PAPERS

Full 2-port Vector-corrected Network Analyzer in
the Acoustic Domain *

MARCUS MACDONELL, AES Student Member AND JONATHAN SCOTT, AES Member

(coraxaudiolabs @ gmail.com)

(scottj@waikato.ac.nz)

University of Waikato, Hamilton New Zealand
Corax Audio Labs, Cambridge, New Zealand

This manuscript presents the theory and design of a Vector-corrected Network Analyzer
(VNA) realized in the acoustic domain. This is a novel measurement instrument based on the
established microwave vector network analyzer. It employs directional couplers to separate
forward and reverse traveling waves in acoustic waveguide. This instrument is intended to
supersede the acoustic impedance tube. Advantages include greatly increased measurement
speed and potential for traceability to external standards. Traceability is achieved by means of
a calibration through an analytical solution of the error matrix produced from the measurement
of a limited number of available acoustic standards. Operation is verified through analysis of
the acoustic S-parameters of a passive, asymmetrical, reciprocal acoustic device constructed
inside the acoustic waveguide. To the best of our knowledge this Acoustic Vector-corrected
Network Analyzer (AVNA) is the first of its kind.

0 INTRODUCTION

An impedance-tube instrument like Briiel and Kjer
“Standing Wave Apparatus Type 4002” was first intro-
duced in 1955; the 4002 is still widely used today [1]. An
impedance tube is typically used to measure the acoustic
reflection and transmission coefficients of materials. Other
methods of measuring these parameters have been reported
(see for example [2, 3, 4, 5, 6]) but industry has settled on
a set of standards based on the impedance tube [7, 8, 2].
These methods have no external traceability, meaning there
is no physical standard, only a methodology.

An acoustic vector network analyzer (AVNA) is a device
for measuring traveling waves, much like an impedance
tube, but it has speed and accuracy advantages over the
impedance tube [9, 10, 11]. An AVNA is capable of swept
measurements at ~200 points per minute. It offers the po-
tential for traceability to a set of physical standards. [12]
This relative speed and point density represents a huge step
up in acoustic measurement. Our prototype AVNA is made
using the receiver system from an HP4395A analyzer,
a modified HP87511A test-set, and sets of heads based
around acoustic directional couplers. Directional couplers
are the key waveguide structure capable of separating for-
ward and reverse traveling waves enabling vector network
analysis. Acoustic directional couplers were first described
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by Lagasse [13], and used as a reflectometer by Penning-
ton [10].

1 The Electromagnetic VNA

In the early years of Radio Frequency (RF) test and mea-
surement there were very few techniques available to mea-
sure impedance. Such a measurement requires determin-
ing, or at least inferring, the relative or absolute magni-
tude and phase of the forward and reverse traveling waves
present on an interconnection.

The slotted line was one of the first techniques that was
developed by what is now Rohde & Schwarz. It was in
world-wide commercial use by the end of the second world
war. [14, 15] A slotted line permits the measurement of a
Standing Wave Ratio (SWR) pattern present along a uni-
form transmission line. [16] The SWR pattern appears in
the scalar magnitude of signal as a function of distance
along the line. It is possible to infer the relative magni-
tudes and phases of the forward and reverse waves from the
position and depth of minima in the scalloped-magnitude
SWR function. [17] The slotted line is analogous to the
impedance tube. The first impedance tube instrument was
introduced in 1955 by Briiel and Kjer. Finding acoustic
impedance using an impedance tube is still the basis of
such measurements in the acoustic world today. [7, 8]

In 1965 the Wiltron 310 Vector Network Analyzer
(VNA) was introduced. It was the first instrument to re-
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Fig. 1. Block diagram of the acoustic vector network analyzer,
including power supply and modified test set, external micro-
phone and loudspeaker amplifiers and directional couplers in the
heads. The couplers are marked with the “X” crossover symbol
common in microwave parlance. Shown with a device under test
(DUT).

semble modern VNAs. [18] Soon after, in 1969, Hewlett-
Packard brought out the model 8410A. Neither of these
instruments had inbuilt vector calibration to automatically
correct for errors; rather they offered the RF & microwave
equivalent of the same calibration procedures employed
with acoustic impedance tubes and slotted lines.

