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ABSTRACT

The effect of the tonehole lattice cutoff frequency of a
conical resonator on sound production is explored us-
ing numerical synthesis: time-domain integration, as well
as harmonic balance method combined with continuation
(MANLAB). The tonehole lattice cutoff frequency fc sep-
arates the passive response of the resonator into two bands.
Below fc, an acoustical wave traveling down the main
branch of the duct, upon arrival at the first open tonehole,
either radiates into the surrounding field, or reflect back
into the main bore of the instrument. However, above fc,
the wave is no longer evanescent and is able to propagate
farther into the lattice. In this work, three resonators are
designed to have drastically different cutoff frequency be-
havior: two resonators with cutoff frequencies at 700 and
900 Hz and a simple cone with no tonehole lattice are pro-
posed to compare the effect of the cutoff frequency on
sound production. Numerical synthesis shows that some
sound production features are almost unaffected by cut-
off behavior, such as oscillation thresholds and values of
the control parameters leading to the production of certain
registers. However, the spectral centroid, an indicator of
tonal brightness, seems greatly influenced by the cutoff fre-
quency behavior. The severity of the cutoff, which relates
to the overall height reduction of impedance peaks above
the cutoff frequency, has a greater impact on the spectral
content of the produced sound that the frequency at which
cutoff occurs. Thus, taking into account the cutoff fre-
quency behavior in the development of an instrument can
be a way to control its spectral features without affecting
the main sound production characteristics.

1. TONEHOLE LATTICE CUTOFF FREQUENCY
FOR A CONICAL DUCT

Conical woodwinds, such as the saxophone or the oboe,
feature a resonator into which several side holes, called
toneholes, are drilled. By plugging or opening these holes,
the musician changes the resonance frequencies of the
duct, which allows the instrument to produce different
notes. This is the primary use of toneholes. However, they
also act together to influence the timbre of the produced
sound. One of the determining characteristic of this sec-
ondary action of the toneholes is the called the tonehole
lattice cutoff frequency. The cutoff phenomenon emerges

from the regularity of the structure of the toneholes. Start-
ing from the first open tonehole, downstream holes form a
lattice, through which acoustical waves can or cannot prop-
agate depending on their frequency. At low frequency, the
first open hole acts like a termination of the main duct:
the waves do not propagates farther down the tube. There-
fore, at low frequencies, the resonances of the resonator
are mostly determined by the shape and length of the main
duct, until the first open hole. In the case of a conical
woodwind, it is a cone frustum. The validity limit of this
low frequency approximation is called the tonehole lat-
tice cutoff frequency, above which some of the acousti-
cal waves propagate past the first open hole and into the
lattice. Above the cutoff, the acoustical behavior of the
resonator is more complicated, as it is determined by the
complete geometry of the main duct and all the subsequent
open toneholes. Notably, the resonances are weaker and
can become irregularly spaced. The value of the cutoff fre-
quency depends on the distance between the toneholes and
their dimensions. It only admits an unambiguous defini-
tion in the case of a cylindrical lattice where all holes are
identical and evenly spaced [1], in which case the cutoff
frequency can be approximated by

f cylc =
c

2π`

1√
2(b/`)(S/s)

(1)

where c is the speed of sound, ` is half the distance be-
tween two holes, b is the height of the hole’s chimney, S
is the cross-section of the main bore and s is the cross sec-
tion of the hole. For a conical resonator, such geometri-
cal periodicity is impossible, but approximations exist to
the cutoff frequency, which are coherent with the struc-
ture of the input impedance [2]. Following these approx-
imations, one can design conical tonehole lattices with a
given cutoff. As an illustration of the effect of the cutoff
frequency on the acoustical characteristics of a resonator,
figure 1 compares the impedance of a single cone frustum
with that of two conical resonator whose toneholes lattices
are designed to have a cutoff frequency of 700 and 900 Hz,
respectively. These resonators are designed so that they all
have the same first resonance frequency, and the main bore
before the first open hole is identical except from its length.
Note that the impedance is normalized by the characteris-
tic impedance at the input of the resonator Zc = ρc/S,
where ρ is the density of air and S is the cross-section at
the resonator’s input. Figure 1 shows that the impedances
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of the resonators that feature toneholes start to differ from
that of the single cone frustum around their cutoff frequen-
cies, with their impedance peaks becoming lower and less
evenly spaced.

Figure 1. Input impedance magnitude of three resonators.
Top: single cone frustum, middle: cutoff at 700 Hz, bot-
tom: cutoff at 900 Hz.

2. SOUND PRODUCTION

For each of the three resonators, time domain synthesis [3]
is used to produce sound clips across the control space de-
fined by the two parameters γ and ζ [4], defined as

γ =
pm
pM

(2)

ζ = ZcwH

√
2

ρ
, (3)

where pm is the pressure in the musician’s mouth, pM
is the static pressure necessary to close the reed channel
completely,. For every couple (γ, ζ) in a grid spanning
the intervals [0,1.3] and [0.2,1], several sounds are synthe-
sized, each one corresponding to a different evolution of
the blowing pressure parameter γ. This way, if two os-
cillating regimes are stable for the same value of control
parameters, they both have a chance of appearing. From
each sound, which has a duration of 3 s, low-level signal
descriptors are extracted. The procedure distinguishes a
non-oscillating regime, a first register (whose frequency is
close to the first impedance peak), a second register (whose
frequency is close to the second impedance peak), and a
quasi-periodic oscillation. Figure 2 shows that the three
resonators from figure 1 produce the same type of oscillat-
ing regimes depending on the control parameters, except
for very minor differences.

Then, the spectral centroid is extracted from the signals.
It is computed as

C =
1

Nh

∑Nh

h=1 hf0|S(hf0)|∑Nh

1 |S(hf0)|
(4)

where f0 is the signal’s fundamental frequency, |S(hf0)|
is the amplitude of the hth harmonic, and Nh = 20 for
this study. Figure 3 shows the spectral centroid for the
three resonators of figure 1. The spectral centroid values
are similar between the simple cone with no cutoff and the
resonator whose added tonehole lattice has the lowest cut-
off fc = 700 Hz. The resonator whose cutoff is highest
fc = 900 Hz leads to overall lower spectral centroid val-
ues. This result can appear surprising, as the lowest cutoff
leads to earlier resonances being weakened. However, it
can be interpreted by looking at figure 1, on which the res-
onator with fc = 700 Hz has higher peaks above cutoff
than the one with fc = 900 Hz, where peaks above cut-
off are extremely attenuated. This goes to show that if the
cutoff phenomenon can have a clear effect on the sound
produced by an instrument, the mere frequency where cut-
off occurs does not suffice to characterize the phenomenon
completely. The example chosen here illustrates that some
form of cutoff efficiency, to be understood as the attenua-
tion of resonances above cutoff, plays a great role in shap-
ing the resonator’s sound.
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Figure 2. Register of the produced sound as a function of
control parameters γ and ζ. Each column corresponds to
a single (γ, ζ) couple. In a given column, the lowest point
corrrespond to the shortest attack time and the highest to
the longest. Top: single cone frustum, middle: cutoff at
700 Hz, bottom: cutoff at 900 Hz.
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Figure 3. Spectral centroid (Hz) of the produced sound as
a function of control parameters γ and ζ. Each column cor-
responds to a single (γ, ζ) couple. In a given column, the
lowest point corrrespond to the shortest attack time and the
highest to the longest. Top: single cone frustum, middle:
cutoff at 700 Hz, bottom: cutoff at 900 Hz.
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