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What is Phase?


Objective

The objective of this lab activity is to understand what is meant by
the phase relationship between signals and to see how well theory
agrees with practice. A secondary outcome will be a preliminary
understanding of the Red Pitaya STEMlab hardware and software - test &
measurements applications.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].




Background

We will investigate the concept of phase by looking at sine waves and
passive components that will allow us to observe phase shift with real
signals. First we will look at a sin wave and the phase term in the
argument. You should be familiar with the equation:


()\[f(t) = \sin(\omega t + \theta)\]

\(\omega\) sets the frequency of the sinusoidal wave as \(t\)
progresses and \(\theta\) defines an offset in time which defines
a phase shift in the function.

The sine function results in values ranging from 1 to -1. First set
time variable \(t\) equal to a constant, say 1. The argument,
\(\omega t\), is now no longer a function of time. With
\(\omega\) in radians, \(\sin(\frac{\pi}{4}) \approx 0.7071\).

\(2\pi\) radians equals \(360^{\circ}\), so
\(\frac{\pi}{4}\) in radians corresponds to
\(45^{\circ}\); \(\sin(45^{\circ}) = 0.7071\), too.

Now let \(t\) vary with time like it normally does. When the value
of \(\omega t\) changes linearly with time it yields a sine wave
as shown in 01_fig_01. As \(\omega t\) goes from 0 to
\(2 \pi\) the sine wave goes from 0 up to 1, down to -1 and back
to 0. This is one cycle or one period, \(T\), of a sine wave. The
x-axis is the time varying argument/angle, \(\omega t\), which
varies from 0 to \(2\pi\).

The value of \(\theta\) is 0 in the function plotted in
01_fig_01. Since the \(sin(0) = 0\) the plot starts
at 0. This is a simple sine wave without offset in time, which means
no phase offset. Note that if we are using degrees \(\omega t\),
in a range from from 0 to \(2 \pi\) or 0 to \(360^{\circ}\) to
yield the sine wave shown in 01_fig_01.


[image: ../_images/Activity_01_Fig_01.png]
2 cycles of \(\sin(t)\)



As a side note, what happens if \(\omega t > 2\pi\)?

Enter \(2.5\pi\) in a calculator and see for yourself. As you
should know, the sine function repeats every \(2\pi\) radians or
\(360^{\circ}\). It is similar to subtracting \(N\, 2 \pi\)
rad from the argument where \(N\) is the largest integer that
yields a non-negative result.

What happens if we plot a second sine wave into 01_fig_01
with the same \(\omega\) value and \(\theta = 0\)?

We have another sine wave which lands on top of the first sine
wave. Since \(\theta = 0\) there is no phase difference between
the sine waves and they look the same in time.

Now, alter \(\theta\) to \(\pi/4\) rad or \(45^{\circ}\) for
the second sine wave. We see the original sine wave and a second sine
wave shifted to the left in time. 01_fig_02 shows the
original sine wave (green) and the second sine wave (orange) with an
offset in time. Since the offset is constant, we see the original sine
wave shifted in time by a value of \(\theta\) which is \(1/4\)
of the period in this example.


[image: ../_images/Activity_01_Fig_02.png]
green - \(\sin(t)\),  orange - \(\sin(t + \pi/4)\).



\(\theta\) is time offset or phase portion of Eq. .
The phase angle defines offset in time and vice versa. Eq. 
shows the relationship. We happened to choose a particularly common
offset of \(90^{\circ}\). The phase offset between a sine and
cosine wave is \(90^{\circ}\). The offset angle is almost always
not 90. As a matter of fact it is often a function of frequency
(\(f\)).




Phase

When there are two sine waves, e.g. displayed on a scope, the phase
angle can be calculated by measuring the time between the two waveforms
(negative to positive zero crossings or “rising edges”, can be used
as time measurement reference points in the waveform). One full period
of the sine wave in time is the same as \(360^{\circ}\). Taking the
ratio of the time between the two waveforms as \(\Delta t\), and
the time in one period of a full sine wave as \(T\), you can
determine the angle between them. Eq.  gives the exact
relationship.


()\[ \begin{align}\begin{aligned}\theta &= \frac{\Delta t}{T} 360^{\circ}\\&= \frac{\Delta t}{T} 2\pi \, rad\\&= \Delta t f 2 \pi \, rad\end{aligned}\end{align} \]

where \(T\) is the period of the sine wave.




Naturally occurring time offsets in sine waves

Some passive components yield a time offset between the voltage across
them and the current through them. In class we showed that the voltage
across and the current through a resistor was a simple time
independent relationship. \(V / I = R\), where \(R\) is real
and in ohms. So the voltage across and current through a resistor are
always in phase.

For capacitors and inductors the equation relating voltage \(V\) to
current \(I\) is similar. \(V / I = Z\), where \(Z\) is an
complex impedance with real and imaginary parts. We are only looking
at a capacitors in this lab.

Generally, capacitors are made of two conductive plates separated by a
dielectric material. When a potential difference is applied across the
plates, hence an electric field is created between the plates. Capacitor
dielectrics can be made of many materials, including thin insulating
films and ceramic. A capacitor’s distinguishing characteristic is its
capacitance (C), measured in Farads (F), which measures the ratio
between voltage and charge buildup.

The basic rule for capacitors is that the voltage across the capacitor
will not change unless there is current flowing into the
capacitor. The rate of change of the voltage (\(dv_C/dt\)) depends
on the magnitude of the current. For an ideal capacitor the current
\(i_C(t)\) is related to the voltage by the following formula:


()\[i_C(t) = C \frac{dv_C(t)}{dt}\]

Right now, the full implications of this is beyond the scope of this
lab. You will observe this behavior in later labs. The impedance of a
capacitor is a function of frequency. The impedance goes down with
frequency conversely the lower the frequency the higher the
impedance.


()\[Z_C = \frac{1}{j \omega C},\]

where \(\omega = 2 \pi f\) is defined as the angular velocity.

One subtle thing about Eq.  is the imaginary operator \(j\).
When we looked at a resistor, i.e., there is no imaginary operator in
the equation for the impedance. The sinusoidal current through a
resistor and the voltage across a resistor have no time offset between
them, as the relationship is completely real. The only difference
is in amplitude. The voltage is sinusoidal and is in phase with the
current sinusoid. This is not the case with a capacitor. When we look
at the waveform of a sinusoidal voltage across a capacitor it will be
time shifted compared to the current through the capacitor. The
imaginary operator \(j\) is responsible for this. Looking at
01_fig_03, we can observe that the current waveform has a
peak (maximum) if the slope of the voltage waveform (\(dv/dt\)) is
maximal.

The time difference can be expressed as a phase angle between the two
waveforms as defined in Eq. .


[image: ../_images/Activity_01_Fig_03.png]
Phase angle determination between voltage (V) and current (I).



You probably have seen circuits made entirely from resistors. These
circuits have only real impedance, which means that voltages
throughout the circuit will all be in phase (i.e. \(\theta = 0\)
deg.) as it is the complex impedance that shifts the current in time
with respect to the voltage.  Note that the impedance of a capacitor
is pure imaginary. Resistors have real impedances, so circuits that
contain both, resistors and capacitors, will have complex impedances.

In order to calculate the theoretical phase angle between voltage (V) and
current (I) in an RC circuit:


\[i(t) = \frac{v(t)}{Z_{tot}},\]

where \(Z_{tot}\) is the total circuit impedance.

Rearrange the equation until it looks like \(Z_{tot} = a + jb\),
where \(a\) and \(b\) are real numbers. The phase relationship
of the current relative to the voltage is then:


\[\theta = \arctan\left(\frac{b}{a}\right).\]




Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	\(2 \times 470\Omega\) resistors


	\(1 \times 1 \mu F\) capacitor




You are going to use Red Pitaya’s STEMlab board and the Oscilloscope
& Signal generator application. User guide for starting the Red Pitaya
STEMlab board can be found at quickstart [http://redpitaya.readthedocs.io/en/latest/doc/quickStart/first.html], while Oscilloscope & Signal
generator application is explained here [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html].




Instructional Objectives


	Explore the phase relationship of voltages in a resistive circuit.


	Explore the phase relationship of voltages in an RC circuit.







Procedure


	Be sure the STEMlab is plugged into a local network and start up the
web interface using web browser.


	Start the Oscilloscope & Signal generator application. The main
screen should look like a scope display with adjustable range,
position and measurement parameters.


	On the left bottom of the screen be sure that OUT1 V/div and OUT2
V/div are both set to 200 mV/div. You can set V/div by selecting the
desired channel and using vertical +/- controls.


	In the OUT1 controls menu, set the frequency of OUT1 to 1000 Hz with
\(0^{\circ}\) phase and 0.9 V  amplitude. Select SINE waveform
shape and enable output.


	In the OUT2 controls menu, set the frequency of OUT2 to 1000 Hz and
0.9 V amplitude. Select SINE waveform shape and enable output.


	Set t/div to 200 us/div (using horizontal +/- controls).





[image: ../_images/Activity_01_Fig_04.png]
Sine signal generated with Oscilloscope and Signal generator
applications. Marked with green - main setting and controls.




Measure the phase angle between two generated waveforms

From the previous settings you should  see what looks like 1 sine
wave. There are two just one is on top of the other - zero phase
angle!


	In the OUT1 control menu, change the phase to \(90^{\circ}\).


	In the OUT2 control menu, change the phase to \(135^{\circ}\).


	Which channel looks like the sine is occurring before the other?




The OUT2 signal should look like it is leading (happening before) the
OUT1 signal. The OUT2 signal crosses the 0 V axis from below to above
before the OUT1 signal. It turns out a positive \(\theta\) is
called a phase lead. The low to high crossing time reference point is
arbitrary. The high to low crossing could also be used.


[image: ../_images/Activity_01_Fig_05.png]
Oscilloscope application showing two sine signal with
phase difference.




	Change the phase of OUT2 to \(45^{\circ}\).
Now it looks like the CHB signal lags the CHA signal.


	Press the red STOP button to pause the Oscilloscope acquisition.


	Select “CURSOR” menu and enable X1 and X2 cursors


	Using horizontal +/- controls set Time to 100 us/div.


	Using mouse and left press+hold on the cursor marker(white arrow
on the end of the cursor line) set one cursor position so that
cursor line going through point where OUT1 is crossing 0V line.




Repeat the step for the second cursor and OUT2 signal.


	Readout the time difference between cursors.


	What is \(\Delta t\)?


	Use the measured \(\Delta t\) and Eq.  to calculate the
phase offset \(\theta\) in degrees.




Note you cannot measure the frequency of a signal that does not have
at least one full period displayed on the screen. Usually you need
more than two cycles to get consistent results. You are generating the
frequency so you already know what it is. You don’t need to measure
it in this part of the lab.




Measuring magnitude using a real circuit


[image: ../_images/Activity_01_Fig_06.png]
R-R circuit.



Build the circuit shown in 01_fig_05 on your solderless breadboard
using two \(470 \Omega\) resistors, oscilloscope probes and Red
Pitaya STEMlab board.


NOTICE: For ground pin use probes ground leads (crocodile connectors).





[image: ../_images/Activity_01_Fig_07.png]
R-R circuit on the breadboard.



We have connected OUT1 directly to IN1 so we can observe a real
voltage signal across resistors R1and R2.


	In the OUT1 controls menu, set the Frequency  to 200 Hz with 0°
Phase and 0.9 V amplitude. Deselect  “Show” button, select SINE
waveform shape and select “ON” button.


	Set the horizontal time scale to 1.0 mS/Div to display two cycles of
the waveform.


	Click on the scope Start button if it is not already running.


	Using vertical +/- controls set  200 mV/div for IN1 and IN2




The voltage waveform displayed in IN1(yellow) is the voltage across
both resistors (VR1+VR2). The voltage waveform
displayed in IN2 is the voltage across just R2(VR2). To display the voltage across R1we use the
Math waveform display options. Under the math menu for Signal1
select IN1, select operator “-“, for Signal2 select IN2 then
select enable. You should now see a third waveform for the
voltage across R1(VR1).


	Using vertical +/- controls set  200 mV/div (0.2 V/div) for MATH
trace.




With this settings you are observing:


	IN1- Input excitation signal


	IN2- Voltage drop signal across R2


	MATH - Voltage drop signal across R1


	Record VR1and VR2.


	VR1_______Vpp.


	VR2_______Vpp.


	VR1+VR2_______Vpp.






	Can you see any difference between the zero crossings of VR1and VR2?


	Can you even see two distinct sine waves?

Probably not. There should be no observable time offset and thus no
phase shift.





You can see that MATH (purple) and IN2 (green) trace are
overlapping. To see both traces you can adjust the vertical position
of a channel to separate them.

This can be done by selecting trace marker (on the left side of the
grid) using mouse left button and moving trace up-down. Make sure to
set the vertical position back to 0 to realign the signals.

Here we don’t have phase shift and value of R1= R2so the signal amplitudes for VR1and VR2will be the same. The result is that we have two identical
signals (IN2=VR2, MATH=VR1) on the
Oscilloscope.

What happens if you use \(220 \Omega\) value for R2?




Measuring RC circuit


	Replace R2with a 1 uF capacitor C1.





[image: ../_images/Activity_01_Fig_08.png]
RC circuit on



NOTICE: For \(1\, \mu F\) capacitor you will be probably using an
electrolytic capacitor.

This capacitors are polarity sensitive i.e  on the positive capacitor
pin the voltage should never go negative and on negative pin (GND)
voltage should never go positive.

From previous example (RR circuit) and Oscilloscope & Signal
generator settings we are generating sine wave which is going from
-0.9 V to 0.9 V, causing a wrong polarization of capacitor (it can
damage a capacitor) we need to adjust our output signal so we generate
a sine signal which is always positive (sine signal with an offset).


	In the OUT1 settings menu set Amplitude and Offset values to 0.45 V
(Now we are generating sine signal which is oscillating around
0.45 V of DC offset value i.e sinusoidal signal is going from 0 V to 0.9 V)




Because there is no DC current through the capacitor, we are not
interested in this DC value. In order to re-center our signals on the
grid, we need to shift signals in vertical direction using negative
offset values.


	In the IN1 and IN2 settings menu set the value of Vertical Offset
to -450 mV


	For the stable acquisition set the trigger level in TRIGGER menu to
0.45 V





[image: ../_images/Activity_01_Fig_09.png]
Oscilloscope signals with RC circuit.




	Measure IN1, IN2  and Math P2P (peak to peak) value.
What signal is the Math waveform?


	Record VR1, VC1and VR1+VC1.


	VR1____________VPP.


	VC1_______________VPP.


	VR1+VC1____________VPP.








Now something to do with phase. Hopefully you see a few sine waves
with time offsets or phase differences displayed on the grid. Let’s
measure the time offsets and calculate the phase differences.


	Measure the time difference between VR1and VC1. and calculate the phase offsets.




Use Eq.  and the measured \(\Delta t\) to calculate the phase
angle \(\theta\).

The CURSORS are useful for determining \(\Delta t\); here’s how:


	Display at least 2 cycles of the sine waves.


	Set the horizontal time/div to 500 us/div.
Note the Delta cursor display keeps track of the sign of the
difference.




You can use the measurement display to get frequency. Since you set
the frequency of the source you don’t really need to depend on the
measurement window for this value.

Assume \(\Delta t\) is 0 if you really can’t see any difference
with 1 or 2 cycles of the sine wave on the screen.


	Put a first cursor at the neg. to pos. zero crossing location for
the IN1 ( VR1+ VC1) signal. Put a second cursor
at the nearest neg. to pos. zero crossing location for the math
( VR1) signal. Record the time difference and calculate the
phase angle. Note \(\Delta t\) maybe a negative number. Does this mean
the phase angle leads or lags?

\(\Delta t\) _________, \(\theta\) _________



	Put a first cursor at the neg. to pos. zero crossing location for
the IN1 ( VR1+ VC1) signal. Put a second cursor
at the nearest neg. to pos. zero crossing location for the IN2 ( VC1) signal. Record the time difference and calculate the
phase angle.

\(\Delta t\) _________, \(\theta\) _________



	Put a first cursor at the neg. to pos. zero crossing location for
the Math ( VR1) signal. Put a second cursor at the
nearest neg. to pos. zero crossing location for the IN2
(VC1) signal. Record the time difference and calculate
the phase angle.

\(\Delta t\) _________, \(\theta\) _________



	Measure the time difference and calculate the phase \(\theta\)
offset at a different frequency.


	Set OUT1 frequency to 1000 Hz and the time / div to 200 us/div.


	Put a first cursor at the neg. to pos. zero crossing location for
the IN1 ( VR1+ VC1) signal. Put a second cursor
at the nearest neg. to pos. zero crossing location for the math
(VR1) signal. Record the time difference and calculate the
phase angle. Note \(\Delta t\) maybe a negative number. Does
this mean the phase angle leads or lags?

\(\Delta t\) _________, \(\theta\) _________



	Put a first cursor at the neg. to pos. zero crossing location for
the IN1 ( VR1+ VC1) signal. Put a second cursor
at the nearest neg. to pos. zero crossing location for the IN2 ( VC1) signal. Record the time difference and calculate the
phase angle.

\(\Delta t\) _________, \(\theta\) _________



	Put a first cursor at the neg. to pos. zero crossing location for
the math ( VR1) signal. Put a second cursor at the
nearest neg. to pos. zero crossing location for the IN2
(VC1) signal. Record the time difference and calculate the
phase angle.

\(\Delta t\) _________, \(\theta\) _________













          

      

      

    

  

    
      
          
            
  
Kirchhoff’s Voltage and Current Laws


Objectivec

The objective of this Lab activity is to verify Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s Current Law (KCL) using mesh and  nodal analysis of the given circuit.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html]. Extension connector pin used as 5V voltage source are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].

