ECE 403 403 Lab Manual Spring 2017

Univ. of lllinois Version 1.4 February 26, 2017 Prof. Allen

1 Introduction

This manual is designed to help organize the labs assoamatedECE 403. The main theme of
ECE 403 is to learn how loudspeakers (LS) work, and the labdesigned to give you hands-on
experience with classic measurements and theories ofppea#srs.

The basics are outlined in the textbook (Beranek & Mellow,20AIl the course material may
be found on Professor Allen’s webstteéOnce there, look to the left und&eachingand you will
find, at the top of the list, a link for ECE 403 (S2017). Once ybckoon this link, you will see
the 403 course website. There is a clickable link titl@tis week’'sschedule”, which is updated
every week, so you don’'t need to search for the date.

Lab exercises

There are 7 labs, plus an orientation (Lab 0). The topicsekths are also defined on the webSite.
They are described below:

Lab O (Feb 2, Lect 6Drientation:

a) Define teams (survey Thursday Jan 26)
b) Define goals of the labs

Lab 1 (Feb 9, Lect 8Measure test resistor:

a) Install g7play software
b) Construct op-amp circuit
c) Measure impedance of a test resistor (e.g {1k

Lab 2 (Feb 16, Lect 10Yleasure 2-port networks:

a) RC low-pass
b) Twin-T notch filter

Lab 3 (Feb 23, Lect 12Yleasure loudspeaker electrical impedance:

a) Speaker alone (unloaded)
b) Speaker cone mass-loaded
c) Compute speaker motional impedance

Lab 4 (Mar 16, Lect 18Reciprocity calibration:

a) Calibrate by placing the speakers face to face

Ihttp://auditorynodel s.org
2http: /1 audi t orynodel s. web. engr.illinois.edu/index. php?n=Cour ses. ECE403- 2016Audi oEngi neeri ng- S17#
Labs.



b) Verify calibration with probe microphone (ER-7C)

Lab 5 (Mar 30, Lect 20Acoustic Thevenin calibration:

a) Measure 2 known acoustic loads (Duct tape cavities) byinea wideband chirp from
the loudspeaker and measuring with the probe microphone/(ER-

b) Solve for acoustic Tévenin equivalent circuit (e.g. source pressure and saumpedance)

Lab 6 (Apr 11, Lect 23Measure speaker acoustic radiation impedangg( f)

Lab 7 (Apr 25, Lect 27Dptional lab (team’s choice):

a) ear-bud in ear simulator
b) Wave horn baffle
c) AR-3 Acoustic Suspension baffle

Network-analyzer (MU Box)

The labs require a specialized piece of equipment that c&e pcise frequency response mea-
surements of a 2-port circuit. This is done with what we dadl ™MJ box’, which is being pro-
vided to you by Mimosa Acoustics (Freemont St, Champaign\W\g.have four of these systems.
The MJ box is not replaceable, so if one were lost or damaged, it wouldelng serious. So
| beg you to be careful with these units. Do not remove thermftbe Lab; when you're done
with them, always return them to the locked cabinet agalresimest wall, and return the key to its
default location. We shall discuss these details during@.ahd again during Lab 1.
Unfortunately such analyzers are not readily availablethdly were, at a reasonable price,
we would be using something other than the Mimosa MU-box. ld#wackard once sold such
a system that worked in the audio range (HP-3317), but | bxelirese are now only available
second-hand. A list of application notes are still on linevewer, and these are worth a lodk.

Theory of use: The Network-analyzer (NA) puts out a periodic stimulus,¢gtly a short wide-
band signal (e.g. a chirp), and then captures the respongstsignal, in a time-synchronous
manner. This requires the output and input to be precisekeld in time. It is this requirement
which makes this equipment special. This time-synchrdiurds best done at the codec (hard-
ware) level. To make accurate phase measurements, it istiedsieese be synchronized exactly, to
the sample. Furthermore there can be no jitter between tipeioand input samples, or the system
will totally fail to make an accurate measurement.

The output stimulus is repeatédtimes; the response blocks are simultaneously captured and
then averaged together. In this way, noise is averaged suit i&anot locked to the stimulus, thus
appears random over time).

Finally the response de-chirped which means the phase of the stimulus is removed from the
time-averaged block. Both the stimulus block and respormeklare typically taken to be a power
of 2 (e.g.,NF'T = 2048 samples), so that a standard FFT may be used to deahsprtiulus. You
will find the steps that do this operation in the Matlab/Oetawutine. / bi n/ show.dat a. m at
theG7- sof t war e link on the website (second bulleted item at top of the page).

