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ABSTRACT

This work presents an extension to a measurement tech-
nique used to estimate the reflection and transmission func-
tions of musical instrument bells within the context of para
metric waveguide models. In the original technique, sev-
eral measurements are taken of a system—a 2-meter long
cylindrical tube with a speaker and co-located microphone Figure 1. Waveguide model of a cylindrical/conical bore
at one end and incrementally varying termination condi- section with commuted propagation loss filtérs( ), bell
tions at the other. Each measured impulse response yieldseflection and transmission filtel®g(z) and Tz (z) re-
a sequence of multiple evenly spaced arrivals from which spectively, and a reflection filte®,,,,,(z) at the bore base
estimates of waveguide element transfer functions, includ corresponding to the position of the mouthpiece/reed. The
ing the bell reflection and transmission, may be formed. instrument transfer function corresponding to observatio
Use of this technique to measure a complete saxophongointY,,,(z) is given by @) in response to input pressure
presents a number of difficulties stemming from the fact X (z) = Z,U(z), whereZ, is the characteristic impedance
that the bell is not easily separated from the bore for an andU(z) is the volume flow through the reed.
isolated measurement. The alternative of appending the
complete saxophone yields a measured impulse response

where 1) echos overlap in time and are not easily Win- yyneholes is presented following Figutewhere the bore
dowed and 2) the presence of a junction between mea-agonance may be set according to the pure defdy),

surement tube and saxophone cause spectral artifacts. 13,4 whereR;(z) andTs(z) hold solely the acoustic be-
this work we present an alternate post-signal-processingpayiour of the bell. As wave propagation within horns
technigue to overcome these dlfflcyl'ues, while keeping the (shapes not purely cylindrical / conical) involves higher-
hardware the same. The result is a measurement of ey jer and evanescent modes, a one-dimensional model can-
saxophone’s round-trip reflection function from which its ,; capture the complete behaviour of this instrument sec-
transfer function, or its inverse—the impulse response, MaYiis, and a more accurate descriptionft (2) and T’ ()
be constructed. is expected through measurement. Several techniques ex-
ist for measuring acoustic properties of wind instrument
1. INTRODUCTION bores P-9], most often in the acoustic community in terms
) o of its input impedance. The technique here focuses on the
Itis well known that wave propagation in wind instrument ,se of |ow-cost hardware and a simple setup, with acoustic

bores may be modeled in one dimension using the waveg-information being estimated using post-signal-processin
uide structure shown in Figute with a bi-directional de-  of measured impulse responses.

layline accounting for the acoustic propagation delay in a
cylindrical or conical bore section, filter elemems (=),
R,.»(z) accounting for the propagation loss, and reflec-
tion at the mouthpiece, respectively, and elemétits =)
andTz(z) describing the reflection and transmission func-
tions of the bell, the non-cylindrical/non-conical seotit
the end of the instrument]. If Rp(z) andTz(z) are per-
mitted to have “long-memory” acoustic information, this
model is also valid for instruments having toneholes, with
open tonehole radiation and scattering being lumped into
RB(Z) andTB(z).

In this work, a parametric model of a saxophone without

The authors acquired a tenor saxophone without tone-
holes and chimneys, an instrument typically used by saxo-
phonists wishing to practice solely embouchure and blow-
ing techniques. For the sake of this work and validating
results, measurements are taken of both the complete in-
strument as well as just the bore, with the bell removed (a
considerably easier task when there is no hardware on the
instrument). In the latter case, the bore is considered to be
conical and thus reasonably modeled as a one-dimensional
waveguide, providing a basis for validating the estimation
results. Any measured losses for either device under test
(DUT) are assumed to be due to propagation bgs$>2)
and a termination: an open end for the cone (the well-
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ously presented technique used for estimating bore termi- Since the technique involves taking multiple measure-
nations from measuremerit( is further developed, with  ments of the system, one with the tube closed, and one
additional (and alternate) post signal processing to leandl with a different termination (either open or with an ap-
an entire instrument, i.e. one where 1) the bell does notpended DUT), it is shown inlf0] that the reflection of the
easily separate from the bore, 2) the device of the test isterminating condition?; (z) may be estimated by taking
too long to produce isolated echos in the measured impulsethe spectral ratio of second arrivals

response, and 3) the junction created by appending the de-

vice under test to the measurement tube creates a reflection Ri(w) = o (WA (W) Ry (@) (1 + p(w)) B
inconsistent with that of a bore base. o(W)N (W) (W)(1+ p(w))

where the numerator describes the spectrum of the second

2. MEASUREMENT SYSTEM arrival for the tube with termination reflectiafy, (=), and
the denominator describes the spectrum of the second ar-
signal at exterior mic rival for the closed tube.