Nevertheless, both instruments were commercially suc-
cessful for several reasons. There were large savings of
time and effort owing to the increased speed arising from
the use of directional couplers instead of slotted lines, elim-
inating moving parts and dispensing with any mechanical
adjustment during measurement. The frequency of mea-
surement could thus be swept automatically, and a con-
tinuous trace viewed in real time on a screen if desired.
Both machines offered two ports, so that both impedance
(in the form of reflection coefficient) and gain (in the form
of transmission coefficient) in forward and reverse con-
figuration (to accomodate asymmetrical devices) could be
measured without complicated reconnection of the device
under test (DUT). Finally, directional couplers proved to
be cheaper to manufacture, since slotted lines required pre-
cision parts. [19]

All VNAs possess the same basic hardware architec-
ture. It is the same architecture that we use in the AVNA,
depicted in Figure 1, except that the electromagnetic ver-
sion requires no microphones or loudspeakers to transduce
between acoustic and electrical signals. The two coupled
ports from each directional coupler are fed into amplifiers
and then into circuits that measure the amplitude and rel-
ative phase of the four signals. These signals are usually
termed a} for the measured wave incident on port 1, b}/
for the measured wave reflected from port 1, and so on.
These four complex measurements are then manipulated
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to display whatever parameter the user desires, for exam-
ple measured reflection coefficient at port 1 is

bM
N =y (1
a!

Calibration to remove magnitude and phase errors was
achieved by placing a known short circuit in place of the
DUT, and applying a fixed correction factor to gain and
phase to read the known result.

The first generation of vector correction was developed
in the following few years. By 1960 signal flow graphs
were routinely applied to analysis of circuits composed of
transmission-line interconnects. [20] Early in the 1970s,
a number of researchers realised that these might be ap-
plied to VNAs. [21, 22, 23, 24] Although potentially te-
dious, the equations required to return the corrected param-
eters given the measured ones and a series of “error terms”
could be found by pure algebra or through application of
simple geometric rules that anyone could follow [25], al-
though the arithmetic is sufficiently involved that it is all
but impractical without a computer. The technique rep-
resented a significant theoretical advance for the VNA.
By the 1980s the capacity to perform the complicated,
frequency-by-frequency correction of errors was built into
instruments and performed with relative ease. [18] The
Hewlett-Packard 8510A “Vector-corrected Network Ana-
lyzer” incorporated the computing capability and came to
dominate the industry for over a decade.

The difficult part of implementing a fully-corrected in-
strument lies in finding the error terms. This requires mea-
surement of some known standards and solution of a sys-
tem of equations through matrix algebra. Even in the elec-
tromagnetic domain, there are very few objects whose true
impedance or transmission characteristics can be deter-
mined independently. For example, a single-port calibra-
tion to find the error coefficients demands measurement of
three known, different loads, which can be especially de-
manding in the acoustic domain. [10]

Readers interested in the mathematical approach and so-
lution flow can find an initial tutorial in the appendix of
reference [10].

New calibration procedures, especially ones that require
less knowledge about the standards, have been appearing
over many years, leading to simpler and cheaper calibration
methods in various general and special circumstances, see
for example [26, 27, 28, 29, 30]. An excellent summary is
given in [31]. A major contribution of this manuscript is
the development of a calibration procedure that overcomes
the difficulties enumerated in [10], enabled by the presence
of two, rather than only one port.

Our prototype AVNA hardware is built around an old
HP4395A Vector Network Analyzer. This instrument was
designed with a separate “test set”, which is to say that the
parts of the instrument that involve RF, or in this case au-
dio, components are in a separate enclosure. This arrange-
ment is common in waveguide-based VNA designs. Thus
only the test set changes in moving to the acoustic domain.
Use of an existing receiver-mainframe also means that we
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Fig. 2. A visual comparison of an Agilent (now Keysight) Tech-
nologies’ Performance Network Analyzer (PNA) in the electro-
magnetic domain (top) and the Acoustic Vector Network Ana-
lyzer (AVNA) built for this research, fitted with 10-20 kHz heads
(lower photo).

have not had to construct the phase-measurement circuits,
analog-to-digital circuits, and data communications sys-
tem.

2 HARDWARE

The instrument consists of two separate boxes, a so-
called “test set” that contains high-frequency components
including directional couplers, and a so-called “receiver”
that provides data acquisition, control of the test set, sig-
nal generation from a few Hz to hundreds of megahertz,
data processing, displays, and computer connectivity. We
have replaced the HP87511A test set with a test set mod-
ified for acoustic, rather than electromagnetic, operation.
This new test set attaches by umbilical cables to “heads”
that carry the ports to which the device under test (DUT)
can be connected, after the fashion of millimeter-wave and
waveguide-port electromagnetic VNAs, see Figure 2. The
test set will be described in more detail below. The block
diagram of the measurement system is shown in Figure 1.
The prototype version with low-frequency heads is shown
in Figure 3.