Shtt p: // na. support . keysi ght. coni f ag/ Docunent _| i st. htni



The MU Box has 2 output channels, CHO-OUT & CH1-OUT, and 2 inpatnetels, CHO-IN
& CH1-IN. Itis designed to function over the audio frequenagge, (e.g. human hearing 0.01-20
[kHz]).

1.1 Lab O (Feb 2)

In some ways, Lab 0 is not a lab, since there is no assignméetgdal is to set up the teams, of 4
or 5 members. These are selected so that there are four camojest on each team (i.e., each team
has a good balance of skills):

1. Organizer
2. Matlab/Octave programmer
3. Technical document writer

4. Electronics specialist

Organizer: This is the person who makes sure that all is running smaofttilis does not mean
he/she has control of the project. They are not a “boss,érdtfis person is responsible for making
sure that the team is working efficiently, and keeps trackefichedule, so there is minimal chaos.

The first job of the Organizer is to work out a unique name farmgroup. The team needs to
agree on this name. It is an important identifier that will Bediby all of us to know who is doing
what.

Programmer: This person takes primary responsibility to assure the ésdmoperly main-
tained. If others contribute to the code base (hopefullyyewge contributes), the Programmer
assures that the code is backed up, and organized in a prepeem

Technical writer:  This person has a very important job, of collecting the fssand putting it
in an organized coherent format. Hopefully this person ka#heX, as that is the only documen-
tation system that delivers a high quality output. By congaarj Microsoft Word is a very poor
substitute (it is quite poor at doing math and figures). Leaymow to use a text editor is very
important. | don’t care what you use, as long as it is not M3dwo

Electronics: This person is someone who understands how to make an optarap, @and keep
it running. He or she knows how to verify that the battery i$ dead, and knows how to verify
that the circuit is working. This person knows how to use gsand a multi-meter.



1.2 Lab 1 (Feb9)

Figure 1. Some equipment you will use in the labs.

Part 1: Installing the G7 Software package

What you need:

1. One (or more) computers with access to either Matlab ocav@ctMatlab requires a software
license, which you can get through the university as an emging student (but it requires
a remote connectidh Octave is open-source (free), and the G7-Software packaguld
run on Octave as wellTA NOTE: Octave’s graphics are quite slow for me, but remote
connections can also be slpw

Octave has one bug that we know of, which has a simple wonkrarolt will crash if you
try to save the graph using tipg i nt command (e.gpri nt -dj pg Fil enane). For
details type eithedoc pri nt orhel p print atthe Matlab/Octave command line. The
workaround is to turn off the graph before calling the priatrenand, and then turning it
back on once the file is written. The command to do this is

% Not tested on every possible platform
h=fi gure;
%rake figure, ready to print
(your code to make figure)
% ow print

set(h, ‘visible, “off’); %wrk-around for printing with octave
print -depsc2 figure %enerate a level 2 color eps file
set(h, ‘visible, ‘on);

If this fails, please let us know.

2. An ‘MU box’ (the white box with 2 cable inputs). There are 4JMboxes. These will be
shared between teams (each team will have their own durgigldb session, but another
team will use the same box in a different session).

“https://it.engineering.illinois.edu/ews/lab-infortiom/remote-connections
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3. USB cable connection between the MU box and your comptiter ¢ther MU box in-
put/output will be connected to your test circuit, you daréed this now)

4. The G7-Software package (to download all files, downladidzip’) from the course website,
which runs the g7play executable to send and receive sifnoatsthe MU box.NOTE: The
directory structure matters when you run the top-level paogr un_g7pl ay. m

Command Prompt

picrosoft Windows [Version 18.8.18586] .
{c} 2815 microsoft Corporation. all rights reserved.

