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This work examines a simple one-dimensional acoustic band gap system made from a
diameter-modulated waveguide. Experimental and theoretical results are presented on perfectly
periodic waveguide arrays showing the presence of band gaps—frequency intervals in which the
transmission of sound is forbidden. The introduction of defects in the perfect periodicity leads to
narrow frequency transmission bands—defect states—within the forbidden band gaps. The circular
cross-section waveguide system is straightforward to simulate theoretically and experimental results
demonstrate good agreement with theory. The experimental transmission of the periodic waveguide
arrays is measured using an impulse response techniqu€002 Acoustical Society of America.
[DOI: 10.1121/1.1497625

PACS numbers: 43.28.Bj, 43.28.Dm, 43.25[T&T |

I. INTRODUCTION The basis of acoustic band gap effects rests on the fact
that in a perfectly periodic composite system consisting of
In this paper the properties of acoustic band gaps anéwo materials with significantly different acoustic imped-
defect modes in periodically structured waveguides are exances, the coherent effects of scattering and interference lead
amined theoretically and experimentally. There has beefo frequency intervals in which propagation of sound is
considerable recent interest in the propagation of classicdbrbidden—so-called acoustic or sonic band gaps. Because
waves—electromagnetic and acoustic—in periodically strucof the close analogy of this process to the scattering and
tured environments. The goal of much of this research is tenterference of electron wave functions by the periodic po-
design and create composite materials—so-called photonigential of a crystalline lattice, much of the terminology and
or acoustic band gap arrays—that can manipulate the propheoretical methods of solid state physics have been adopted
erties of the radiation field. In the electromagnetic case then the treatment of acousti@nd electromagnetidand gap
ability to engineer light has led to the suggestion and/or dephenomena. A key success of solid state physics was the
velopment of a number of important applicationé Similar  ynfolding of the role of the electron state band gap in ex-
practical applications for acoustic waves have beerpjaining and understanding the properties of semiconductors.
S.UQIQ’ESte‘ECT7 although research in this area is far less extentjowever, an essential step in going from an understanding of
SIve. the properties of perfectly crystalline semiconductors to
Many of the projected applications of acoustic and phopractical devices involved the addition of defects. Small
tonic band gap materials require composite systems with forlquantities of donor or acceptor defect atoms were found to
bidden transmission in all three spatial dimensions—soperturb the perfect lattice and create isolated electron states
called complete band gap materials. In practice suchyithin the forbidden band gap. A similar sequence is adopted
materials are difficult to realize because they require a threqn the work described here. We first examine a perfectly pe-
dimensional periodic composite between two materials withjodically structured acoustic waveguide system and show
considerably different impedances. As a consequence mugRe existence of forbidden transmission bands. The periodic
work has focused on band gap phenomena in systems widystem consists of a series of equal length segments of cir-
periodicity, and hence band gaps, in fifoor one cylar cross-section waveguides with diameters varying be-
dimensions>** Studies of lower dimensional systems areyyeen two different values. Next, we introduce a single de-
conducted as analogs of three-dimensional systems and f@ict in the perfect periodicity, and we show that this defect
applications in their own right. In the work described hereproduces a narrow band of transmission within the previ-
we reexamine a one-dimensional periodic waveguide systeigysly forbidden band gap. The defect is produced by altering
that has received considerable theoretical and experimentg| length of the central segment of the series of waveguides.
attention*?~1® The specific emphasis in this work is the ex- Depending on the precise nature of the defect we observe
amination of defect modes created when the perfect periodsither donor-like or acceptor-like behavior.
icity is broken. Defect modes are an essential ingredient in - There are many methods to calculate the acoustic re-
many of the proposed applications of photonic or ?COUSti%ponse of a one-dimensional waveguid&® In the work de-
band gap systems. Although the properties of periodic acousgrined here, an iterative theoretical formalism is adapted
tic waveguides have been long studied, little attention hagom Fresnel's equations to calculate the reflection and trans-

