02:12:54. 277 02:12:54.297 0212:54.318 021254338 02:12:54.359 02:12:54.379 02:12:54.400 02:12:54.420 02:12:54.440

> —23 MHz/s




Jove 2014 July 2, 2014

03:39:44 £33

TWB Observations — S bursts

11 Mar 2014, lo-B, RCP

03:39:44.719 03:33:44 760 03:39:44 787 03:35:44 807 03:39:44.822 03:39:44.842 03:39:44.863 03:39:44.883 03:35:44.904

> —22 MHz/s
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TWB Observations — S bursts

11 Mar 2014, lo-B, RCP

£J4C0 Dbservatory 11 Mar 2014 - TWE 2 MHz IF on TFD Array in CP Mode -

03:39:45.091

03:39:45111 03:39:45.132 03:39:45.152 03:39:45.173 03:39:45.193 03:39:45.214 03:39:45.234 03:39:45.755 03:39:45.275 03:39:45.296

> —22 & —16 MHz/s
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03:39:45 482

TWB Observations — S bursts

11 Mar 2014, lo-B, RCP

i

(03:39:45.503 03:39:45.523 03:39:45 544 (03:39:45.564 03:39:45.584 03:39:45 605 03:33:45.625 03:39:45.645 03:39:45 666 03:39:45.687

> —21 MHz/s
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03:39:46. 265

TWB Observations — S bursts

11 Mar 2014, lo-B, RCP

(073:39:46. 286 03:39:48.327 (03:39:46. 347 03:39:46. 368 03:39:46.388 03:33:46.409 03:39:46.429 03:39:46.450 03:39:46.470

> —21 MHz/s
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TWB Observations — S bursts

11 Mar 2014, lo-B, RCP

03:4E:08.646  03:46:08 BE7 03:46:08.687 03:46:08. 708 (03:46:08.728 03:46:08. 749 03:46:08. 769 03:46:08.789 03:46:08.810 03:46:08.830 03:46:08.851

> —25 MHz/s
> notably disorganized
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05:36:20.566

TWB Observations — N event
23 Dec 2013, lo-B , RCP

(08:36:20.587 08:36:20.607 (08:36:20.628 (08:36:20.648 08:36:20.669 08: 36:20.689 08:36:20.709 08:36:20.730 08:36:20.750 08:36:20.771

>~ 100 kHz BW
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08:50:47.000

TWB Observations — N event
23 Dec 2013, lo-B , RCP

08:50:47.020 08:50:47 067 (08:50:47.082 08:50:47.102 08:50:47.123 08:50:47.143 08:50:47.164 08:50:47.184 08:50:47.205

>~ 20 kHz BW
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TWB Observations — N event
23 Dec 2013, lo-B, RCP

05:20:20.145  05:20:20.165 05:20:20.206 05:20:20. 227 05:20:20. 247 05:20:20. 268 05:20:20.288 05:20:20.309 05:20:20.329 05:20:20.350

> Several narrow BW'’s
> FDS event, —22 MHz/s to —15 MHz/s
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10:06:42. 356

TWB Observations — N event
29 Dec 2013, lo-C, LCP

10:06:42.376 1000642, 397 10:06:42.417 10:06:42.438 10:06:42. 458 10:06:42.479 10:06:42.439 10:06:42.520 10:06:42.540 10:06:42.561

>~ 250 kHz BW
> Pure N
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TWB Observations — N event
30 Dec 2013, lo-B, RCP

10:07:00.206  10:07:00.227 10:07:00.247 10:07:00. 268 10:07:00. 288 10:07:00.309 10:07:00.329 10:07:00.370 10:07:00.390 10:07:00.411

> —17 MHz/s features
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TWB Observations — N event
30 Jan 2014, lo-C, LCP

05:41:38.711  05:41:38.732 05:41:38.752 05:41:38.773 (05:41:38.793 05:41:38.814 05:41:38.834 05:41:38.855 05:41:38.875 05:41:38.896 05:41:38.916

> —22 MHz/s features
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TWB Observations — N event
30 Jan 2014, lo-C, LCP

05:45:563.013  05:45:53.033 (05:45:53.054 05:45:53.074 (5:45:53.095 054553115 05:45:53.136 05:45:53.156 05:45:53.177 05:45:53.197 05:45:53.218

—23 MHz/s features
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05:57:33.705

TWB Observations — N event
30 Jan 2014, lo-C, LCP

05:57:33.726 05:57:33.745 05:57:33.767 05:57:33.787 05:57:33.808 05:57:33.828 05:57:33.849 05:57:33.869 05:57:33.890 05:57:33.910

> 25-100 kHz BW
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TWB Observations — N

30 Jan 2014, lo-C, LCP

0F:04:33.362  0B:04:33.382 0:04:33.403 0:04:33. 423 (0E:04:33 444 0E:04:33 464 0E:04:33 485 06 04:33.505 0:04:33.526 0E:04:33.545 0:(04:33.567

> 200 kHz BW
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TWB Observations — N event
10 Mar 2014, lo-C, LCP

0211:47. 796 0211:47 818

02:11:47 836

02:11:47 857

02:11:47 877

02:11:47.898

~50 kHz BW

02:11:47.918

02:11:47.939

02:11:47.959

02:11:47.980 02:11:48.000
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F—50msecH
23 MAY 1972 0839 - 0840 —>

Fi¢. 1. (b) Bandlike emissions. Drift rates are approximately —28.5 MHz/sec; “durations’ range from 25 to several hundred msec. These quasicon-
tinuous bursts are characterized by emission bands, modulation lanes, and subburst fringes.