C:\Users\Sarah>cd Documents
C:\Users\Sarah\Documents:>cd g7play

C:\Users\Sarsh\Documents\g7play=g7play -h
Usage: g7play [/H] [/B blocks] [/ blocks] [/5 samples] [/F hz] [/L loop] [fa ip:pert]
[fcch file] [fuch prefix] [/R file] [/T] [/I] [/G path] [/p mask] [/P] [/X]
arguments can be upper or lower case, prefixed with / or -
JH or J? prints usage information
J¥ specifies the codec sample rate (e.g., 4@e28)
fB specifies the number of blocks to send (default = 188)
JgQ specifies the number of blocks of guiet to send before data blocks (default = 18)
JE specifies the number of blocks of gquiet to send after data blocks (default = 1)
/5 specifies the number of samples per block (16..85536, default = 1824)
JF specifies the approximate sine wave frequency (default = 448 Hz)
/M specifies the sine wave amplitude (2.2 to 1.8) (default = 1.8)
fL selects loopback (default = none)}, choices are:
none (Mo loopback)
server (Loopback within server software)
i?s (Loopback on 1-bit digital path to codec)
fo specifies IP address and port (default = 18.77.85.1:1824)
Jcx saves captured audio from channel X to the specified file
fux saves each bleck N of captured audic from channel X to a separate file named prefix.N
SRz reads playback audie for channel X from specified file
ST uses non-sudic test pattern instead of sine wave
FZ (zero) uses silence instead of sine wave
fw requests ramp-up and ramp-down blocks
/1 specifies infinite timeouts for server communication, for debugging
JNx analyze input channel X {enly one channel may be analyzed)
f6 specifies log path (defaults to stdout if not specified)
/o specifies g7client debug mask (defaults te @ if not specified)
/P capture response to all cutput, even quiet and ramp blocks
f® send single extended sequence; requires fR; ignores (B /F /M JT JZ /W [N

C:\UsershSsarah\Documentsh\g7play:

Figure 2: The command7play -h, and resulting information about g7play.

g7pl ay Basics You may run the MU box by interacting with executable routmeépl ay
(g7pl ay. exe in MS-Windows) using a command-line shell, suchbash, or MS-Windows
cnd.

1. Download/install the g7play software from the course siteb

(a) Go to https://web.engr.illinois.edujontalle/uploads/403/G7-software/

(b) Just g7playFind the g7play program for your operating system and doadlihat
program only.
G7 Software Packag&ownload ‘all.zip’ or ‘all.tgz’ to get all programs to comirthe
MU box from Matlab or Octave (you may need a specialized @ogto unzip ‘tgz’
files - in Windows, you can use a program called ‘7-Zip’).
NOTE: For Windows, you need to install a driver ‘mimosa.infiisican be found the
in the ‘DRIVERS’ folder. Download the file, then right-clickdachoose ‘install’

2. Testing g7play in the command line (you don’t need the MW foo this)
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(&) Open a command prompt and navigate to the folder whergtpky program is lo-
cated (e.g., using the command to ‘change directory’ - if you aren’t familiar with
the command line, find a web tutorial).

(b) Typeg7play -h. This command should return detailed information regaydire use
of g7play (Fig. 2).

(c) Try typingg7play (this command alone will run g7play using all default pargens).
Because the MU box is not connected, this should return am eressage ‘Not con-
nected.’

NOTE: For a Mac, it may only work if you use the command *./g7pfather than
‘g7play’ - in Windows, ‘\g7play’ should also work, and in Linux ‘./g7play’ should
work. In general, Mac and Linux file paths use forward slashes)ewlindows
uses backslashes. Therefore, if you want to call g7play whanaguorent directory
is one folder above it, the command would be ‘./foldernanm@ay’ (Mac/Linux) or
‘.\foldernamé&g7play’ (Windows).

NOTE: If you get the error message “g7play’ is not recognizedheck your syntax
and current directory (relative to the location of the exthle file).

3. Testing g7play with the MU box.
NOTE: Many of the following tests can be run from the commareddirfrom Matlab (or Oc-
tave) using the functiogyst em m which takes a string input (e.g. typg'st en( * your
command’ ) into Matlab’s command window). Remember, the syntax of howcgibthe
g7play executable depends on what directory you are in radath where the executable is
located!

(@) (Just g7playConnect the MU box to your computer via USB. The LED on the box
will blink blue while connecting. Once the LED turns gredme MU box is ready.

(b) The IP Address for the box is 10.77.65.1:1024. You catafging’ the MU box using
the command ‘ping 10.77.65.1’ - this tests communicatiogr tre USB connection.

(c) Now try the commandg7play. With the default parameters (shown in Fig. 2) g7play
is sending 100 blocks of length 1024 samples playing a sine\aa approximately
440 [Hz]. You should see many messages such as ‘got 2 blooksdi_readinput...
showing that data blocks are being returned (these are elg@tause you have no
voltage input plugged in).

(d) Try modifying the g7play parameters (e.g. using commsasuth ag7play -b 10 -f
1000.

(e) (G7 Software Packap®un g7play from Matlab and view data (or in this case view
noise - since there is no circuit hooked up!)

i. Try running the programun_g7pl ay. mwhich calls g7play from Matlab (or Oc-
tave). Make sure your current directory in Matlab is the lewtgerer un_g7pl ay. m
is located. Go to the top of the program and uncomment/corougle to choose
your operating system.

ii. Go to the progranshow.dat a. mand try switching the binary flags that allow

you to plot the impedance (note this plot is for a specific ¢egsuit) or the stimu-
lus.



ight (unused)

round

(Generic sound connector,

N

Figure 3: Description of 3-wire audio cables and breakout liach channel on the breakout box
has two terminals: signal and ground. Because the audioal#efor stereo sound, we have one
unused wire on each cable. You will connect the signal andrgtavires to your breadboard.