The HP4395A instrument does not intrinsically support
any waveguide or wafer calibration methods [32]. Given
the receiver maximum operating frequency of 500MHz,
the designers would not have anticipated a waveguide ap-
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plication, or that the conventional radio-frequency (RF)
“Short, Open, Load, Thru” (SOLT) calibration might not
be possible. Here it is used simply for data acquisition and
control. The acoustic calibration methods are quite differ-
ent as will be described in section 3, so these limitations are
not important. The wavelengths of sound in air between
a few hundred Hertz and 50kHz are the same as those of
electromagnetic waves running up to almost SOGHz, as
the speed of sound is a little more than one-millionth of
the speed of light, so the similarity with microwave and
millimeter-wave instruments is not surprising.

2.1 DIRECTIONAL COUPLERS

A Directional Coupler is a 4-port network conducting
travelling waves. Figure 4 shows a symbolic directional
coupler. Forward travelling waves are conducted, typically
with small loss, from the input or first port P1, to the trans-
mitted or second port, P2. Reverse travelling waves behave
similarly moving from P2 to P1. Portions of the forward
and reverse traveling waves are separately coupled to the
two side ports. [33] It is often assumed that a directional
coupler is inherently an electromagnetic device, since the
majority of commercial examples have either coaxial or
electromagnetic waveguide ports. In this work the direc-
tional couplers are acoustic.

The coupled port, P3, receives a portion (typically in the
order of 1%) of the forward wave power which arrives
at the input port, P1, and substantially exits the transmit-
ted port, P2. The isolated port receives the same portion of
the reverse wave power that travels the other way, into P2
and out of P1. Ideally, none of the forward power appears
at the isolated port, P4. The directionality of a directional
coupler is a measure of the isolation between the coupled
and isolated ports, i.e., how much unwanted forward power
arrives at the isolated reverse side port and vice versa. Di-
rectional couplers are all imperfect; if 1% of the forward
power is desirably diverted to the coupled port, one tenth
or one-hundredth as much will reach the isolated port. The
coupling and isolation typically both vary with frequency.
Calibrations are used to measure and remove the error in-
troduced by the directional coupler. Although the calcula-
tions can be arduous, modern computers make this prac-
ticable. Nevertheless, calibration demands some minimum
directionality in order to work correctly. We believe the full
two-port calibration presented in this manuscript is the first
such calibration in the acoustic domain, and successfully
corrects for all losses and imperfections in the directional
couplers and all other hardware in the instrument.

The AVNA instrument uses a design of directional cou-
plers presented by Lagasse in 1971. [13] The Lagasse
coupler is built using a synthesis method for microwave
waveguide [34] with experiment to determine the general
form of a branch-line acoustic directional coupler. The key
part of the structure can be seen in Figure 5, and a photo-
graph of an example constructed in transparent acrylic in
Figure 6. It may also be possible to make out the struc-
ture in Figure 3. The reader may imagine sound waves
traversing from left to right above the “blocks” shown
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Fig. 3. The AVNA prototype setup with the much larger 1000-2000 Hz heads constructed in transparent acryllic. A DUT would be
inserted between the two couplers, at bench level, where the two tables meet. Steel flange screws are just visible in the image.

Input port Transmitted port
(P1) (P2)
o—> >—0
o—= >—0
Isolated port Coupled port
(P4) (P3)

Fig. 4. A symbolic representation of a Directional Coupler with
labeled ports. In spite of the naming of ports, a coupler is typ-
ically symmetrical so that it could be flipped around vertical or
horizontal axes.
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Fig. 5. The general form of the acoustic branch-line directional
coupler as described by Lagasse, image taken from [13]. The
reader must imagine the spaces above and below the array of gaps
to be waveguides traversing left and right to form the four ports
of the coupler.

in the figure. Gaps between the blocks periodically per-
mit sound to travel downwards from the waveguide above
the array of blocks to the waveguide below the array of
blocks. The gaps between the blocks are the branch lines,
with the width of the gaps and their spacing selected so
that waves in the guide below the string of blocks inter-
fere constructively and destructively moving left and right
in the guide. This is similar to the radio frequency But-
terworth and Chebyshev synthesised couplers that use the
same method [34].

A version of the Lagasse design was built by Penning-
ton and used in an acoustic impedance meter [10]. Pen-
nington’s coupler used a 60 mm square waveguide with a
designed frequency range of 1-2 kHz and a usable range of
800-2,200 Hz. It had a crude flange connection system. In
this work we include a 3D-printed set of couplers scaled up
a decade in frequency, and improved flanges.

4

Fig. 6. A Lagasse coupler constructed in transparent acrylic with
black tape marking the divide between parallel waveguides and
the branch-line section.

