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Since Vp and o are both constants, the linear relationship
between the applied stress P and the output voltage Vou makes
the piezoresistor a natural sensor for detecting or measuring
mechanical siress. However, we should examine the sensitivity
of such a sensor, As a reference, a finger can apply about 50 N
of force across an area of 1 cm? (10_4 m?), which is equivalent
to a pressore P = 5 x 10° N/m?. H the piezoresistor is made of
silicon with & = —1 x 10~? m?/N and if the dc source in the
Wheatstone bridge is Vo = 1V, Eq. (2.51) yields the result that
Vou = —125 pV, which is not impossible to measure but quite
small nevertheless. How then are such pressure sensors used?

The answer is simple: We need a mechanism to amplify the
signal. We can do so electronically by feeding Vo into a high-
gain amplifier, or we can amplify the mechanical pressure itself
before applying it to the piezoresistor. The latter approach can
be realized by constructing the piezoresistor into a canfilever
structure, as shown in Fig. 2-38 (a cantilever is a fancy name
for a “diving board” with one end fixed and the other free).
Deflection of the cantilever tip induces stress at the base of
the cantilever near the attachment point. I properly designed,
the cantilever—which usually is made of silicon or metal—can
amplify the applied stress by several orders of magnitude (see
Example 2-16).

When a force F is applied on the tip of a cantilever of
width W, thickness H, and length L (as shown in Fig. 2-38)
the corresponding stress exerted on the piezoresistor attached
to the cantilever base is given by

p= ML
WH?

(2.52)

Determine the ontput voltage of a Wheatstone-bridge circuit if
F =350 N, ¥y = 1V, the piezoresistor is made of silicon, and
the cantilever dimensions are W = 0.5 ¢cm, H = (0.5 mm, and
L =1cm.

Solution: Combining Egs. (2.51) and (2.52) gives
Vo FL
Vou =0 @

50 x 1072
(5 x 107) x (5 x 102

:%x(el x 107%) x

=—-0.1V.

Example 2-16: A Realistic Piezoresistor Sensofr . |

The integrated piezoresistor—cantilever arrangement gener
ates an output voliage whose magnitude is on the order of 80)
times greater than that generated by pressing on the resistoy
directly!

Concept Question 2-15: Does compression along the
current direction increase or decrease the resistance?
Why?

Concept Question 2-16: Why are piezoresistors placed
at the base of cantilevers and other deflecting structures?

. Ewercise 2-12; What would the bﬁipﬁt %oltag'e associated |
with.the circvit of Fxample 2-16 change to, if the
_ cantilever thickness is reduced by a factor of 27. .

Answers V;m:t_'—'_—.—'_()A V. (Seé @) Sl

2-7 Introducing Multisim

Multisim 11 is the 1atest edition of National Instrument’s SPIC
simulator software. SPICE, originally short for Simulatio
Program with Integrated Circnit Emphasis, was develope
by Larry Nagel at the University of California, Berkeley, i
the early 1970s. It since has inspired and been used i
many academic and commercial software packages to simulat
analog, digital, and mixed-signal circuits. Modern SPIC
simulators like Multisim are indispensable in integrated circu
design; ICs are so complex that they cannot be built and teste
on a breadboard ahead of production (see Technology Brief 5 o
page 120). With SPICE, you can draw a circuit from a library
components, specify how the components are connected, an
ask the program to solve for all voltages and cuorrents at an
point in time. Modern SPICE packages like Multisim includ
very intuitive graphic user interface (GUT) tools that make bo
circuit design and analysis very easy. Multisim allows the us
to simulate a laboratory experience on his/her computer ahead
of actually working with real components.
In this section, you will learn how to:

e Set up and analyze a simple dc circuit in Myhisim.

s Use the Measurement Probe tool to quickly solve for.
voltages and currents.

e Use the Analysis tools for more comprehensive solutions.:
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Piczoresistor

Deflected position

will return to these concepts and learn to apply many
ther analysis tools throughout the book, Appendix C provides
‘oduction to the Multisim Tutorial available on the CD
scompanies the book. The Tutorial is a useful reference
‘have never used Multisim before. When defining menu
s starting from the main window, the format-Menu —
-Menul — Sub-Menu2 will be used.