o(2) Yi(2)
e ne -

signal at interior mic
Yo(z)

In [10], the measurement and post-signal-processing tech-
nique is explored using simple structures consisting aheyl
EE dripal and conical_ tubes, as these are v_veII describgd theo-

retically and provide a basis for validating data estimated
from measurement. Shown to yield data closely matching
A‘”“)H - %7 the theory, the technique is later extended to measure struc
tures which are more difficult to describe theoreticallgtsu
Figure 2. Waveguide model of the measurement system: as an instruments flaring bell. In1]], the technique is
a 2-meter long tube with a speaker and co-located micro-ysed to obtain the transfer function of the clarinet bell by
phone at one end, and an incrementally varying termina- appending the bell to the measurement tube and taking the
tion at the opposite end: closed then with a device underspectral ratio given by2), to improve a clarinet synthe-
test (DUT) appended, creating a reflectii (z) and a  sis model which uses the “generalized pressure-controlled
transmissiol . (z). The speaker transmission is described valve”. In [12], it was shown that though a trombone bell
by o(z) and the reflection off the speaker is described by could be measured by appending the bell to the end of the
p(z). measurement tube and applyird),(improved results are
obtained by adapting the measurement post processing to

The original measurement technique being employed heredccount for the discontinuity created when the appended
is fully described in 10], and involves estimating wind in-  bell has a small-end radius different from the inner radius
strument waveguide elements from several measurement§f the measurement tube.
of the systems impulse response. The measurement Sys_|n this work, further modification is required to make this
tem, the waveguide model of which is shown in Figare ~ system useful for measuring features of the saxophone.
consists of a 2-meter long tube with a speaker and co-This application, which involves estimating tikemplete
located microphone at one end, enabling both an input driv-instrument transfer function#l,,,,(z) = Yi.,(2)/ X (2)
ing signalo(w) and a simultaneous measuremeptw) at ~ andHp(z) = Y1.(z)/ X (z) (see Figurd), instead of solely
approximately the same position in the measurement tube the reflection and transmission functiofis (2) and7'z ()

Each measurement is of the system having incrementallyof the bell, presents difficulties requiring a change in the
varying termination/boundary conditions: first the tube is Signal post-processing approach (the hardware setup re-
closed, then open, and finally it is appended with a device mains the same).

under test (DUT). When the DUT is sufficiently short (as ~ Firstly, unlike the clarinet and trombone bells, the sax-
compared to the measurement tube), each measured imophone bell is not easily removed from the instrument.
pulse response yields a sequence of multiple sufficiently Thus, the saxophone bell cannot be appended to the mea-
spaced arrivals, from which estimates of waveguide ele- surementtube to obtain its transfer functiép (). Rather,
ment transfer functions (those elements shown in Figure the measurement must be of the whole instrument, with
may be formed. both bore and bell as a single unit, and no clear separa-

F0||owing the round-trip propagation of the signa| in the tion between the two. Furthermore, the saxophone trans-
measurement system, shown in Fig@refrom speaker /  fer function cannot be obtained by taking the ratio of sec-
microphone to the opposite termination and back again, itond arrivals (as was done for instrument bells), because ap-
may be seen that the spectral composition of the second?€nding the entire saxophone to the end of the two-meter

arrival of the measured impulse response corresponding tdube results in a measured impulse response with no clear
Yo (z) is given by separation between arrivals/echos. Thus, windowing to ex-

tract the second arrival, as was done 19{12], is not
Yo2(w) = o(W)A (W) R (w) (1 + p(w)), (1) straightforward and taking the spectral ratio given By (

is significantly more difficult. Lastly, appending the sax-
whereo(w) is the speaker transfer functiop(w) is the ophone to the measurement tube creates a discontinuity
reflection off the speaker, arfel, (z) is the reflection func-  (though not a leak) between tube and DUT radii and a junc-
tion of the terminating condition (for a closed tub, () =  tion between cylindrical and conical structures. A mea-
1). Equations expressed as a functionuaignify the use  surement of the instrument transfer function obtained by
of measured data. taking the spectral ratio of second arriva®y, (if it were




