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ABSTRACT

Aliasing is acommon problem iseismicprocessing and igsually associatedvith
steeply dipping events and receiver spacidgwever, it also effects horizontdhta,
and even the siphe processing step ofonrmal moveout (NMO). Ilmay appear as
noise on a migrated section, or as a coherent non-existing event.

The amount oéliasing indatacan be controlled with a number of algorithms such
as Kirchhoff migration. Aliasing becomes a compromise between freguency
content ofdipping eventsthe dip angle othe events, the tragpacing ofthe input
data,and thgaliasing) noise contentThe tracespacing is defined bhe source and
receiver intervals relating cost to the aliasing compromise.

This paper will review thédasic principles behind aliasinggddress théechniques
used toeliminate orreducealiasing, and describthe naturabéntialiasing effects of
Equivalent Offset migration.

ALIASING CONCEPTS

Aliasing criteria for 1-D data

The term frequency is useddefinethe number of cycles in a unit measure such as
time wherehe symbolF is used to represenyclesper second, or distance where the
symbolK is used to represenyclesper meter. Dataampled at a uniform sampling
rateF,, is limited to a maximunfrequencythat is referred to as tidyquist frequency
Fnye The Nyquist frequency Isalf the sampling frequency. Frequencies higher than
Fnyq Will have adifferent apparent frequency aatk referred to dseing aliased. It is
difficult or usually impossible taecover theoriginal sinusoid once aliasing has
occurred. An otheway of looking athealiasingcriteria is there must be at least two
samples per sinusoidal period.

Aliasing criteria for 2-D data

The same Nyquisprinciple applies tawo dimensionaldata, with samplerates
defined for each axis. Eacdixis has a Nyquist frequendhat should limit the
frequencycontent of the data. An advantagigh two dimensionatlata is thaaliased
information can sometimes be recovered and/or remeaglywhere data andliased
energy can be separated.

Aliasing criteria of linear events iB-D data is controlled by the slope of the event,
the frequencycontent of the event, and teamplingrates. For dypical seismic time
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section withtracespacingAx, seismic di, and velocity of interest V, thmaximum
frequency on the time axis before aliasing is given by

\'

fa = anxtan®)” (1)

Frequencies higher th&nwill be spatially aliased, and will appear as noiseény
processing algorithms. This aliased nais&y often be separated from the desired
signals and removed by anti aliasing filters (AAF's).

Two dimensional aliasing iseepresented in Figure Which containgwo dipping
events. The dip frorthe uppeteft is composed of a low frequent waveighile the
dip fromthe upper right contairtigher frequencies. Each verti@aD trace idinely
sampled witlthe maximum signacontentwell below the Nyquist frequencyAliasing
does not occur in these time traces

The data could be plottasith horizontal traces as illustrated with the horizontal
line that passes through the peaks of both wavelets. Points on theelniéy
intersection with the low anbigh frequencywavelets. The displacement of these
points wouldnormally beplotted in avertical direction to represent a horizorttalce
as indicated below at the bottom of the figure. Seven samples are required to
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Figure 1. Two dipping events with different bandwidths. The higher bandwidth event is
aliased.
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represent the lovirequency waveletwhile only one is used for theigh frequency
wavelet. The low frequency wavelet is adequately samylatd the high frequency
wavelet is aliased.

Aliasing inthe horizontal 1-D direction results ahasing ofthe 2-D data. The
aliased dipping event igisually identifiable,and appears to present no problem.
However, problems will occur when processing either the 1-D horizontal traces, or the
2-D image. Thaaliasing ofthe eventmay be controlled bysertingother traces and
interpolating the data, or by high cut filtering.

Anotherway of looking athe samedata is in the 2-D Fourier transfortomain.
This transform okeismicdata is referred to as ti& domain wherd- represents the
frequency transformed from the time (vertical) axis, lamdpresents the waveimber
from the distance (horizonta#ixis. In this FK domainall events at thesame dip
become collinear witthe dip angle defined frorthe F axis tothe K axis as illustrated
in Figure 2. The figure iplotted with origin atthe top right and with thespatial
NyquistKn at thevertical center. The NyquistequencyFn is at the bottom of the
display. Thiscartoonview of the FKdomain permitdhe evaluation of energy at the
spatial Nyquist location. The FK domain containsepresentation of the data in
figure 1. Energy of di®2 stops beforerossing the Nyquisixis and isnot aliased.
Energy along di®1 crosses the Nyquisixis withthe aliasedportion shown in gray..
The extent of thelips may beevaluated by their frequency contefl for81 and f2
for 62. As mentioned above, a high cut filter at Fc would prevent aliasing.
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Figure 2. FK diagram showing two dipping events, with the gray portion aliased.