been given to the properties of defect modes. mission of the periodic waveguide system. The theoretical
calculations show that it should be possible to produce ex-
dElectronic mail: wmr@physics.mstu.edu tremely narrow band filters using defects in this simple
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waveguide configuration. We demonstrate that although it ist the first and second boundaries, respectively. Finally, this
possible to produce narrow band filters, the extremely narprocess can be applied recursively to determine the reflectiv-
row theoretical predictions are not realized in practice. Waty from any number of boundaries with arbitrary spacings.
discuss the experimental limitations that do not allow us toTo illustrate the process, consider a four medium system in
realize the narrowest filters and explain the steps that could/hich the distances between the three boundaried gamd

be taken to circumvent these limitations. d,. The total amplitude reflectivity, 1,34, IS given by
- 1ot T oe?
Il. THEORY 1234 14T 1of o £2K0

The experimental system that we chose to investigate iynerer ,,, is given by
this work consisted of a waveguide of circular cross section

) . o 2ikd
with a diameter that was modulated periodically between a Fomie gt rgse”
small and large diameter as a function of length. The wave- 2% 1+, 5,67%%

guide dimensions and the frequency interval explored were This recursive procedure can be easily programmed to

selected so that our measurements were al C.O”d.UCt_ed n ﬂ&%{Iculate the amplitude reflectivity for any number of bound-
lowest transve_rse mode of_the waveguide. This criterion Wa§ ies The absolute squared magnitude of the amplitude re-
assured by using frequencies below the CL;tOﬁ frequengy, flectivity, r, is the intensity reflectivityR. Because there is no
of the next higher transverse mode givertb loss in this simple model, the intensity transmissidn,is
C simply 1—R. As we demonstrate in Sec. IV, the theoretical
fc:O-gzg’ calculations of the gap and defect frequencies made with this
) _ model are generally in excellent agreement with the experi-
wherec is the speed of sound amdthe larger tube diameter. mentally measured transmission data. It should be noted that
Furthermore, the lengths of the waveguide sections wergere are many methods to calculate the response of a peri-
chosen to be much larger than the diameter of the largesgyic system(Refs. 13 and 15, and references thereihe
tube so that the stop band phenomena observed in our ejarative method described here offers two particular advan-
periments were due to interference in the longitudinal directages:(i) the method does not invoke Bloch wave propaga-
tion and not due to radial resonances in the waveguide segpn so that it can be equally well applied to random or
ments themselves. The cavity resonance effect will occur a§periodic systems an() the calculation of effective reflec-
frequencies well above those used in our experiments hereyities at the interfaces bounding each waveguide segment

A detailed description of the exact waveguide param-neans that it is possible to determine the longitudinal mode
eters used in the measurements and in the associated theor@,tof"e within each segment.

ical calculations is given in the following experimental de-
scription. The reflection and transmission of the periodically
diameter-modulated waveguide system can be easily modH. EXPERIMENTAL CONFIGURATION AND
eled theoretically. The different diameter waveguides havé’ROCEDURE

different acoustic impedance values, In the long wave-

o . . ; The experimental configuration is shown schematically
length approximationZ is given by the simple expressitin

in Fig. 1. The basic experiment consisted of sending an
pcC acoustic impulse through a one-dimensional periodic wave-

g guide array and recording the transmitted signal. A numerical
) ) _ ) ) Fourier transform of the recorded time-domain signal was

wherep is the density of air, anis the cross-sectional area seqd to determine the frequency-dependent transfer function

of the waveguide. Provided that the long wavelength condiyf the sample. The pulse was numerically generatedan

tion is met, the impedance is independent of frequency. The g and saved as a standard computer sound filav for-

amplitude reflection coefficient;; , at the junction between mab. The functional shape of the pulse was chosen to be the

twclngwaveguide sections with different impedances is givensecond derivative of a Gaussian with a time duration of

by about 20 ms such that the Fourier transform contained sig-
z-z, nificant frequency components up to 2200 Hz. The form of
=717 the pulse was selected because it contained the appropriate

e spread of frequencies in the range we wished to consider, and

To extend the theoretical reflection expression to includet was readily reproducible by the speaker. It should be noted
a second boundary at a distandefrom the first, the effects that in addition to the impulse response method we also re-
of multiple reflection and interference must be taken intopeated many of the experiments using a spectrum analyzer
account. The corresponding expression for the three medignd a white noise source. The results with the spectrum ana-
(two boundary system is lyzer were essentially identical to those obtained with the
2ikd impulse method.

