
Engn 395 Project 06: Gravity Waves and Wavelets! 

 
 

Figure 1. Top: Black Hole Merger sends gravity waves rippling through the universe.  Image credit: LIGO, NSF, A. Simonnet (SSU).   
Bottom: Time-frequency representation of waves recorded by LIGO.  Image credit: https://www.ligo.org/science/Publication-
GW150914/images/fig-1.png. 

Background/Introduction:  
Gravitational waves were detected for the first time on Earth September 14, 2015 at 5:51 a.m. Eastern 

Daylight Time.  LIGO has prepared this brilliant introduction to the significance of measuring black hole 

mergers, as well as basics about the technology used to detect gravitation waves resulting from the 

merger.  Please read: https://www.ligo.org/science/Publication-GW150914/index.php. In short, “… this 

event marks the beginning of gravitational-wave astronomy as a revolutionary new means to explore the 

frontiers of our Universe…” 

A LOT of signal processing has to happen in order to go from raw measurements in the LIGO detectors 

to the very pretty, historic time-frequency plots shown in Fig 1, bottom.  This assignment ultimately 

explores the signal processing involved: filters, noise reduction (via DFT spectra analysis), and wavelets 

for time-frequency analysis to see the black hole merger signature ‘chirp’. 

https://www.ligo.org/science/Publication-GW150914/images/fig-1.png
https://www.ligo.org/science/Publication-GW150914/images/fig-1.png
https://www.ligo.org/science/Publication-GW150914/index.php


Problem Statement:  
“There is no way to see a signal here, without some signal processing…”  so wrote the good 

folk LIGO observatory on their “signal processing with GW150914 open data tutorial” 

Use your ever-increasing signal processing prowess to process the historic data from the LIGO 

observatory which first identified, with high confidence, gravity waves  (ripples in space-time predicted 

by Einstein nearly 100 years ago). This gravity waves were generated by a black-hole merger event in a 

far, far away galaxy (1.4B years ago).   

We will generally follow this signal processing tutorial, provided by LIGO: https://www.gw-

openscience.org/GW150914data/GW150914_tutorial.html 

 

Data sets: 
LIGO Gravitational Wave Open Science Center provides free and open access to all of its strain detector 

data: https://www.gw-openscience.org/eventapi/html/allevents/ 

The data base we will use comes from the LIGO/VIRGO Gravitational Wave Open Science Center of the 

first-ever detected gravity wave event https://www.gw-openscience.org/catalog/GWTC-1-

confident/single/GW150914/. 

Specifically, we will use the raw detector data for Hanford, WA and Livingston, LA sites that are 32 sec 

long, with sampling frequency of 4 KHz.  You can find the data in all downloadable formats here  (Scroll 

down to “Strain Data at 4096 Hz”) :https://www.gw-openscience.org/events/GW150914/   

The easiest file type to use as .txt.gz files at (these can be extracted to .txt using 7-zip) 

1. Hanford H1 32 sec 4 kHz  

2. Livingston L1 32 sec 4 kHz 

These data are available as .txt files in this box folder.  Note the .txt have some text headers at the 

beginning, which you may delete prior to importing to matlab. 

The final signal processed gravity wave data used by LIGO to produce the historic and very pretty 

frequency vs. time plots (Fig 1, bottom) are available as .txt files at the Gravity Wave Open Science 

website: 

1. Hanford H1 

2. Livingston L1 

 

Matlab functions you will likely want to use: 
Statistics: mean, median, std, mad (or robustSTD) 

Filtering:  butter, filtfilt 

Fourier Transforms: fft, ifft 

Wavelets: cwt, wavefun, waveinfo 

https://www.gw-openscience.org/GW150914data/GW150914_tutorial.html
https://www.gw-openscience.org/GW150914data/GW150914_tutorial.html
https://www.gw-openscience.org/eventapi/html/allevents/
https://www.gw-openscience.org/catalog/GWTC-1-confident/single/GW150914/
https://www.gw-openscience.org/catalog/GWTC-1-confident/single/GW150914/
https://www.gw-openscience.org/events/GW150914/
https://www.gw-openscience.org/catalog/GWTC-1-confident/data/GW150914/H-H1_GWOSC_4KHZ_R1-1126259447-32.txt.gz
https://www.gw-openscience.org/GW150914data/L-L1_LOSC_4_V2-1126259446-32.txt.gz
https://wlu.box.com/s/6z8ffnnt7hspa3319ydvrpjqyl0pth42
https://www.gw-openscience.org/GW150914data/P150914/fig1-observed-H.txt
https://www.gw-openscience.org/GW150914data/P150914/fig1-observed-L.txt