Thehigh frequency aliased dip in Figureafipears to be quite acceptablevigual
interpretation, but would creatggnificant noise inprocessing algorithms such as
migration.
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ALIASING OF GEOPHYSICAL DATA AND PROCESSING

Aliasing of seismic data

The station interval ofhe receiverglefinesthe subsurfactacespacing (half the
station interval). This spacing should be desigrnfed themaximumdip expected in
the seismic data, and must include the expected dips of the diffractions. ribtithis
general caseFor example, a 30 metéracespacing, designed fail dips (45 before
migration), and with a velocity of 3,000m/s, will haveadiasing frequency of 25 hz.
Anotherway of looking athe same problem is specifyingn@aximumfrequency of 60
hz andlimiting dip to 22. To maintain 60 Hzor all dips, the tracespacing needs to
be 12.5 meters.

The above criteriomlefinesthe guaranteed limits to prevaliasingand must be
adhered to for steeplgipping events. However, dips shallower thahe maximum
dips do not require thesame frequency restrictions, amday contain higher
frequencies without aliasing.
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Figure 3. Examples of designing anti aliasing filters, a) the aliased input data, b) low cut
filtering to the lowest aliased frequency, c) FK filter designed to eliminate aliased data at 45
degrees, and d) filter internal to algorithm such as Kirchhoff migration.
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Once datéhas be acquired, the extentatibsing may be controlled by filtering.
This control is bestviewed in FK domain as illustrated in Figuréhat shows four FK
diagrams and methods of aliasing control. Figure 3a shows the input dadbasirtig
occurring on the steeper dips. Tmeximumdip is less than 48egrees. The three
remaining figurecontain shaded aredlat represent the cudands to reduce or
remove aliasing. Figure 3epresentdigh cut filter tracefiltering with the cut off
frequencyset to the lowedlliased frequency. The filtewhile easyand quickwill
alsohigh cut filter unaliaseddata. Figure 3c shows an FK filter designedcut the
aliased frequencies aall dips below 45 degrees. Note that this isimaprovement
over method (b), bustill attenuates some lodip frequencies. The aliasddta in
Figure 3d is removed internal to a processing algorithm such a Kirchhoff migration.

Lowering thedip range othe Kirchhoff migration will alsoreduce the amount of
aliasingthat will occur. This is equivalent tdimiting the extent of theummation
hyperbola to a dip related tthe maximum desired geological digincluding
diffractions). The dip on the hyperbalas related to the geologicdip (3 by tanf) =

sin@). Figure 4 illustrates the effect on the Elkmain when singldéraces are
interpolated between thaiginal data traces where tlitmension inthe K direction

has doubledmoving the dataaway fromthe aliasingcondition. Figure 4a shows a
simple and quick method of interpolatithat begins by insertingnull traces,
duplicatingthe original FK image intooneimage asshown. Most of theinwanted

noise at the new Nyquist wanemberkKn2 can be removed by an FK filtdrat filters
unaliased signal above 4fegrees as represented by the shaded area. Some of the
original aliased signal remairad will appear as noise on tk¢ section. More
aliased noise could be removed by reducing the dip of the FK filter. It should be noted
that a full dip FK or Kirchhoff migration will achieve the same filteringhaesFKfilter.

These migrations take the dips below 45 degrees and stretch them to 90 degrees.

When a perfect (non-linear) interpolation is used, thediBgram will appear as
Figure 4b. This figure showghe separation of th@ipping signals with naliasing.
Note thatnon-linear processese based on assumptions it vary betweerdata
sets. Some of the assumptions used for interpolatiohigitesignal to noiseatios,
and identifiable events.