The time-domain signal used in the data analysis was
not due to a single pulse, but rather was the result of a se-
wherek=2/\ is the wave vector at the frequency of inter- quence ofitypically) 50 pulses that were recorded and aver-
est, andr, andr,3 are the amplitude reflection coefficients aged. The purpose of this add-and-average procedure was to
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Microphone Speaker At the speaker end, an adapter was constructed to effi-
ciently couple the sound from the speaker to the waveguide.
The adapter consisted of a 6-mm-thick piece of Plexiglas™
bolted to the speaker with a 2.0 cm hole centered directly in
front of the speaker cone. A5.1-1.9 cm PVC connector was
then attached to the Plexiglas surface. This allowed the un-

obstructed acoustic impulse from the speaker to be transmit-
Datalacquisition ted to the structure. With the adapter in place, there was a
card |(DAQ) Sound card distance of 3.8 cm between the cone of the speaker and the
] stereo channel|1 . . .
14 waveguide. A pliable foam insulator was then wrapped
Pulse around the speaker and adapter to reduce the amount of
Computer Sound card sound emitted into the room.
< stereo channel 2 . . . .
(a) Triggerin < The mlcrophone was then inserted into the opposite end
of the waveguide to a depth of 5.7 cm and was similarly
—_— T wrapped with a pliable foam insulator. This isolated it from
+ = >—> any room reflections that may have been caused by the
6.09m 1579 m 6.09 m y L y y
speaker’s initial impulse.
Taped joint 2.1 em 21¢cm The sequence of events in a typical experiment was as
<> <> follows. The numerically generated impulse sound file was