Interlude: Getting to know the ‘Breakout Box’ The ‘breakout box’ takes 4 headphone jack (3-
contact, tip-ring-sleeve (TRS) 3.5 [mm] plug phone conngatguts, for each of the two outputs
(CHO-OUT and CH1-OUT) and two inputs (CHO-IN and CH1-IN) of the \Bdx. Each of these
inputs and outputs has two terminals: signal and ground. iecthe audio cables have 3 wires
(for stereo sound: left, right, and ground), one of the wikdsremain unused. Figure 3 one of
the cables we have for the lab, marking which wire is whichhsa you will know which wires to
connect to your breadboard circuit. Using a multimeter, gan easily check which wire connects
to which region of the plug (which wire is left, right, or gnod). Some other cables we have with
the lab equipment have 2 wires (left and right channels) plsisield (ground).

Part 2: Building the Op-amp circuit

NOTE: Once you have made the breadboard, store itin a pretectintainer (e.g., Tupperware)
with your Team’s (or your Organizer’s) name on it, for quickmdification. Good to leave a phone
number as well.

Your breadboard will have two main interconnected circultgircuit to power your op-amps, and
a circuit to measure a test impedance. Please study bothgddhe circuit (Figs. 4 and 5) before
you begin, so you can plan you breadboard accordingly.

1. Op-Amp circuit Build the Op-amp breadboard that we will use to measure tidsjoeaker
impedance, as described below and shown in Figure 4. Thegermpf the Op-amps is to
isolate the measurement from the finite impedance of the MXJ Qe circuit diagrams
of the MU box are provided in the ‘DOC’ folder of the softwareckage. Based on these
circuit diagrams, one may determine theeVhnin source impedance of the output voltage,
and the input (load) impedance of the input circuits. Theeetao critical op-amps, one for
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+6 V rail
“Virtual ground driver”
“Rail splitter” “Voltage follower” “Voltage follower”
RD
Battery ——
(eg.12V) —T—
RD
-6 Vrail — v
CHO-OUT MU Box
to circuit CH1-IN
4\ CH1-IN
MU Box from circuit
CHO-OUT Note: We don’t need a voltage follower on CH1-IN
because it measures right next to CH1-QUT

Figure 4: Circuit to power the op-amps. We split the batteryage to power the op-amps using a
voltage divider (e.gR, = 10 [k€2]).

Measure a Test Impedance

CHO-IN
(no Op-Amp)
CH1-IN
CHO-OUT o—Y— . to Op-Amp
from Op-Amp

(Impedance to measure)

R

(Reference resistor)

ref

1

Figure 5: Circuit to measure a test impedance. The referessistor R,.; should have an
impedance magnitude similar to the test impedance.

output and one for input. The first input does not need antisol®p-Amp since the output
of the the first Op-Amp is zero ohms.

2. Impedance-measurement circdBuild the circuit shown in Figure 5, connecting to the op-
amps and the MU box as shown in the diagram. To measure ananped’/I) we need to
know the current, but the MU box measures voltages. Usindtage divider with a refer-
ence resistor?,., you can calculate the current, and thus measure an unkmopediance
Ztest-

The voltage across the unknown impedawgg; is Vi..; = Vo — V4, and the voltage across
the reference resistor 1§.

Vi Vo — W1 Vo
veszv_v7 ]es: s Zes :Rre :Rre ——1 )
test 0 1 test Rres test(f) f 7 f <V1 )

The reference resistor is typically 0.5 — 2 k(2. The optimum value depends on the load
being measured. If you have a poorly choggpy value, the answer you get fd...(f) will
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be noisy. Be sure to look at the ratio of the two impedances (#quires a guess regarding
Zyest, OF an initial noisy test, followed by a new test with a bettkosenr,.. ). If the ratio of
the impedances is either too small or large compared to fie tkex problem that you need
to resolve; either the two measured voltages are almosttine €;.../R,.; — 0), and or
the current is very smallg, .,/ R,.; — 00).

To test/debug this circuit:

(a) Place a “test resistor” (of known impedance) in seridh tie reference resistat,. ;.
Your test resistor should occupy the placetf,; in Figure 5.

(b) Drive the circuit from CHO-OUT of the MU-boXNOTE: If you do not use an Op-amp
with a low impedance output (0 [ohms]), as described in Figy@yr results will not
be as good as they could be.