possible to extract the second arrival, would include the re ‘o ‘
flection off the junction R2(z2) in Figure4). This inclusion cylinder, speaker—closed

would present an artifact when trying to fit the estimated
transfer function to the waveguide model of the instrument "
(Figure1). Though the inclusion of?;(z) is acceptable cylinder, speaker-saxophone @

when measuring solely the bell, sinég(z) is relatively ; 2 meters |

close to the reality of the junction (and reflection) created

by appending a bell to a bore, it is not acceptable when

that position corresponds to that of the mouthpiece. Since

reflection R, (=) and the expected reflection off a typical Figure3. The measurement system consisting of a 2-meter
reed / mouthpiece are significantly different (the former tube with a speaker and co-located microphone at one end.
being predominantly open, the latter being predominantly The tube is measured first closed (top), then with a sax-
closed), it is desirable to omit,(z) when estimating the  ophone appended (bottom) to produce the measurement’s
transfer function for an entire instrument. If the junction impulse response under both terminating conditions.
reflection is omitted in the estimation, the instrumentgran

fer function can be constructed, as discussed below in Sec- o

tion 3, with a reflectionR,,,,(z) that is more consistent 3.1 Estimating R; from the measurement system

with the termination of the bore (either cylindrical or con- Though the system created by appending the saxophone

ical), when coupled to reed / mouthpiece. o to the measurement tube may be approximately modeled
For this reason, we present further modification to the , Figyre2, a more realistic model is given in Figude

original signal-post-processing technique, enablin@&st  \yhere the connection between tube and saxophone cre-
tion of the round-trip reflection function of the saxophone 0 5 change of wave impedance at the boundary between
from the measurement system's impulse response (Corre¢yjingrical and conical tubes, resulting in reflection
sponding in thez-domain toY;(z) in Figure2). The re-

flection function is then used to fit a waveguide model hav- Za(w)/Z1(w) — 1

ing a more appropriat&,,,,, ultimately yielding the instru- R(w) = Zo(@) )7 (w) + 1 (5)
ment’s transfer function corresponding¥g,,(z)/X (z). ? !

between adjacent wave impedandgsand Z5 (where *

indicates the complex conjugate), and an amplitude com-
3. INSTRUMENT TRANSFER FUNCTION plementary transmission

Given the waveguide model in Figutethe corresponding
round-trip reflection function of the saxophone instrument
from the mouthpiece to the bell and back again, is given by

T(w) =1+ R(w). (6)

For spherical pressure waves in conical tubes (as denoted
by then subscript) propagating away from the cone apex
(denoted by thet superscript), the impedance is depen-
dent on frequencyw and the distance from the observa-
tion point to the cone apex, and is given by

Ri(2) = Rp(2)X%(2)z7 2. 3)

The instrument transfer function corresponding to therati
of the pressure at the reed / mouthpiéég, (=) to input
pressureX (z) (the inverse-transform of which yields the pc jw
i i i i - Zy(rw) = G ——— (@)
sequence of arrivals making up the instrument impulse re n T S, jo + ofr’
sponse) is given by "
wheresS,, is the cross-sectional area of the cone’s smaller

Hop(z) = Yinp(2) end (at the junction), andis the wave propagation speed.
" X(2) For spherical waves propagating toward the cone apex, the
1+ Rp(2)A%(2)272N impedance is given by
1 — Ryp(2)Rp(2)AN(2)2272N7 .
—(pey = PE W e
Zn (T’,UJ)— Snjw—c/r Zn *(7,&)). (8)

which can also be expressed in terms3)fgs

For cylinders (as denoted by thesubscript), the distance

Hyp(z) = L+ R(2) ) (4) r approaches infinity and thg'r term becomes negligible,
1= Rynp(2) R (2) yielding a wave impedance given by
Thus, an estimation of the round-trip instrument reflection g _PC ©)
function R;(z) from measurement, would allow for con- vos,

struction of the instrument transfer functio#),(and a fit
to the waveguide model in Figurk using a mouthpiece  The reflection functionk; (z) describing the pressure re-
reflectionR,,,,(z) that is more suitable to the termination turning to the cylindrical tube is thus given by

of the cylindrical / conical bore coupled to a reed model.
The pure delay:—2" may be made parametric so that it
may be set according to a desired pitch.

