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Reversed Doppler effect in double negative metamaterials
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Doppler shifts in double negative metamaterials have never been observed. This Rapid Communication
presents experimental results on Doppler effect in a double negative acoustic metamaterial. We observed that
frequency was downshifted when the source was approaching and upshifted when receding. Notably, while in
ordinary media wavelengths corresponding to downshifted frequencies are longer, we demonstrate that in
double negative metamaterials wavelengths increase as the frequencies increase. Consequently even though the
frequencies were downshifted in front of the moving source, the wavelengths became shorter.
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Doppler effect is an important wave characteristics which
is used in a wide range of technologies regarding distant
sensing of moving objects such as radar speedometer, wind
velocity sensing, blood-flow measurement, and astronomic
researches. Metamaterials with simultaneously negative con-
stitutive parameters (double negative, DNG) have recently
been constructed from artificial unit-cell structures of sizes
smaller than the wavelengths.!"!! Waves in DNG media ex-
hibit new set of characteristics which brought expectations
for a new horizon of powerful applications which includes
superlensing, subwavelength cavity resonator, and cloaking.
Much attention has been paid to reversal of Doppler effect in
the metamaterials,’>!? yet so far, to the best of our knowl-
edge, no experimental demonstration has been reported. Re-
cently, reversed Doppler effects were observed in photonic
crystals, phononic crystals, and transmission lines.!>"!8 How-
ever, these systems are not double negative metamaterials,
and physical origins of these results are fundamentally dif-
ferent from that of the Doppler effects in DNG metamateri-
als.

In this Rapid Communication we present observation of
reversed Doppler effect in a DNG acoustic metamaterial, us-
ing a moving source. The frequency was downshifted when
the source was approaching and upshifted when receding.
The frequency shift was not linear with the source frequency.
Also, while in ordinary media wavelengths corresponding to
downshifted frequencies are longer, we demonstrate that in
double negative metamaterials wavelengths increase as the
frequencies increase. Even though the frequency shifts were
reversed, the wavelength shifts were not reversed, and the
wave in front was compressed and the wave in the rear was
expanded in the DNG metamaterial, in the same fashion as in
conventional media.

The acoustic DNG metamaterial used for the present mea-
surement is based on a periodic array of interspaced tight
membranes and side holes as shown schematically in Fig.
1(a). The tight membranes are responsible for the negative
density,'® and the side holes generate negative modulus.'!
Present structure, a composite of the two elements, is iden-
tical to that reported in Ref. 9; this metamaterial was double
negative in the frequency range below 450 Hz, single nega-
tive (SNG) from 450 to 735 Hz, and double positive (DPS)
above 735 Hz. As emphasized in Ref. 9, our system was not
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based on resonant elements which inevitably limit spectral
width into a narrow range around the resonance frequency.
Another example of DNG materials based on nonresonant-
type building blocks is the electrical transmission line con-
sisting of array of series inductors and shunt capacitors. Such
transmission lines and our system theoretically do not have
lower bound for DNG range, i.e., the negative index starts
from zero frequency up to the beginning of the stop band.
This was reflected in an unprecedented fractional bandwidth
of 47% we experimentally achieved in Ref. 9, even though
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FIG. 1. (Color online) (a) Structure of the present DNG
metamaterial consisting of interspaced membranes and side holes.
This structure exhibits negative phase velocity in the frequency
range below 440 Hz. (b) Dispersion curves from Eq. (1); wave
vector (solid line) and wavelength (dashed line) as functions of
frequency.
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the lowest frequency data were not included due to weak
signal problem. For the present Doppler measurements, we
also could not collect data for frequencies below about 300
Hz—for the same reason. However, our data are sufficient as
far as demonstration of reversed Doppler shift is concerned.
The frequency dependence of the wave vector is given by,’

k() = s—\(1 - 02l e?)(1 - 0¥/w?), (1)
Vo

where vozv‘Tp’QSZO m/s is the speed of sound in the
metamaterial at high-frequency limit with B and p’ being the
modulus and the average density of the fluid in the tube. The
sign function s=s(w) has the values —1 in the DNG fre-
quency range and +1 for the DPS range. The critical frequen-
cies are fgy=440 Hz and f.=735 Hz(f=w/2m). The disper-
sion in Eq. (1) is shown in Fig. 1(b), where it can be seen
that the wave vector is negative in the frequency range below
fsn-