(c) Use two inputs (into the MU-box), taken across the ‘tesistor’ terminals. CHO-IN
should be connected to the “high” side of the speaker, and IBHdennected at the
place where the speaker and reference resistor are joiseesaribed in Fig. 5.

(d) Run the Matlab programun_g7pl ay. mto play a wideband chirp on CH1-OUT
(NOTE: The G7-software package we distributed plays chirps d¢im dagtput channels
by default. Since CH2-OUT is not hooked up, this is not a propleThe program
show.dat a. mcomputes the impedance using the equations given above:

I. Make sure to set the reference resistor vd&tuef in the code to match the actual
reference resistor in your circuit

ii. Setthe Boolean flagl ot _i npedance=1; so you can view the impedance you
are trying to measure.

If all goes well, your impedance plot should show a magnitumigedance matching your

test resistor (constant across frequency); the impeddmddsbe real, meaning its phase is
approximately O for all frequencies. In future labs, youwddaise this test resistor method
to check that your circuit is working, before measuring aknawn impedance (e.g. the

loudspeaker).



1.3 Lab 2 (Feb 16)

NOTE: Every time you set up your lab circuit for the day, we sagtiet you do a quick test with
aresistor, as in Lab 1 (Fig. 5) to make sure everything is ragrproperly!!!

For this lab we will measur2-port networks (e.g. networks having both an input and an out-
put). You will analyze the data you collect in this lab as pE#rHomework B (assigned Feb 7,
DUE Feb 21).

By definition al-port network has two terminals (signal and ground), while a 2-pas 4
terminals, two of which are likely connected to a comngooundpoint. Thus in practice most 2-
port networks (or simply 2-ports) are three wires, broketresul wires. For example, a transformer
is a true 2-port (four wire) network. An FET transistor is @Bminal network. A diode and a
resistor are 1-port (2-terminal) networks.

We can measure the input impedance of one of the two portsaayngl a resistor in series with
it, allowing one to simultaneously measure the currentubhoit, and the voltage across it. When
properly measured, one may find the complex input impedalefaned as

Vin(f)
Lin(f)
whereV,,,(f) is the complex voltage ang,,(f) is the complex current across the input terminals
of the network we wish to characterize.

Zin(f) = (1)

1.4 A brief review of 2-port matrices

NOTE: We will use the subscript ‘1’ to represent the left sidamarbitrary 2-port network, and
subscript ‘2’ to represent the right side. These subscrjaisiot correspond to CHO and CH1 of
the breakout box (this depends on your measurement ciroaftguration)!!!

Il b €< |2
*—— —
+ +
Vl Ttest Vz
o—— —

(Two-port network to measure,
characterized by ABCD matrix T oc;)

Figure 6: Both currents are defined as into the ports. Thuspwieelook at the ABCD matrix
representation, you will usually see a negative curreft which is the current flowing out of port
2, to the right.

The relationship between the two sides of the unknown twivipajiven by the transmission

matrx A B Vi A B| |V
e[ 9[- L

where both currents are define as pointing into the port agyjur& 6 (e.g.; flows to the right,/,
flows to the left). This transmission matrix is related to itinpedance matrix by

Vi 211 22| | 1A Af] L
{VZ} - lzm 222} [[z] ~C {1 D] [[2] 3)
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whereAr = AD — BC is the determinant of the transmission maffix,;.

1.4.1 Reversibility of the Transmission matrix

Reversing the direction of the network, by taking the matnverse, and reversing the signs of
1, I, results in

a_[w_ 1 [p Bl [w
T = {IJ Ay |C A||-L @)
Thus if A = D andAr = —1, the matrix is reversible. The low-pass filter and twin-T-net

works, analyized below, are examples of reversible netsiofkmoments thought should convince
you that a loud speaker is not reversible, sinfcet D. When A = D, andAr = —1 the matrix is
anti-reversible®

1.4.2 Reciprocity of the Transmission matrix

The determinant of every passive transmission matrix reeett1 or -1. If the system igciprocal
the At = 1. If the system is anti-reciprocal thehr = —1. For example, an ideal transform,
having a turns ratio oiV, has theT' matrix

m - []t\)[ 1/0N] [—VZ} |

The ideal transformer ieciprocalsince the determinant is 1. Also a transformer ismewersible
(A # D), and it ispassiveandloss-less
A gyrator havingl, = [ B, has dT' matrix

HE A

Thus a gyrator is anti-reciprocal since the determinantis Any circuit containing a single
gyrator will be anti-reciprocahut is reversiblelt is alsopassiveandloss-les$