2.1.1 COUPLER FLANGES AND REPEATABILITY

The directional couplers need to be connected to both the
rest of the analyzer and to the DUT to function as part of
the analyzer. Connections in electronics at low frequency
are often paid little attention, but at high frequency and in
waveguide systems in particular these connections are crit-
ical to the repeatability, precision and reliability of equip-
ment. Microwave waveguide is typically machined from
brass for reasons of precision. It usually features a rectan-
gular cross-section and similar mounting flanges for each
port. There are a number of standards for microwave flange
construction and testing [35, 36]. A mechanical drawing
for a commercially available WR-22 waveguide flange can
be seen in Figure 7.
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4-40 THRU Q030
[0.8] —=|
/’(4 HOLES) +0.002
0.480
o [122]
MAX
(@ D

PASTERNACK
PE-W225001

0.06150 [1.56] 0.1l
PIN (2 PLACES) —

0.0000 Wrz2
~0.0005 o Tongih

0.067¢
[1.7) THRU
(2 HOLES)
+0.002

0.160 PE-W225001-3 3in,
PE-W225001-6 6in.
PEW225001-9 9in,
PEW225001-12 12in.

WR—-22 WAVEGUIDE
W/UG=383/U FLANGE

~0.001

Fig. 7. WR-22 mechanical specifications taken from the data-
sheet for a pasternack PE-W22S001-12.
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Microwave waveguide is sometimes pressurized to stop
the ingress of dust and moisture. When the waveguide
needs to seal O-rings can feature in microwave waveg-
uide flange [37]. Another feature of microwave waveg-
uide is the use of alignment pins that allow for precision
mating of two flanges. Most flanges feature a bolt pat-
tern with specific torque requirements for proper connec-
tion [38, 39, 40, 41, 42].

By borrowing from these standard microwave waveg-
uide features, improved flanges for the acoustic coupler
were developed in consultation with our university work-
shop. The O-ring feature was adapted to the acoustic
waveguide because it is important that the waveguide seals
to prevent signal leakage. The addition of alignment pins
increases the ease of assembly, ensures minimum disconti-
nuity at the junctions, and reduces sliding of the waveguide
sections past one another during assembly that may scratch
the mating surfaces. Figures 8 and 9 show the final designs
for acoustic couplers for two bandwidths. The smaller size
couplers operate over 10-20 kHz, have a guide dimension
of 6 mm by 6 mm and the larger set over 1-2 kHz with the
same dimensions used by Pennington.

Fig. 8. A cross-section of the flange designed for the scaled and
3D printed directional couplers. This flange features an O-ring
groove and alignment pins.

The performance of the acoustic waveguide flanges has
been carefully studied using statistical methods. [11] This
is done by taking a number of measurements of the same
DUT, disconnecting it in between each measurement. It is
then possible to determine the standard deviation in these
measurements and then use this value as an indicator of the
repeatability of the joint [11]. We concluded that even the
order of tightening the flange bolts affects how repeatable
is a connection. Tightening in a star pattern with a torque
wrench was specified.

3 CALIBRATION

Before we can discuss calibration, we should introduce
S-Parameters and the error model upon which the calibra-
tion is built.

J. Audio Eng. Sco., Vol. 1, No. 1, 2021 October-ish
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Fig. 9. An example of the larger acoustic waveguide with flanges
and alignment pins visible. The component is a short length of
plain waveguide, again constructed in transparent acrylic.

3.1 ACOUSTIC S-PARAMETERS

Scattering or S-parameters are used to measure the re-
flection and transmission coefficients of a device in the
world of travelling waves, see [43] for theory and appli-
cations the RF domain, wikipedia [44] for a complete in-
troduction & history, and [45] for a tutorial of their appli-
cation in the acoustic domain. When displayed on a Smith
chart, S-parameters offer an easy-to-interpret visualisation
of a Device Under Test (DUT). They are routinely used in
the RF world. S-parameters are equally applicable in the
acoustic domain. [4, 45]

Measurement of the S-parameters for a 2-port DUT
yields a set of four complex numbers. These represent of
the change in signal magnitude and phase from input to
output (S21), output to input (S12), and the input (Sy;) and
output (Sy) reflection coefficients. This means that the S-
parameters convey impedance and gains. Sp; is sometimes
called the reflection coefficient I'; for port 1, and Sy, I,
for port 2. The complex impedance of the load is related to
the reflection coefficient by the familiar formula

-2y
 Z+ 2o

where Z, is the port impedance and Zj is the characteristic
impedance of the transmission line.

Iy (@)

3.2 ERROR MODEL

The acoustic vector network analyzer is described with
an error model that contains all sixteen terms associated
with a two-port error box as has been done in the mi-
crowave domain [46, 9]. Nevertheless, it is usual in the mi-
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Fig. 10. A flow graph of the 16 term error model

crowave domain to truncate the 16-term model to either 12
terms in the case of planar measurements on wafer, or to
8-terms in the case of coaxial RF systems. These simplifi-
cations are possible because the physics of those situations
allow a number of terms to be discarded, or more precisely
to be assumed to have values that will have negligible ef-
fect. For example, one error term describes the amount of
energy radiated from one port past the DUT in free space
to the second port. In a coaxial system this can safely be as-
sumed to be zero. We have observed that these simplifica-
tions lead to calibration failure in the acoustic domain. We
attribute this to the imperfect guiding properties of acous-
tic waveguide; consider that sound energy may propagate
in the walls of an acoustic waveguide, but the equivalent
cannot practically occur in the electromagnetic world.