Drawing the Circuit

installing and running Multisim, you will be presented
th the basie user interface window, also referred to as the
t window or the schematic capture window (see Multisim
al on accompanying CD). Here, we will draw our circuits
h'as if we were drawing them on paper.

Placing Resistors in the Cireeit

Components in Multisim are organized into a hierarchy
going in a descending general order from Database —
Group — Family — Component, Every component that
ou use in Multisim will fit into this hierarchy somewhere.

. Place — Component opens the Select a Component
“window. (Ctrl-W is the shortcut key for the place-
- component comumand. Multisim has many shortcut keys,
“:and it will be worthwhile for yon to learn some of the basic
“ones to improve your efficiency in creating and testing
ircuits.)

Rest position  Foree &

Figure 2-38: A cantilever structure with integrated piezoresistor at the base.

Choose Database: Master Database and Group:
Basic in the pulldown menus.

Now select Family: RESISTOR.

You should see a long list of resistor values under
Component and the schematic symbol for a resistor
(Fig. 2-39). Note that the Family menu contains other
components like inductors, capacitors, potenticmeters,
and many more. We will use these in later chapters.

Scroll down and select a 1K value (the units are in chms)
and then click QK. You should see a resistor in the capture
window. Before clicking in the window, Ctrl-R allows you
to rotate the resistor in the window. Rotate the resistor
such that it is vertical and then click anywhere on the
window to place it. Repeat this operation; this time place a
vertical 100-ohm resistor directly below the first one {as in
Fig. 2-40). How to connect them together will be described
shorfly. Once you are finished placing components, click
Close to return to the schematic capture window.

Note that the components have symbolic names (R1 and
R2) and values displayed next to them (lk and 100},
Also, by double-clicking on a specific component, you can
access many details of the component model and its values.
For now, it is sufficient to know that the Resistance value
can be altered at any time through the Value menu.

Placing an Independent Voltage Source

Just as you did with the resistors, open up the Select a
Component window.
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Figure 2-3%: Multisim screen for selecting and placing a resistor.
Choose Database: Master Database and Group: Click on one of the nodes of the de source with the wire toal ¢ N
Sources in the pulldown menus. activated (you should see the mouse pointer change from 5 .
Select Family: POWER_SOURCES a black cross to a black circle with a cross hair when you 2
. ) ) hover it over a node). Additional clicks anywhere in the ;
Under Component select DC_POWER and click OK. schematic window will make corners in the wire. Double-
Place the part somewhere to the left of the two resistors clicking will terminate the wire. Additionally, when not |
(Fig. 2-40). already dragging a wire, double-clicking on any blank spot .
. of the schematic will generate a wire based at the origin | a
O]llce placed, close the component window, then double- of clicking. t
click on component V1, Under the Value tab, change the . o : S
Voltage to 10 V. Click OK. Wire the components as shown in Fig. 2-40. Add
a GROUND reference point as shown in Fig. 2-41. r
: The Ground can be found in the Component list of .| ¢
Wiring Components Together POWER_SQURCES. We now have a resistive divider. 1

Place — Wire allows you to use your mouse to wire

components together with click-and-drag motions (Ctrl- 2-7.2  Solving the Circuit
Q is the shortcut key for the wire command). You can also

enable the wire tool automaticaily by moving the cursor  In Multisim, there are two broad ways in which to solve a ]
very close to a component node; you should see the mouse  circuit. The first, called Inferactive Simulation, allows you 1o

pointer change into a black circle with a cross-hair. utilize virtual instruments (such as ohmmeters, oscilloscopes, . ¢

s
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‘Figure 2-40: Adding a voltage source and completing the circuit.

nd function generators) to measure aspects of a circuit in a
e-based environment. It is best to think of the Interactive
imulation as a simulated “in-lab” experience. Just as in
eal life, time proceeds in the Interactive Simulation as you
nalyze the circuit {although the rate at which time proceeds
heavily dependent on your computer’s processor speed and
e resolution of the simulation). The Interactive Simulation is
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Figure 2-41: Executing a simulation.