1.5 Measuring 2-port parameters

You will measure two networks provided to you,law-pass filter and atwin-T (notch filter)
network. Here are some tips:

e You have the ability to measumltagesdirectly, using the MU box

e If you wish to measure aurrent, you will need a reference resistor of some sort (i.e. by
measuring the voltage across a known resistor, you canlatddhe current). This can be
like your circuit in Fig. 5, or you can measure the voltageoasra known resistor inside the
2-port you are trying to characterize

¢ To find impedance and ABCD matrix values, often you will wanbpen-circuit (I = 0)
or short-circuit (V' = 0) across the output (or input) terminals of the 2-port. Coarsttle
matrix equations given in the previous section: each matixation gives 2 equations, each
in terms of 3 out of the 4 quantitidg,V5,/;,and/,. By short- or open-circuiting one of the
ports, you can generate relationships between 2 of the 4itjgapand the matrix elements.

SReferences?
SMagnetic-flux diffusion effects introduce losses and nosdir effects (Kim and Allen, 2013).
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Measure Input Impedance of 2-Port ? ? Measure Voltage Transfer Function of 2-Port
(2-port output: open circuit) (2-port output: open circuit)
- CHO-IN
CHO-IN § (no Op-Amp)
(no Op-Amp) - CHIIN
CHLIN CHO-OUT o——o—— L@ toOpAmp
CHO-OUT ® P’ ‘ ‘ to Op-Amp from Op-Amp
from Op-Amp (Two-port netwerk to measure, TTESt
characterized by ABCD matrix Tres:)
Rt .—I__._ j
(Reference resistor) — —
[ (Two-port network to measure,
| characterized by ABCD matrix Tie)
Measure Input Impedance of 2-Port ?—? Measure “Transfer’ Impedance of 2-Port
2-port output: short circuit, ‘measure 2-port output current using R, CHO-IN
P put: short circui P P ing Reeg
- (no Op-Amp)
CHO-IN 4} CH1-IN
(no Op-Amp) [ CHO-OUT o —0— to Op-Amp
CH1-IN from Op-Amp
CHO-OUT ® P’ * & to Op-Amp
from Op-Amp (Two-port netwerk to measure, TtESt Rref
characterized by ABCD matrix Toey))
(Reference resistor)
Rt
(Reference resistor) .:I__._
— (Two-port network to measure, —
[ I = characterized by ABCD matrix Tre) =

Figure 7: Circuits to measure the input impedance and trahsietion of a 2-port network. When
using a reference resistd,.;, remember it should have an impedance magnitude simildreto t
test impedance.

Figure 7 shows some test circuits you can use to find the elsnoérthe ABCD matrix, or
the impedance matrix:(, z12, 221, 222) (NOTE: Once you know all elements of one matrix, you
can solve for the othgr. There are other ways you can measure all four elemenssistonly one
option. Considering Figure 7:

e Top-Left: (Inputimpedance ¥, /I;) Measuré/; and/; with I, = 0 (port 2 open-circuited).

From Equation 3 this gives
A

=ZzZ11 =

I»=0 C

"
L

e Bottom-Left: (Input impedance 3/ /1;) Measurel; and I; with V, = 0 (port 2 short-
circuited). From Equation 4 this gives

Vi
I

B
L=0 D

If we take the inverse of the Z matrix in Eg. 3, we can also show quantity is equal to
AZ/Z22.

e Top-Right: (Voltage transfer function 3,/V;) Measurel; and V; with I, = 0 (port 2
open-circuited). From Equation 2 this gives the voltagagfer function

Vi 1

71 L= A

e Bottom-Right: (Transfer impedance ¥, /I, (or V5 /1))
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Method 1: Measuréel, V5, andl, as in the Figure. Using a reference resistor, we find
_12 - ‘/2Rref

From Equation 2 we have
Vi = AV, — B,

Thus, putting these equations together we have

A
= — - B
Vo=—TIs/Rycs Rycs

Vi
I

Method 2: Short circuit the output terminals of the 2-port to measure

Vi

2 =-B
I

Vo=0

To getl, in this case, you must use a reference resistor that is adtesrthe network (this
might not be possible for every type of 2-port; you can't dimitthe Twin-T). For example,

in the case of the low-pass filter, the resistty is directly in series with the terminal on
the right-hand side. By measuring the voltage across thistoege.g. this resistor becomes
R,.; in your calculation ofl,, since it is followed by a short to ground), you can calculate
Vi/ L.

Thus, we have 4 equations in 4 unknowds B, C', andD), so we can solve for the impedance
and transmission matrices.

NOTE: You can also get all 4 elements by measuring the inpwgdapce and voltage transfer
function (Fig. 7 top-left and top-right) of the network, thewapping the ports and making the
same 2 measurements. Can you figure out how to do this?