The 16-term error model can be visualized as a flow
graph as shown in Figure 10 from which the equations re-
lating measured to true S-parameters may be derived. Ex-
pressing the error model as a matrix, the equations can be
solved for the unknown coefficients by means of a series of
measurements for which the correct answer is known [9].
Let the error model matrix be E, then

Ei Ey |
EsEs|

The relationship between the measured S-parameters S,
and the actual calibrated S-parameters S, is by definition:

by ap St1m S12m
—S S, = 4
[%] m[as} T [Szlm Szzm] @

a by S11a S12a
=S Sq = 5
[az] ¢ {bz} e [S2la S22a:| ©)

and we can then show that

€00 €03 €01 €02
€30 €33 €31 €32 3)
€10 €13 €11 €12
€20 €23 €21 €22

E

Sm = E1 4+ E2So(I — E4S,) 'E3 (6)
Where [ is the unit matrix. Solving for S, yields
Sa = [E3(Sm — E1) ' Ex + Ea] ! )

Equation 7 is the result that is used to de-embed the ac-
tual S-parameters from the measured S-parameters.
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In order to utilise/create a calibration method there needs
to be some known standards or measurements that can be
used to satisfy the equations and yield values for the error
terms within the error matrix. In other words, we need to
measure some devices whose S-parameters are known, in
order to solve for the E matrix. In the acoustic domain we
have knowledge of only a few possible standards.

e Zero length “Thru”
A Zero length “Thru” is provided by directly coupling
the two ports of the analyzer by their flanges and pro-
vides no attenuation or phase change.

e Line
A line is less accurately known but its attenuation and
phase change are related to its length. The attenuation is
due to the lossy nature of air.

¢ Reflect
An almost ideal reflect is provided by terminating the
waveguide port with a very hard and stiff material.

¢ Match
A match is provided by the sliding load method. The
sliding load produces a number of points on the Smith
chart; circles are then fitted to these results by the Taubin
method [47, 2] and the circle center reveals the position
of an ideal load. The sliding load will be discussed in
detail below.

By knowing what standards we have available in the
acoustic domain the number of possible methods is re-
duced to only a few. Most of the remaining methods are
for an 8 term calibration method, which can be extended
to 12 with an extra measurement. Crucially TRRM also
remains, which is a method for a full 2 port 16-term cali-
bration. The abbreviation TRRM stands for “Thru-Reflect-
Reflect-Match”, meaning that only a through connection
of some sort, two reflection scenarios, and a match are re-
quired. [48] TRRM was selected because it is achievable
with the available standards. Using TRRM in order to solve
for the 16-term model, five measurements are required.
A Thru, Match-Match, Reflect-Reflect, Match-Reflect and
Reflect-Match. These measurements produce five sets of
measured S-parameter matrices that have a corresponding
known “actual” S-parameter matrix.

The ideal matrices are:

or
Thru: A= {T 0] ®)
00
Match-Match: B = { 0 0} O]
T o]
Reflect-Reflect: C = or| (10)
Reflect-Match: D = o (11)
_0 0_
00]
Match-Reflect: E = or| (12)
(13)
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T is known from the length / and propagation constant
Y, where T = e~V for a zero length Thru, T = 1.

Equation 7 is very non-linear and difficult to solve di-
rectly. Cascading T-parameters can be used to linearize the
problem. Solving for the 7' parameters can be done in a
variety of ways. Two common methods are normalizing
by one of the unknown coefficients and solving directly
or using a least squares method. Single value decomposi-
tion (SVD) is used often because of its ability to handle
singularities [49, 48].

The E and T matrices are related by the following:

LI T - LI 'T
E = 4 4 14
{ T\, T (14)
E,E\E;'Es, E\E7!
T = 30 3 15
{Eﬂ&, E;! (15)
Substituting the 7" matrix into the system yields:
b() ag
by| . |a
wl| = T by (16)
as b2

Using the T parameters and the definitions of S, and S,
the following can be derived

S = (TiSq + T2)(T3Su + T) ™! a7
T1Sy+ T — SyuT3Sa — SmTa = 0 (18)
S, = (T — SmT3)_1(SmT4 - 1) (19)

Equation 19 is the new de-embedding equation and al-
lows for a solution of the error model. The results of both
the analytical and numerical methods are presented in this
manuscript.