Background




	Kirchhoff’s Voltage Law states that the algebraic sum of all the voltages around any closed path (loop or mesh) is zero. If we define the voltages across each resistor R1 through R5 as V1 through V5, applying Kirchhoff’s voltage law to the first and the second loops in the circuit shown in figure 1 yields:




Loop 1


\[- V_s + V_1 + V_2 + V_5 = 0\]

Loop 2


\[- V_2 + V_3 + V_4 = 0\]


[image: ../_images/Activity_02_Fig_01.png]
figure 1: Kirchhoff’s Voltage Law




	Kirchhoff’s Current Law states that the algebraic sum of all the currents at any node is zero. If we define the currents through each resistor R1 through R5 as I1 through I5, applying Kirchhoff’s current law to the first four nodes in the circuit shown in figure1 yields the following equations;




Node a:


\[- I_s + I_1 = 0\]

Node b:


\[- I_1 + I_2 + I_3 = 0\]

Node c:


\[- I_3 + I_4 = 0\]

Node d:


\[- I_2 - I_4 + I_5 = 0\]




Materials

Red Pitaya STEMlab 125-14 or STEMlab 125-10

Various Resistors:



	1 KΩ (2),


	1.5 KΩ (2),


	2.2 KΩ










Procedure

Step 1.


Construct the circuit shown in Figure 1 using these resistor values:


	R1 = 1 KΩ


	R2 = 2.2 KΩ


	R3 = 1.5 KΩ


	R4 = 1 KΩ


	R5 = 1.5 KΩ







Step 2.


Use color_coding_tool [http://www.hobby-hour.com/electronics/resistorcalculator.php] to select correct resistors from your kit. Use Multimeter, resistance measurements to check actual resistor values.




Step 3.


Instead of voltage source “Vs” shown on the Figure 1 use the STEMlab voltage pins on extension connector E2 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2]. Connect the 5V pin to node a and connect node e to GND pin.





[image: ../_images/Activity_02_Fig_02.png]
figure 2: Power connections



Circuit on the breadboard is shown in picture bellow.


[image: ../_images/Activity_02_Fig_03.png]
figure 3: Resistors circuit from close



Step 4.


Accurately measure all voltages and calculate currents in the circuit using the Oscilloscope application.

Measuring voltage drop across desired resistor is done in such way that Oscilloscope probe of IN1 is connected to the one side of the resistor and Oscilloscope probe of IN2 is connected to another side of the resistor. Voltage difference VIN1-VIN2 will give an voltage on the measured resistor.


	Set probes attenuation to x10


	Connect probes to the desired resistor








[image: ../_images/Activity_02_Fig_04.png]
figure 4:  Measureing circuit



	Start Oscilloscope application









[image: ../_images/Activity_02_Fig_05.png]
figure 4:  Osciloscope application



	In the IN1 and IN2 settings menu select Probe attenuation x10


	In the measurement menu select “MEAN” , select IN1 and press DONE


	In the measurement menu select “MEAN” , select IN2 and press DONE





After clicking “done” the measurements of the mean value of the IN1 and IN2 will be shown. Use this measurement to calculate voltage on R1.








VR1= MEAN( IN1 ) - MEAN( IN2 )

IR1= VR1/ R1.


Note

To obtain correct voltages signes, when performing measurement always work in the same direction: for example, connect IN1 probe on the side of the resistor where marked arrow begins (Figure 1)



Step 5.



Record the measurements in a tabular form containing the measured voltage and current values as shown below.













	Branch

	current/voltage

	V [volts ]

	I  [mA]

	R [KΩ]



	V1, I1

	
	
	
	


	V2, I2

	
	
	
	


	V3, I3

	
	
	
	


	V4, I4

	
	
	
	


	V5, I5

	
	
	
	


	Vs,Is

	
	
	
	





Step 6.


Verify KVL for the loops in the circuit using loop equations 1 and 2.




Step 7.


Verify KCL for the nodes in the circuit using node equations a, b, c and d.










Questions


	Calculate the ideal voltages and currents for each element in the circuit and compare them to the measured values.


	Compute the percentage error in the two measurements and provide a brief explanation for the error.










          

      

      

    

  

    
      
          
            
  
Voltage Division


Objective

The objective of this Lab activity is to verify the voltage division
properties of resistor networks.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware. Extension connector pins used as 5V voltage source are show
in the documentation here.




Background

Voltage division allow us to simplify the task of analyzing a
circuit. Voltage Division allows us to calculate what fraction of the
total voltage across a series string of resistors is dropped across
any one resistor. For the circuit of Figure 1, the Voltage Division
formulas are:


\[ \begin{align}\begin{aligned}V_1 = V_S \frac{R_1}{R_1 + R_2}\\V_2 = V_S \frac{R_2}{R_1 + R_2}\end{aligned}\end{align} \]


[image: ../_images/Activity_03_Fig_01.png]
Figure 1: Voltage division.






Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Various Resistors:


	\(470 \Omega\),


	\(1 k\Omega\),


	\(4.7 k\Omega\),


	\(1.5 k\Omega\).











Procedure


	Construct the circuit as shown in Fig. 1. Set \(R_1 = 4.7
k\Omega\), \(R_2 = 1.5 k\Omega\) and use the fixed power supply
5 V pin from extension connector as voltage source Vs.
Use the Oscilloscope application to measure the voltages V1and V2Repeat this step for R1= R2= \(4.7 k\Omega\) and write down the measurements.


	Calculate the voltages V1and V2by using
Eqs. (1) and (2) in each case.


	Compare the results from steps a and 1.










          

      

      

    

  

    
      
          
            
  
Proportionality and Superposition


Objective

The objective of this Lab activity is to verify the proportionality
and superposition theorems.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html]. Extension connector pins used as 5V and 3.3V voltage source
are show in the documentation for connectors E1 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e1] and E2 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background

In this activity proportionality and superposition theorems are
examined by applying them to the circuits shown in the following
figures.


	The Proportionality Theorem states that the response of a circuit
is proportional to the source acting on the circuit. This is also
known as linearity. The proportionality constant A relates the
input voltage to the output voltage as:


\[V_{out} = A \cdot V_{in}\]

The proportionality factor A is sometimes referred to as the
gain of a circuit. For the circuit in Fig. 1, the source
voltage is Vin. The response Voutis across
the \(4.7 k\Omega\) resistor. The most important result of
linearity is superposition.


[image: ../_images/Activity_04_Fig_01.png]
Figure 1 : Resistor circuit with 5V voltage source





	The Superposition Theorem states that the response of a linear
circuit with multiple independent sources, such as in figure 2, can
be obtained by adding the individual responses caused by the
individual sources acting alone. For an independent source acting
alone, all other independent voltage sources in the circuit are
replaced by short circuits and all other independent current
sources are replaced by open circuits, as in figure 3.


[image: ../_images/Activity_04_Fig_02.png]
Figure 2. Circuit with two voltage sources




[image: ../_images/Activity_04_Fig_03.png]
Figure 3. Circuit for response of just one source










Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Various Resistors:
- \(1 k\Omega\),
- \(2.2 k\Omega\),
- \(4.7 k\Omega\).







Procedure

Verify the proportionality theorem:


	Construct the circuit of figure 1.


	Case 1: For voltage source “Vin=5V” shown on the Figure 1
use the STEMlab voltage pin on extension connector E2 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].


	Case 2: For voltage source “Vin=3.3V” shown on the Figure
1 use the STEMlab voltage pin on extension connector E1 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e1].


	Case 3: For voltage source “Vin=-3.3V” shown on the Figure
1 use the STEMlab voltage pin on extension connector E2 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].


	Set probe attenuation to x10 (on the oscilloscope probe  and on the
Oscilloscope IN1 menu settings)


	Accurately measure Voutusing the Oscilloscope
application.


	You should measure and record the actual fixed power supply voltages
as well.


Table 1

	Vin

	Vout

	A



	5.0 V

	
	


	3.3 V

	
	


	-3.3 V

	
	







	Calculate the value of A in each case using Eq. (1).


	Plot a graph with Vinon x-axis and Vouton y-axis.


	Verifying the Superposition theorem:


	Construct the circuit of Fig. 2. Measure and record the voltage across the \(4.7 k\Omega\) resistor.


	Construct the circuit of Fig. 3. Measure and record the voltage across the \(4.7 k\Omega\) resistor.









Note

Measuring voltage drop across desired resistor is done in
such way that Oscilloscope probe of IN1 is connected to the
one side of the resistor and Oscilloscope probe of IN2 is
connected to another side of the resistor. Voltage
difference Vin1-Vin2will give an
voltage on the measured resistor.




	Calculate the total response “Vout” for circuit of figure
2 by adding the responses from measurement of circuit of figure 1
and measurement of circuit of figure 3.

Vout(figure 2) = Vout(figure 1) + Vout(figure 3) = __________



	Compare your calculated result to what you measured in step 2a. Explain any differences.


[image: ../_images/Activity_04_Fig_04.png]
Figure 4: Voltages pin on the Red Pitays STEMlab board










Questions


	Is the graph obtained a straight line? Compute the slope of the
graph at any point and compare it to the value of K obtained from
the measurements. Explain any differences.


	For each of the three circuits you built for the superposition
experiment, how well did the calculated and measured outputs
compare? Explain any differences.










          

      

      

    

  

    
      
          
            
  
Thévenin Equivalent Circuit and Maximum Power Transfer


Objective

The objective of this Lab activity is to verify Thévenin’s theorem by obtaining the Thévenin equivalent voltage (VTH) and Thévenin equivalent resistance (RTH) for the given circuit. Verify the Maximum Power Transfer Theorem.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Extension connector pin used as 3.3 V voltage source are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background

Thévenin’s Theorem is a process by which a complex circuit is reduced to an equivalent circuit consisting of a single voltage source (VTH) in series with a single resistance (RTH) and a load resistance (RL). After creating the Thévenin Equivalent Circuit, the load voltage VLor the load current Il may be easily determined.

One of the principal uses of Thévenin’s theorem is to replace a large portion of a circuit, often a more complicated and uninteresting part, by a simple equivalent. The new simpler circuit enables rapid calculations of the voltage, current, and power which the more complicated original circuit is able to deliver to a load. It also helps to choose the optimal value of the load (resistance) for maximum power transfer.


[image: ../_images/Activity_05_Fig_01.png]
Figure 1.




[image: ../_images/Activity_05_Fig_02.png]
Figure 2: Thévenin Equivalent Circuit of Figure 1




	The Maximum Power Transfer Theorem states that an independent voltage source in series with a resistance Rsor an independent current source in parallel with a resistance Rs, delivers a maximum power to the load resistance RLwhen RL= Rs.




In terms of a Thévenin Equivalent Circuit, maximum power is delivered to the load resistance RLwhen RLis equal to the Thévenin equivalent resistance RTHof the circuit.


[image: ../_images/Activity_05_Fig_03.png]
Figure 3: Maximum Power Transfer






Materials

Red Pitaya STEMlab 125-14 or STEMlab 125-10

Various Resistors:


100 Ω,

330 Ω,

470 Ω,

1 KΩ,

1.5 KΩ







Procedure


	Verifying the Thévenin’s theorem:





	Construct the circuit of figure 1 using the following component values:




R1 = 330 Ω

R2 = 100 Ω

R3 = 100 Ω

R4 = 330 Ω

R5 = 1 KΩ

Rl = 1.5 KΩ

Vs = +3.3V


Note

Instead of voltage source “Vs” shown on the Figure 1 use the STEMlab voltage pin on extension connector E1 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e1].



b) Accurately measure the voltage VLacross the load resistance using Oscilloscope application.
Set oscilloscope probe attenuation x10
Start Oscilloscope application and in IN1 and IN2 settings menu select Probe attenuation x10


Use the Oscilloscope application by connecting channel IN1 to the + node of VLand connect channel IN2 to the - node. VLwill be the difference between IN1 volts and IN2 volts. This value will later be compared to the one you will find using Thevenin Equivalent.





	Find VTH: Remove the load resistance RLand measure the open circuit voltage VOC across the terminals. Use the Oscilloscope application by connecting channel IN1 to the + node of VOCand connect channel IN2 to the - node. VOCwill be the difference between IN1 volts and IN2 volts. This is equal to VTH. See figure 4





Note

To get voltage values of IN1 and IN2 select MEAS menu, select MEAN value and select DONE.




[image: ../_images/Activity_05_Fig_04.png]
Figure 4: Measuring the Thevenin Voltage




	Find RTH: Remove the source voltage Vs and construct the circuit as shown in figure 5. Use the Multimeter to measure the resistance looking into the opening where RLwas. This gives RTH. Make sure there is no power applied to the circuit before measuring with the Multimeter and the ground connection has been moved as shown.





[image: ../_images/Activity_05_Fig_05.png]
Figure 5: Measuring the Thevenin Resistance RTH.




	Obtaining VTHand RTH, construct the circuit of figure 2. Create the value of Rrhusing a series and or parallel combination of resistors from your parts kit.




Using the Oscilloscope & Signal generator application - connect channel OUT1  for the VTHsource. In the OUT1 settings menu select “DC” signal waveform and in the Amplitude  field set the value to what you measured for VTHin step c).
Select “enable” button.


[image: ../_images/Activity_05_Fig_06.png]


Figure 6: Thevenin Equivalent Construction


	With RL  set to the 1.5 KΩ used in step b) measure the VL for the equivalent circuit and compare it to the VL obtained in step b). This verifies the Thévenin theorem.


	Optional: Repeat steps 1 b) to 1 f) for RL = 2.2 KΩ





	Verifying the Maximum Power Transfer theorem:





	Construct the circuit as in figure 7 using the following values:




Vs = +3.3 V

R1 = R2 = 100 Ω

R3 = 1 KΩ

RL= combinations of 1 KΩ and 100 Ω resistors ( figure 8 )


[image: ../_images/Activity_05_Fig_07.png]


Figure 8. Rl configurations


	Calculate the power for each load resistor value using;





\[P_L = \frac{V_L^{2}}{R_L}\]

Then, interpolate between your measurements to calculate the load resistor value corresponding to the maximum power (Pl max). This value should be equal to RTH of circuit in figure 7 with respect to load terminals.




Questions


	Calculate the percentage error difference between the load voltages obtained for circuits of figure 1 and figure 2.


	Using Voltage Division for circuit of figure 2, calculate VL. Compare it to the measured values. Explain any differences.


	Calculate the maximum power transmitted to the load Rl obtained for the circuit of figure 3.










          

      

      

    

  

    
      
          
            
  
Transient Response of RC Circuit


Objective

The objective of this Lab activity is to study the transient response of a series RC circuit and understand the time constant concept using pulse waveforms.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope & Signal generator application is used for generating and observing signals on the circuit.




Background

In this lab activity you will apply a pulse waveform to the RC circuit to analyses the transient response of the circuit. The pulse-width relative to a circuit’s time constant determines how it is affected by an RC circuit.

Time Constant (t): A measure of time required for certain changes in voltages and currents in RC and RL circuits. Generally, when the elapsed time exceeds five time constants (5t) after switching has occurred, the currents and voltages have reached their final value, which is also called steady-state response.

The time constant of an RC circuit is the product of equivalent capacitance and the Thévenin resistance as viewed from the terminals of the equivalent capacitor.


\[t = R \cdot C\]

A Pulse is a voltage or current that changes from one level to another and back again. If a waveform’s high time equals its low time it is called a square wave. The length of each cycle of a pulse is its period (T).

The pulse width (tp) of an ideal square wave is equal to half the time period.

The relation between pulse width and frequency is then given by,


\[f = \frac{1}{2t_p}\]


[image: ../_images/Activity_06_Fig_01.png]


Figure 1: Series RC circuit.

From Kirchhoff’s laws, it can be shown that the charging voltage VC(t) across the capacitor is given by:


\[V_C (t) = V( 1- e^{- \frac{t}{RC}})  ;t >= 0\]

where, V is the applied source voltage to the circuit for t = 0. RC = t is the time constant. The response curve is increasing and is shown in figure 2.


[image: ../_images/Activity_06_Fig_02.png]


Figure 2: Capacitor charging for Series RC circuit to a step input with time axis normalized by t

The discharge voltage for the capacitor is given by:


\[V_C (t) = V_o e^{-\frac{t}{RC}} ;t >= 0\]

Where V0 is the initial voltage stored in capacitor at t = 0, and RC = t is time constant. The response curve is a decaying exponential as shown in figure 3.


[image: ../_images/Activity_06_Fig_03.png]


Figure 3: Capacitor Discharging for Series RC circuit




Materials

Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Resistors:

	2.2 KΩ,
10 KΩ



	Capacitors:

	1 µF,
0.01 µF








Procedure


	Set up the circuit shown in figure 4 on your solderless breadboard with the component values R1= 2.2 KΩ and C1= 1 µF.


-Connect the Oscilloscope & Signal generator probes as is shown in figure 5.
-Set the oscilloscope attenuation to x1.









[image: ../_images/Activity_06_Fig_04.png]


Figure 4. Breadboard diagram of RC circuit  R1= 2.2 KΩ and C1= 1 µF.


[image: ../_images/Activity_06_Fig_05.png]


Figure 5. Breadboard RC circuit R1= 2.2 KΩ and C1= 1 µF.

Start the Oscilloscope & Signal Generator application.

2. In the OUT1 settings menu set DC offset value to 0.5 and Amplitude  value to 0.5V to apply a 1Vp-p square wave centered on 0.5 V as the input voltage to the circuit. From the waveform menu select SQUARE signal, deselect SHOW button and select enable.
On the left bottom of the screen be sure that IN1 V/div and IN2 V/div are both set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)
In the IN1 and IN2 settings menu set the value of Vertical Offset to -500mV
For the stable acquisition set the trigger level in TRIGGER menu to 0.5V and select NORMAL.


	Observe the response of the circuit for the following three cases and record the results.





	Pulse width larger than 5t (for example 15t) : Set the frequency of OUT1 output such that the capacitor has enough time to fully charge and discharge during each cycle of the square wave. So let the pulse width be 15t and set the frequency according to equation (2). The value you have found should be approximately 15 Hz.