The other main way in which to solve a circuit in Multisim
is throngh Analyses. These simulations display their outputs
not in instrements, but rather in the Grapher window (which
may produce tables in some instances). These simulations are
run for controlled amounts of time or over controlled sweeps of
specific variables or other aspects of the circuit. For example, a
dc sweep simulates the values of a specified voltage or current
in the circuit over a defined range of dc input values.

Each of the methods described has its own advantages and
disadvantages, and in fact, both varieties can perform many
of the same simulations, albeit with different advantages. The
choice of method to be used for a given circuit really comes
down to your preferences, which will be formed as you gain
more experience with Multisim.

For the circuit in Fig. 2-41, we wish to solve for the voltages
at every node and the currents running through every branch,
As you will often see in Multisim, the solution can be obtained
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using either the Interactive Simulation or through one of the
Analyses. We will demonstrate both approaches.

Interactive Simuiation

Selecting Simulate — Instruments — Measurement Probe
allows you to drag and place a measurement probe onto any
node in the circuit. (Note that the Instrurnents menu contains
many common types of equipment used in an electronics
laboratory.) The Measurement Probe constantly reports both
the current running through the branch to which it is assigned
and the voltage at that node. Place two probes into the circuit
as shown in Fig. 2-41. When placed, by default, the probes
should be pointing in the direction shown in Fig. 2-41. If they
are not, you can reverse a probe’s direction by right-clicking
on it and pressing Reverse Probe Direction. Once the probes
are in place, you must run the simulation using the commands
for Interactive Simulations.

Figure 2-42: Solution window.

[

As expected, the current running through both wires is the

same since the circuit has only one loop.

Vi 10

- = =9.09 mA.
R, -+ R, 1000 + 100

I

The voltage at node 1 is 10 V, as defined by the source.

Application of voltage division (Fig. 2-16) gives

v (=R Yy = (1% Y 10=0909v
2=\ R+ R/ T \1w00) :

DC Operating Point Analysis

The circuit also can be solved using Simulate — Analyses — -

DC Operating Point. This method is more convenient than the

Interactive Simulation when solving circuits with many nodes.
After opening this window, you can specify which voltages and -
currents you want solved. (The Interactive Simulation mode
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, 11 =3(2)

R1 1

§1m ABM_CURRENT
oV 72 ?Lbrnbﬂ

Figure 2-43; Creating a dependent source.

st be stopped, not just paused, in order for the DC Operating
nalysis mode to work.) Under the Quiput tab, select
o node voltages and the branch current in the Variables in
reuit window, Make sure the Variables in Circuit pull-down
nu is set to All Variables. Once selected, click Add and they
| appear in the Selected variables for analysis window.
* you have selected all of the variables for which you want
ions, simply click Simulate. Multisim then solves the
e circuit and opens a window showing the values of the
ted voltages and currents (Fig. 2-42).

3 Dependent Sources

Multisim provides both defined dependent sources (voltage-
nirolled current, current-controlled current, etc.) and a
generic dependent source whose definition can be entered as
thematical equation, We will use this second type in the
|lowing example.

1t The dependent sources are established as follows:
Ce -» Component opens the Select a Component

C Master Database and Group:
urces in the pulldown menus.

Select Family;: CONTROLLED VOLTAGE or CON-
OLLED_CURRENT.

Under Component, select ABMNOLTAGE or
ABM_CURRENT and click OK.