3.3 PHYSICAL STANDARDS

In order to utilise the calibration method there needs to
be actual physical known standards that can be used to sat-
isfy the equations and yield an error matrix. The standards
required in this case are:

e Zero length “Thru”
A Zero length “Thru” is provided by directly coupling
the two ports of the analyzer by their flanges and pro-
vides no attenuation or phase change.

e Reflect
An virtually ideal reflect is provided using a 5 mm mild
steel plate to close the guide.

¢ Match
A match is provided by the sliding load method where
the load is a foam wedge free to move within a length
of open waveguide. In this work we used 5 points per
frequency, suitably selected [50, 51]. Circles were then
fitted to these results by the Taubin method [47, 2] and
the circle center taken as the result that would have been
measured had an ideal load been used.

Commercial vector network analyzers often have an op-
tional (often expensive) calibration kit such as the one pic-
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Fig. 11. An Agilent 85056A 2.4 mm VNA calibration kit includ-
ing sliding loads and calibration data.

Fig. 12. A full set of acoustic standards. Large Reflect standards
made from Smm mild steel plate, front left and right. Large
Match standards made from open cell foam in a section waveg-
uide, rear left and right. In the middle is a finite-lenghth “thru”,
in front of which is an inclusion after the fashion of that to be
described around Figure 14.

tured in Figure 11. These production standards must be
produced with very high precision and tolerances so that
any customer can be confident that their results are repro-
ducible in other laboratories around the world.

A full set of standards that make up the 1-2 kHz acoustic
calibration kit can be seen in Figure 12. A Line, or “Thru”
of non-zero length was also built, since it is of known
length it is possible to know the phase change through
its length for each frequency making it a potential acous-
tic standard. The zero-length Thru is achieved by connect-
ing both ports together repeatably by using a specific bolt
pattern and bolt torque [11]. The “Reflect” is achieved
by closing off the port with a 5 mm mild steel plate, us-
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MATCH

REFLECT - MATCH

MATCH - REFLECT

Fig. 13. A symbolic representation of the standards as connected
to the analyzer for each of the five total measurements. The left
hand column is the port one standards in order, port two is the
right hand column

ing the same bolt pattern and torque. The idea is that a
sufficiently-massive end-plate completely reflects incident
sound. The Match (a load with negligible reflecion) is pro-
vided by a section of waveguide that contains a wedge sec-
tion of foam, again using the same bolt pattern and torque.
This section of foam is used as an acoustic analogue of
the “Sliding load” that was used in radio-frequency (RF)
VNA calibrations and Pennington’s acoustic impedance
meter. [50, 10].

The standards are connected in order and their four S-
parameters are measured. The sliding loads for each of the
“Match” measurements are slid to several positions and
measured as discussed in some detail in section 3.3.1. The
standards are represented symbolically in Figure 13. The
figure shows the connections required for each of five mea-
surements. The standards in order that are connected to port
one are shown in the left hand column while those that are
connected to port two are on the right.

3.3.1 THE SLIDING LOAD

A sliding load is used to separate the magnitude of any
residual reflection due to the imperfections of a practical
load. The magnitude of any fixed reflection from the ac-
tual load is assumed not to change with position of the ab-
sorber. The reflection from the load can be separated from
other reflections in the system by sliding the load and us-
ing the resulting phase change. In the electromagnetic case,
magnitude of the reflection from the load does not change
with position, but the phase does. In the acoustic case the
change in length means that the reflection magnitude may
be reduced with increased distance from the source. This
means in the acoustic case any lossy line or waveguide will
result in a spiral locus on a Smith chart [10]. We discovered
in practice the loss is often small enough that the spiral may
be assumed to be a circle, as in the electromagnetic case.
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Triangular x-section shape

Fill void with foam as absorber

60mm

Fig. 14. A 3D CAD model for the Asymmetrical element to be
inserted into a section of waveguide, creating the Asymmetrical
”Thru”/transmission line verification standard. This CAD model
can be 3D printed to implement the Asymmetrical element.

The circle or spiral fit is realised with a numerical method.
On occasion that method can return unsatisfactory results,
most commonly when the combination of frequency and
load positions leads to measurements clustered rather than
distributed alround the circle. These points are readily de-
tected in the processing phase and can be automatically re-
moved.

4 VERIFICATION

4.1 ASYMMETRICAL TRANSMISSION LINE
STRUCTURE

An asymmetrical, reciprocal device embedded in a trans-
mission line has the following characteristics: S = S
and S1; # S [52]. If such an asymmetrical device’s orien-
tation is reversed and it is then measured again, swapped-
around S-parameters S, S},, S5, and S, are obtained.
Then if Slll =S, S122 =511, S,12 = 851, and 5/21 =Sn
the calibration has successfully accounted for the error
adapters on both ports.