Notice: Calculate frequency of OUT1 so that the pulse width of OUT1 is equal to desired
value of x*t by equation (2):


\[f_out = \frac{1}{2 \cdot x \cdot t}\]

For example: If we want to have pulse width of your OUT1 square signal equals 5*t
(t - time constant of RC circuit  t = R * C)


\[t = R \cdot C = 2.2E3 \cdot 1E-6 = 2.2E-3\]


\[f_out  = \frac{1}{2 \cdot 5 \cdot 2.2E-3} = 45Hz\]

Determine the time constant from the waveforms obtained on the screen if you can. If you cannot obtain the time constant easily, explain possible reasons.

For determining time constant use “CURSOR” option.
Open CURSOR menu and select all four cursors: X1, X2, Y1, Y2.
For Y cursor select IN2 for source.
Control/Move cursors using an left click+hold mouse control on the cursor marker(an arrow on the end of the cursor line).

Adjust the time base using horizontal +/- control until you have at approximately two cycles of the square wave on the display grid.


[image: ../_images/Activity_06_Fig_06.png]


Figure 6. Oscilloscope interface and signals IN1 and IN2 on  RC circuit

In order to set cursors more accurately adjust the time base  until you have approximately  one or  half of the cycle of the square wave on the display grid.


[image: ../_images/Activity_06_Fig_07.png]


Figure 7: Measuring the time constant t for OUT1 pulse width >> 5t .

Set cursor as is shown in figure 2 readout  delta values and calculate time constant.


	Pulse width =  5t : Set the frequency of OUT1 such that the pulse width = 5t (this should be approximately 45 Hz). Since the pulse width is 5t, the capacitor should just be able to fully charge and discharge during each pulse cycle. Using cursor tool determine t.





[image: ../_images/Activity_06_Fig_08.png]


Figure 8: Measuring the time constant t for OUT1 pulse width =  5t


	Pulse width less than 5t (for example 1t): In this case the capacitor does not have time to charge significantly before it is switched to discharge, and vice versa. Let the pulse width be only 1.0t in this case and set the frequency accordingly (this should be approximately 240 Hz).





[image: ../_images/Activity_06_Fig_09.png]


Figure 9: Measuring the time constant t for OUT1 pulse width =  1t

4. Repeat the procedure using  R1= 10 KΩ and C1= 0.01 µF and record the measurements.
Questions:



	Calculate the time constant using equation (1) and compare it to the measured value from 3a. Repeat this for other set of R and C values.


	Discuss the effects of changing component values.













          

      

      

    

  

    
      
          
            
  
Transient Response of an RL Circuit


Objective

The objective of this Lab activity is to study the transient response of inductor circuits using a series RL configuration and understand the time constant concept.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope & Signal generator application is used for generating and observing signals on the circuit.




Background

This lab activity is similar to the RC Lab activity 5, except that the capacitor is replaced by an inductor. In this experiment, you will apply a square waveform to the RL circuit to analyze the transient response of the circuit. The pulse width relative to the circuit’s time constant determines how it is affected by the RL circuit.

Time Constant (t): It is a measure of time required for certain changes in voltages and currents in RC and RL circuits. Generally, when the elapsed time exceeds five time constants (5t) after switching has occurred, the currents and voltages have reached their final value, which is also called steady-state response.

The time constant of an RL circuit is the equivalent inductance divided by the Thévenin resistance as viewed from the terminals of the equivalent inductor.


\[f=\frac{L}{R}\]

A Pulse is a voltage or current that changes from one level to another and back again. If a waveform’s high time equals its low time, it is called a square wave. The length of each cycle of a pulse train is its period (T). The pulse width (tp) of an ideal square wave is equal to half the time period.

The relation between pulse width and frequency for the square wave is given by:


\[f=\frac{1}{2t_p}\]


[image: ../_images/Activity_07_Fig_01.png]


Figure 1: Series RL circuit

In an R-L circuit, voltage across the inductor decreases with time while in the RC circuit the voltage across the capacitor increased with time. Thus, current in an RL circuit has the same form as voltage in an RC circuit: they both rise to their final value exponentially.

The expression for the current in the Inductor is given by:


\[I_L(t) = RV( 1 - e^{-\frac{R}{L}t} )  ; t >= 0\]

where, V is the applied source voltage to the circuit for t = 0. The response curve is increasing and is shown in figure 2.


[image: ../_images/Activity_07_Fig_02.png]


Figure 2: Current in Inductor increasing in a Series RL circuit.

(Time axis normalized by t)

The expression for the current decay across the Inductor is given by:


\[I_L(t) = I_0 e^{- \frac{R}{L}t} ; t >= 0\]

where,  I :sub: 0 is the initial current stored in the inductor at t = 0
L/R = t is time constant.

The response curve is a decaying exponential and is shown in figure 3.


[image: ../_images/Activity_07_Fig_03.png]


Since it is not possible to directly measure the current through the Inductor ( current supplied by driving source OUT1 ) with the STEMlab, we will measure output voltage across the Resistor in series with the Inductor. The resistor waveform will be same shape as the inductor current since from Ohm’s law we know that current and voltage through resistor are related with  V R = I R * R. Our circuit has two elements (Resistor and Inductor) in series which means same current is flowing through both components I circuit = I L = I R
We know that signal on input IN2 is voltage across resistor V R which is in fact current through inductor multiplied by resistance R.


\[IN2 = R \cdot I_L\]

From that it follows that when observing signal IN2 we are observing current through inductor, and only thing we need to have in mind is scaling factor - resistance R.

From the waveforms on the scope, we should be able to measure the time constant t which should be equal to t = L / R total .
Here, R total is the total resistance and can be calculated from R total = R inductance  + R.
R inductance is the measured value of inductor resistance and can be measured by using Multimeter  prior to running the experiment. (Measure R inductance same as you would measure normal resistor.)




Materials

Red Pitaya STEMlab 125-14 or STEMlab 125-10

Resistor 220 Ω

Inductor 20 mH ( 2x10 mH in series )




Procedure


	Measure the combined inductor and resistor resistance R total by using a Multimeter.





[image: ../_images/Activity_07_Fig_04.png]


2. Set up the circuit shown in figure 5 on your solderless breadboard with the component values R 1 = 220 Ω and L 1 = 20mH.
-Connect the Oscilloscope & Signal generator probes as is shown in Figure 5.
-Set the oscilloscope attenuation to x1.

Figure 5: Experiment Set-Up

Start the Oscilloscope & Signal Generator application.

3. In the OUT1 settings menu set DC offset value to 0.5 and Amplitude  value to 0.5V to apply a 1Vp-p square wave centered on 0.5 V as the input voltage to the circuit. From the waveform menu select SQUARE signal, deselect SHOW button and select enable.
On the left bottom of the screen be sure that IN1 V/div and IN2 V/div are both set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)
In the IN1 and IN2 settings menu set the value of Vertical Offset to -500mV
For the stable acquisition set the trigger level in TRIGGER menu to 0.5V and select NORMAL.

Calculate the applied frequency using equation (2) for tp = 5t . In the OUT1 settings menu set frequency according to the calculation.

Adjust the time base using horizontal +/- control until you have at approximately two cycles of the square wave on the display grid.


	The VR (IN2) waveform has the same shape as IL(t) waveform. From VR waveform measure time constant t and compare with the one that you calculated from L/R total.





Hint

When measuring RC transient effect we used cursor to find 0.63*Vc, here we are interested in current I L = IN2/R and not voltage.
According to the Figure 3 you should put cursor Y1 to the maximum value of IN2 and cursor Y2 to the 0.37*IN2.
Set the X1 and X2 cursors to the crossing points and measure time constant.



For determining time constant use “CURSOR” option.
Open CURSOR menu and select all four cursors: X1,X2,Y1,Y2.
For  Y cursor select  IN2 for source.
Control/Move cursors using an left click+hold mouse control on the cursor marker(an arrow on the end of the cursor line).

In order to set cursors more accurately adjust the time base  until you have approximately  one or  half of the cycle of the square wave on the display grid.


	Observe the response of the circuit and record the results again for tp = 25t, and tp = 0.5t.







Questions


	Include plots of IL and VR for different tp values given above in Procedure 4.


	A Capacitor stores charge. What do you think an Inductor stores? Answer in brief.










          

      

      

    

  

    
      
          
            
  
Resonance in RLC Circuits


Objective

The objective of this Lab activity is to study the phenomenon of
resonance in RLC circuits. Determine the resonant frequency and
bandwidth of the given network using the amplitude response to a
sinusoidal source.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope & Signal generator application is used for generating and
observing signals on the circuit. Bode [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/bode/bode.html] analyzer application is used
to measure frequency response of RLC circuit.




Background

A resonant circuit, also called a tuned circuit consists of an
inductor and a capacitor together with a voltage or current source. It
is one of the most important circuits used in electronics. For
example, a resonant circuit, in one of many forms, allows us to tune
into a desired radio or television station from the vast number of
signals that are around us at any time.

A network is in resonance when the voltage and current at the network
input terminals are in phase and the input impedance of the network is
purely resistive.


[image: ../_images/Activity_08_Fig_01.png]
Figure 1: Parallel Resonance Circuit



Consider the parallel RLC circuit of Fig. 1. The steady-state admittance offered by the circuit is:


\[Y = \frac{1}{R} + j \left( \omega C - \frac{1}{\omega L} \right)\]

Resonance occurs when the voltage and current at the input terminals
are in phase. This corresponds to a purely real admittance, so that
the necessary condition is given by:


\[\omega C - \frac{1}{\omega L} = 0\]

The resonant condition may be achieved by adjusting L, C, or
\(\omega\). Keeping L and C constant, the resonant frequency
\(\omega_0\) is given by:


\[\omega_0 = \frac{1}{\sqrt{LC}} \, rad/s (1)\]

or


\[f_0 = \frac {1}{2 \pi \sqrt{LC}} \, Hz  (2)\]

Frequency Response: It is a plot of the magnitude of the output
Voltage of a resonance circuit as function of frequency. The response
of course starts at zero, reaches a maximum value in the vicinity of
the natural resonant frequency, and then drops again to zero as ω
becomes infinite. The frequency response is shown in figure 2.


[image: ../_images/Activity_08_Fig_02.png]
Figure 2: Frequency Response of Parallel Resonant Circuit



The two additional frequencies ω :sub: 1 and ω 2 are also
indicated which are called half-power frequencies. These frequencies
locate those points on the curve at which the voltage response is \(1/sqrt(2)\)
or 0.707 times the maximum value. They are used to measure
the band-width of the response curve. This is called the half-power
bandwidth of the resonant circuit and is defined as:


\[\beta = \omega_2 - \omega_1  (3)\]


[image: ../_images/Activity_08_Fig_03.png]
Figure 3: Series Resonance Circuit






Materials

Red Pitaya STEMlab 125-14 or STEMlab 125-10
Resistors 100 Ω, 1 KΩ
Capacitors 0.01 µF
Inductors 4.7 mH




Procedure

Additional Calculation:
Using one of the sw tools such is Matlab or Python we can calculate
the impedance of the parallel RLC circuit from Figure 1.

The admittance(Y) of the parallel circuit is given in equation 1 above
where impedance Z  is given as Z = 1 / Y.


Note

In this calculation we take into account series resistance of the
inductor. This resistance will affect the phase response of the RLC
circuit at lower frequencies. Equation above are used for ideal
components without parasitic elements. In practice (measurements)
we only have real elements and we need to take into account that
inductor is not a pure inductance but also has an effective series
resistance \(R_{esr}\), hence


\[Y_{L} = \frac{1}{(R_{esr} + j 2 \pi f L)}.\]




Note

The resonance frequency is defined as the frequency at which the
impedance [https://en.wikipedia.org/wiki/Electrical_impedance] of the circuit is at a minimum. Equivalently, it can be
defined as the frequency at which the impedance is purely real
(that is, purely resistive). This occurs because the impedances of
the inductor and capacitor at resonance are equal but of opposite
sign and cancel out. Circuits where L and C are in parallel rather
than series actually have a maximum impedance rather than a minimum
impedance. For this reason they are often described as
antiresonators [https://en.wikipedia.org/wiki/Antiresonance], it is still usual, however, to name the frequency
at which this occurs as the resonance frequency.



Matlab code for calculation of \(Z\) is given below.

close all
clear all
clc
Rs = 100;
R1 = 1E3;
L1 = 4.7E-3;
C1 = 0.1E-6;
Resr = 6.5;       % inductor series resistance in Ohms
Vin = 1;
f = 100:100:1E6;  % frequency range for calculation

%% calculation of Z
Y1 = 1/R1;
Y2 = i*2*pi.*f*C1;
Y3 = 1./(Rind+i*2*pi.*f*L1);
Y = Y1 + Y2 + Y3;
Z = 1./Y;

%% Plotting
ax = plotyy(f,real(Z),f,imag(Z),'semilogx','semilogx');
ylabel(ax(1), 'Real part of  Z / Ohms');
ylabel(ax(2), 'Real part of  Z / Ohms');
xlabel('Frequency / Hz');
grid on





By running code above we get following results shown on picture bellow.


[image: ../_images/Activity_08_Fig_04.png]
Figure 4: Calculation of the Impedance Z of parallel RLC circuit.
Blue trace real/resistive part of Z, green trace imaginary/reactive
part of Z.



We can also calculate absolute value of Z which is the combined
impedance of RLC circuit from Figure 1.  Absolute value of Impedance Z
is the parameter form which we can predict what the measurements
should look like.

We can model the circuit from Figure 8 as is shown on figure below
where  Z = 1/Y and Y is given in equation 1.


[image: ../_images/Activity_08_Fig_05.png]
Figure 5: Representing parallel RLC circuit as a complex impedance Z



From figure 5 above we can clearly see that our circuit is simple
voltage divider where Vout=Vin*Z/(Rs+Z). But since the Z is frequency
dependent the ratio between Z and Rs will be frequency dependent and
with that the Vin/Vout ratio.

At some frequency f: where the value of  Z  is much smaller than value
of Rs the output voltage amplitude will be much smaller than input
voltage amplitude.

At some frequency f: where value of Z is much higher than value of Rs
the output voltage amplitude will be close to the input voltage
amplitude

At some frequency f:  where Z=Rs the Vout will be ½ Vin.

At some frequency f: where Z is maximal the Vout will be also
maximal. This is the resonant frequency.


[image: ../_images/Activity_08_Fig_06.png]
Figure 6: Calculation of absolute value of impedance Z for the circuit shown on figure 3.



Using


\[V_{out} = V_{in} \frac{Z}{R_s + Z}\]

we can calculate the frequency response of our RLC circuit shown in
Figs. 5 and 8.


Note

Magnitude repsponse in decibel (dB)


\[H_v = 20 \cdot \log_{10}\left\lvert \frac{V_{out}}{V_{in}} \right\lvert.\]




[image: ../_images/Activity_08_Fig_07.png]
Figure 7: Calculation of frequency response (Vout/Vin) for circuit on figure 5.



Procedure:


	Set up the RLC circuit as shown in figure 8 on your solderless
breadboard, with the component values RS = 100 Ω, R1 = 1 KΩ, C1 =
0.1 µF and L1= 4.7 mH.





[image: ../_images/Activity_08_Fig_08.png]
Figure 8: Parallel RLC circuit for the measurements.




	Open the Bode analyzer application. In “Settings” menu set start
frequency to 100Hz, end frequency to 1MHz and number of steps
to 50. And Click “RUN” button.





[image: ../_images/Activity_08_Fig_09.png]
Figure 9: Bode analyzer application



After the measurements are done you should get the frequency response of your circuit as is shown on Figure 10q.


[image: ../_images/Activity_08_Fig_10.png]
Figure 10: Frequency response of circuit from Figure 8 take by Bode analyzer application.




	Compare measurements and calculation. If there is any difference try to explain why.





Hint

parasitic



The Bode analyzer application will make a frequency sweep in such way
it will generate sine signal on OUT1 within frequency range selected
by us(in settings menu).

IN1 input signal is directly connected to OUT1 following that
IN1=Vin. IN2 is connected on the other side of the RLC circuit and
from that IN2=Vout. Bode analyzer application will then for each
frequency step take the ratio of IN1/IN2 and calculate frequency
response.


	On order to see how Vout/IN2 signal amplitude is changing in
respect to OUT1 start the Oscilloscope application, in OUT1
settings enable OUT1, deselect SHOW button and look at the signal
amplitudes of IN1 and IN2.

Change the OUT1  frequency, adjust t/div value so you have 2 cycles of
the IN1 and observe the amplitudes of IN1 and IN2.

Repeat this step for OUT1 frequency from 100Hz to 1MHz and you should observe
same amplitude response as it is measured by Bode analyzer application.

Bode analyzer is also measuring phase between IN1 and IN2. Phase is
also frequency dependent.  You can see that easily wit the
Oscilloscope application.



	Repeat the experiment using for the series resonant circuit in
figure 3, and use L1 = 20 mH and C1 = 0.01 uF and R1 = 1 KΩ. The Vo
voltage on the resistor is proportional to the series RLC circuit
current.







Questions

Plot the voltage response of the circuit and obtain the bandwidth from
the half-power frequencies using equation (3).







          

      

      

    

  

    
      
          
            
  
Low Pass and High Pass Filters


Objective

The objective of this Lab activity is to study the characteristics of
passive filters by obtaining the frequency response of low pass RC
filter and high pass RL filter.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/index.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit. Bode [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/bode/bode.html] analyzer application is
used to measure frequency response of Low Pass and High Pass Filters.




Background

The impedance of an inductor is proportional to frequency and the
impedance of a capacitor is inversely proportional to frequency. These
characteristics can be used to select or reject certain frequencies of
an input signal. This selection and rejection of frequencies is called
filtering, and a circuit which does this is called a filter.


[image: ../_images/Activity_09_Fig_01.png]
Figure 1:  Low Pass RC filter.




[image: ../_images/Activity_09_Fig_02.png]
Figure 2:  High Pass RL filter.



If a filter passes high frequencies and rejects low frequencies, then
it is a high-pass filter. Conversely, if it passes low frequencies and
rejects high ones, it is a low-pass filter. Filters, like most things,
aren’t perfect. They don’t absolutely pass some frequencies and
absolutely reject others. A frequency is considered passed if its
magnitude (voltage amplitude) is within 70% or \(1/sqrt(2)\) of the
maximum amplitude passed and rejected otherwise. The 70% frequency is
called corner frequency, roll-off frequency or half-power frequency.