_ZalZy—1

Faw) = Z5]Z,+ 1

(10
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signal at interior mic
Yo(2)

Aur(z) M

Yo (2

signal at exterior mic
Yi(2)
Tp(z) [—=

Figure4. Given the discontinuity between the measurement tubehenaiipended saxophone with cross-sectional &igas
ands,,, respectively, the measurement system consists of a Zqatiering junction, with reflectioR; » and transmission

T, 2, described by%-11).

and the reflection functio®, (=) describing the pressure
returning to the cone is given by

_ ZylZ, —1
 Zy)Zit 41

If S, = S,, thenR;(z) = Ra(z), and the reflection at the
junction reduces to

Ro(w) (11)

—1

R]_(W) = RQ(W) = m,

(12)

a one-pole low-pass filter with a cutoff frequencyuwof=

c/r.

3.2 Estimating R; from measurement

Estimating the round-trip instrument reflectidty (z) is
done by first taking a measurement of the tube with a closed
termination. Following the steps described 1] allows
for estimation of speaker transmissiefw), the reflection
off the speakep(w), and the propagation loss of the mea-
surement tuba , (w), or alternatively, an estimation of the
lumped round-trip reflection function for the closed tube
R, givenin (L4).

A second measurement, taken with the saxophone instru-
ment appended to the measurement tube, produces an im-
pulse response, the transform of which yielg$w), that

The transfer function of the entire measurement systemwhen divided by the speaker speaker transfer funetian
shown in Figure4, corresponding to the ratio of the mea- vyields Hy(w), a measurement ofl§). Given the closed

sured signalYy(z) to the input speaker transfer function tupe reflection function estimat®,; () made from the

o(z), is given by

Yo(z)

a(z)

1+ byrz™2M 4 bz 2N + by 2 204N

L+ anz?M +anz=2N + ap nz=2M+N)’
(13)

Hy(z) =

where the feedforward coefficients are given by

by = Ry,
by = —RaRp)\%,
bun = —(RiRs—T1Ts) REA3 Y,
and the feedback coefficients are given by
an = —pRiA3,
any = —RoRp\y,
amy = p(RiRs—TiT2) RpA3 A%,

where all waveguide elements are functions ¢dis in Fig-
ure 4), but omitted for brevity. The derivation ofL) is
shown in AppendiA.

prior closed tube measurement, the round-trip instrument
reflection function can be estimated by

R _ 1/R2(W) + CRl(W)Rcl(w)

R w) = ~ )
) = @) Ra(@) — (@) (@) ()
(16)
h
nere 14 p(w) Ho(w) an

Ry(w)(1 = Ho(w))
The saxophone instrument transfer function is then con-
structed using4), with R,,,, set using the closed-end re-
flection of a truncated cone (i.e. a boundary condition
where the volume velocity is equal to zero), given by
Yo' (w) _ Z}(rw) _ jw—cfr

Bmp(w) = Yy (w) N Zy (r;w)  jwc/r

(18)

3.3 Results

The estimation technique is first applied to a case where
a short large closed cylinder is appended to the measure-
ment tube. As the propagation loss in a cylinder is well-
described theoretically, it provides a good basis for atid

Conveniently, equatiorl@) can also be expressed in terms ing the transfer function given by g) in the presence of a
of the round-trip reflection of the closed measurement tube, junction with real-valued reflection and transmission func

Ra(z) = Ay (2)27*M, (14)

and the round-trip reflection functid®; (z) of the appended
instrument ),

1+ RiRy — RoRr — (R1Ry — TV T%) R R
HO(Z)_ 1 1 2140] (12 12) 4y

~ 1—pRyRy — RoRr + p(R1 Ry — T1T2)Rc(l115ésl

tions, and the estimation of§). In both cases, as shown in
Figure5, measurement and estimation show a good match
with theoretical expectation.

The next case is of the sax conical bore (with bell re-
moved) appended to the measurement tube. As shown in
Figure6 (top), the measurement of the system (tube + con-
ical bore) shows good agreement with its theoretically con-
structed counterpart. The theoretical round-trip reftecti



Ry of the conical section is constructed with an open-end H, for tube + sax conical bore, modeled (-b), measured (-g)
cylindrical reflection, yet as shown in Figuée(bottom), 2
there is still good agreement with estimateg

The final case is of the complete saxophone (with bell)
appended to the measurement tube. Figuibustrates
the effects of the saxophone bell as compared to the re-
sults of the saxophone conical bore (without bell). As seen L w
in Figure7 (top), the bell shifts the resonant peaks in the ° 1°
spectrum and (bottom) contributes an increased low-pass
characteristic.