From Krausche, et al., High Resolution Spectral Analyses of the Jovian Decametric Radiation - | -
Burst Morphology and Drift Rates, Icarus (1976).
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EMISSION DROPOUTS
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REGION 2 INSTANTANEOUS
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\egens) \ T

TIME =>»

F1c. 1. (a) Low time-resolution spectrogram of the bandlike emission. (b) High time-resolution spectrogram showing an expanded 300 msec segment
of (a). (¢} Idealized bandlike emission.

From Flagg, et al., High Resolution Spectral Analyses of the Jovian Decametric Radiation - Il - The
Band-like Emissions, Icarus (1976).
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o

Sketches of interaction effects between S- and L-bursts (refer to text).

From Riihimaa & Carr, Interaction of S- and L-Bursts in Jupiter's Decamtric Radio Spectra, TM&P
(1981).
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1977 DECEMBER 22 0619 UT

NOVEMBER 12 0850 UT

FiG. 2. FDS events recorded in extra-high resolution with the 640-dipole Florida array and a 200-
channel spectrum analyzer. Note that the resolution in time and frequency is approximately 15 times
better than in the record of Fig. 1. An event, indicated by an arrow, is well seen in (a). A parallel-sided
FDS event is shown in (b).

From Riihimaa, et al., Fast-Drift Shadow Events in Jupiter's Decamteric Radio Spectra, Icarus
(1981).
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MASARU OYA ET AL.

—
Q
o
)
=
O
<]
ol
('

Time

Figure 12. An illustration of the structure of S-N burst which is determined by the result of the
present study.

From Oya, M., et al., Analyses of Jovian Decametric Radiation S-Bursts Interacting with N-Bursts,
EM&P (2002).
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05:30:50.398

TWB Observations — SN event

29 Dec 2013, lo-C, LCP

05:30:50.418 05:30:50.433 05:30:50.453 (05:30:50. 480 05:30:50.500 05:30:50.521 09:30:50.541 05:30:50.562 03:30:50.582 03:30:50.603

> —19 MHz/s
> “pure” SN
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TWB Observations — SN event

29 Dec 2013, lo-C, LCP

05:32:561.000  05:32:51.020 05:32:51.041 05:32:51.067 (05:32:51.082 05:32:51.102 05:32:51.123 09:32:51.143 05:32:51.164 03:32:51.184 03:32:51.205

> —19 MHz/s
> SN + several FDS
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05:39:30.145

TWB Observations — SN event

29 Dec 2013, lo-C, LCP

05:39:30.165 05:39:30.186 (05:39:30. 206 (05:39:30. 227 05:39:30. 247 05:39:30. 268 05:39:30.288 05:39:30.309 05:39:30.329 05:39:30.350

> —15 MHz/s
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TWB Observations — SN event

29 Dec 2013, lo-C, LCP

05:42:34.349  05:42:34.370 05:42:34.390 05:42:34.411 05:42:34.431 05:42:34.452 09:42:34.472 09:42:34.493 05:42:34.513 03:42:34.534 05:42:34.554

> —20 MHz/s
> SN + several FDS
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05:52:59.067

TWB Observations — SN event

29 Dec 2013, lo-C, LCP

(053:52:59.088 05:52:59.108 05:52:59.129 05:52:59.149 059:52:59.170 05:52:55.190 05:52:55.211 05:52:55.231 03:52:55.252 03:52:55.272

>—17 MHz/s
> SN, N, FDS
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05:53:38 695

TWB Observations — SN event

29 Dec 2013, lo-C, LCP

053:53:38.719 05:53:38.740 05:53:38. 760 05:53:38. 781 05:53:38.807 05:53:38.822 [09:53:38.842 05:53:38.863 05:53:38.883 05:53:38.904

> —21 MHz/s
>SN+ N + FDS
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TWB Observations — SN event

29 Dec 2013, lo-C, LCP

05:53:40.265  053:53:40.286 05:53:40. 306 05:53:40.327 (05:53:40. 347 05:53:40. 368 05:53:40. 388 05:53:40.409 05:53:40.429 05:53:40.450 05:53:40.470

> —21 MHz/s
>SN+ N + FDS
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TWB Observations — SN event

30 Jan 2014, lo-C, LCP

05:51:14 564 05:51:14.584 05:51:14.604 05:51:14.625 05:51:14.645 05:51:14.666 05:51:14.686 05:51:14.707 05:51:14.727 05:51:14.748

> —13 MHz/s
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Observations

S bursts + N events
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TWB Observations — S + N