The corner frequencies for RC filter and RL filter are as follows:

For RC filters:


\[f_c = \frac{1}{2 \pi RC}    (1)\]

For RL filters:


\[f_c = \frac{R}{2 \pi L}    (2)\]

Frequency Response: It is a graph of magnitude of the output voltage
of the filter as a function of the frequency. It is generally used to
characterize the range of frequencies in which the filter is designed
to operate within.


[image: ../_images/Activity_09_Fig_03.png]
Figure 3:  Frequency Response of a typical Low Pass Filter with a cut-off frequency fc






Materials:


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Resistors: 1 KΩ


	Capacitors: 1 µF


	Inductor: 22 mH







Procedure

Low pass RC filter:


	Set up the RC circuit as shown in figure 1 on your solderless breadboard, with the component values R1 = 1 KΩ, C1 = 1 µF:


	Connect the STEMlab board to your circuit:


	Connect the Oscilloscope & Signal generator probes as is shown in figure 4.


	Set the oscilloscope attenuation to x1.





[image: ../_images/Activity_09_Fig_04.png]


Figure 4:  Low pass RC filter breadboard circuit



	Start the Oscilloscope & Signal Generator application:

In the OUT1 settings menu set DC offset value to 0.5 and
Amplitude value to 0.5V to apply a 1Vp-p sine wave centered on
0.5 V as the input voltage to the circuit. From the waveform menu
select SINE signal, deselect SHOW button and select enable. On
the left bottom of the screen be sure that IN1 V/div and IN2
V/div are both set to 200mV/div (You can set V/div by selecting
the desired channel and using vertical +/- controls) In the IN1
and IN2 settings menu set the value of Vertical Offset to -500mV
For the stable acquisition set the trigger level in TRIGGER menu
to 0.5V and select NORMAL.



	Start with a low frequency, 50 Hz, and measure output voltage IN1
peak to peak from the scope screen. It should be same as channel
OUT1 output. Increase the frequency of OUT1 in small increments
until the peak-peak voltage of channel IN2 is roughly 0.7 times the
peak to peak voltage for channel IN1. Compute the 70 % of Vp-p and
obtain the frequency at which this happens on the Oscilloscope.

This gives the cut-off (roll-off) frequency for the constructed Low
Pass RC filter. When changing OUT1 frequency adjust time/div using
horizontal -/+ controls. For peak-peak measurement in the
measurement menu select “P2P”, select IN1, IN2 and press DONE


[image: ../_images/Activity_09_Fig_05.png]


Figure 5:  Low pass RC filter response at 50Hz


[image: ../_images/Activity_09_Fig_06.png]


Figure 6:  Low pass RC filter response at 500Hz





High-Pass RL filter:


	Set up the RL circuit as shown in figure 2 on your solderless
breadboard, with the component values R1 = 1 KΩ, L1 = 22 mH.


	Connect the STEMlab board to your circuit:


	Connect the Oscilloscope & Signal generator probes as is shown in figure 7.


	Set the oscilloscope attenuation to x1.





[image: ../_images/Activity_09_Fig_07.png]


Figure 7:  High pass RL filter breadboard circuit



	Start with a high frequency 50 KHz and measure output voltage IN2
peak to peak from the scope screen. It should be same as channel
IN1 peak to peak. Lower the frequency of channel OUT1 in  small
increments until the peak-peak voltage of channel IN2 is roughly
0.7 times the peak to peak voltage for channel A. Compute the 70 %
of Vp-p and obtain the frequency at which this happens on the
Oscilloscope. This gives the cut-off (roll-off) frequency for the
constructed High Pass RL filter.


[image: ../_images/Activity_09_Fig_08.png]


Figure 8:  High pass RL filter response at 50kHz


[image: ../_images/Activity_09_Fig_09.png]


Figure 9:  High pass RL filter response at 500Hz





Frequency response plots with Bode Analayzer

The Bode analyzer application will make a frequency sweep in such way
it will generate sine signal on OUT1 within frequency range selected
by us(in settings menu). IN1 input signal is directly connected to
OUT1 following that IN1=Vin. IN2 is connected on the other side of the
RL(RC) filter and from that IN2=Vout. Bode analyzer application will
then for each frequency step take the ratio of IN1/IN2 and calculate
frequency response.


[image: ../_images/Activity_09_Fig_10.png]
Figure 10:  Low pass RC filter response taken with Bode analyzer application




[image: ../_images/Activity_09_Fig_11.png]
Figure 11:  High pass RL filter response taken with Bode analyzer application



Questions
Calculate the Cut-off frequencies for the RC low pass and RL high pass
filter using equations (1) and (2). Compare the computed theoretical
values to the ones obtained from the experimental measurements and
provide a suitable explanation for any differences.







          

      

      

    

  

    
      
          
            
  
Band Pass Filters


Objective

The objective of this Lab activity is to:


	Construct a Band Pass Filter by cascading a low pass filter and a high pass filter.


	Obtain the frequency response of the filter using Bode [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/bode/bode.html] analyzer application.







Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/index.html].

Bode [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/bode/bode.html] analyzer application is used to measure frequency response of
Low Pass and High Pass Filters.

The Bode analyzer is an ideal application for measuring frequency
responses of the passive/active filters, complex impedances and any
other electronic circuit. The Gain/Phase frequency response can be
used to characterize any device under test completely, you can perform
linear and logarithmic sweeps. Gain and Phase can be measured from 1Hz
to 60MHz. The basic user interface enables quick interaction and
parameter settings. The Bode analyzer can be used for the measurement
of Stability of control circuits such as the DC/DC converters in power
supplies, Influence of termination on amplifiers or filters,
Ultrasonic and piezo electric systems and similar.




Background

A Band Pass Filter allows a specific range of frequencies to pass,
while blocking or attenuating lower and higher frequencies. It passes
frequencies between the two cut-off frequencies while attenuating
frequencies outside the cut-off frequencies. One typical application
of a band pass filter is in Audio Signal Processing, where a specific
range of frequencies of sound are desired while attenuating the
rest. Another application is in the selection of a specific signal
from a range of signals in communication systems. A band pass filter
may be constructed by cascading a High Pass RL filter with a roll-off
frequency \(f_L\) and a Low Pass RC filter with a roll-off
frequency \(f_H\), such that:


\[f_L < f_H\]

The Lower cut-off frequency is given as:


\[f_L = \frac{R}{2 \pi L} \quad (1)\]

The higher cut-off frequency is given as:


\[f_H = \frac{1}{2 \pi RC} \quad (2)\]

The Band Width of frequencies passed is given by:


\[BW = f_L < f_{BW} < f_H \quad (3)\]

All signal frequencies \(f\) below \(f_L\) and above
\(f_H\) are attenuated and the frequencies between are passed by
the filter.


[image: ../_images/Activity_10_Fig_01.png]
Figure 1: Band Pass Filter circuit






Frequency Response

To show how a circuit responds to a range of frequencies a plot of the
magnitude ( amplitude ) of the output voltage of the filter as a
function of the frequency can be drawn. It is generally used to
characterize the range of frequencies in which the filter is designed
to operate within. Figure 2 shows a typical frequency response of a
Band Pass filter.


[image: ../_images/Activity_10_Fig_02.png]
Figure 2: Band Pass Filter Frequency Response






Materials:


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Resistor:     1 KΩ


	Capacitor:    0.047 µF


	Inductor:     22 mH







Procedure


	Set up the filter circuit as shown in figure 1 and figure 3 on your
solderless breadboard, with the component values R1 = 1 KΩ, C1 =
0.047 µF, L1 =22 mH.


[image: ../_images/Activity_10_Fig_03.png]


Figure 3: Band Pass Filter on solderless breadboard



	Start the Bode analyzer application. The Bode analyzer application
will make a frequency sweep in such way it will generate sine
signal on \(OUT1\) within frequency range selected by us(in
settings menu). \(IN1\) input signal is directly connected to
\(OUT_1\) following that \(IN1=V_{in}\). \(IN2\) is
connected on the other side of the filter and from that
\(IN2=V_{out}\). Bode analyzer application will then for
each frequency step take the ratio of \(IN1/IN2\)
(\(V_{in}/V_{out}\)) and calculate frequency
response.


	In the Bode analyzer settings menu set for:


	start frequency:  500 Hz


	end frequency: 30 kHz


	number of steps: 50


	scale: Log


	select RUN button





[image: ../_images/Activity_10_Fig_04.png]


Figure 4: Band Pass Filter measured Frequency Response








Questions:


	Compute the cut-off frequencies for each Band Pass filter
constructed using the formula in equations (1) and (2). Compare
these theoretical values to the ones obtained from the experiment
and provide suitable explanation for any differences.










          

      

      

    

  

    
      
          
            
  
Impedance Measurement - Frequency Effects


Objective

The objective of this activity is to:


	Measure component impedance and circuit impedance using the Impedance Analyzer applcation.


	Study the magnitude and phase changes with change in frequency for an RLC circuit.







Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/index.html].
Impedance [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/marketplace/marketplace.html#impedance-analyzer] analyzer [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/marketplace/marketplace.html#impedance-analyzer] application is used to measure RLC circuit impedane \(Z(f)\). Alongside Impedance analyzer application for impedance measurement
we have used an LCR [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/lcr_meter/lcr_meter.html] meter [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/lcr_meter/lcr_meter.html] frontend [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/lcr_meter/lcr_meter.html]. Although LCR meter frontend is intended when using LCR meter application it can be also used for Impedance analyzer application.
The Impedance analyzer application enables measurements of Impedance, Phase and other parameters of the selected DUT (Device Under Test). Measurements can be performed in the Frequency sweep mode with 1Hz frequency resolution or in the Measurements sweep mode with the desired number of measurements at constant frequency. The selectable frequency range is from 1Hz to 60MHz, although the recommended frequency range is up to 1MHz. The impedance range is from 0.1 Ohm to 10 Mohm. When using the Impedance analyzer application with the LCR Extension module, insert 0 in the shunt resistor field.




Background

Impedance is the resistance to the flow of alternating current. It is the total opposition that a circuit offers to the flow of current at a particular frequency. Impedance \(Z\) is expressed as a combination of Resistance \(R\) and Reactance \(X\) and is measured in  \(\Omega\). It can be expressed as a complex quantity as:


\[Z = R+jX \quad (1)\]

For a ideal resistor, the impedance is the same as the DC resistance \(Z=R_{DC}\). For a capacitor, the impedance (or more specifically, the reactance) \(X_C\) is imaginary and negative reactive part of the impedance. The reactance of the capacitor depends upon the frequency and is given as:


\[X_C = \frac{1}{j\omega C} \quad (2)\]

For an inductor, the impedance (or more specifically, the reactance) \(X_L\) is imaginary and positive reactive part of the impedance. The reactance of the inductor also depends upon the frequency and is given as:


\[X_L = j\omega L \quad (3)\]

The impedance of a series RLC circuit is the sum of the impedances of respective components.


\[Z = R + Z_L + Z_C \quad (4)\]

or


\[Z = R + jX_L - jX_C \quad (5)\]

This can also be represented as a phasor with magnitude \(|Z|\) and phase \(P\) where Z = \(|Z|e^{jP}\)


\[|Z| = \sqrt{R^2 + (X_L - X_C )^2} \quad (6)\]


\[P = arctan(\frac{(X_L - X_C )}{R}) \quad (7)\]


[image: ../_images/Activity_11_Fig_01.png]


Figure 1: Series RLC circuit.




Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Resistor Rs:  1 kΩ


	Capacitor Cs:    0.047 µF


	Inductor Ls:  22 mH







Procedure


Measuring components

With LCR meter application we can measure inductance, resistance and capacitance our elements in the circuit at selected frequency. LCR meter can help you to measure each component separately in order to extract its value if not visible/readable on the packaging:


	Start LCR meter


	Connect the measured component to the LCR meter probes


	On the LCR meter application select measurement mode/parameter


	Select measurement frequency to 1kHz


	Repeat steps above for Rs, Ls and Cs





[image: ../_images/Activity_11_Fig_02.png]


Figure 2: LCR meter application


Note

Actual(measured) values of the components Rs, Cs, Ls are different than marked (color code for resistor and printed values on inductor and capacitor). The difference is due to components values tolerances






Measuring series RLC circuit Impedance


	Set up the circuit as shown in figure 1 and figure 2 on your solderless breadboard, with the component values Rs = 1 KΩ, Cs = 0.047 µF, Ls = 22 mH.





[image: ../_images/Activity_11_Fig_03.png]


Figure 3: STEMlab with LCR meter frontend and series RLC circuit


	Start the Impedance analyzer application.





Note

Impedance analyzer is community application and it needs to be downloaded from Application marketplace (bazaar).
Click on Application marketplace icon and select Install for Impedance analyzer.




	
	Start Impedance analyzer and:

	
	under Measurement settings menu set number of steps: 20


	under Frequency sweep set  Start frequency to 1kHz and End frequency to 50kHz


	select Start measurement













[image: ../_images/Activity_11_Fig_04.png]


Figure 4: Graph of the RLC circuit impedance magnitude taken with Impedance analyzer application


	4.Plot mesured Phase

	
	under Plot settings menu for Y-axis select P[deg]









[image: ../_images/Activity_11_Fig_05.png]


Figure 5: Graph of the RLC circuit impedance phase taken with Impedance analyzer application


Note

The frequency at which this occurs (Phase = 0) is called resonant frequency.
At resonant frequency the total reactance is zero and the circuit is purely resistive.



For


\[Z = R + j(X_L - X_C ) \quad (8)\]

If


\[X_L  - X_C  = 0 \quad (9)\]

then


\[Z = R \quad (10)\]

Resonant frequency can be mathematically derived using equation to be:


\[f_0 = \frac {1}{2 \pi \sqrt{LC}} \quad (11)\]






Questions


	Compute the resonant frequency fo for the series RLC using equation (11) and compare it to the measured value. What is the percentage error between the two?


	Give your conclusions from the observations made in step 3 of the procedure.


	Compute the magnitude and phase for the series RLC circuit, when the reactive component equals the resistive component.










          

      

      

    

  

    
      
          
            
  
Measuring a Loudspeaker Impedance Profile


Objective

The objective of this experiment is to measure the impedance profile and the resonate frequency of a permanent magnet loudspeaker.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/index.html].
Impedance [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/marketplace/marketplace.html#impedance-analyzer] analyzer [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/marketplace/marketplace.html#impedance-analyzer] application is used to measure RLC circuit impedane \(Z(f)\). Here we use Impedance analyzer application without LCR meter frontend as described HERE [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/marketplace/marketplace.html#impedance-analyzer].
The Impedance analyzer application enables measurements of Impedance, Phase and other parameters of the selected DUT (Device Under Test). Measurements can be performed in the Frequency sweep mode with 1Hz frequency resolution or in the Measurements sweep mode with the desired number of measurements at constant frequency. The selectable frequency range is from 1Hz to 60MHz, although the recommended frequency range is up to 1MHz. The impedance range is from 0.1 Ohm to 10 Mohm. When using the Impedance analyzer application with the LCR Extension module, insert 0 in the shunt resistor field.




Background

The chief electrical characteristic of a dynamic loudspeaker is its electrical impedance as a function of frequency. It can be visualized by plotting it as a graph, called the impedance curve.
The most common type of loudspeaker is an electro-mechanical transducer using a voice coil connected to a diaphragm or cone. The voice coil in moving coil loudspeakers is suspended in a magnetic field provided by a permanent magnet. As electric current flows through the voice coil, from an audio amplifier, the electro-magnetic field created by the current in the coil reacts against the permanent magnet’s fixed field and moves the voice coil (also the cone). Alternating current will move the cone back and forth. The movement of the cone vibrates the air producing the sound.

The moving system of the loudspeaker, including the cone, cone suspension, spider and the voice coil, has a certain mass and compliance. This is most commonly modeled as a simple mass suspended by a spring that has a certain resonant frequency at which the system will vibrate most freely.

This frequency is known as the “free-space resonance” of the speaker and is designated by \(F_S\). At this frequency, since the voice coil is vibrating with the maximum peak-to-peak amplitude and velocity, the back-emf generated by coil motion in a magnetic field is also at its maximum. This causes the effective electrical impedance of the speaker to be at its maximum at \(F_S\), known as
\(F_{max}\). For frequencies just below resonance, the impedance rises rapidly as the frequency approaches \(F_S\) and is inductive in nature. At resonance, the impedance is purely resistive and beyond it, as the impedance drops, it looks capacitive. The impedance reaches a minimum value, \(Z_{min}\), at some frequency where the behavior is mostly (but not perfectly) resistive over some range of frequencies. A speaker’s rated or nominal impedance, \(Z_{nom}\), is derived from this \(Z_{min}\) value.

Knowing the resonate frequency and the minimum and maximum impedances are important when designing cross over filter networks for multiple driver speakers and the physical enclosure the speakers are mounted in.




Loudspeaker Impedance Model

To help understand the measurements you are about to make, a simplified electrical model of a loudspeaker is shown in figure 1.


[image: ../_images/Activity_12_Fig_01.png]


Figure 1: Loudspeaker Impedance Model

The circuit in figure 1 has a dc resistance placed in series with a lossy parallel resonant circuit made up of \(L\), \(R\), and \(C\), which models the dynamic impedance of the speaker over the frequency range of interest.


	\(R_{dc}\) is the dc resistance of the loudspeaker as measured with a DC ohmmeter. The dc resistance is often referred to as the \(DCR\) in a speaker/subwoofer data sheet. The dc resistance measurement is usually less than the driver’s nominal impedance \(Z_{nom}\). \(R_{dc}\) is typically less than the specified loudspeaker impedance and the novice loudspeaker enthusiast may be fearful that the driver amplifier will be overloaded. However, because the inductance \(L\) of a speaker increases with an increase in frequency, it is unlikely that the driver amplifier actually sees the dc resistance as its load.