 

LIGO Data processing core steps and concepts: 
1. Correct any (dreaded) NaNs in the data: NOTE that in general, LIGO strain time series 

data has gaps (filled with NaNs) when the detectors are not taking valid ("science quality") 
data. Analyzing these data requires the user to loop over "segments" of valid data stretches. 
In https://losc.ligo.org/segments/ we provide example code to do this.However, the 4096 
seconds of released data around GW150914 is one unbroken segment, with no gaps. So for 
now, we will read it all in and treat it as one valid data segment, ignoring the extra complexity 
mentioned above. 

 
2. Visualize raw detector data: Plot the raw (unfiltered) strain data for both Hanford (H1) and 

LIvingson (L1) vs. time. You should get something like in Fig 2.  Note this is all low frequency 
noise. “There's a signal in these data! For the moment, let's ignore that, and assume it's all 
noise.” 
 

 
Figure 2. Strain data vs. time for Hanford and Livingston observatories. The data we see at this all high-amplitude, low-

frequency noise. 

 

3. Compute and plot the ASD: Plot data in frequency domain to show the amplitude spectral 
density estimate. This is the square root of the power spectral density, e.g. the ‘single sided 
FFT spectra’ you are now used to producing in matlab! (See also: 

https://www.mathworks.com/help/signal/ug/power-spectral-density-estimates-using-
fft.html). You should get something like Fig 3.  

 
NOTE: plot only the data between fmin = 10 Hz and fmax = 2000 Hz. 

Below fmin, the data are not properly calibrated. That's OK, because the noise is so high 
below fmin that LIGO cannot sense gravitational wave strain from astrophysical sources in 
that band. 

The sample rate is fs = 4096 Hz (2^12 Hz), so the data cannot capture frequency content 
above the Nyquist frequency = fs/2 = 2048 Hz. That's OK, because GW150914 only has 
detectable frequency content in the range 20 Hz - 300 Hz (yellow arrow in Fig 2). 

https://losc.ligo.org/segments/
https://www.mathworks.com/help/signal/ug/power-spectral-density-estimates-using-fft.html
https://www.mathworks.com/help/signal/ug/power-spectral-density-estimates-using-fft.html


You can see strong spectral lines in the data; they are all of instrumental origin. Some are 
engineered into the detectors (mirror suspension resonances at ~500 Hz and harmonics, 
calibration lines, control dither lines, etc) and some (60 Hz and harmonics) are unwanted 
(blue arrowheads in Fig 3). We'll return to these, later. 

You can't see the signal in this plot, since it is relatively weak and less than a second long, 
while this plot averages over 32 seconds of data. So this plot is entirely dominated by 
instrumental noise. 

 

 
Figure 3. Amplitude spectral density (ASD) showing strong noise peaks. The noise levels depend on frequency.  This is called 

“Colored Noise”.  Note that “white Noise is a flat spectrum” 

 

4. Spectral flattening aka Whitening: Next we are going “Whiten” the data.  This means we 
put all frequency content on equal footing, which effectively suppresses noise sources. The 
result of whitening is to flatten the FFT spectrum.   

We can "whiten" the data--dividing it by the noise amplitude spectrum, in the fourier domain--
suppressing the extra noise at low frequencies and at the spectral lines, to better see the 
weak signals in the most sensitive band. 

Whitening is always one of the first steps in astrophysical data analysis (searches, parameter 
estimation). Whitening requires no prior knowledge of spectral lines, etc; only the data are 
needed. 

The resulting time series is no longer in units of strain; now in units of "sigmas" away from 
the mean. 



5. Apply band-pass filter: To get rid of remaining high frequency noise, we will also bandpass 
the data. Following, the good folk at LIGO: 

a. Make coefficients [b,a] for a 4th order Butterworth filter, set for 20-300 Hz cutoffs.  
Remember in matlab, you have to use normalized frequency for the cutoff frequency 
input arguments!  You might also try another, less harsh filter (4 x 2 order, see below, 
seems a bit excessive?) 

b. Apply a forward-reverse filter using filtfilt().  This is known as zero-phase filtering.  
Remember that whole phase shift thing?  Doing filtering in forward and reverse 
cancels out the phase shifts, leaving zero phase shift.  Nifty!  Do be aware that filtfilt() 
applies a filter of order 2*N.  For instance, an N = 4 order Butterwroth filter actually 
filters the signal to the 8th order (4 forward + 4 backward) 

6. Visualize: Plot the resulting whitened, band-pass filtered strain data vs. time. You 
should get a plot that looks like Fig 4.   