The value of ABM sources (which stands for Analog
Behavioral Modeling) can be set directly with mathematical
expressions using any variables in the circuit. For information
on the variable nomenclature, which may be somewhat
confusing, see the Multisim Tutorial on the CD-ROM.

Step 2:  Using what you learned in Section 2-7.1, draw the
circuit shown in Fig. 2-43 (including the probe at node 2).

Step 3:  Double-click the ABM_CURRENT source. Under
the value tab, enter: 3*V(2). The expression V(2) refers o
the voltage at node 2. This effectively defines this source as a
voltage-controlled current source. Note that when making the
circuit, if the node numbering in your circuit differs from that in
the example (e.g., if nodes 1 and 2 are switched), then take care
to keep track of the differences so that you will use the proper
node voltage when writing the equation. 1o edit or change node
labels, double-click any wire to open the Net Window, Under
Net name enter the label you like for that node.

To write the expression for 11 next to the current source, go to
Place — Text, and then type in the expression at a location near
the current source. [Ctrl-T is the shortcut key for the place-text
command.]

Referencing Currents in Arbitrary Branches

Now let us analyze the circuit using the DC Operating Point
Analysis. Qur goal is to solve for the voltages at every node
and the current running throngh each branch. Remove the probe
from the circuit (if you still have it in there) by clicking on it so
it is highlighted, and press the Delete key.

To perform a DC operating point analysis, just as we did
earlier in Section 2-7.2, go to Simutate — Analyses — DC
Operating Point and transfer all available variables into the
Selected variables for analysis window. You should notice
that the only variables available are V(1), V(2), and I(v1); if
Probe 1 is still connected to your circuit, you should also see
I(Probe 1) and V(Probe 1). Where are the other currents, such
as the current flowing through R1, the current through R2,
or even the current coming out of the dependent source? In
Multisim and most SPICE software in general, you can only
measure/manipulate currents through a Voltage Source (there
are some exceptions, but we will ignore them for now). This
is why the current through V1, denoted I{v1}, is available but
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the currents through the other components are not. A simple
trick, however, to obtain these currents is to add a 0 V dc source
into the branches where you want to measure current. Do this
to your circuit, so that it ends vp looking like that shown in
Fig. 2-44,

You will notice that there are new nodes in the circuit now,
but since V2, V3, and V4 are 0 V sources, V(3) = V{4) = V(1)
and V(5) = V(2).

Go back to the DC Qperating Point Analysis window and
under the Variables in Circuit window there should now be four
currents [I1(v1), I(v2), I{v3), and I(v4)] and the five voltages.
Highlight all four currents as well as V(1) and V(2) and click
Add and then click OK. This will bring up the Grapher window
with the results of the analysis.

Note that when we analyze the currents through the branches,
the current through a voltage source is defined as going info the
positive terminal. For example, in source V1, this corresponds
to the current flowing from Node 1 into V1 and then out of V1
to Node 0,

il | B4 — 0V
i =
! 4 11=3VQR)
R1 n
?1 kO @ ABM _CURRENT
v 2
] 1 va

Figure 2-44: Circuit from Fig. 2-43 adapted to read out the currents
through R1, R2, and the dependent source.

Concept CQuestion 2-17:  In Multdsim, how are
components placed and wired into circuits?

Concept Guestion 2-18: How do you obtain and
visnalize the circuit solution?

Exercase 2 13 The c1rcu1t in F1g E2 13 1s s called a -
“resistive bndge ‘How doées Vx = (V3 Vz) vary with
the value of potentiometer Ry7 S
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- Answer:  (See ).

Exercise 2-14; Simulaté the circuit shown in Fig. E2-14
" and ‘solve it for the veltage across B3 The magnitude of
.. 'the dependent current source is V] / 100
B . Rl :
. 2 AL 3

oh 100
ABM CURRENT R3<1 Q)

CFigure E204

CAnswer: (Seei ) -