i
o

T

I

magnitude - dB
|
5 e
- =
/\\
L

—20} 4

H0 for tube + closed cylinder, modeled (-b), measured (-g)

magnitude - dB

% -
I
E Figure 6. A measurement taken of the 2-meter tube with a
R o ot sax conical bore appended (green), is plotted along with a
' . theoretically constructed model (blue), with the two show-
R, for closed cylinder: estimate (—b), modeled (—g) . .
2 : ing good agreement (top). A good match is also observed
o ol )l for the theoretically constructed round-trip reflectionaof
i cone (green) and that estimated from measurement using
[ 0
ERNI (16) (bottom).
e e 10 cult to validate the technique with actual saxophone data,

a validation is first made using an appended cylinder and
Figure 5. A measurement taken of the 2-meter tube with then a cone (the conical bore of the saxophone with the
a closed cylinder appended (green), is plotted along with abell removed), both DUTs being well-described theoreti-
theoretically constructed model (blue), with the two show- cally. The results shown in Figurésand6 provide confi-
ing good agreement (top). A strong match is also observeddence that the estimation technique is producing good re-
for the theoretically constructed round-trip reflectiondu sults, and may be applied to a saxophone bore and bell,
tion R;(w) of a closed cylinder (green) and that estimated the results of which, shown in Figue are consistent with
from measurement usind ) (blue). expectation.
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the bell of a trombone, is modified to accommodate the
slightly different task of measuring theomplete instru- A. CALCULATING TRANSFER FUNCTION OF
ment transfer function of a saxophone. MEASUREMENT SETUP

The use of the technique for measuring the saxophone
presents difficulties due to 1) the fact that the bell does not The pressur&j(z) in Figure4 corresponding to the mea-
separate from the bore and cannot be measured in isolasured impulse response (i.e. the actual physical pressure a
tion, 2) the length of the saxophone causes an undesirablehe microphone) is the sum of the right and left travelling
overlapping in the measured impulse response echos fronpressure components at the tube’s end, that is,
which waveguide elements are formed, and 3) the pres-
ence of a junction when appending the saxophone to the Yo(2) = Yy'(2) + Yy (2). (19)
measurement tube creating spectral “artifacts”. This work
presents a modified approach to the post-signal-processingrhe upper (right) travelling componel}' (z) is given by
technique needed to overcome these difficulties, whilekeep

ing the hardware component of the measurement systemyo+(z) = X(2)+ Y5 (2)p(2) (a+c(1 + b+ +...))

the same.

The resulting strategy is to estimate the saxophone’s round = X(2)+ Yy (2)p(2) (a + C)
trip reflection functionR;(w) from a measurement of the 10
system (tube + DUT), and using; (w) to construct the in- B X(2)

strument transfer function—the inverse transform of which (20)

C b
yield’s the instrument’s impulse response. Since it is-diffi 1—=p(2) (a Tz b)



H0 for tube + sax conical bore (-b) and tube + sax (-g)

magnitude - dB

magnitude - dB

(1]

(3]

(4]

Figure 7. The measurement system with the complete sax
(green) is shown along with that only having the sax coni-

cal bore (blue), with the difference illustrating how thdlbe

shifts the resonant peaks in the spectrum (top). The differ-[5] J. Epps, J.R.Smith, and J.Wolfe, “A novel instrument

ence in the round-trip reflectioR;(w) of the sax (green)

and the conical bore without bell (blue) shows the bell also

contributes a low-pass characteristic (bottom).

whereX (z) = o(z) is the input speaker transfer function,
a is the pressure circulating in the first section,

a = Ry(2)A\3(2)27", (21)
andb is the pressure circulating in the second section,

b= Ry(2)Rp(2)A% (2)z7 2, (22)

(6]

[7]

andc corresponds to the outer loop of their connection (the
round-trip path from the mouthpiece to the opposite end

and back again),
¢ = Ri(2)T1(2)Ta(2)\3, (2)A% ()2 20T+ (23)

The lower (left) travelling componenf; (z) is similarly
given by

Yo(z) = Yi(2) (a+ : ib>
X (2) c
= “|a+
1—p(z)(a+1ib> ( 1_b>
(24)
Summing R20) and @4) yields
Yo(z) = Y5 (2)+Y5 (2)
C
1+{a+ —

X(2) =) (25)

1- p(2) (a+1fb)’

and dividing by the inpuX (z) yields the instrument’s trans-
fer function Hy(z) given by (L3), as measured at the posi-
tion of the microphone.
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