	\(L\) is the voice coil inductance usually measured in milliHenries \(mH\). Typically, the industry standard is to measure the voice coil inductance at \(1kHz\). As frequencies increase above \(0Hz\), there is a rise in impedance above the \(R_{dc}\) value. This is because the voice coil acts as an inductor. Consequently, the overall impedance of a loudspeaker is not a constant impedance, but can be represented as a dynamic profile that changes with input frequency as we will see when we make measurements. Maximum impedance, \(Z_{max}\), of the loudspeaker occurs at the resonant frequency, \(F_s\), of the loudspeaker.


	\(F_s\) is the resonant frequency of a loudspeaker. The impedance of a loudspeaker is a maximum at \(Z_s\). The resonant frequency is the point at which the total mass of the moving parts of the loudspeaker become balanced with the force of the speaker suspension when in motion. The resonant frequency information is important to prevent an enclosure from ringing. In general, the mass of the moving parts and the stiffness of the speaker suspension are the key elements that affect the resonant frequency. A vented enclosure (bass reflex) is tuned to \(F_s\) so that the two work in unison. As a rule, a speaker with a lower \(F_s\) is better for low-frequency reproduction than a speaker with a higher \(F_s\).


	\(R\) represents the mechanical resistance of a driver’s suspension losses.







Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	Resistor - \(R_{shunt}\):         10 Ω


	Loudspeaker, it is best if the speaker is one with a cone diameter larger than 10cm such that is has a relatively low resonant frequency.







Procedure


	First build the circuit shown in the figure 1 and figure 2. The loudspeaker can be in an enclosure or not.





[image: ../_images/Activity_12_Fig_02.png]


Figure 2: Loudspeaker connections


[image: ../_images/Activity_12_Fig_03.png]


Figure 3: STEMlab with shunt resistor Impedance analyzer conection and Loudspeaker


	Start the Impedance analyzer application.





Note

Impedance analyzer is community application and it needs to be downloaded from Application marketplace (bazaar).
Click on Application marketplace icon and select Install for Impedance analyzer.




	
	Start Impedance analyzer and:

	
	under Measurement settings menu set number of steps: 30


	under Measurement settings menu set \(R_{shunt}\) value to \(10 \Omega\)


	under Frequency sweep set  Start frequency to 10Hz and End frequency to 10kHz


	select Start measurement
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Figure 4: Graph of the Loudspeaker impedance magnitude taken with Impedance analyzer application


	4.Plot mesured Phase

	
	under Plot settings menu for Y-axis select P[deg]









[image: ../_images/Activity_12_Fig_05.png]


Figure 5:  Graph of the Loudspeaker impedance phase taken with Impedance analyzer application


Note

The frequency at which this occurs (Phase = 0) is called resonant frequency.



As is shown in Loudspeaker  model (figure 1)  resistance \(R\) represent the mechanical resistance of a driver’s suspension losses.
To see an effect of this modeled resistance \(R\) flipover Loudspeaker so its membrane is facing working bench. With this we will change
acousto-mechanical environment of the speaker which will affect the loudspeaker impedance.


	Flipover Loudspeaker  as is shown in figure 6 and repeat Impedance measurements





[image: ../_images/Activity_12_Fig_06.png]


Figure 6: Loudspeaker in different acousto-mechanical environment

As we can see from figure 7 impedance of loudspeaker is now different and effect of
acousto-mechanical environment is clearly visible.


[image: ../_images/Activity_12_Fig_07.png]


Figure 7: Loudspeaker impedance at different acousto-mechanical environment







          

      

      

    

  

    
      
          
            
  
Basic OP Amp Configurations


Objective

In this lab we introduce the operational amplifier (op amp), an active
circuit that is designed with certain characteristics (high input
resistance, low output resistance, and a large differential gain) that
make it a nearly ideal amplifier and useful building-block in many
circuits applications. In this lab you will learn about DC biasing for
active circuits and explore a few of the basic functional op amp
circuits. We will also use this lab to continue developing skills with
the lab hardware.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.

Extension connector pin used as 5V voltage source are show in the
documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Materials


	Red Pitaya STEMlab 125-14 or STEMlab 125-10


	OPAMP:  1x AD8541 ( CMOS rail to rail amplifier )


	LED: 1x


	Resistor:  4x 1 \(k \Omega\)


	Resistor:  3x 4.7 \(k \Omega\)


	Resistor:  2x 10 \(k \Omega\)


	Resistor:  1x 20 \(k \Omega\)


	Capacitor: 1x 1 \(\mu F\)







Op-Amp Basics


First Step: Connecting DC Power

Op amps must always be supplied with DC power and therefore it is best
to configure these connections first before adding any other circuit
components. Figure 1 shows one possible power arrangement on your
solder-less breadboard. We use two of the long rails for the positive
supply voltage and ground. Using LM317 [http://www.ti.com/lit/ds/symlink/lm317.pdf] adjustable [http://www.ti.com/lit/ds/symlink/lm317.pdf] regulator [http://www.ti.com/lit/ds/symlink/lm317.pdf] we
provide 2.5 V mid supply rail that may be required.


Note

STEMlab boards do not have 2.5V DC output pin so we are using LM317
adjustable regulator to provide 2.5V DC rail from 5V one.

Connection of LM317 is very simple and described below. Equation
for calculating output voltage is given as:


\[V_{out} = 1.25 \bigg( 1+\frac{R_2}{R_1} \bigg) \quad (1).\]



Included are the so-called “supply de-coupling” capacitor connected
between the power-supply and ground rails. It is too early to discuss
in great detail the purpose of these capacitors, but they are used to
reduce noise on the supply lines and avoid parasitic oscillations. It
is considered good practice in analog circuit design to always include
small bypass capacitors close to the supply pins of each op amp in
your circuit.
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Figure 1: Power connections using 5V power pin from E2 [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2] connector [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2] and LM317 [http://www.ti.com/lit/ds/symlink/lm317.pdf] adjustable [http://www.ti.com/lit/ds/symlink/lm317.pdf] regulator [http://www.ti.com/lit/ds/symlink/lm317.pdf]

It is good practice to have power suply indication. For that we use
LED connected to the 2.5V rail. If the voltage is present on this rail
the LED will be ON. Since 2.5V is provided from 5V rail the same  LED
will also indicate “OK” status of 5V power supply. Insert the LM317
and op amp into your breadboard and add the wires,resistors,led and
supply capacitors as shown in figure 1. To avoid problems later you
may want to attach a small label to the breadboard to indicate which
rails correspond to +5 V, +2.5V and GND.

Next, attach the +5 V supply and GND connections from the STEMlab
board to the terminals on your breadboard. Use jumper wires to power
the rails. Remember, the power-supply GND terminal will be our circuit
“ground” reference. Once you have your supply connections you may want
to use a DMM to probe the IC pins directly to insure that pin 7 is
at +5 V, pin 4 at 0 V (ground) and check 2.5 power rail.

Remember you must have the STEMlab powered up before measuring the
voltages with the volt meter.


[image: ../_images/Activity_13_Fig_02.png]


Figure 2: Power connections




First Step: Unity-Gain Amplifier (Voltage Follower)

Our first op amp circuit is a simple one, shown in figure 3. This is
called a unity-gain buffer, or sometimes just a voltage follower,
defined by the transfer function \(V_{out} = V_{in}\). At first
glance it may seem like a useless device, but as we will show later it
finds use because of its high input resistance and low output
resistance.
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Figure 3: Unity Gain Follower

Using your breadboard and the STEMlab power supplies, construct the
circuit shown in figure 3. Note that the power connections have not
been explicitly shown here; it is assumed that those connections must
be made in any real circuit (as you did in the previous step), so it
is unnecessary to show them in the schematic from this point on. Use
jumper wires to connect input and output to the waveform generator
output, OUT1 and oscilloscope inputs IN1 an IN2.


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 settings menu set DC offset value to 0.5 and Amplitude
value to 0.45V to apply a 1Vp-p sine wave centered on 0.5 V as the
input voltage to the circuit. From the waveform menu select SINE
signal deselect SHOW button and select enable. On the left bottom
of the screen be sure that IN1 V/div and IN2 V/div are both set to
200mV/div (You can set V/div by selecting the desired channel and
using vertical +/- controls) In the IN1 and IN2 settings menu set
the value of Vertical Offset to -500mV For the stable acquisition
set the trigger level in TRIGGER menu to 0.5V and select NORMAL.


	In the measurement menu select “P2P” , select IN1 and press DONE,
select IN2 and press DONE


	In the measurement menu select “FREQ” , select IN1 and press DONE,
select IN2 and press DONE
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Figure 4: Unity Gain Follower measurements with an Oscilloscope & Signal Generator application.

Our measurements have confirmed that circuit in figure 3 is indeed a
voltage follower. This configuration is widely used for example if our
signal generator, connected to the “+” pin of the OPAMP, needs to be
separated from influence of the circuit connected to the output of the
voltage follower (pin 6).

In reality a voltage follower shown in figure 3 has its limitations in
case of performances. Mainly this is the capability of voltage
follower to preserve \(V_{out}=V_{in}\) characteristic in case of
high frequencies of \(V_{in}\) (IN1=OUT1, look at figure 3).

Try to increase Signal generator (OUT1) frequency up to 100kHz or 1MHz
and observe signals IN1 and IN2.  Certain delay of signal IN2 will
appear indicating that voltage follower is inserting time delay
between input (IN1) and output (IN2) signals.




Buffering Example

The high input resistance of the op-amp (zero input current) means
there is very little loading on the generator; i.e., no current is
drawn from the source circuit and therefore no voltage drops on any
internal (Thevenin) resistance. Thus in this configuration the op-amp
acts like a “buffer” to shield the source from the loading effects
from other parts of the system. From the perspective of the load
circuit the buffer transforms a non-ideal voltage source into a nearly
ideal source. figure 5 describes a simple circuit that we can use to
demonstrate this feature of a unity-gain buffer. Here the buffer is
inserted between a voltage-divider circuit and some “load” resistance,
the 10K resistor.
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Figure 5: Buffer Example

Using your breadboard and the STEMlab power supplies, construct the
circuit shown in figure 5, case 1.


	Case 1

	Simultaneously observe \(V_{in}\) (IN1) and \(V_{out}\)
(IN2) and record the amplitudes (P2P).






	Start the Oscilloscope & Signal Generator application.


	In the OUT1 settings menu set DC offset value to 0 and Amplitude
value to 1V to apply a 2Vp-p sine wave centered on 0V as the input
voltage to the circuit. From the waveform menu select SINE
signal deselect SHOW button and select enable.


	On the left bottom of the screen be sure that IN1 V/div and IN2
V/div are both set to 200mV/div (You can set V/div by selecting the
desired channel and using vertical +/- controls)


	In the IN2 settings menu set the value of Vertical Offset to
-1000mV.


	In the IN1 and IN2 settings menu set probe settings to x10.


	For the stable acquisition set the trigger level in TRIGGER menu to
1.3V and select NORMAL.


	In the measurement menu select “P2P” , select IN1 and press DONE,
select IN2 and press DONE


	In the measurement menu select “FREQ” , select IN1 and press DONE,
select IN2 and press DONE





	Case 2

	Remove the 10kΩ load and substitute a 1kΩ resistor instead and
record the amplitudes (P2P) of \(V_{in}\) (IN1) and
\(V_{out}\)



	Case 3

	Move the 1 KΩ load between pin 3 and +2.5 V, so that it is in
parallel with the 4.7 KΩ resistor. Record the amplitudes (P2P) of
\(V_{in}\) (IN1) and \(V_{out}\)
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Figure 6: Buffer Example case 1

If you have performed measurements in all 3 cases you have noticed
following; In case 1 and 2 there was no difference between
measurements of  \(V_{in}\) (IN1) and \(V_{out}\) although we
had different loads (1K and 10K resistors) on the buffer output. From
this fact it is clear that buffer circuit can drive those loads
\(V_{out-case-1}=V_{out-case-2}\) with the same output voltage
while preventing different loads affecting the \(V_{in}\)
signal \(V_{in-case-1}=V_{in-case-2}\).

In case 3 adding 1K resistor between pin 3 (“+”) and 2.5V will affect
the \(V_{in}\) voltage and since, the circuit is a voltage
follower, an \(V_{out}\) will change accordingly.






Basics Amplifier Configurations


Inverting Amplifier

Figure 7 shows the conventional inverting amplifier configuration with
a 10 KΩ “load” resistor at the output.


[image: ../_images/Activity_13_Fig_07.png]


Figure 7: Inverting amplifier configuration

Now assemble the inverting amplifier circuit shown in figure 7 using
R2 = 4.7kΩ. Remember to disconnect the power supply before assembling
a new circuit. Cut and bend the resistor leads as needed to keep them
flat against the board surface, and use the shortest jumper wires for
each connection Remember, the breadboard gives you a lot of
flexibility. For example, the leads of resistor R2 do not necessarily
have to bridge over the op-amp from pin 2 to pin 6; you could use an
intermediate node and a jumper wire to go around the device instead.


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 settings menu set DC offset value to -0.5V and
Amplitude value to 0.45V to apply a offseted sine wave centered on
-0.5V as the input voltage to the circuit. From the waveform menu
select SINE signal deselect SHOW button and select enable.


	In the IN1 and IN2 settings menu set probe settings to x10.


	On the left bottom of the screen be sure that IN1 V/div is set to
200mV/div and IN2 to 1V/div (You can set V/div by selecting the
desired channel and using vertical +/- controls)


	In the IN1 settings menu set the value of Vertical Offset to
-500mV, In the IN2 settings menu set the value of Vertical Offset
to 2.500mV,


	For the stable acquisition set the trigger level in TRIGGER menu to
-0.5V and select NORMAL.


	In the measurement menu select “P2P” , select IN1 and press DONE,
select IN2 and press DONE


	In the measurement menu select “MEAN” , select IN1 and press DONE,
select IN2 and press DONE
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Figure 8: Inverting amplifier configuration measurements


Note

From the measurements shown on figure 8 we can see that amplitude
of \(V_{out}\) (IN2) is cca 4.7 time larger than amplitude of
\(V_{in}\) (IN1). Also the phase between two signals is 180
degrees.This is the result of inverting amplifier
characteristic which is given as:


\[V_{out} = - \bigg( \frac{R2}{R1} \bigg) V_{in}  \quad (2)\]






Non-Inverting Amplifier

The non-inverting amplifier configuration is shown in figure 9. Like
the unity-gain buffer, this circuit has the (usually) desirable
property of high input resistance, so it is useful for buffering
non-ideal sources, however with a gain greater than one.
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Figure 9: Non-Inverting amplifier configuration measurements

Assemble the non-inverting amplifier circuit shown in
figure 9. Remember to shut off the power supplies before assembling
the new circuit. Set R2 = 4.7kΩ.


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 settings menu set DC offset value to 0.5V and Amplitude
value to 0.3V to apply a offseted sine wave centered on 0.5V as the
input voltage to the circuit. From the waveform menu select
SINE signal deselect SHOW button and select enable.


	In the IN1 and IN2 settings menu set probe settings to x10.


	On the left bottom of the screen be sure that IN1 V/div is set to
100mV/div and IN2 to 1V/div (You can set V/div by selecting the
desired channel and using vertical +/- controls)


	In the IN1 settings menu set the value of Vertical Offset to
-500mV, In the IN2 settings menu set the value of Vertical Offset
to -3V.


	For the stable acquisition set the trigger level in TRIGGER menu to
0.5V and select NORMAL.


	In the measurement menu select “P2P” , select IN1 and press DONE,
select IN2 and press DONE


	In the measurement menu select “MEAN” , select IN1 and press DONE,
select IN2 and press DONE
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Figure 10: Non-Inverting amplifier configuration measurements


Note

From the measurements shown on figure 10 we can see that amplitude
of \(V_{out}\) (IN2) is cca 5.7 time larger than amplitude of
\(V_{in}\) (IN1). Also the phase between two signals is ~0
degrees.This is the result of non-inverting amplifier
characteristic which is given as:


\[V_{out} =  \bigg( 1 + \frac{R2}{R1} \bigg) V_{in}  \quad (3)\]



Increase the feedback resistance R2 further until the onset of
clipping, that is, until the peaks of the output signal begin to be
flattened due to output saturation. Record the value of resistance
where this happens. Now increase the feedback resistance to 100
KΩ. Describe and draw waveforms in your notebook. What is the
theoretical gain at this point? How small would the input signal have
to be in order to keep the output level to less than 5V given this
gain? Try to adjust the waveform generator to this value. Describe the
output achieved.

The last step underscores an important consideration for high-gain
amplifiers. High-gain necessarily implies a large output for a small
input level. Sometimes this can lead to inadvertent saturation due to
the amplification of some low-level noise or interference, for example
the amplification of stray 60Hz signals from power-lines that can
sometimes be picked up. Amplifiers will amplify any signals at the
input terminals…whether you want it or not!




Summing Amplifier Circuit

The circuit of figure 11 is a basic inverting amplifier with four inputs, called a “summing” amplifier.
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Figure 11: Summing Amplifier configuration

With the power disconnected, build circuit as shown in figure 11 and continue with measurements.
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Figure 12: Summing Amplifier circuit on the breadboard

Set: \(R_{in}\) = \(R_{in}\) = \(R_{f}\) = 4.7kΩ.


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 and OUT2 settings menu set DC offset value to -0.5V and
Amplitude value to 0.3V to apply a offseted sine wave centered on
-0.5V as the input voltages to the circuit. From the waveform
menu select SINE signal and select enable.


	In the IN1 and IN2 settings menu set probe settings to x10.


	On the left bottom of the screen be sure that IN1 V/div is set to
100mV/div and IN2 to 1V/div (You can set V/div by selecting the
desired channel and using vertical +/- controls)


	For the stable acquisition set the trigger level in TRIGGER menu to
-0.5V and select NORMAL.