; vi | | | 3 ; | | played through the computer’s audio card. The mono wav
! 1-2 cm . |S1em file was split into the two stereo channels such that each
Fm$ contained an identical version of the pulse. The first channel
(b) o DrTyng was sent through the amplifi€fechnics model SU-V66to
the speakefOptimus model number 40-1030, max power 80
FIG. 1. (8) Schematic representation of the experimental configuration. \\/, 8 () nominal impedande The speaker then transmitted
Schematic represen_tation of the nine-element, diameter-modulated A% e acoustic impulse, which traversed the structure and was
showing the dimensions. received by the microphon@ruel & Kjaer type 2215 pre-
cision sound level meter/octave analyzdihe microphone’s
acquire time-domain data with a high signal-to-noise ratiosignal was then digitized and stored by the data acquisition
The method works because signals reaching the microphorf@rd (National Instruments PCI 6034Eas shown in Fig.
from the speaker added coherently whereas random back(@. The second channel was sent directly to the data acqui-
ground noise was quickly averaged out. Because of multipl&ition card to act as a trigger to initiate the recording of data.
scattering within the periodic array and from the ends of theAccurate registration between the trigger and the audio pulse
sample, some sound persists in the waveguide array for Was crucial to the success of the add-and-average process.
long time after the initial impulse. To eliminate this long- The sound file of the impulse signal was played by an audio
lived signal we found that, for our particular waveguide pa-program that looped the sound file so that it repeated at 7 s
rametersa 7 sdelay between successive pulses was requiredhtervals.
to eliminate interference due to coherent reflections. The va-  Two acoustic filter structures with different physical pa-
lidity of this add-and-average method at reducing signarameters were tested. Each structure consisted of a sequence
noise can be observed from the initial flat response of thef alternating sections of different diameter PVC pipes. The
time domain data before the impulse showing that any backfirst experiments used 1.9- and 5.1-cm-diam pipes for the
ground sound from previous pulses has been greatly attentine-element array as shown in Figbll The pipes were cut
ated. such that the periodicity of the system was 17.5(distance
The waveguide structure consisted of three sections dfetween changes in cross-sectional ar&a couple the two
polyvinyl chloride (PVC) pipe being connected, with the pipes with differing diameters, it was necessary to use 5.1—
speaker at one end and the microphone at the opposite end B® cm interlocking PVC pipe adapters. The adapters con-
shown in Fig. 1a). The two outer sections of the structure sisted of essentially two parts, a 5.1-cm-diam part and a 1.9-
were 6.096 m in length with a diameter of 1.9 cm. The in-cm-diam part. The 5.1-cm-diam part of the adapter added a
terchangeable middle section contained the diametedength of 2.1 cm, whereas the 1.9-cm-diam part of the
modulated array, which will be described in detail shortly.adapter added a length of 0.2 cm. The 5.1-cm-diam pipes
Each section of pipe was then attached to the adjacent oneere cut to a length of 13.5 cm, and the 1.9-cm-diam pipes
with masking tape to secure the connection. We found thatvere cut to a length of 17.0 cm. Thus, the actual lengths of
the use of interlocking PVC pipe connectors to join the secthe sections of pipe were 17.7 cm for the 5.1-cm-diam sec-
tions resulted in backreflections due to the small gap betweetion and 17.4 cm for the 1.9-cm-diam section. The total
adjacent pipes within the connectors. The acoustic impedength of the periodic array was measured to be 157.9 cm.
ance change due to these gaps led to reflection of the acouBhere was a discrepancy of 0.2 cm throughout the entire
tic waves. Although weak, these backreflections were noticelength of the array due to minor fabrication and cutting er-
able in the time-domain data. The use of masking tape to joimors in the individual pipe sections. A 1.9 cm straight pipe of
the sections greatly reduced this effect. identical length was also cut and studied for comparison. The
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FIG. 2. The transmitted time-domain data obtained for a pulse sent throughheoretical calculations showing the transmission of the perfectly periodic
(a) the straight pipe structure arit) the nine-element, 1.9- to 5.1-cm-diam system.

modulated waveguide.

.. . . Fourier transform of these time-domain data. Defect states
second acoustic filter structure was similar in construc'uondee within the band aap redion are shown in Eia. 4 for four
but with 3.2-cm-diam rather than 5.1-cm-diam segments. P gap reg g