Coherent noise such as ground roll, or air blasty also appear oseismicdata
with dipsthat exceed 45and contairhigh frequencies tharealiased. Thesaliased
signalsoften occupy theame position adata in the FK transform and requsmecial
filters to attenuate some of the energy of this aliased signal.
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Figure 4. FK plot of the data in Figure 3a when a) a single null trace is inserted between
each original trace and FK filtered (shaded area) to reduce aliasing, and b) the resulting FK
plot where inserted traces are perfectly interpolated between each existing traces.

Aliasing of migrated data

After migration,seismicdata is alssubject to aliasingput the consequences are
usually not sever. This coulaccur in aKirchhoff migrationwhere the migrated
traces have apacinggreater than the inputata. However, if thenput data is not
aliased, and the migration process does not alias, then the migration will not be aliased.
Migration doesancrease thélips of dipping eventsyhile loweringthe frequencies of
the new dips.This lowing of frequencies is a desiregture that preventdiasing of
the steeper dipping data.

Migration operator aliasing

Migration algorithms have a wide variety in thalility to handlenoise and control
aliasing. Algorithmghat usefinite differenceapproximation areisually limited to a
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dip range, and disperske remaining dips asoise. This dispersed noisembines
with the noisehat existed before migration. Algorithms basedtiba FK transform
areusually able taemove large areas of noise that idemntifiable inthe FKdomain,
such as dipsver 45 degrees. These Fk basadrationsare subject to aaliasing
that creates wrap around in the aetmain. Algorithms based on Kirchhoff migration,
also have a large control of noise, analy beapplied to migratall aliased signal, or
to optimally preventaliasing at aldips. Because of this special capabilkyrchhoff
migration will be discussed in more detail.

It should benoted thatremoval of noise from a sectionay result in awormy
appearance. Some interpretimd this appearance to be objectionable, so options for
adding back noise, or permittingsenallamount ofaliasing, isoften included. The
wormy appearance of migration should not be confused with that of mixing.

ALIASING IN KIRCHHOFF MIGRATION

Kirchhoff migration is rapidly becominipe migration of choice. This idue to its
ability to create arexcellent image, handleuigged topographylimit the range of
migrated dips, and migrate select portions ofahgutareawhile maintaininguse of
all the input data. The use of anti-aliasing filters (AAF) is a major design consideration
as they increase the run timBesigns implementefbr speedusually donot include
an AAF, and may introduce considerable aliasing noise.

Time migration defines the diffraction shape to be hyperbolic. The FK transform of
the hyperbola contains a continuum of signal at dips below 45 degreewddnto
visualizethe dips ofthe diffraction, Figure 5a shows a piedse linear approximation
to the hyperbola.Input data thaties under thehyperbola is scaled, summed, and
placed at the apex of the diffraction. Data undeditfiction thatlies betweentime
sampleswill require interpolation. Figure 5b show the 8#&main of(a), and the
resulting dips. The steepdips aliasand will continue to wrap arounahtil the
Nyquist frequencyF,, is reached. Migrations performed with tloperator will
migrate a large portion of thaata twice, onceelative to positive dips, and once for
negative dips as illustrated bye shaded areas in Figure 5¢c andAd. positive dips
will be fully migrated in Figuréc, andall negative dips thaall within this rangewill
become noise. The wrapped around portion obgeratowill also contributenoise
from the shallower dips witlthe same sign. Note th#te operator doesxtend to the
zerodip portions othe data anthat some noisenay appear as spurious horizontal
events.

To preventaliasing fromoccurring, theKirchhoff operator must behigh cut
filtered, where thdaigh cut frequency is defined byquation (1). This is illustrated in
Figures 5e where thlickening ofthe hyperbola is used to represéné width of a
convolutional type filter that is applied tioe input data beforeumming. These filters
limit the input data aflustrated in Figure 5f. One location on the indata will be
filtered manytimes with different filterghat depend on the position of thegrated
sample and the corresponding position of the input sample on the hyperbola.
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Figure 5. a) Piece wise linear diffraction with b) the FK domain, c) the aliased migration
window for positive dips and d) for negative dips. Figure e) illustrates the band limited
diffraction to prevent aliasing, and f) the corresponding FK domain.