	In the measurement menu select “P2P” , select IN1 and press DONE,
select IN2 and press DONE
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Figure 13: Summing Amplifier measurements


Note

From measurement above we can see that output voltage is sum of the two input voltages.
Also the phase between two signals is ~0 degrees.
This is the result of inverting summing amplifier characteristic which is given as:


\[-V_{out} =  \frac{R_f}{R_{in}} \bigg( V_{in1} + V_{in2} \bigg) \quad (4)\]

In general \(R_{in}\) can be different for each input voltage so it follows:


\[-V_{out} =  \frac{R_f}{R_{in1}} V_{in1} + \frac{R_f}{R_{in2}} V_{in2} + ... + \frac{R_f}{R_{inN}} V_{inN}  \quad (5)\]



To prove equation above try to disable OUT2 and observe IN2 P2P value. Also try to change OUT2 amplitude and observe measurements.  What happens if you set OUT2 phase to 180deg?  Can you explain the result in that case?




Using an Op-Amp as a Comparator

The high intrinsic gain of the op-amp and the output saturation effects can be exploited by configuring the op-amp as a comparator as in figure 14. This is essentially a binary-state decision-making circuit: if the voltage at the “+” terminal is greater than the voltage at the “-” terminal, \(V_{in}\) > \(V_{ref}\) , the output goes “high” (saturates at its maximum value). Conversely if \(V_{in}\) < \(V_{ref}\) the output goes “low”. The circuit compares the voltages at the two inputs and generates an output based on the relative values. Unlike all the previous circuits there is no feedback between the input and output; we say that the circuit is operating “open-loop”.
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Figure 14: Op-Amp as Comparator

With the power disconnected, build circuit as shown in figure 14 and continue with measurements.


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 set Amplitude value to 0.45V, and DC offset value to 0.5V to apply a offseted sine wave centered on 0.5V as the input voltage to the circuit. From the waveform
menu select SINE signal deselect SHOW button. Set frequency to 100Hz and select enable (ON).
In the OUT2 select DC signal, deselect SHOW button set Amplitude value to 0.5V to apply a DC voltage as the REFERENCE value \(V_{ref}\) . Select enable (ON).


	In the IN2 settings menu set probe settings to x10.


	On the left bottom of the screen be sure that IN1 V/div is set to 200mV/div and IN2 to 2V/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	For the stable acquisition set the trigger level in TRIGGER menu to 0.25V and select NORMAL.
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Figure 15: Op-Amp as Comparator measurements


Note

For comparator shown on figure 14 it follows:


\[if \quad  V_{in} > V_{ref}  \quad  ; \quad V_{out} = V_{+} \quad (5)\]


\[if \quad  V_{in} < V_{ref} \quad  ; \quad V_{out} = V_{-}\]






Questions


	Slew rate: discuss how you measured and computed the slew rate in the unity-gain buffer configuration, and compare this with the value listed in the OP97 data sheet.


	Buffering: explain why the buffer amplifier in figure 5 allowed the voltage divider circuit to function perfectly with differently load resistances.


	
	Output saturation: explain your observations of output voltage saturation in the inverting amplifier configuration and your estimate of the internal voltages drops. How close does the output come to

	the supply rails in this experiment and also later when used as a comparator with different power-supply voltages? Can you guess what the output voltage swing would be for an op-amp that is advertised as a “rail-to-rail” device?







	Comparator: discuss your measurements and what would happen if the polarity of Vref is reversed.
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OPAMP Open Loop Gain


Objective

The objective of this experiment is to measure  the open‐loop gain
characteristics of a OP27 opamp.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.

Extension connector pins used for -3.3V and +3.3V voltage
supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Materials


	Red Pitaya STEMlab 125-14. An Red Pitaya STEMlab 125-10 is not suitable for this measurement due to ADC resolution!


	OPAMP:  1x OP27


	OPAMP:  1x OP97


	Resistor:  2x 100 \(\Omega\)


	Resistor:  2x 200 \(k \Omega\)


	Resistor:  1x 100 \(k \Omega\)


	Capacitor: 2x 0.1 \(\mu F\)


	Capacitor: 1x 10 \(\mu F\)







Background

Unlike the ideal op amp, a practical op amp has a finite gain. The
open-loop DC gain (usually referred to as \(A_{VOL}\) and
sometimes as forward gain) is the gain of the amplifier without
the feedback loop being closed, hence the name “open-loop.” For a
precision op amp this gain can be very high, on the order of 160 dB
(100 million) or more. The open loop gain of the OP27 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP27.pdf] amplifier is
arround 1.8 million.
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Figure 1: OP27 datasheet and Open Loop Gain value marked



The definition of open-loop gain is


\[A_{OL} = \frac{V_{out}}{(V^{+} - V^{-})} \quad (1)\]

where \((V^{+} - V^{-})\) is the input voltage difference
\(V_d\) that is being amplified, \(V^{+}\) a voltage on
non-inverting input and \(V^{-}\) voltage on inverting input.

Voltage feedback op amps operate as a voltage in / voltage out
amplifier and the open-loop gain is a dimensionless ratio, so no
units are necessary. However, data sheets sometimes express gain in
\(V/mV\) or \(V/ \mu V\) instead of \(V/V\), for the
convenience of using smaller numbers. Or, voltage gain can also
be expressed in \(dB\) terms, as gain in


\[Gain \quad in \quad dB = 20log(A_{VOL})  \quad (2)\]


Note

Thus an open-loop gain of


\[1V/ \mu V \quad = \quad   1  \quad million V/V  \quad = \quad 120 dB, \quad etc.\]

Be sure to read through the tutorial [http://www.analog.com/media/en/training-seminars/tutorials/MT-044.pdf] on Open Loop Gain and Open Loop Gain Nonlinearity before doing these experiments.






Procedure

The dc gain is measured by forcing the output of the DUT(OPAMP under
test a OP27 in our case) to move by a known amount (1V in our case,
look at Figure 2) by switching R5 between the DUT output (OP27 pin 6)
and a 1V reference (STEMlab OUT1 output) with switch S. If R5 is
at +1V (Switch S position POS2), then the DUT output (OP27 pin6) must
move to –1V if the input of the auxiliary amplifier is to remain
unchanged near zero. The voltage change at auxiliary amplifier output
\(V_{out}\) (OP97 pin 6), attenuated by R3/R1 factor, is the
input to the DUT(OP27 pin 3), which causes a 1V change of
output.It is simple to calculate the gain from this:


\[A_{OL} = Gain_{OL} = \frac{R_3}{R_2}  \frac{1V}{V_{out}} \quad (2)\]


Note

In other words, DUT input differential voltage
\(V_d=V^{+}+{V^-}\), (where \(V^-=0\) and  \(V_d =
V^+\)), necessary to set DUT output to -1V is
\(\frac{V_{out}}{A_{OL}}\).

DUT output must go to -1V since our AUX opamp is in feedback loop
trying to push his \(V_d\) to 0V.



Example:

If we take \(A_{OL} = 1.8E6\) then for 1V on DUT(OP27) output we
need to have input diferential voltage \(V_d\) as folows:


\[V_d = \frac{1V}{1.8E6} \approx 0.555 \mu V\]


Note

In theory, in order to measure \(A_{OL}\)  we could only use a
signal generator (for setting the \(V_{d}\)) and voltmeter for
measurements of DUT output. But in practice this is almost not
duable dou to imperfections, noise levels, offset levels and
etc. Because of that we are using method shown on figure 2 where we
perform the measurements of output signal \(V_{out}\) which is,
through voltage divider (R3/R2) related to \(V_{d}\) and  a few
order of magnitudes larger than \(V_{d}\) and thus measurable
with our equipment.



Construct the circuit shown in figure 2. Before inserting the R2
and R3 resistors in the circuit, measure and record the values of the
two resistors using a DMM if available.

In our case R3 = 97.3k \(\Omega\) and R2 = 99.7 \(\Omega\)


Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V  pins
double check your circuit. The  -3.3V and +3.3V  voltage supply
pins do not have  short circuit handling and they can be damaged in
case of short circuit.
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Figure 2: Voltage supply connections and  test circuit




Warning

C1 capacitor is used as a feedback impedance on the inverting
amplifier configuration of the AUX opamp. This is done to attenuate
all AC signals in the circuit and AUX opamp output. For this reason
it is good to have large capacitance of C1 in order to eliminate
any AC signals.

We chosed 10uF and used polarized(electrolytic) capacitor
here. This is not  an “ok” solution since our capacitor can be
subjected to reverse polarisation. But for good measurements and
short period of measurements the electrolytic capacitor can be
used.






Step 1: S is on POS1 (Figure 2)

Instead of using switch S, R5 can be manually set on pin6 of DUT on the breadboard.
Build circuit in the breadboard and set R5 to POS1.

Connect OUT1 to IN1 and set probe attenuations to x1.
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Figure 3: Test circuit. R5 on POS1 (look at Figure 2)




	Start the Oscilloscope & Signal Generator application


	On the left bottom of the screen be sure that IN1 V/div is set
to 500mV/div and IN2 V/div to 10mV/div (You can set V/div by
selecting the desired channel and using vertical +/- controls)


	Using  horizontal +/- controls set t/div to 100ms/div


	In the measurement menu select “MEAN”, select IN1 and press DONE, select IN2 and press DONE


	Readout MEAN(IN2): In our case it is -34.2mV
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Figure 4: Measurements of \(V_{out}\) when  R5 is set to POS1 (look at Figure 2)








Step 2: S is on POS2 (Figure 2)

Build circuit on the breadboard and set R5 to POS2.
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Figure 5: Test circuit. R5 on POS2 (look at Figure 2)




	In the OUT1 settings menu from the waveform menu select DC. Set
Amplitude value to 1V to apply a 1V DC voltage to the circuit (R5).

Deselect SHOW button and select enable.



	Adjust OUT1 amplitude until MEAN(IN1) shows near 1V.


	Readout MEAN(IN2): In our case it is -34.8mV
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Figure 6: Measurements of \(V_{out}\) when  R5 is set to POS2 (look at Figure 2)


Note

As you can see from the measurements there is certain offset on
the AUX opamp output (pin 6). Ideally when R5 is set to POS1
(figure 2) \(V_{out}\) should be 0.



Nonetheless, during both (POS1 and POS2) measurements the DC
offset is the same and it will cancel out when calculating open
loop gain.

For open loop gain folowing equation 2 we get:


\[ \begin{align}\begin{aligned}A_{OL} = \frac{R3}{R2} \frac{1V}{(V_{out_{POS1}}-V_{out_{POS2}})} =\\A_{OL} = \frac{93700.0}{99.7} \frac{1V}{(-34.2mV-(-34.8mV))} =\\A_{OL} \approx  1566365.764 \approx 1.566 milion\end{aligned}\end{align} \]

Compare measurements with the datasheet value from Figure 2. Our
measurements are very close to the specified value. For more accurate
measurement a higher resolution equipment and less noisy environment
is necessary.











          

      

      

    

  

    
      
          
            
  
OPAMP Gain Bandwidth Product \(GBW\)


Objective

The objective of this activity is to explore a key parameter that affects the performance of op-amps at high frequencies.
The parameter is the gain-bandwidth product (\(GBW\)) or unity gain bandwidth.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Extension connector pins used for -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].
Bode [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/bode/bode.html] analyzer application is used to measure frequency response of op-amp circuit.




Materials


	Red Pitaya STEMlab


	OPAMP:  1x OP97


	Resistor:  2x 100 \(\Omega\)


	Resistor:  1x 47 \(k \Omega\)


	Resistor:  1x 100 \(k \Omega\)


	Resistor:  2x 10 \(k \Omega\)







Background

The forward gain, \(G\) is defined as the gain of the op-amp when a signal is fed differentially into the amplifier with no negative feedback applied. This gain is ideally infinite at all frequencies, but in a real op-amp is finite [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity14_OPAMPOpenLoopGain.html#opamp-open-loop-gain], and depends on the frequency. At low frequency the gain is maximum, decreases linearly with increasing frequency, and has a value of one at the frequency commonly referred to as the unity gain or cut-off frequency \(f_{c}\) (in equation form, \(G(f_c)=1\)). For the OP97 op-amp, the unity gain frequency is 900 kHz, the open-loop gain at this frequency is simply one. This is also the Closed-Loop Bandwidth or the maximum frequency when the feedback is configured with a closed loop gain of 1. \(G_f\) is defined as the gain-bandwidth product,
\(GBW\), and for all input frequencies this product is constant and equal to \(f_c\). The gain can be specified as a simple number (magnitude) or in dB(decibel).


\[ \begin{align}\begin{aligned}GBW = gain * f_c\\or\\GBW = gain * BW\end{aligned}\end{align} \]

where \(f_c\) is cut-off frequency (at \(f_c\) gain drops by -3dB ( -3dB = \(1 / \sqrt{2}\) drob in signal amplitude))
and \(BW\) frequency bandwidth in this case given as \(BW = f_c\)

Figure 1, from the OP97 datasheet, graphically illustrates this relationship. When feedback is provided, as in an inverting [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#inverting-amplifier] amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#inverting-amplifier], the gain is given by G = –R2/R1; however, it must be recognized that the magnitude of this gain can never exceed the gain as given by the gain-bandwidth product.
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Figure 1: OP97 Open-Loop Gain, Phase vs. Frequency


Note

You should remember following: The maximum frequency of “normal operation” (i.e frequency bandwidth, i.e cut-off frequency, i.e frequency where gain drops by 3dB) of your op-amp circuit (amplifier) in non-inverting or inverting configuration will be ALWAYS dependent on the GAIN. If you chose higher gain the frequency bandwidth will be lower and vice versa.

For example:
If we want to have inverting amplifier with gain = 100 based on OP97  then our frequency bandwidth will be given as:


\[BW = GBW_{OP927}/100 = 900 kHz / 100  = 9 kHz\]

for gain = 1000


\[BW = GBW_{OP927}/1000 = 900 kHz / 1000  = 900 Hz\]






Procedure

Build the circuit shown in figure 2 on your solderless breadboard to measure the frequency response of a inverting amplifier configured with a closed loop gain of 1000. Because the circuit’s gain is so high, the circuit needs to be driven with a very small input signal. In order to generate small signal with the STEMlab generator, a 1/1000 voltage [https://en.wikipedia.org/wiki/Voltage_divider] divider [https://en.wikipedia.org/wiki/Voltage_divider], [R3 - (R4||R1)], is used to reduce the 2V p2p sine signal to 2 mV p2p at the inverting amplifier input. R4 and R1 are effectively in parallel due to the “virtual ground” at pin 2. The parallel combination of R4 and R1 will be 50 Ω which with the 47 KΩ R3 results in a divider ratio close to 1/1000.
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Figure 2: Inverting amplifier with gain of 1000


Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V  pins double check your circuit. The  -3.3V and +3.3V  voltage supply pins do not have  short circuit handling and they can be damaged in case of short circuit.




	Set up the filter circuit as shown in figure 2 on your solderless breadboard, with the component values R1 = R4 = 100 Ω, R2 = 100 kΩ and R3 = 47 kΩ.


	Start the Bode analyzer application. The Bode analyzer application will make a frequency sweep in such way it will generate sine signal on \(OUT1\) within frequency range selected by us(in settings menu). \(IN1\) input signal is directly connected to \(OUT_1\) following that \(IN1=V_{in}\). \(IN2\) is connected on the other side of the filter and from that \(IN2=V_{out}\). Bode analyzer application will then for each frequency step take the ratio of \(IN1/IN2\) (\(V_{in}/V_{out}\)) and calculate frequency response.


	In the Bode analyzer settings menu set for:





	start frequency:  100 Hz


	end frequency: 20 kHz


	number of steps: 50


	scale: Log


	select RUN button
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Figure 3: Typical OP97 Bode Plot Gain = 1000

From the figure 3 we can see that theory and OP97 datasheet data are consistent with the measurement. At gain = 1000 the BW is 900Hz.
Set R2 to 10 kΩ, R3 = 4.7 kΩ, repeat the measurements and observe the results.
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Figure 3: Typical OP97 Bode Plot Gain = 100

As we can see from the figure 4 for x10 less gain the BW is increased x10 confirming the
equation \(GBW = BW * Gain = const\).







          

      

      

    

  

    
      
          
            
  
Difference Amplifier


Objective

Adding and/or subtracting analog signals is potentially the most common function performed by an op-amp. This activity will investigate single op-amp circuits for subtracting two analog signals.
We have already discussed Summing [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#summing-amplifier-circuit] Amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#summing-amplifier-circuit] circuit;  a single op-amp circuits for adding two (or more) analog signals. Same behaviour we also expect here while signals in the opamp inputs should be subtracted and not summed together.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Extension connector pins used for -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.




Short Background

The basic difference opamp circuit is shown in figure 1.  To solve for the transfer function \(V_{out} = f(V_1,V_2)\) of the difference amplifier we can use a superposition principle.
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Figure 1: Basic Difference Amplifier

In the first step consider circuit from figure 1 where noninverting input (pin 3) is set to the GND.
We get familiar inverting amplifier circuit which transfer function is given as


\[V_{out} = - V_1 \bigg( \frac{R_f}{R_i} \bigg)   \quad (1)\]

In second step consider the circuit from figure 1 where \(V_1\) input is set to the GND.
We get familiar non-inverting amplifier circuit which transfer function is given as


\[V_{out} = V_2 \bigg( 1 + \frac{R_f}{R_i} \bigg) \quad (2)\]

Following superposition principle we get


\[V_{out} = V_{out_{step_1}}+V_{out_{step_2}}=V_2 \bigg( 1+ \frac{R_f}{R_i} \bigg) - V_1 \bigg(\frac{R_f}{R_i} \bigg) \quad (3)\]

From the equation above we can clearly see that circuit from figure 1 is indeed a difference amplifier where output signal \(V_{out}\) is the  difference of the input signals \(V_2-V_1\) amplified by factor \(\frac{R_f}{R_1}\).

For \(R_f = R_i\)  we get:


\[V_{out} = 2V_2 -V_1 \quad (4)\]




Materials


	Red Pitaya STEMlab


	OPAMP:  1x OP484


	Resistor:  4x 10 \(k \Omega\)







Procedure

Build the difference amplifier shown in figure 2. R3 and R4 are added as a voltage divider in order to attenuate \(V_2^*\) input signal by half.
With voltage divider (R3, R4) added, for circuit shown on figure 2 and from equation (4) we get


\[V_{out} = 2V_2 - V_1 = \frac{1}{2} 2 V_2^* - V_1 = V_2^* - V_1 = OUT_2 - OUT_1  \quad (5)\]
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Figure 2: Difference Amplifier


Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V  pins double check your circuit. The  -3.3V and +3.3V  voltage supply pins do not have  short circuit handling and they can be damaged in case of short circuit.
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Figure 3: Difference Amplifier on the breadboard


	Start the Oscilloscope & Signal Generator application.