such structures. Theoretical calculations predict the existence
of these modes; however, they predict very narfevl Hz)
IV RESULTS AND DISCUSSION transmission bands with peaks that ride to a transmission
Figures Za) and (b) show the transmitted time-domain value of 1. One drawback to the narrowness of these defect
data obtained from the straight pipe structure and the 1.9- tetates is that any minor flaw within the diameter-modulated
5.1-cm-diam modulated waveguide, respectively. The oscilwaveguide will cause the defect states to be greatly attenu-
lations after the initial pulse in Fig.(2) are primarily due to  ated. Inconsistencies within the segment lengths or cross sec-
ringing in the speaker and adapter. In Figb)2 the strong tions of the diameter-modulated waveguide perturb the inter-
extended oscillations after the initial pulse are the result oference condition and cause slightly different frequencies to
multiple reflections within the periodic array. pass through the different parts of the waveguide. By the
Figure 3a) is a composite figure of the frequency- time the pulse gets through the array, very little of the am-
domain data obtained from a numerical Fourier transform oplitude of the defect frequencies will have added coherently
the time-domain data for the unobstructed pulse without théhroughout the entire waveguide. For this reason, the second
array (upper dark ling and the pulse that traversed the acoustic filter structure with a lower impedance contrast was
diameter-modulated arraffower dark ling. By comparing built. In a sample with a lower impedance contrast, theory
the curves, it can be seen that there are band gaps from 2@@edicts defect modes that are less narrow.
to 720 and 1200 to 1700 Hz. This matches closely with the  With a smaller change in acoustic impedance between
predicted band gaps of 230-720 and 1200-1730 Hz fromadjacent segments, the band gaps become less pronounced
theoretical calculations as shown in FighB and the defect modes become slightly wider. This allows for
Next, we altered the array to induce a defect state thathe coherent addition of a larger group of frequencies within
would allow an extremely narrow band of frequencies tothe band gap and thus, greater transmission. Figuag 5
exist within a band gap. To do this, we modified the length ofshows experimental data for two such defect modes within
the middle pipe(5.1 cm diametgrwithin the nine-element the 1.9- to 3.2-cm-diam modulated waveguide. Figuii® 5
array [see Fig. 1b)]. We then repeated the above-outlined shows a theoretical calculation for the same system indicat-
experimental procedure with middle pipes of various lengthsing that the theory replicates the defect frequencies with high
The frequency-domain data were then obtained from theccuracy.
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FIG. 5. (a) Composite figure of the Fourier spectra data obtained from the
FIG. 4. Composite figure showing the Fourier spectra obtained from four!ne-element, 1.9- to 3.2-cm-diam modulated waveguide with middie de-
différeﬁt defects. Data were obtained from the nine-element, 1.9- to 5 1—cmfectS of length 13.4 and 34.9 cm. Defect mode freque_nues 489, ?'465 Hz
diam modulated.waveguide with middle defects of length 7’1 .8 2 94.1 an top trace e_md 322, 1385 Habottom tre_lcaa (b) Theoretical calcu_latlons
10.3 cm T e orresponding to the two defect modeqa@h Defect mode frequencies 491,

' : 1474 Hz(top trace and 326, 1395 Hzbottom trace

There are several interesting observations to make corpartially reflected from each successive junction between ar-
cerning the behavior of the defect modes within the banday elements of different diameters. For wavelengths that
gap. When the induced defect in the middle pipe is shorteexactly match the quarter-wavelength condition, the succes-
than its counterpart in the diameter-modulated array, the desive partial reflections are always precisely in phase because
fect state in the frequency-domain data enters from the lowef the combined effects of the half-wavelength round trip
frequency side of the band gdpcceptor-like in solid state between junctions and the inversion upon reflection from a
termg. As shorter defect pipes are used, the defect statlw-to-high impedance junction. The attenuation is a maxi-
moves from low to higher frequency within the band gap.mum for the design wavelength; however, there is significant
For a defect pipe that is exactly one-half the length of thefiltering action over a broader band of surrounding frequen-
original pipe within the array, the defect mode appears dicies leading to the band gap. Now if a defect is introduced by
rectly in the middle of the band gap. When larger defectmaking the center element of the array twice as long, the
pipes are used, the defect mode enters from the high franterference dynamic is altered. The partial reflections from
guency side of the band gagonor-like and moves to lower successive interfaces up to the defect are adding coherently
frequency with increasing length. When the length is exactlyto give rise to a strong backreflection. However, the addition
double the length of the original pipe within the array, theof an extra half-wavelength round trip introduced by the de-
defect mode again appears directly in the middle of the banéect means that the partial reflections from subsequent half of
gap. the array are out of phase resulting in destructive interference

These results can be qualitatively understood by analyzin the reflected signal. The net effect is that a narrow trans-
ing the physical mechanism that leads to filtering action inmission band—the defect state—opens up precisely at the
these structures. For an array with no defect there is a maxdesign wavelength. Altering the length of the defect will
mum in reflection(and a corresponding minimum in trans- change the wavelength that experiences the half wavelength
mission at a frequency for which the length of individual phase shift and hence will shift the position of the narrow
array segments equal a quarter wavelength. The enhancé&@nsmission band within the band gap.
reflection results from constructive interference of the waves It is also interesting to note how the amplitude of the
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