Note that you have to hone in on the particular segment of data with the interest bit of signal-
--this is just about 200 ms of data displayed out of 32 s in the data file. 

Note also the approximately 7 msec time shift between H1 and L1 data.  This results from 
the very fast, yet finite speed of gravity waves (3 x 108 m/s).   

 
Figure 4. Strain vs. time data. This LIGO data has now been heavily signal processed to hone in on the gravity wave signal of 
interest. 

The signal looks roughly the same in both detectors. We had to shift the L1 data by 7 ms to 
get it to line up with the data from H1, because the source is roughly in the direction of the 
line connecting H1 to L1, and the wave travels at the speed of light, so it hits L1 7 ms earlier. 
Also, the orientation of L1 with respect to H1 means that we have to flip the sign of the signal 
in L1 for it to match the signal in H1. 

It's exactly the kind of signal we expect from the inspiral, merger and ringdown of two 
massive black holes 
 

7. Wavelet time-frequency representation.  Last but not least, let’s finish off with viewing the 
time-frequency information contained within the time-domain plots (Fig 4).  We can clearly 
see a ‘chirp’ signal as the block holes spin around each other, and eventually verge. That is, 
the instantaneous frequency of oscillation increases over time.  The CWT is the ideal tool to 
visualize and analyze this signal!  Make CWT spectrogram (‘scalogram’) plots in the 
frequency range of 20-600 Hz.  

a. Initially, use the ‘amor’ analytical Morlet wavelet wavelet for this analysis 



b. Repeat part a, but for using the ‘morse’ wavelet 

c. And again using the ‘bump’ wavelet 

d. Compare and contrast—does your ultimate visualization and analysis change depending 

on your mother wavelet selection?  It would likely be helpful to view these different 

wavelets at: https://www.mathworks.com/help/wavelet/gs/choose-a-wavelet.html 

 

8. What to turn in: Reporting your findings.  Make a nice-walk through presentation of all steps 

above, illustrating how the raw signal is transformed throughout the process. Be sure to use 

descriptive figure captions.  Include all matlab code in an appendix.  COMMENT it nicely so that 

another budding signal processing engineering/physicist can easily follow along. 

 

There you have it: signature events of gravity waves produced by black hole mergers.   

Hopefully, you now see the power of signal processing in yet another domain! 

 

Part II: Choose your own mini-adventure 

 
Apply wavelet analysis to a problem of your choosing.  Good/interesting applications involve some sort 

of cyclical events, which may (not) be hiding in plain sight.  You are free to roam. If you need some 

direction in your signal processing life, here are a few ideas to get you started: 

 Earthquakes: ground motion and building vibration analysis of resonance modes 

 Music: Analysis of instrument resonance frequencies and/or musical structure in whatever 

genre 

 Geosciences: El Nino weather patterns and sea surface temperatures oscillating on decadal cycle 

 Economics:  employment rate in the US vs. time during the past 100 years 

 Biomedical: ECG (MIT data base), PPG (See UC Irvine database), brain synchrony, audio 

auscultation (listening to lung sounds), gastrointestinal rhythmic activity (Erickson has plenty of 

data sets to share) 

 

Whichever adventure you choose, do the following: 

 Briefly describe the nature/context of the problem and why it is interesting. 

 Describe the raw signals you are analyzing, and specify from where you obtained them 

 Carefully outline your signal processing procedure (any filters applied; FFT analyss;  what kind of 

wavelets analysis you used and why) 

 Illustrate and describe your results in detail.  What does the time-frequency analysis with 

wavelets reveal; how do you interpret this data; how is it helpful/why is it important? 

 

https://www.mathworks.com/help/wavelet/gs/choose-a-wavelet.html
https://ngawest2.berkeley.edu/
https://www.usgs.gov/faqs/where-can-i-get-current-sea-surface-temperature-data-0?qt-news_science_products=0#qt-news_science_products
https://www.bls.gov/charts/employment-situation/civilian-unemployment-rate.htm
https://en.wikipedia.org/wiki/Photoplethysmogram
https://archive.ics.uci.edu/ml/datasets/PPG-DaLiA