	In the IN1 settings menu deselect SHOW button.


	In the OUT1 settings menu set Amplitude value to 0.2V to apply a 0.4Vp-p sine wave centered on 0V as the input voltage \(V_1\). From the waveform menu select SINE and select enable.


	In the OUT2 settings menu set Amplitude value to 0.6V to apply a 1.2Vp-p sine wave centered on 0V as the input voltage \(V_2^*\). From the waveform menu select SINE and select enable.


	For the stable acquisition set the trigger source to IN2


	On the left bottom of the screen be sure that  IN2 V/div is set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that OUT1 V/div and OUT2 V/div are both set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	In the measurement menu select “MAX” , select IN2 and press DONE
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Figure 4: Difference Amplifier measurements


Note

As we can see from the measurements shown on the figure 4 our circuit behaves as a voltage difference amplifier since IN2 amplitude is equal to the difference between OUT2 and OUT1 amplitudes as it is predicted by equation (5).



Since both input signals are sinusoidal the only artefact of the difference amplifier circuit on the output signal is the difference in amplitude. But what happens when we have different waveforms of OUT1 and OUT2.


	In the OUT2 settings menu select SQUARE waveform and observe results
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Figure 5: Difference Amplifier measurements - Different waveforms of OUT1 and OUT2

From figure 5 we can observe a difference amplifier output signal (IN2) which has a strange waveform shape given as IN2(waveform)=OUT2(SQUARE) - OUT1(SINE).
This observation is absolutely confirming that circuit shown on figure 2 is a difference amplifier.


Note

Try different OUT1 and OUT2 waveforms and observe results.









          

      

      

    

  

    
      
          
            
  
Current Sensing using a Difference Amplifier


Objective

The objective of this lab activity is to investigate current sensing techniques that use an op-amp configured as a difference amplifier.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Extension connector pins used for -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.




Background

We have investigated the difference [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier] amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier]. Now we will use it as a current sense amplifier. One of the major applications of the op-amp difference amplifier is in measuring the current at point in a circuit other than where it flows into or out of ground or the common node. The current to be measured is converted into a small voltage by breaking open the current path and inserting a low value resistor in series. This resistor is called a current shunt resistor or just shunt. The resistance is kept small and the voltage drop across the shunt small to reduce any effect this change might have on the operation of the circuit.
Current going through shunt resistor therefore path current is given as


\[I_{path} = I_{shunt} = \frac{\Delta V}{R_{shunt}} \quad (1)\]

Since differential voltage across resistor (given as \(\Delta V = V_{R_{shunt_{node_1}}}-V_{R_{shunt_{node_2}}})\) should be measured we can see that a difference amplifier is an ideal circuit for that task. The small differential voltage drop across the shunt is amplified and converted to a single ended (common referenced) voltage by an op-amp difference amplifier.
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Figure 1: Basic Difference Amplifier in current sensing configuration

From the figure 1 we know that differential voltage \(\Delta V\) given as \(\Delta V = I_L R_s\) is carrying information about LOAD current. Also from difference [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier] amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier] theory we know that \(\Delta V\) will be somehow related to the \(V_{out}\).
First assumption is as following:


\[V_{out} \propto \Delta V = I_L R_s  \quad (1)\]

or,


\[I_L \propto \frac{V_{out}}{R_s}\]


\[\]

In other words; simply by measuring and scaling \(V_{out}\) we will measure load current,
where \(R_{s}\) is shunnt resistor.
Transfer characteristic of difference [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier] amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity16_DifferenceAmplifier.html#difference-amplifier]  for circuit shown on figure 1 is:


\[V_{out} = V_+ \bigg( 1 + \frac{R_2}{R_1} \bigg) - V_- \bigg(\frac{R_2}{R_1} \bigg) \quad (2)\]

Where \(V_{+}\) and \(V_{-}\) are voltages on noninverting(pin 3) and inverting(pin 2) opamp inputs respectively.
Substituting \(V_{+}\) and \(V_{-}\) for voltages on shunt resistor nodes we get


\[V_{out} = V_S \bigg( \frac{R_4}{R_3+R_4}\bigg) \bigg( 1 + \frac{R_2}{R_1} \bigg) - V_L \bigg(\frac{R_2}{R_1} \bigg) \quad (3)\]

where \(V_S\) is source voltage and \(V_L\) load voltage. We can also write


\[V_S = V_{R_{shunt_{node_1}}} \quad V_L = V_{R_{shunt_{node_2}}}\]

and


\[V_S = V_L + \Delta V  \quad   \Delta V= V_S - V_L\]

On the first look, by adding resistor \(R_4\)  to the circuit, shown on figure 1, somehow we have complicated transfer function; from equation (2) to equation (3).
But adding \(R_4\)  is necessary in order to equalize factor \(1+R_2/R_1\) to the factor \(R_2/R_1\) from the equation (2) in order to get opamp input voltages equally amplified and therefore enabling  simple \(\Delta V\)  to \(V_{out}\) correlation.
The important step is to select values of \(R_3\) and \(R_4\) as


\[R_4=R_2  \quad   R_3=R_1\]

Using identities above we can write equation (3) as


\[ \begin{align}\begin{aligned}V_{out} = V_S \bigg( \frac{R_2}{R_1+R_2}\bigg) \bigg( 1 + \frac{R_2}{R_1} \bigg) - V_L \bigg(\frac{R_2}{R_1} \bigg) \quad (4)\\.\\V_{out} = V_S \bigg( \frac{R_2}{R_1+R_2} + \frac{R_2R_2}{R_1(R_1+R_2)} \bigg) - V_L \bigg(\frac{R_2}{R_1} \bigg)\end{aligned}\end{align} \]

It holds that


\[\bigg( \frac{R_2}{R_1+R_2} + \frac{R_2R_2}{R_1(R_1+R_2)} \bigg) = \frac{R_2}{R_1}\]

So we can write equation (4) simple as:


\[V_{out} = V_S \bigg(\frac{R_2}{R_1} \bigg) - V_L \bigg(\frac{R_2}{R_1} \bigg) \quad (5)\]

Now we have simple equation (5) for our difference amplifier form figure 1 and the last step is to rewrite it in terms of  \(\Delta V\) i.e in terms of \(I_L\)


\[ \begin{align}\begin{aligned}V_{out} = \bigg(\frac{R_2}{R_1} \bigg) (V_S- V_L)\\    .\\V_{out} = \frac{R_2}{R_1} \Delta V\\.\\V_{out} =  \frac{R_2}{R_1}  I_L R_S \quad (6)\end{aligned}\end{align} \]


Note

And for \(I_L\) we get:


\[I_L = V_{out} \frac{R_1}{R_2 R_S}  \quad (7)\]




In our example we have


\[R_4=R_2 = 100k \Omega , \quad  R_3=R_1 10k \Omega , \quad R_2/R_1=10 , \quad R_S = R_5 = 10 \Omega , \quad I_L = \frac{V_{out}}{10 R_S}\]


Note

In our example load current is given as



\[I_L = \frac{V_{out}}{100}  \quad (8)\]











Materials


	Red Pitaya STEMlab


	OPAMP:     1x OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] quad rail to rail amplifier


	Resistor:  3x 10 \(k \Omega\)


	Resistor:  1x 100 \(k \Omega\)


	Resistor:  1x 10 \(\Omega\)


	Resistor:  1x 220 \(\Omega\)


	Capacitor: 1x 0.1 \(\mu F\)


	Inductor:  1x 4.7 \(mH\)







Directions

Build the current sense amplifier shown in figure 2. R6 is added to stabilize the output of the OP484. When using large feedback resistances the OP484 can be unstable due to the large input capacitance of the IN2 input. \(V_{S}\) is provided directly from the OUT1 STEMlab output as “power supply” for the LOAD.
The load will consist of different impedances such as a resistor, capacitor or inductor.
IN2 input voltage signal will directly show load current as is shown in the equation 8.
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Figure 2: Difference Amplifier circuit for current sensing

Components values are next:


\[ \begin{align}\begin{aligned}R_4=R_2 = 100k \Omega , \quad  R_3=R_1 = 10k \Omega ,  \quad R_S = R_5 = 10 \Omega , \quad R_6 = 220 \Omega ,\\\quad C_1 = 0.1 \mu F , \quad \quad L_1 = 4.7 mH\end{aligned}\end{align} \]




Procedure


Resistor LOAD

For LOAD take  \(470 \Omega\)  resistor and build circuit shown on figure 2.
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Figure 3: Difference Amplifier circuit for current sensing - Resistive LOAD


	Start the Oscilloscope & Signal Generator application.


	In the OUT1 settings menu set Amplitude value to 0.5V to apply a sine wave as the input voltage \(V_{source}\). From the waveform menu select SINE,
deselect SHOW button and select  enable.


	For the stable acquisition set the trigger source to IN1


	On the left bottom of the screen be sure that  IN1 V/div is set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that  IN2 V/div is set to 50mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	In the measurement menu select “MAX” , select IN1 and press DONE


	In the measurement menu select “MAX” , select IN2 and press DONE


	Set t/div value to 200us/div (You can set t/div using horizontal +/- controls)


	Readout measurements of IN2 and calculate load current using equation (8)
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Figure 4: Resistive LOAD current measurements

From the measurements from figure 4 we can calculate max load current as:


\[I_L = \frac{IN2_{max}}{100} = \frac{108.0mV}{100} = 1.08mA\]

We can check our measurements by calculating load current as


\[I_L = \frac{OUT1_{max}}{R_{load} + R_s } = \frac{0.5V}{470 \Omega+10 \Omega} = 1.04mA\]

We can see that measured current is as what we expected confirming correct behaviour of our difference amplifier.
The difference of 0.04mA between exact and measured value of load current comes from  nominal tolerances values of load and shunt resistors.




Capacitance LOAD

For LOAD take  \(0.1 \mu F\) capacitor and build circuit shown on figure 2.
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Figure 5: Capacitance  LOAD
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Figure 6: Capacitance LOAD current measurements

From the measurements from figure 6 we can calculate max load current as:


\[I_L = \frac{IN2_{max}}{100} = \frac{36.5mV}{100} = 0.36mA\]

We can check our measurements by calculating load current as


\[I_L = \frac{OUT1_{max}}{Z_{load} + R_s } = \frac{OUT1_{max}}{\frac{1}{2 \pi f_{OUT_1} C_1}  + R_s } = \frac{0.5V}{1592 \Omega+10 \Omega} = 0.31mA\]




Inductive LOAD

For LOAD take  \(4.7 mH\) inductor and build circuit shown on figure 2.
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Figure 7: Inductive LOAD


	In the OUT1 settings menu set Amplitude value to 0.2V


	On the left bottom of the screen be sure that  IN1 V/div is set to 50mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that  IN2 V/div is set to 500mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)
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Figure 8: Inductive LOAD current measurements

From the measurements from figure 8 we can calculate max load current as:


\[I_L = \frac{IN2_{max}}{100} = \frac{620mV}{100} = 6.2mA\]

We can check our measurements by calculating load current as


\[I_L = \frac{OUT1_{max}}{Z_{load} + R_s } = \frac{OUT1_{max}}{2 \pi f_{OUT_1} L_1  + R_s } = \frac{0.2V}{30 \Omega+10 \Omega} = 5.0mA\]


Note

At inductive load we have largest difference in measurements. Try to explain why.
Hint. parasitics, series resistance of an inductor.











          

      

      

    

  

    
      
          
            
  
The Comparator, Positive Feedback and Schmitt Trigger


Objective

The objective of this activity is to investigate the voltage comparator, the use of positive feedback and the operation of the Schmitt Trigger configuration. The use of conventional operational amplifiers as a substitute for voltage comparators will described in basic op amp circuits section [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#using-an-op-amp-as-a-comparator].




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Extension connector pins used for 5V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.




Background


The Voltage Comparator

A Differential Voltage Comparator such as the AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf] from the analog parts kit has a pinout similar in many ways to that of a conventional opamp but with many important differences (figure 1). There are the usual \(V_+\) and \(V_-\) power supply pins but a comparator will also have a ground (GND) pin as well. The differential \(+IN\) and \(-IN\) pins are essentially the same as a conventional op-amp. There will also be an output pin as in an opamp but there is often a second “inverting” ( or complementary ) output. Also, while the voltage at the output of an opamp can generally swing close to the \(+\) and \(-\) supply rails, the output of a comparator will swing only between ground(gnd) and the \(+\) supply. This makes the output more like a digital signal and compatible with standard logic gates such as TTL or CMOS. The voltage comparator can be thought of as a single bit analog-to-digital converter (ADC). The AD8561 also includes a LATCH input which will latch or freeze the output and prevent it from changing even if the inputs change.
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Figure 1: AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  datasheet and pin assignments






Materials


	Red Pitaya STEMlab


	OPAMP:     1x AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  voltage comparator


	Voltage regulator: 1x LM317


	Resistor:  2x 4.7 \(k \Omega\)


	Resistor:  1x 20 \(k \Omega\)


	Resistor:  1x 47 \(k \Omega\)


	Resistor:  1x 100 \(k \Omega\)


	Capacitor: 1x 0.1 \(\mu F\)







Directions

Construct the comparator test circuit as shown in figure 2 on your solder-less breadboard. The two 4.7 kΩ pull-up resistors are optional and are used to increase the peak positive output swing to closer to the +5 V supply.
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Figure 2: AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  comparator circuit


Note

Voltage Comparators are extremely sensitive to the noise and glitches on the power supply rail. Noisy power supply rail will cause glitches on the output signal. This glitches will be present at switching threshold voltages. In other words, comparator will have some trouble deciding to switch on V+ or to V-  when comparing two input signals affected by the power supply noise. Because of that here we use a voltage regulator to stabilize our power supply rail and prevent noisy output from the comparator.
You can try directly using 5V power supply rail and observe the results and compare them with the results obtained using voltage regulator.
Note: It is not necessary to drop down voltage from 5V to 2.5V but we chose that just form simplicity.
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Figure 3: AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  comparator circuit on the breadboard

LM317 [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#first-step-connecting-dc-power] Voltage regulator is described in previous [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#first-step-connecting-dc-power] section.




Procedure


	Set Oscilloscope probes attenuation; IN1 to x1 and IN2 to x10


	Start the Oscilloscope & Signal Generator application.


	To apply input voltage \(V_{in}\) in the OUT1 settings menu set Amplitude value to 0.5V and DC offset to 0.5V. From the waveform menu select TRIANGLE,
deselect SHOW button and select enable.


	In the OUT2 settings menu set Amplitude value to 0.5V, from the waveform menu select DC and select enable.


	In the IN2 settings menu set probe attenuation to x10


	On the left bottom of the screen be sure that  IN1 V/div is set to 500mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that  IN2 V/div is set to 1V/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that  OUT2 V/div is set to 500mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	Set t/div value to 200us/div (You can set t/div using horizontal +/- controls)
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Figure 4: AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  comparator circuit measurements

You should see a square wave that is high ( near +2.5 V ) when the input signal level is a greater than 0.5 V (OUT2 DC value) and low ( near 0 V ) when the input signal is less than 0.5 V. Note the levels of the input triangle wave where the output changes from low to high and from high to low.

Now connect Channel IN1 (set probe attenuation x10 and IN1 settings menu set probe attenuation to x10) to the inverting output ( pin 8 ). You should again see a square wave but with opposite phase to pin 7(IN2). Also change DC level of OUT2 (set amplitude to 0.7V) - this will change switching level of the voltage comparator causing different times duration of HIGH and LOW states of the comparator output. You should again see two square waves with opposite phases but now with opposite HIGH and LOW time durations.


	Set Oscilloscope probes attenuation; IN1 to x10 and IN2 to x10


	In the OUT2 settings menu set Amplitude value to 0.7V, from the waveform menu select DC and select enable.


	In the IN2 and IN2 settings menu set probe attenuation to x10  and offset level -1700mV





Note

From description above you can maybe see how to make an PWM (pulse width modulation) signal using constant frequency triangle signal and changeable DC \(V_{ref}\) value.
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Figure 5: AD8561 [http://www.analog.com/media/en/technical-documentation/data-sheets/AD8561.pdf]  both output measurements at different \(V_{ref}=0.7V\)

Zoom into the falling edge of the output (IN2) square wave by adjusting the Horizontal position and time per division settings such that the falling edge is centered on the time axis and the time per div is small enough to see the transition time of the edge (5 uS/div). You should see that the output does not go from the high output level all the way to the low output level all at once but stops part way and spends some time at an intermediate level before continuing the rest of the way to the low output level. You should should also see this delay when transitioning from low to high (IN1).
This delay is caused by noise as the input signal slowly passes through the input threshold level ( 0.7 Volts in this case ) and can cause problems. This is the reason why it is good to have low noise power supply and low noise input signals on voltage comparator.
Try to repeat switching noise measurement at more noisy power supply (5V pin directly form STEMlab board)
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Figure 6: Switching noise measurements.