ANTI ALIASING FILTERS IN KIRCHHOFF MIGRATION

To preventaliasing in Kirchhoffmigrations, the inputlata under theliffraction
must be filtered with digh cut filter to removethe high frequencies atteepdips.
Each inputsample will contribute tomany different positions ommany different
diffractions, each of which willequire a differenhigh cut filter. As only one output
sample isrequired, a convolution form of thagh cut filter is used. Thesize in
samples othesefilters is proportional to the period of thagh cut frequency. Many
filter options areavailableand may range from a simple box car shape, triangular
shape, or sin(x)/x type filter that has sharp transitions in the frequency domain.

The choice of filter depends dhe processingme and acceptableesults. In
addition, the spectral shape of these filters must be considerednaytleeytruncate
the end up the dip. The desired shamp off frequency othe sin(x)/x filter will
preserveall the energy in the pass band atignuateall the aliased energy. It may
however, require an order afagnitudegreater processingme thanthe boxfilter.
The triangular filter willattenuate more energy in the pass bandadiaded energy
than the box car filter, but itilvalso attenuate more of the desired signal than the box
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car. The box-cafilter is a good compromise as it usuallgttenuates aufficient
amount of thealiased energy, and preserves a reasonable amdhet @ésired signal.
The width of the box cdilter Tyo is oftendefined asone wave length of the cutoff
frequency defined by equation (1), i.e.,

_ 4Axtan(0)
Tbox - T .

This filter usually produces a wornappearance to the datmd a box cdtilter with
width less than the full periol.x may be used.

2)

Rather tharsumall the points in a box cditter, the tracemay beintegrated by a
simple accumulation of thesamples. The energy the box camay befound by a
difference of two integrated samples, one at each end of the box caxample of a
similarly efficient triangle filter is given by Lumley (1994).

In addition to providinghefiltering of the inputdata, theconvolutional filters may
also be used to interpolate betwéiere samples. This is accomplishedha box car
filter by interpolating the samples at the ends of the box car.

Another fast method adchieving an anti-aliasing filtexction has been toigh cut
the input data into aumber of (sayhree) sections that cover the rangdiledring
required to prevenaliasing. Data from each filtereskection will contribute to
differentportions of theiffraction by direct insertion, or by interpolating between the
appropriate filtered sections, (Gray 1992).

Kirchhoff migration allowsthe output tracéand samplesfor that matter) to be
arbitrarily locaed. Often the input datamay be at a givemnace spacing, and the
migration desired ahalf the original trace spacing. This is a perfectly acceptable
process and thmigration is used as an interpolator. The consequences of such an
operation aresusceptible to aliasingoise, but carmncrease thérequencycontent of
the dipping events.For anoise free migration, thaliasing filtershould use theput
trace space anaiot the output tracepacing. Usinghe output tracepacing for the
anti-aliasing filterwill allow the steepedips to contain higher frequencidsjt will
also contain more aliasing noise.

PRESTACK CONSIDERATIONS OF ALIASING

It is traditionally assumed that the aliasing criterion is based onspacagAx. A
source record foexample,may bemigrated with ideal AAF's designed dalf the
receiver spacing. Naliasingoccurs and the data assumed to be a st of the
final prestack migration.Simply addingthe source records (it is often assumeil)
produce the desired migrated section. What possible aliasing could still occur? Lots!
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Aliasing due to acquisition geometry

Significant aliasingoccurs in mostcquisition geometrys. Thenly time when
aliasing does not occur is when sources are placed ababstation intervals. If one
assumes horizontalata, the sourcspacingmay beincreased to the stationterval,
but then the sources must be plaoedway between the receivers. Thegsinciples
are discussed in Vermeer 1990.

Consider a typical line witbthe sources spaced etery fourth receiver station.
Traces in a CMP gather will separated by four surface station intervasmilar
problem of aliasin@lso occurs in the constant offset sections where the paoing
is also four surface stations. NMO and stacking could be consid@athoff
migration processgbut rarely recognized as such) and is extremely aliasedtigh
shooting configuration. Prestackigrations and DMO thaare performed on the
constant offset sections requspecialattention to thealiasingcondition andusually
involve some form of interpolation or offsetixing. Conventional NMO processing
ignores thealiasing by mutingthe data temall offsets whenthe NMO stretch
becomes too large.