Wavelength is the distance between adjacent wavecrests,
and therefore is positive even when the wave vector is nega-
tive. Therefore, the wavelength N\ can be expressed as A
=2m/|k|=s(2m/k), which is plotted as a function of fre-
quency in Fig. 1(b). Clearly, the slope of the wavelength
curve is positive in the DNG frequency range, which means
that the wavelength increases as the frequency increases.
This may appear counterintuitive since we are accustomed to
the ordinary media in which the wavelength decreases as the
frequency increases. Note that in the DPS frequency range of
our metamaterial, the slope is negative. However, positive
wavelength slope occurs not only in our system but also in
all DNG media, electromagnetic and acoustic media in-
cluded. We prove this statement in the last part of this Rapid
Communication. We note that reversal of the Doppler effect
is a direct consequence of negative wave vector, regardless
of whether wavelength slope is positive or negative. The
slope of the wavelength curve is related to whether the wave-
lengths in front of a moving source are compressed or ex-
panded.

In order to measure Doppler effect, both the sound source
and the detector should, in principle, be placed inside of the
metamaterial. The membranes inside the metamaterial, how-
ever, become a serious obstacle because anything moving
inside the tube would puncture the membranes. This diffi-
culty was overcome with the method schematically shown in
Fig. 2(a). A sound source was made to move above the side
holes so that the acoustic energy was coupled into the tube
through the holes. The size of the moving source spans over
several unit cells so that coupling into the tube was fairly
continuous. Since the array of the side holes is a discrete
structure, it is important to see if our method is equivalent to
the case where the source is moving inside along the tube.
We first consider the imaginary case that the source is mov-
ing inside the tube moving through the membranes without
damaging them. Because each unit cell functions as a
lumped element, the effect of moving source in the tube is to
inject acoustic energy into one cell for a given period of time
and next cell for the next period. The source motion within a
cell makes ordinary Doppler shifts in the fluid, which creates
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FIG. 2. (Color online) (a) Experimental setup for Doppler effect.
(b) Recorded signal from the stationary detector in the metamate-
rial. In the case of the approaching source, the detected frequency
was 342 Hz, which was 8 Hz downshifted from the source fre-
quency. For the case of receding source, the detected frequency was
358 Hz.

many different frequencies. Since the source functions to ex-
cite vibration of the cell, the direction of the sound from the
source does not matter, so that the cell is excited with the
average frequency, which is the original frequency of the
source. Essentially the same thing happens in our arrange-
ment: When the source is moving outside just above the
holes, the acoustic energy is injected into the cells through
the side holes, from one cell to the next. Therefore, in case
the unit-cell size is much smaller than the wavelengths, there
is no difference between our method and the case of moving
source inside the tube.

A typical signal from this setup is shown in Fig. 2(b), as
recorded from the stationary detector in the metamaterial,
with a 350 Hz source moving at a speed of 5 m/s. For the
frequency of 350 Hz, phase velocity was negative,
—230 m/s. The amplitude dip in the middle of the detected
signal was the result of the opposite direction of the side hole
at the position of the detector and was used as a landmark
showing the moment the source passed the position of the
detector. The signal before the dip represents Doppler shift
for an approaching source, and that after the dip corresponds
to a receding source. When we connected the signal into a
loud speaker, we heard the sound changing from low to high
pitch as the sound source passed the detector. The pattern is
reversed compared to our daily experience of Doppler effects
on the street. In the case of the approaching source, the de-
tected frequency was 342 Hz, which was 8 Hz downshifted
from the source frequency. In plain air, the shifted frequency
would be 355 Hz, upshifted by 5 Hz. The magnitudes of the
shifts, 8 Hz and 5 Hz for the metamaterial and the air, re-
spectively, are inversely proportional to the wave speeds, 230
and 340 m/s, within the experimental error. For the case of
receding source, the detected frequency was 358 Hz.