NOTE: The networks we are measuring in the lab have some symim&uycan use known
symmetry to decrease the number of measurements you haakeo €an you figure out how to
do this?
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1.6 Lab 3 (Feb 23)

NOTE: Every time you set up your lab circuit for the day, we sagtiet you do a quick test with
aresistor, as in Lab 1 (Fig. 5) to make sure everything is ragrproperly!!!

Figure 8: The loudspeakers we will measure in this lab.

This is the first lab to work with a real loudspeaker, showniguFe 8. These speakers are of
low quality (the cone is made of cardboard!). We use low dqualbeakers because they are easily
damaged, and they make the points required of the lab.

In this lab you will measure the electrical input impedange E wheré!/ is the voltage across
the speaker and is the current through it. The loudspeaker will beserieslike your resistor
from Lab 1, so you should connect the loudspeaker accordirggure 5. The loudspeaker has
two terminals; when you swap the two terminals, the polasftyhe acoustic signal will change.
Note the red dot next to one of the terminals. Take this as plsitive” terminal. So for some
later experiments, this could make a difference in yourlteshut not for Lab 3. Note that these
terminals represemneside of a two-port network - in the case of the loudspeakerpther side
of the network is the acoustical signal (pressure and voluglecity) at the loudspeaker cone.

A typical speaker impedance magnitudg,..(f)| is given in the text - our loudspeakers have
a DC resistance of around ®]. You need to know this value to properly choose an initiduea
for R,.; - you can start with?,.; ~ 100 [©2]. If your measurement is noisy, you should check
your op-amps and/or adjust your value®f.;. When measuring and analyzing the loudspeaker
impedance, do not forget that ., (f) is 1) frequency dependent, and 2) is complex. Itis necessary
that the real parRZ(f) > 0 (it must be positive). Since

%Zspk:r(f) = Rref (%E — 1) > O,
Vi

it is necessary thak (V,/V;) > 1.” This means that the phase is betweed)° (—7/2 <
LVy/Vi < Zm/2), and the magnitude be greater than 1. This relationship<idical to any
good network analyizer measurement. Furthermore thesaveéourier transform of (f) < z(t)
must be causal and real far( ) to obey the network postulates.

"This is also be true of the circuits from Lab 2.
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1.7 Reflectance

Any measured values of the normalized impedance have atrefleoefficient that is given by

Z — o
1) = T(f) = Zr.

wherer, is given byr, = z(0). From the inverse of this relationship
1+T(f)
“1-T(f)

Once you have measured any impedance, these relations nvayifoed using the Fourier Trans-
form pair given in thebi n directory of the G7 software=f sst ( Z) andZ=f ast (z) .

2(t) = Z(f) =r

2 Todo:

There are several goals for Lab 3.

1. First you must measure thwaloadedspeaker impedance. Unloaded means that the speaker
is facing up, so that the sound is unobstructed. Save theatgéor later analysis (zip the
files in thedat a folder, and give the zip file a name that is meaningful.

2. Next you are to measure tleadedspeaker impedance. This should be done two different
ways. First by placing the speaker face down. Save thes#égeslhen again with the
speaker facing up, loaded with a plastic bag filled with bedhk®own mass. This condition
will be discussed in the lab.

3. The third goal is to estimate the motional impeda#gs (s).

2.1 Motional impedanceZ ot

The motional impedance is defined as the difference in thesuned electrical impedancg,,(s)
with T,, = 0 versus withl,, = [ B,. Note that if the speaker is blocked (the velocity is zeff),is
the same as whéen, = 0, andZ;,, = Z.. Thus, the most practical way to measuids to measure
the input impedancg;,, with the speaker cone blocked.

In class the Hunt equation was found to be

VI Z(f) T |1
F|\ | =T Z,||U
wherel” and! are the voltage and current at the loudspeaker terminalsi’aandU are the force

and velocity of the loud-speaker motor driving the cone. Whpedance matrix for the speaker

motor are

V _F

Ze = 7 s T=— -
(f> I U=0 U I1=0 I

Transforming this into a transmission matiX /) gives

-6 =)L 1 31155 =)

8.e.,Speaker Upl npedance. zi p

U=0

15



as discussed in class, and given on p. 109, Eg. (3.55) of #te Recall that the transduction
coefficientT, = B,l, whereB, is the flux in the magnet of the speaker, dnd the length of the
wire.