The consequence of this sparse shooting is an increase in noise. This noise could be
reduced byusing Kirchhoff migratiorfor the NMO and stacking, taking care to use
the “correct” input tracespacing forthe anti-aliasing filter. The results would be a
section with less noise and a slight lowerindgh&ffrequency contet. As above, the
results are a compromise between noise, bandwidth, and dip. Conventional NMO and
stacking areequivalent to a Kirchhoff migration with radiasingcontrol, and without
the root differential filter.

An ideal solution is to shoot each half station and use Kirchhoff migration principles
to perform the NMO and stacking. The dreaded NMO stretattislly desired as it
controls aliasing. Note thathe effect of NMO spreading is reduced by rihet
differential filter that is part of 2-D Kirchhoff migration.

Aliasing in prestack processes

Data acquireavith aliasing will affectall prestack processeiscluding allprestack
migrations. This has long been recognizetthéns-g prestackiigration in whichdata
is alternatelysorted into source (sand receiver (g for geophone) gathers and
downward continued ongme increment, otau step. The process of resorting is
repeated foall tau stepantil the migration is complete. Data the source gathers
have a tracspacing equal tthe receiver interval. Howevevhenthe data is sorted
in to the receiver gathers, the trapacing is equal tthe source intervalWhen the
sources are every fourth station, the receiver gathers are aliased.

Prestackmigration of source record is also @mpromise between thadiasing
noise, bandwidth, and dip. After the soureeord is migratednuch ofthe steeply
dipping energy is moved beyotitk range of theriginal shot geometry.This steeply
dipping information ioften muted away anithe range of theriginal source record
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used. This lowersthe dip range othe migration andhe accompanying noise of the
aliasedsteeper dips. If the migrated source records are preserviedl toigrated
offset, then a migrated output trace will be slven ofthe receiver gatherThis gather
will typical have traces at every fourth station, and will be aliased.

Full prestackKirchhoff migrationthat uses thelouble square@oot equation to
evaluate traveltimes is also susceptible to aliasifige anti-aliasing filter is usually
based on theutput tracenterval that may bearbitrarily set,and istypically half the
receiver interval to match conventiorabst stack process.The aliasing noise is
tolerated for an increase in tfrequencycontent ofdipping events. Thanti-aliasing
filter shoulduse the sourcmterval instead ofhe output tracentervalfor analiasing
noise free section.

ALIASING CONSIDERATION FOR EQUIVALENT OFFSET MIGRATION

Equivalent offset migration is a relatively ngnwocess (Bancroft 1994 a and b) in
which allinput traceshat will contribute energy to raigrated trace are gathered into
one commorscatter point (CSP) gather. The input tracesedfieiently gathered
beforeany time shifting othe data is performed. The offsets in these gathers are
typically threetimesgreater than thenaximumsource receiver offset (for 2-Bata),
and may be binned at arbitrary spacing. An important question is what is the
optimum bin spacing. The actual numbebioS, or binspacing has little effect on the
time requiredor CSP gathering and shouldt be aserious factor idefiningthe bin
size. A fewer number of bimequires amaller memory to savwbe gathered data and
may be a consideration for maximizing the bin size.

A fine bin spacing was suggested toinimize the amount of datamearthat
accompanie®in sorting. Due to thextremely high fold irthe equivalent offsebins
(up to manythousands for 3-D), the spread of offseithin a binarelinear. This
linear distribution willact as a box-cdilter and attenuate thenigher frequencies
within the bins. The timespread in &in Ty, is proportional to the slope of the
NMO hyperbolas, and is found from

T, = 2Axtan(ar) 3)
Vv

where Ax is the bin spacing, and V theelocity. This potential lowering of the
frequencycontent is not @etriment but an asset. Thkering effect is anatural anti-
aliasing filter, as is evident lomparing with equation8) with (2). A bin spacing
equal to thdinal tracespacingwill contain a boxcar period equal to dvadf theideal
required for theantialiasing filter. Varyinghe size ofthe bins allowscontrol over the
amount ofaliasing noisend thefrequencycontent of the data. The CSP gathers may
still be formed with a finebin spacing and a sin(x)/x filtarsed to contro&liasing if
desired. The use of axpensive sin(x)/x antialiasing filter is still economical as it is
applied to the bin after the CSP gathers are formed, and not at each inpiaidtavee

to the CSP location. Aaxample ofthe bin smear is shown in Figure 6 where one
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scatter point is modelledith a 3-D geometry.Reflections fronthe scatter point are
defined as a spike dhe source records. THigure containghe CSP gather located
directly above the scatter point, and contains the spikesalfoin@ input tracesNote
that the spread of thgpikes ara@easonably distributedcross thebins, andthat the
energy in each bin steps down to the energy in the next bin.
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Fig. 6 One scatterpoint modelled from a 3-D volume to a CSP gather. The wavelet is
represented by a spike to illustrate bin smearing, and the natural anti-aliasing effect.

