
|| 28.04.2021Daniel C Bowden 1

Wave-selective beamforming with Distributed Acoustic Sensing
Daniel C. Bowden1, Sara Klaasen1, Eileen Martin2, Patick Paitz1, Andreas Fichtner1

1: ETH, Zürich, CH.   2: Virginia Tech, Virginia, USA.

Motivation

The observed amplitude of a wavefront as observed at a DAS 
channel depends on the channel’s orientation and gauge length.

Consider the following cable geometry, where more channels 
are facing an East-West direction. This will affect how strongly 
different directions can be “seen” with beamforming.

In this case we simulate 6 sources of equal strength. Panel (A) 
below shows what we would have seen with traditional vertical-
component beamforming. Panel (B) shows how the DAS 
channels show a bias.

We want to correct for this bias!

Corrected Beamforming

Martin et al. (2018) outline the expected amplitude observed on a DAS 
channel will be affected by azimuth and gauge length. For example, for 
Rayleigh waves:

[More on amplitude terms]

How can we use these geometric correction terms in beamforming?

a0(u) = A(!,u)�1a(u)

P (!,u) = a0(u)
⇤ ·Cxx · a0(u)
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Option 2: Add up the strength of these amplitude terms and normalize. 
As in any weighted average, it would be logical to divide by the weights.

P (!,u) =
a(u)⇤ ·Cxx · a(u)

A(!,u)⇤ · [1] ·A(!,u)
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Real Data

To test these different corrections, we use data from the 
Mt. Meager DAS array in Canada (see presentation by 
Klaasen et al., in this same EGU session).

Also very important: Data quality control & SNR check

Aside: Comparing DAS to traditional 3-component 
sensors:
Does it help to co-locate channels and then rotate 
into radial and transverse? No, this is not necessary.

Option 1: Divide each component of the steering vector, a(u), by the 
appropriate amplitude term. This corrects for the bias of a given DAS 
observation.
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[Click here for details on the correction strategies]

[Click here for more]

[Click to learn more]

[Click here for an overview of our standard beamforming]
[REFERENCES]

Summary: 
If doing beamforming with DAS, it is possible to correct for 
the biased observations introduced by azimuth and gauge 
length effects. Other methods that rely on signal amplitudes 
can be affected as well!
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Option 1: Correct (divide)
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actually see (Rayleigh)
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Standard Beamforming:
Here: frequency domain, correlation-based, slowness gridsearch. 
Notation follows Riahi et al. 2013, among others.
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0
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Step 1: A matrix of cross-correlated signals for a given frequency is collected:

Step 2: Gridsearch through possible plane-wave sources. For each, define the 
appropriate set of phase delays. This is the “steering vector”:

P (!,u) = a(u)⇤ ·Cxx · a(u)
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Step 3: For each given plane-wave slowness, the “success” or cumulative correlation score 
is given by:

a(u) =
1p
M
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= a1c11a1 + a1c12a2 + a1c13a3 + . . .
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Each phase delay, !" and !#, is multiplied by the 
appropriate signal in $"#, and then all phase-corrected 
correlation pairs are summed.
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Channel 
orientation

Gauge 
projection

Geometric Corrections:
A DAS channel oriented at angle θ, with gauge length g, will record strain 
that are of a different amplitude than the actual wavefront propagating at 
direction ɸ and slowness u.

For example, for a Rayleigh wave (horizontal particle motion in-line with 
direction of propagation), Martin et al. (2018) describe that the observed 
amplitude will be:

Note 2: for a single frequency, this !" term amounts 
to a simple amplitude coefficient. For a broadband / 
finite-frequency waveform, the actual waveform will 
be distorted and more care needs to be taken.

The term ( $ %&) can be re-arranged to 
()*
+ .

Here we see the ratio of the gauge length relative to the 
projected wavelength. Separately from any azimuth 
considerations, different slownesses in the beamform 
heatmap will be affected.

Note 1: Love or body waves will have a different particle motion. Thus 
specifying which type of energy you are observing is necessary in this 
context. (and anyways it’s useful to know what one is seeing!)



|| 28.04.2021Daniel C Bowden 4

Where the matrix term in the denominator, [1], represents a 
matrix of ones, the same size as $%%. This effectively sums an 
outer product of the amplitude correction vector A with itself, 
collecting the total bias in the denominator.

This is comparable to methods that deconvolve an array-
response-function. This is also comparable to a standard 
weighted average where one accounts for the weights:

Click to return to main slide

Application of the corrections:

a0(u) = A(!,u)�1a(u)

P (!,u) = a0(u)
⇤ ·Cxx · a0(u)
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Option 2: Add up the strength of these amplitude terms 
and normalize. As in any weighted average, it would be 
logical to divide by the weights.

P (!,u) =
a(u)⇤ ·Cxx · a(u)

A(!,u)⇤ · [1] ·A(!,u)
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Option 1: Divide each component of the steering vector, a(u), 
by the appropriate amplitude term. This corrects for the bias 
of a given DAS observation.
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This is a synthetic example. So it works perfectly, exactly 
undoing the effect caused by imperfect observation of the 
wavefield.

In practice:
• This requires a water-level to avoid divide-by-zero issues.
• We potentially amplify those traces which are the noisiest.

This inspired in part by 3-component beamforming (Riahi et 
al. 2013) and backprojection/MFP (Gal et al. 2018)

Which method is optimal likely depends on a given dataset: noise levels, # of channels, etc. 
We (currently) advocate that both methods be considered and tested for each new dataset.
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One example from Mt. Meager
See Klaasen et al. in this session for more details on the experiment! (Paper in prep)

Step 1: Quality control. Many channels are either weak or rubbish. Klaasen et. al. implement a SNR 
check, dividing the peak in this window by the RMS of a different pre-event noise window.

No amount of azimuthal corrections will make a beamforming algorithm blindly work on this full set 
of waveforms, since many channels are bad. All 3 figures below use the SNR quality control.
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Step 2: Apply correction terms, as in panels (B) or (C). 

Takeaway here: This is a strong, impulsive event. The data-driven SNR check did a good job of preferentially selecting those channels 
which contribute the most important information, and so worrying about the other channels is potentially unnecessary. If anything, panel (A) 
has the most unambiguous pick of the source. 

Different applications call for different methods! 
- For researchers studying the relative strength of ambient noise sources, the correction terms should be more important.
- For researchers looking at strong, impulsive events, possibly the correction terms may not be strictly needed. (also, ok to use MUSIC.)
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On converting to traditional seismic observables:
It’s not necessary to co-locate or rotate componenets.

In more traditional seismology methods, one might think to rotate the 
observations into Radial (R) and Transverse (T) components. Here we 
see two standard 3-component instruments, rotated to line up with a 
given plane-wave being tested for beamforming.

k

A)

PRayl = a1 CR1,R2 a2

R1 R2T2T1

ϕ

B) S1

S2

S3

S4

k
ϕ

PRayl = Σi Σj (ai' Cĳ aj')

C)

S1 S3

S2

S4

k
ϕ

It is mathematically equivalent to leave the strain (S) components as 
they are, if one instead applies the appropriate sin() or cos() terms to 
adjust for the projected amplitude (after all, this is what rotating 
components does). Strain-gauge effects need correcting as well.

Given that the same polarization information is obtained either way, 
there is no need to have fiber channels co-located. If anything, having 4 
distinct travel-time observations should beat out having only 2 normal 
instruments. 

Lay your DAS fiber in any orientation you like, as long as you still have 
some sensitivity in each direction. You can account for the bias later.
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