From theT( ) matrix we may also calculate theaded electrical impedande.g. the impedance
we would measure across the speaker terminals given &gad

V. ZF —(ZZpn+T2U T2
ZZTL = — = o = Ze —O’
|Z’ 1 F -2z, U i Z1+ Zpy,

where the mechanical impedance loadlis=s —F/U. This is Eq. (3.36) on page 110 of the text.
The motional impedancg,y, (s) is defined as
77
Zm)t (S) = Zi”’Zl — Ze = m
Note that in the text, Beranek and Mellow (2012, p. 110) refex 1, (i.e., the measured electrical
impedance) Zgr".

This equation is important because, assuming we kilpwZ,(f) and Z,,,(f), we may find
the load impedancé,(f) by measuring the loaded electrical impedance. This poidtaihers
are carefully made, at the bottom of page 110 of the text. Seleaad this paragraph carefully.
Conversely, we can use a set of known loZg$o calculate the parameters, Z.(f) andZ,,(f).
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2.2 Lab 4 (Mar 16)
2.3 Goals:

1. Use aeciprocity calibrationto estimate the loudspeaker (LS) sensitivity.

2. using a probe-microphone to verify the results.

The termreciprocity calibrationrefers to a method of independently finding the transduction
parametet3,/, without the use of a calibrated microphone or source of dolthis method is fa-
mous because it was used to calibrate the first microphoe&sdmany other method was available,
as an acoustical standard. Prior to that time a Rayleigh déskuge as a sound source (Rayleigh,
1896).

As reflected in the name of the method, one of the main priesiplehind this method are
that the loudspeaker is reciprocal (or anti-reciprocalthie case of an electrodynamic speaker)
(Beranek and Mellow, 2012, p. 539).

Two loudspeakers are place face to face, and the first isrddlectrically, and the second is
used as a microphone. This method requires the following tinue:

1. The two LS are identical in there characteristics.

2. There is a know acoustic load impedance between the twakspe This is typically as-
sumed to be a small complian€g determined by the volume of air trapped between the
two speakers. Thus this volume must be estimated.

3. the two LS areeciprocal (Beranek and Mellow, 2012, p. 539). A reciprocal system has an
impedance matrix such that, = +25;. In terms of the transmission matrix this is the same
asAr = +1 (Van Valkenburg, 1964, Table 11-3, p. 311). When a systenxipnmecal, the
sign is+, and when it is anti-reciprocal (the case of the loudspgakee sign is— (Kim
et al., 2016, Citations on Lect 6).
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2.4 Lab 5 (Mar 30)

Next we measure the acousticévenin impedance of the loudspeaker. This is much morewliffic
than measuring the electrical impedance. In fact it is haaligh that you may not be successful.
But we will try none the less.

The theory here is to measure the speaker pressure at thietinppmo acoustic loads, and
from this, in theory, one may calculate the source impedancepressure. This method uses the
voltage divider equatiofi.e., pressure divider equation, for acoustics). Thisatiqu says that
if two known impedances, in series, are placed across ag®liice, pressure) source, then the
volume-velocity is

PS(f)

AT EST

where P;(f) is the unknownThévenin source pressure,(f) is the unknownThévenin source
impedanceZ;(f) is one of the two the load impedances (both assumed to be Bnanal/ ( f) is
the resulting unknown volume velocity.

The pressure at the input to the cavity is measured with eopimne, for each load impedance.
This results in the linear relationship

Z(f)
P(f)=P(f) == S
There are two such equations, one for each load condiiof) for [ = 1, 2.
To find P,(f), Zs(f) we must solve a 2x2 system of equations
—Z1 P |Fs| _ |~

= rllz)-1) ©
This equation comes from the reorganization of £g. Taking the inverse of this equation gives
the source parameters

PS _ i P2 Pl Pl (7)

Zs| A \|Zy Zi| |—P|’

where the determinat&(f) = P, Zs — P2 Z;.
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25 Lab 6 (Apr 11)

Next we attempt to measure the radiation impedance. Of edinding this requires knowledge
of the Thevenin source parameters. Now EQq.5 holds, but the meanitigeofariables changes.
The load impedance in this case is the radiation pressunehwe can directly measure, while
the radiation volume velocity must be estimated from Eq. 5.
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2.6 Lab 7 (Apr 25)

Finally we have a lab where you get to pick one of three diffeteings to measure. The first
option is switching to an ear-bud and measure the pressy@umnear (or an ear simulator). The
second option is to make a horn baffle (out of cardboard) asiddbthe speaker performance with
and without the baffle.

The third option is to put the speaker in a sealed box, of justright size, so that the air
volume behind the speaker acts like a spring. This configuras call an Acoustic suspension
loud-speaker, first make popular the Edward Vilicher, sametiround the 1950s, with his famous
AR-3 (the name of the company was Acoustics Resedrch).
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