ALIASING CONSIDERATIONS FOR 3-D ACQUISITION

3-D projects as in 2-D projects should dtetwith the same distance between the
sources and receivers toaximize frequencycontent with minimal aliasing noise.
With this criteriathe anti-aliasing filters will be able tose thesamebin width criteria
for all input traces. Projects that hadiferentsource and receiver spacing, \dive
anti-aliasing filterbin sizes hat vary with offset, or require a compromise to be
established for the appropriate bin size of the ahdising filter. An anti-aliasing filter
that removesall aliasingnoise requires the cutoffequency to be established by the
larger value of either the source or receiver spacing.

The size ofthe tracespacing for aranti-aliasing filter can be visualized by a two
pass post stack Kirchhoff migration. Tiweo pass method M first migrate the iine
direction, then the cross line direction. The ahésing filter will be appliedor the
appropriate tracespacing hat would be eithdnalf the receiver spacing, balf the
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source spacing. If adeal highcut filter is used,only the filter with the loweshigh
cutfrequency, or highest period, would be required. The pérofdthe AAF is used
in the following displays to compare the effects of unequal source or receiver spacing.

Figure 7. Two surfaces showing the period of the AAF for two pass migrations when source
and receiver spacings are equal. Only the upper surface is required.

Figure 8. Two pass AAF periods when the source spacing is four times the receiver spacing.
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A map of these periods displayed in Figure 7or onesample ofone migrated
trace located at the center of a 3-D. Twe surfaces represent the period of the
AAF's atthe input location for the respectitveo pass migration directions. The
source and receivepacingare equal in Figure 7. Figure 8 shows the sospeeing
(x) to be fourtimesthe receivespacing (y). Notéhe AAF period is now dominated
by the source spacing. Data in the receiver direction mioekavethe full effect of
the source spacing. A direct one pass methodhigfation should use an AAF
designed for the appropriate azimuth.

As in 2-Ddesign,3-D design desiring enaximumband widthmaximumdip range,
and minimal aliasing noise, requires the sourspacing to be equal tithe receiver
spacing. Relaxing thisonstraint results in a compromise betwek#sing noise and
the bandwidth of the dipping events.

EXAMPLES

The firstexample in Figure 9 is a Kirchoff migration of a synthetic model. The
algorithm was written to allowliasing onthe left side ofthe sectionwhile the right
side included an antialiasing filter. Ndtee largeamplitude ofthe aliasingnoise, and
its characteristic appearance of alternating polarity between traces.

Fig. 9. A Kirchhoff migration on a synthetic model with the an anti-aliasing filter applied to
right side, while the left side id aliased.
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The secondexample in Figure 1&hows the effects ohpplying AAF's to the
equivalent offset method @irestack migration (Bancroft 1994). A simple prestack
model wascreated with the sourcspacing fourtimes the receiver spacing. The
processing was based on an equal grid size. Figure 10a aasivg) nois@bove the
reflector. Figure 10b shows the effectusingthe receivemterval for the AAF's,
while 10c shows the results with tAé\F designedor the source spacing. Note the
reduction in aliasing noise with little reduction in the reflector's bandwidth.

The spacing of the source and receiv@salso contribute aaliasing effect on the
data and appears as geomeinprinting. Rather than us&AF's designed on
extremely large offsets, their effeeie usuallyreduced by some form of trasealing
and binning.

CONCLUSIONS

A review of aliasingvas presented to aid tihhe design of antaliasing filtersfor 3-
D data. TheAAF's shoulduse the source and receiver offset in their design, and not
be based on the processing grid size. As3tBefield design becomes more sparse,
the loss ofinformation due to larger source and receispacing will result in a
compromise with acceptable aliasing noise levels and reduced bandwidth.
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