An asymmetrical device was made by folding some light
gauge steel sheet into a ’V’ shape and filling the space be-
tween with foam. Sides were added that extend past the "V’
so that it can be placed in the waveguide and rest on the
bottom surface. This structure, when placed in a length of
waveguide will provide the characteristics of an asymmet-
rical transmission line. Figure 14 shows the 3D model for
the device, and Figure 15 shows the physical implementa-
tion. This device was constructed to fit a 60 mm by 60 mm
waveguide, and inserted in a short length of suitable guide.

The asymmetrical transmission line was measured in
two orientations, forward and reverse. In the forward ori-
entation, the nose of the triangular structure is pointed to-
wards port one, and in the reverse orientation pointed to-
wards port two. The forward and reverse response of Sy
& Sy1 for the asymmetrical transmission line is shown in
Figure 16. This response has typical transmission values of
close to 0 dB while the magnitude of the reflection tends to
increase with frequency from typical values below 40 dB
to below 20 dB.
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Fig. 15. The Asymmetrical element made from thin steel sheet
(0.9mm) and a foam wedge, this structure is then placed in a
section of waveguide to complete the vitrifaction standard.
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Fig. 16. Comparison of Sj; and S»; measured on the asymmet-
rical element inserted each way around. In the legend, S is la-
belled Sy and S’21 is labelled S»,, etc. Note that S>; measured
in the first case is virtually indistinguishable from S}, measured
with the device physically inserted the other way around. Like-
wise the input side reflection coefficient Sy differs by only small
values despite its enormous variability.

The reverse response mirrors the forward orientation
and has typical transmission values of close to 0 dB while
the magnitude of the reflection tends to increase with fre-
quency from typical values below 40 dB to below 20 dB.

The forward and reverse response of Sy, & Sy, for the
asymmetrical transmission line is shown in Figure 17. This
response has typical transmission values of —4 dB while
the magnitude of the reflection tends to be small.

The repeatability of measurements using the acoustic
network analyzer has been shown to have a worst case stan-
dard deviation of 0.4 dB [11]. The difference between the
forward and reverse orientations for Si1, S5,, $21, and S},
is less than 1 dB in most cases. The standard deviation for
Si1 — 8, is 0.506 dB and 0.694 dB for S,; — S},. The re-
flection coefficient is small, and we attribute the increased
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Fig. 17. Comparison of S3, and S, measured on the asymmetri-
cal element inserted each way around. Again the legend has Séz
as S72,, etc. The parameters measured in the forward orientation,
S125 and Sy agree strongly with the parameters measured in the
reverse orientation Spp, and S»y,.

variance to random noise [9, 11]. The variance is consistent
with the repeatability of the instrument suggesting that the
calibration is performing well.

4.2 Comparison of Calibration Computation
Methods

The same results should be expected when using ei-
ther the analytical or numerical solutions to the error ma-
trix. Figures 18 and 19 show the calibrated results using
both methods. These results agree strongly for the trans-
mission coefficients So; and S, and less strongly for the
reflection coefficients S;; and S»;. The numerical method
on average returns slightly greater reflection coefficients
and with greater variance, the transmission coefficients fol-
low very closely with a slight increase in variance as well.
The variation in the reflection coefficients can be attributed
to the variation in measurements used for the numerical
method that are excluded from the analytical one. This is
because the five calibration measurements produce an over-
determined system. In order to calibrate analytically, du-
plicate information is not used whereas in the numerical
method it is left in leading to a slight increase in variance.

The numerical measurements of the asymmetrical trans-
mission line also show that the calibration has been suc-
cessful. The forward and reverse measurements agree, with
a slight increase in variance compared to the analytical
method. There is a small variation increase for the results
calibrated with the numerical solution of the error matrix.

Because the results of the analytical and numerical cali-
bration are in a agreement and consistent with what would
be expected of an asymmetrical, reciprocal device [52] we
are confident that the AVNA is now complete and vali-
dated. Further validation can be achieved with compari-
son to results simulated by means of CFD, but this is be-
yond the scope of the present work. It should also be noted
that there are no physical standards that exist to allow for
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Fig. 18. Comparison of parameters S»; and S;; obtained by nu-
merical and analytic solution of the error matrix. The same raw
measurements of standards are used in each case.
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Fig. 19. Comparison of parameters Sj, and Sy, obtained by nu-
merical and analytic solution of the error matrix. The same raw
measurements of standards are used in each case.

the comparison of this measurement instrument to another.
Alas, this is one of the problems the authors wish to address
with the development of the AVNA.