30 Dec 2013, lo-B, RCP

10:04:26 676 10:04:26 B398 10:04:26.717 10:04:26.737 10:04:26. 758 10:04:26.778 10:04:26.799 10:04:26.819 10:04:26.840 10:04:26.860 10:04:26.880

>—17 MHz/s
> N BW from 15 to 150 kHz
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10:04:31.375

10:04:31.395

July 2, 2014

TWB Observations — S + N

30 Dec 2013, lo-B, RCP

10:04:31.418 10:04:31.436 10:04:31.457 10:04:31.477 10:04:31.497 10:04:31.518 10:04:31.538 10:04:31.559 10:04:31.579

>—17 MHz/s
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10:04:26.284

10:04:26.305

July 2, 2014

TWB Observations — S + N

30 Dec 2013, lo-B, RCP

10:04:26.325 10:04:26. 345 10:04:26. 365 10:04:26. 386 10:04:26.407 10:04:26.427 10:04:26. 448 10:04:26. 468 10:04:26.489

>—17 MHz/s
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TWB Observations — S+N+L

04 Mar 2014, lo-B, RCP

£)4C0 Dbservatory 04 Mar 2013 - TWE 2 MHz IF on TFD Array in CP Mode - RCP

02:45:40.857 024! 02:45:40.898 02:45:40.918 (02:45:40.939 02:45:40.959 02:45:40.980 02:45:41.000 02:45:41.021 02:45:41.041 02:45:41.061

> —22 MHz/s features

These shadows are reminiscent of the slow drift shadow events described by Koshida[1], but drift

about 4 to 5 times faster (Koshida showed shadows with a -5 MHz/s drfit rate).

[1] Koshida, et al., Jovian Slow-Drift Shadow Events, JGR (2010).
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TWB Observations — S+N+L

04 Mar 2014, lo-B, RCP

a1 2013 - TWE 2 MHz IF on TFD Array in CP Mode - RCP

ek

02:45:46.730  02:45:46.751 02:45:48 771 02:45:48.792 02:45:46.812 02:45:46.833 02:45:46 853 02:45:46.874 02:45:46.894 02:45:46.914 02:45:46.935

> —23 MHz/s features

These shadows are reminiscent of the slow drift shadow events described by Koshida[1], but drift
about 4 to 5 times faster (Koshida showed shadows with a -5 MHz/s drfit rate).

[1] Koshida, et al., Jovian Slow-Drift Shadow Events, JGR (2010).

85



Jove 2014 July 2, 2014

Figure 1a. Dynamic spectra of SDS events as observed by the developed WFR. The white levels
represent higher intensity. The arrows located at the bottom indicate SDS events. SDS events quenched
the background L burst emissions to the galactic background noise level. The SDS slopes had a negative
drift rate of —5 MHz s™'. The amplitude of the leading and trailing edges of the SDS events sometimes
showed higher intensity than that of the background L burst emissions. The intense emission at 22.5 MHz
is interference.

From Koshida, et al., Jovian Slow-Drift Shadow Events, JGR (2010).
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TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:41:14.785

05:41:14.810 05:41:14.830 05:41:14.857 05:41:14.871 05:41:14.892 05:41:14.912 05:41:14.933 05:41:14.953 05:41:14.974 05:41:14.994
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TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:41:35.151

053:41:35.172 05:41:35.192 05:41:35.213 (05:41:35.233 05:41:35.254 05:41:35.274 05:41:35.295 05:41:35.315 05:41:35.336 05:41:35.356
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TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:41:36.326  05:41:36.345 05:41:36. 367 05:41:36. 387 (05:41:36.408 05:41:36.428 05:41:36 449 05:41:36.469 05:41:36.490 03:41:36.510 09:41:36.531

> Not an S burst

> Called “Z bursts” (term coined by people
who plot spectrograms upside-down)
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05:45:02.838

TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

(05:49:02.858 05:49:02.873 05:43:02.895 05:45:02.520 05:43:02.940 05:43:02. 967 09:43:02.981 05:43:03.002 03:43:03.022 03:43:03.043

> Another Z burst
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TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:42:09.783

05:42:09.804 05:42:09.824 05:42:09.845 (05:42:09.865 054209886 05:42:05.506 05:42:05.927 05:42:09.947 03:42:09.968 03:42:09.988
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TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:50:51.737

053:50:51.757 05:50:51.778 05:50:51.798 05:50:51.819 05:50:51.839 05:50:51.860 05:50:51.880 05:50:51.900 03:50:51.921 03:50:51.941

93



Jove 2014 July 2, 2014

TWB Observations — Oddities

30 Dec 2013, lo-B, RCP

05:54:20.000

053:54:20.020 05:54:20.041 05:54:20.067 (05:54:20.082 05:54:20.102 05:54:20.123 05:54:20.143 05:54:20.164 05:54:20.184 05:54:20.205
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TWB Observations — Oddities

11 Mar 2014, lo-B, RCP

03:45:15.000  03:45:15.020 03:45:15.041 03:45:15.067 (03:45:15.082 03:45:15.102 034515123 03:45:15.143 03:45:15.164 03:45:15.184 03:45:15.205

> —8.5 MHz/s overall
> —19 MHz/s features