Doppler-shift formula for DNG materials is given by
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FIG. 3. (Color online) Theoretical curve from Eq. (3) agrees
with the experimental data. Dashed line is the Doppler shifts for
plain air, which is positive and nondispersive for all frequencies.

Aw:w’—w:ﬁw, (2)
vph
where vy is the velocity of the approaching source. The shift
is negative for the frequencies below wgy because the phase
velocity, v,,=w/k, is negative. The shift as a function of
source frequency can be obtained from Egs. (1) and (2),

Aw= s?w\'/(l - ng/wz)(l - wf/wz). (3)
0

This is shown in Fig. 3 as the theoretical curve with vy
=5 m/s. Clearly in the DNG frequency range, the frequency
shift Aw is negative, and Doppler shift is reversed. In the
SNG range, foy=f=f., Doppler shift cannot be defined
since the waves are evanescent. In the DPS region above 735
Hz, both the wave vector and the shift are positive, yielding
positive Doppler shift.

The experimental data shown in Fig. 3 were obtained us-
ing an approaching source moving at 5 m/s speed. Positive
and negative values represent upshift and downshift, respec-
tively. The Doppler shift for plain air is also shown with the
dotted line for comparison. In air, the Doppler shift is posi-
tive and proportional to the source frequency. In the metama-
terial, the shifts both in the DNG range and in the DPS range
are highly dispersive. Doppler shift data agreed well with the
theoretical curves, and were all negative in the DNG fre-
quency range, and all positive for the DPS frequencies.

It is desired to verify the negative shifts by a control ex-
periment with a DPS medium. The measurement from the
same experimental setup with the source moving outside
should give positive Doppler shifts for DPS media. A natural
trial to provide the required DPS medium would be to fill the
tube with plain air without any structure inside. However,
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this does not work because the presence of the side holes
makes the air in the tube to become a metamaterial with
negative modulus.'' Fortunately, a way around this difficulty
was found in the present system itself, because our system
becomes DPS for the frequencies higher than f... Therefore,
nonreversed Doppler results in the DPS frequency range pro-
vide the control for the reverse Doppler shifts in the DNG
range. Indeed, our Doppler data for the frequencies higher
than f,. were positive and approached asymptotically the line
given by the velocity of the metamaterial at high frequencies.
Therefore, it is evident that the present reversed Doppler
effect is the proper experimental result and not an artifact of
our experimental setup.

In all DNG materials including electromagnetic and
acoustic media, the wavelengths increase as the frequencies
increase. This intriguing phenomenon can be proved as fol-
lows. Backward propagation means that the direction of the
wave vector k is opposite to the group velocity dw/dk. In a
DNG band of any metamaterial k is negative, and thus the
slope dw/dk is positive: If dw/dk is positive, so is dk/dw,
which is the slope of the wave vector curve as a function of
frequency. Therefore, the slope of the wavelength curve
given by

dN/dw = — s2a/k?)(dkldw) (4)

is positive for DNG frequency range, where s=—1. Since we
derive Eq. (4) with general double negative conditions only,
the slopes of wavelength curves for all materials in the DNG
band as functions of the frequency are positive, inverted
from the “negative slopes” of the ordinary media. The posi-
tive slope means that the wavelength increases as the fre-
quency increases. Because of this, downshift of the fre-
quency in front of the source results in compression of the
wavelength. As a consequence, the wavelength change pat-
tern is not reversed in DNG metamaterials and remain the
same fashion as in DPS media despite of reversal of the
frequency shifts. For example, in case of a 350 Hz source
moving with 5 m/s speed, it can be calculated from Egs. (1)
and (3) that the wavelengths in front and in rear of the source
are 0.6 m and 0.7 m, respectively. In all negative refractive
index materials, when a source is moving, the wavelengths in
front is shorter than those in rear.

In conclusion, we measured Doppler shifts in the present
acoustic metamaterial. We observed that the Doppler shifts
were reversed in the DNG material. Additionally, we dem-
onstrated that the distribution of the wavecrests in the space
around the source in any DNG medium looks qualitatively
the same as that in a conventional media: the waves in front
of the source are compressed and those in the rear are ex-
panded. The results presented in this Rapid Communication
will provide useful basis for future applications of DNG me-
dia.
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