4.3 Comparison of Corrected and Uncorrected
Data

Figures 20 and 21 present uncorrected and corrected
measurements of a zero-length thru re-connection. The
data is presented in Smith Chart form, as is customary in
the RF world. Smith charts present magnitude and phase,
but sacrifice the visibility of frequency. Data runs from
1220 to 1980 Hz. The plots are presented separately as the
corrected data for a zero-length thru appears as a single
point and can be hard to identify. The uncorrected data
shows the wildly-varying magnitude and phase typical of
raw data. In the case of Figure 21, the zero-length thru data
is indicative of the repeatability error. Some data has been
removed, especially between 1780 and 1820 Hz, owing to
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Fig. 20. The S;; and S3; values of an uncorrected thru connec-
tion plotted on a Smith chart. Frequency runs from 1220 Hz to
1980 Hz.

Fig.21. The S} and Sy; values of a zero-length thru after correc-
tion plotted on a Smith chart. The zero-length thru data are close
to being points so appear as single symbols.

low confidence caused by the selection of sliding load posi-
tions. On our prototype it is not possible to check coverage
gaps resulting from load position selections in real time, as
might be the case on an integrated real-time instrument.

5 SUMMARY AND CONCLUSIONS

This manuscript presents the first acoustic, vector-
corrected, 2-port, network analyzer. Like any new high-
performance measurement instrument, there are several
separate advances required to realise the final instrument.
There must be hardware that achieves directionality, for
which we have relied upon a decades-old design by La-
gasse, elegant but neglected. There must be calibration and
verification standards. For these, we have mined the rich
history of electromagnetic VNAs, adapting technologies
such as the sliding load and (passive) asymmetric, recip-
rocal devices to the acoustic domain. There must be an
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interconnection mechanism for the acoustic waveguides
that is highly repeatable, for which we designed a flanged
system with inbuilt O-ring seals, 3D-printed in titanium in
the case of higher frequencies and smaller parts. Finally
and most importantly, a series of measurements of known
standards must be devised that permits solution for all the
error coefficients in the system. This manuscript presents
a pathway to find the 16 complex error coefficients of a
general 2-port travelling-wave system that correct out the
imperfections of the couplers and measurement electron-
ics. This is the calibration procedure. We investigated both
an analytical and a numerical approach to solving the error
matrix, identifying the performance differences between
these two approaches. We have shown that the AVNA
instrument achieves its aim of measurement of acoustic
reflectivity and transmissivity.

A notable advance of this work lies in the standards re-
quired for calibration. All previous acoustic measurement
systems have relied to some extent upon calibration against
a standard that is not well known. For example, [4] as-
sumed a load, and [10] relied upon lossy lines. Here only
an uncertain load and a reflection plate are required.

This manuscript reports the culmination of several years
of work. Following in the footsteps of early electromag-
netic vector network analyzer development, we have suc-
cessfully built a prototype instrument capable of fast,
swept, acoustic measurements. We have verified its oper-
ation. We have demonstrated operation in two frequency
bands; extension to cover the audio spectrum is now pos-
sible. We consider that this represents a compression of
some 5-plus decades of radio-frequency measurement ex-
perience into the acoustic domain.

One criticism of this design is that each set of heads
spans just over an octave. Covering a reasonable audio
spectrum would require 8 to 10 test sets. This same crit-
icism was directed at EM VNAs as they moved from a
few GHz bandwidth, past 100 GHz to the present terahertz
range, each waveguide step adding less than one octave of
bandwidth. As time passed, directional sensing structures
with ever-increasing bandwidth were developed, and multi-
ple couplers were incorporated into single head structures.
By the end of the last century couplers whose highest oper-
ational frequency was 1000 times their lowest operational
frequency became available. We believe the same will oc-
cur when sufficient need appears in the acoustic domain.
An advantage of the acoustic impedance tube is that it can
be made to span the human audio range. [6] With fixed-
position microphones, the method relies upon a numerical
fit to separate the forward and reverse waves. Each scheme
has its advantages and disadvantages.

Applications of this instrument will continue to be found
in the future. For now we suggest

¢ rapid, precise measurement of the reflectivity of archi-
tectural and furnishing materials,

+ measurement of the sound transmissivity of building in-
sulation materials and seals,
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e determination of the resonant properties of cabinets,
tubes, and cavities such as speaker enclosures and en-
gine exhaust structures,

¢ characterisation of musical instrument components such
as organ and brass pipes,

» energy absorption provided by cavity filling materials,

» sonar visibility of insects and other small items,

e impact on sonar visibility of surface coatings,

¢ indirect measurement of biological properties of flora
correlated with sound absorption and reflection,

* non-destructive testing of composite structures, and

¢ plastic weld inspection.

Finally, we see no reason that a test set could not be
constructed with water in place of air as the conducting
medium. This would allow testing in an aquatic sonar sce-
nario.
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