Note

Usually our intuition is to correlate high possibility of noise issues with high frequency signals. In case of voltage comparator this is not always true.
If we increase OUT1 (\(V_{in}\)) frequency to 100kHz the switching noise will be much lower. Way is that? You may think like this: Voltage comparator has very sensitive inputs and it is constantly comparing values of \(V_{in}\) and \(V_{ref}\). Now let’s set \(V_{in}\) to be noiseless signal and \(V_{ref} = DC +(-) A_{noise}\). When triangle wave \(V_{in}\) signal is slowly approaching \(V_{ref}\) the voltage comparator will start switching and if the \(V_{ref}\) amplitude swingings around DC value by \(A_{noise}\) the comparator
output will change states according to the \(V_{in}  - (V_{ref} = DC +(-) A_{noise})\) ratio. So, as long \(V_{in}\) amplitude stays in the range of \(V_{ref} = DC +(-) A_{noise}\) value the comparator output will effectively switch on \(A_{noise}\) and not on the input signals. Once \(V_{in}\) goes below \(V_{ref} = DC - A_{noise}\) or above \(V_{ref} = DC + A_{noise}\) the comparator output will switch high or low but now on input signal values not on noise values. You can see that low frequency triangle wave \(V_{in}\) amplitude will spend more time near \(V_{ref} = DC +(-) A_{noise}\) causing voltage comparator to produce noisy output while high frequency triangle wave \(V_{in}\) amplitude will quickly pass by \(V_{ref} = DC +(-) A_{noise}\) range preventing voltage comparator to produce any noise switching.
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Figure 7: Switching event at high input signal frequency (100kHz)




Using positive feedback to add hysteresis: the Schmitt trigger

Along side low noise power supply  a common solution to the problem just outlined is to add noise immunity to the comparator circuit by incorporating hysteresis into the transition threshold voltage \(V_{th}\), as shown in figure 8.
By “hysteresis” we mean that the threshold voltage is a function of the system’s current operating state, which is defined for this circuit by its output voltage: positive or negative saturation. Because \(V_{th}\), the voltage at pin 2, is determined by the voltage divider constructed from resistors R1 and R2, it changes in response to a change in the output voltage: once the output has gone high in response to an input which has passed below the threshold voltage, the threshold voltage is changed to a higher value \(V_{th+}\) ( \(V_{ref}\)  + a fraction of the output high voltage ); conversely, an input voltage climbing through \(V_{th+}\) will change the output to its low state and cause the threshold voltage to be set to a lower value \(V_{th-}\) ( \(V_{ref}\) - a fraction of the output low voltage).
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Figure 8: Schmitt trigger

This difference between \(V_{th+}\)  and \(V_{th-}\)  means that once a transition is triggered by a change in \(V_{in}\), noise excursions smaller than this difference on the input will not cause \(V_{in}\) to cross the hysteresis gap \(V_{hist} = V_{th+} - V_{th-}\) and cause an undesired reversal of the output state. If the hysteresis gap is made large enough, then the system can be made completely impervious to the noise on the input signal, eliminating the spurious output levels suffered by the basic comparator circuit (figure 1).


Calculating the threshold

Let’s call the maximum and minimum output voltages \(V_{high}\)  and \(V_{low}\). The threshold voltage when the output is at \(V_{high}\) and  at \(V_{low}\) is:

The resulting hysteresis gap for the circuit of figure 8 is given by:


\[ \begin{align}\begin{aligned}V_{th_{high}} = \frac{R_1}{R_1+R_2} (V_{high}+V_{ref})+V_{ref}  \quad (1)\\.\\V_{th_{low}} = \frac{R_1}{R_1+R_2} (V_{low}-V_{ref})+V_{ref}  \quad (2)\end{aligned}\end{align} \]

The resulting hysteresis gap for the circuit of figure 8 is given by:


\[V_{hist} = V_{th_{high}}-V_{th_{low}} = \frac{R_1}{R_1+R_2} (V_{high}-V_{low}) \quad (3)\]

For the AD8561 with a +2.5 V power supply and pull-up resistor, \(V_{high} - V_{low} \approx 2.3 V\). Because the other end of the voltage divider (bottom of R1) is connected to \(V_{ref} = 0.5 V\), the threshold voltages \(V_{th_{high}}\) and \(V_{th_{low}}\) will be centered around 0.5V (\(V_{ref}\)) assuming that  \(V_{high}\) and  \(V_{low}\) are more or less centered around 0.5 V). Connecting the bottom of R1 to a different voltage reference source rather than to mid supply will not affect the hysteresis gap, but it will center that gap around a threshold proportional to the new reference voltage. In fact the negative input pin of the comparator could be connected to the fixed reference voltage and the end of R1 considered as the input. This in effect reverses or inverts the sense of the two outputs. Above stated can be represented in Schmitt Hysteresis plot shown on figure 9.
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Figure 9: Schmitt Hysteresis


Note

Hysteresis gap equation places a potential restriction on the ratio R1/R2 for a Schmitt trigger: unless R1 < R2, the hysteresis gap will be larger than one half of the peak to peak output voltage swing range of the comparator and depending on the reference voltage value, one or the other of the Schmitt trigger thresholds might be beyond the range of the output voltage. Assuming the input signal voltage range is also limited to the output swing range ( in other word the power supply rails ) then the circuit’s output could lock-up and no longer respond to any changes in the input rendering the circuit useless.








Procedure

Add the two positive feedback resistors to your circuit as shown in figure 8. Use values for R2 = 100 KΩ and  R1 equal to 10 KΩ. Using IN2, again observe the output square wave but note the level of the input triangle wave when the output changes level from low to high and high to low. Explain your results. Try a value for R2 less than R1. Does the circuit still work?


	Set Oscilloscope probes attenuation; IN1 to x1 and IN2 to x10


	Start the Oscilloscope & Signal Generator application.


	To apply input voltage \(V_{in}\) in the OUT1 settings menu set Amplitude value to 0.5V and DC offset to 0.5V. From the waveform menu select TRIANGLE,
deselect SHOW button and select enable.


	In the OUT2 settings menu set Amplitude value to 0.5V, from the waveform menu select DC, deselect  SHOW and select enable.


	On the left bottom of the screen be sure that  IN1 V/div is set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	On the left bottom of the screen be sure that  IN2 V/div is set to 500mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	In the IN1 settings menu set probe attenuation to x1 and offset level to -500mV


	In the IN2 settings menu set probe attenuation to x10 and offset level to -1000mV


	In the TRIGGER settings menu select source IN2, select positive edge and set trigger level to 2V


	Set t/div value to 200us/div (You can set t/div using horizontal +/- controls)
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Figure 10: Schmitt Hysteresis and output signal

Compare results from figure 10 and figure 4. Look at the levels of IN1 when IN2 goes high and low.

To see if the delay caused by the input noise has changed, again zoom into the falling and rising edges of the output square wave by adjusting the Horizontal position and time per division setting. Does the output pause at the same intermediate level as it transitions or does it no longer have this delay?


	In the TRIGGER settings menu select source IN2, select positive edge, NORMAL and set trigger level to 2V


	Set t/div value to 5us/div (You can set t/div using horizontal +/- controls)
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Figure 11: Switching noise with hysteresis

As you can see from figure 11 when using hysteresis switching noise is not present at all. Compare figure 6 and figure 11.







          

      

      

    

  

    
      
          
            
  
Diodes and Jupyter Notebook example


Objective

The purpose of this activity is to investigate the current vs. voltage
characteristics of various solid state PN junction diodes such as the
conventional Si diode, the Schottky barrier diode, the Zener diode and
Light emitting diode (LED).




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Extension connector pins used for -3.3V and +3.3V voltage
supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.




Background

The PN junction diode is a device which is commonly used in circuit
applications such as rectification where current is allowed to flow in
only one direction. When the diode is fabricated in silicon, the
forward voltage drop is typically 0.7 V and the \({V_D}\)
vs. \({I_D}\) characteristic relating diode voltage and current
can be described by an exponential relationship:


\[I_D = I_S \bigg( e^{\frac{V_Dq}{nkT}} - 1  \bigg)   \quad (1)\]

where \(I_{S}\) and n are scale factors, and \(kT/q\) (25.4 mV
at room temperature) is the so called thermal voltage \({V_T}\).




Diode schematic symbols

Each type of diode has a specific schematic symbol which are
variations of the conventional diode symbol shown on the left in
figure 1. A sort of “Z” shaped cathode denotes a zener diode as in the
second symbol in figure 1. An “S” shaped cathode denotes a Schottky
diode as in the next symbol. The arrows pointing away from the diode
denotes an LED as in the symbol on the right. Arrows pointing toward
the diode would represent a photo diode light detector.


[image: ../_images/Activity_19_Fig_01.png]


Figure 1: Diode schematic symbols




Zener Diode Fundamentals

A Zener diode is similar in construction and operation to an ordinary
diode. Unlike a conventional diode where the intended use is to
prevent current in the reverse direction, a zener diode is mostly used
in the reverse region above the breakdown voltage. Its \(I\) vs,
\(V\) characteristic curve is similar to ordinary diode. By
adjusting the doping of the P and N sides of the junction, it is
possible to design a Zener diode that breaks down at anywhere
from a few volts to a few hundred volts. See Figure 2. In this
breakdown or zener region the diode voltage will remain
approximately constant over a wide range of currents. The
maximum reverse-bias potential that can be applied before
entering the Zener region is called the Peak Inverse Voltage
(PIV) or the Peak Reverse Voltage (PRV).
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Figure 2: Forward and reverse zener diode \(I/V\) characteristic

At voltages above the onset of breakdown, an increase in applied
voltage will cause more current to flow in the diode, but the voltage
across the diode will stay very nearly at \(V_Z\). A Zener diode
operated in reverse breakdown can provide a reference voltage for
systems like voltage regulators or voltage comparators.




Schottky Diode Fundamentals

A Schottky barrier diode uses a rectifying metal-semiconductor
junction formed by plating, evaporating or sputtering one of a variety
of metals onto n-type or p-type semiconductor material. Generally,
n-type silicon and n-type GaAs are used in commercially available
Schottky diodes. The properties of a forward biased Schottky barrier
diode are determined by majority carrier phenomena. A conventional PN
junction diode’s properties are determined by minority
carriers. Schottky diodes are majority carrier devices that can be
switched rapidly from forward to reverse bias without minority carrier
storage effects.

The normal current vs. voltage \(I/V\) curve of a Schottky barrier
diode resembles that of a PN junction diode with the following
exceptions:


	The reverse breakdown voltage of a Schottky barrier diode is lower
and the reverse leakage current higher than those of a PN junction
diode made using the same resistivity semiconductor material.


	The forward voltage at a specific forward current is also lower for
a Schottky barrier diode than for a PN junction diode. For example,
at 2 mA forward bias current a low barrier silicon Schottky diode
will have a forward voltage of ~0.3 volts while a silicon PN
junction diode will have a voltage of ~0.7 volts. This lower
forward voltage drop can cut the power dissipated in the diode by
more than one half. This power savings can be very significant when
the diodes need to carry large forward currents. The current
vs. voltage (\(I/V\)) relationship for a Schottky barrier diode
is given by the following equation known as the Richardson
equation. The primary difference from the conventional diode
equation is in \(I_S\) with the addition of the modified
Richardson constant \(A^*\).





\[I_D = I_S \bigg( e^{\frac{V_Dq}{nkT}} - 1  \bigg)   \quad (2)\]


\[I_S = A A^* T^2 e^{-\frac{q \Phi B}{kT}}   \quad (3)\]

Where:


	\(A\) = junction area


	\(A^*\) = modified Richardson constant (value varies by material
and dopant) = \(110 A/(°K^2-cm^2)\)  for n-type Si


	\(T\) = absolute temperature in \(K\) (Kelvins)


	\(q\) = electronic charge  = \(1.6E-19 \quad C\)


	\(\Phi B\) = barrier height in volts k = Boltzman’s constant =
1.37 * 10-23 J/K = \(1.37E-23 \quad J/K\)


	\(n\) = ideality factor (forward slope factor, determined by metal-semiconductor interface)







LED Fundamentals

The LED is a junction diode that emits light when forward
biased. Actually all PN junction diodes emit photons when forward
biased, it is just that the photons are in the infrared band and the
physical shape of the diode does not allow the photons to escape the
package. To achieve the visible light emitting property, it is
necessary to fabricate the LED from materials with larger band-gaps
other than silicon. As a result, the forward voltage drop of the LED
is greater than 0.7V; usually on the order of 1.5 to 2 volts depending
on the wavelength of the emitted light. The LED is also built in a
special transparent package as shown in figure 3.
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Figure 3: Light emitting diodes

An LED is a semiconductor device that emits electromagnetic radiation
at optical and infrared frequencies. The device is a PN junction diode
made from p-type and n-type semiconductors, usually GaAs, GaP or
SiC. They emit light only when an external applied voltage is used to
forward bias the diode above a minimum threshold value. The gain in
electrical potential energy delivered by this voltage is sufficient to
force electrons to flow out of the n-type material, across the
junction barrier, and into the p-type region. This threshold voltage
for the onset of current flow across the junction and the production
of light is \(V_0\). The emission of light occurs after electrons
enter into the p-region (and holes into the n-region). These electrons
are a small minority surrounded by holes (essentially the
anti-particles of the electrons) and they will quickly find a hole to
recombine with. Energetically, the electron relaxes from the excited
state (conduction band) to the ground state (valence band). The diodes
are called light emitting because the energy given up by the electron
as it relaxes is emitted as a photon. Above the threshold value, the
current and light output increases exponentially with the bias voltage
across the diode. The quanta of energy or photon has an energy E =
hf. The relation between the photon energy and the turn-on voltage
\(V_0\), is:


\[eV_0 = E_g = hf = \frac{hc}{\lambda} \quad (4)\]

where:


	\(E_g\) is the size of the energy gap


	\(V_0\) is the threshold voltage


	\(f\) and \(\lambda\) are the frequency and wavelength of
the emitted photons


	\(c\) is the velocity of light


	\(e\) is the electronic charge


	\(h\) is Planck’s constant





Experiments






PN junction diode VI characteristic

The current vs. voltage characteristics of the PN junction diode can
be measured using the STEMlab and the following connections shown in
figure 4. Set up the breadboard with the generator OUT1 channel output
attached to one end of the resistor. The other end of the resistor is
connected to one end of the diode being measured as shown in the
diagram. The inputs channels IN1 and IN2 are also connected different
ends the resistor, therefore diode current and voltage will be given
as:


\[ \begin{align}\begin{aligned}I_d = (IN_1 - IN_2) / R_1\\.\\V_d = IN_2\end{aligned}\end{align} \]
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Figure 4: Connection diagram for diode I vs. V curves

For measuring current vs. voltage characteristics of the PN junction
diode OUT1 generator should be configured as 1kHz triangle wave with 1
V max and 0 V min values. For measuring \(VI\) curve an “XY” plot
is required where x-axis will represent diode voltage
\(IN_2\) and y-axis a diode current \((IN_1 - IN_2) / R_1\).
For this task we will use Jupyter Notebook Web application.


Note

The Jupyter [http://jupyter.org/index.html] Notebook [http://jupyter.org/index.html] is a web application that allows you to
create and share documents that contain live code, equations,
visualizations and explanatory text. They have also ensured support
for the Jupyter application with Red Pitaya libraries enabling
control of all features of the STEMlab boards such as: signal
acquisition, signal generation, digital signal control,
communication etc. The Jupyter Notebook is started on the same way
as any other applications. After starting Jupyter application a web
based notebook is opened.  This combination of the notebook,
STEMlab and Python features makes the STEMlab an excellent tool for
prototyping and quick programing. Since Jupyter Notebook enables
text, equation and picture editing this is a perfect tool for
tutorials, examples etc.



But before measuring \(VI\) curve you should check voltages
signals using Oscilloscope & Signal generator application.




Materials


	Solder-less Breadboard


	Resistor 10 Ω


	Conventional diode (1N4001 or similar)







Procedure - time domain measurements


	Build the circuit from figure 4 on the breadboard
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Figure 5: Connections on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.5V, DC offset to
0.5V to apply a triangle wave as the input voltage. From the
waveform menu select TRIANGLE, deselect SHOW button and select
enable.


	On the left bottom of the screen be sure that  IN1 V/div is set to
200mV/div (You can set V/div by selecting the desired channel and
using vertical +/- controls)


	On the left bottom of the screen be sure that  IN2 V/div is set to
200mV/div (You can set V/div by selecting the desired channel and
using vertical +/- controls)


	Set t/div value to 200us/div (You can set t/div using horizontal
+/- controls)


	In the MATH settings menu set IN1-IN2 and select enable. Math
trace scaled by factor R1 represent diode current
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Figure 6: Voltages and current on the diode (Time dependent)

From figure 6 we can see that diode start conducting when the voltage
on it exceed diode threshold voltage which is around 0.6V.

Also, diode current represented with MATH trace is observable. We can
clearly see that when the diode voltage is below 0.6 the diode current
is 0A. At point when the diode voltage exceed 0.6V diode starts
conducting and the path current is only limited by resistor R1.




Procedure - VI characteristics measurements

For this task we will use Jupyter Notebook Web application.
How to start Jupyter Notebook and create new project is shown on figure 7 flow chart.
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Figure 7: Creating new Jupyter notebook

If you have successfully created new Jupyter notebook then copy-paste
code bellow and run it. Code bellow will generate same signal as from
figure 6 but it will plot them in XY graph. For measuring \(VI\)
curve an “XY” plot is required where x-axis will represent diode
voltage \(IN_2\) and y-axis a diode current \((IN_1 - IN_2) / R_1\).


Note

Copy code from below into cell 1



# Import libraries
from redpitaya.overlay.mercury import mercury as overlay

from bokeh.io import push_notebook, show, output_notebook
from bokeh.models import HoverTool, Range1d, LinearAxis, LabelSet, Label
from bokeh.plotting import figure, output_file, show
from bokeh.resources import INLINE
output_notebook(resources=INLINE)

import numpy as np

# Initialize fpga modules
fpga = overlay()
gen0 = fpga.gen(0)
osc = [fpga.osc(ch, 1.0) for ch in range(fpga._MNO)]

# Configure OUT1 generator channel
gen0.amplitude = 0.5
gen0.offset = 0.5
gen0.waveform = gen0.sawtooth(0.5)
gen0.frequency = 2000
gen0.start()
gen0.enable = True
gen0.trigger()

# R1 resistor value
R1 = 10

# Configure IN1 and IN2 oscilloscope input channels
for ch in osc:
ch.filter_bypass = True
# data rate decimation
ch.decimation = 10
# trigger timing [sample periods]
N = ch.buffer_size
ch.trigger_pre  = 0
ch.trigger_post = N
# osc0 is controlling both channels
ch.sync_src = fpga.sync_src["osc0"]
ch.trig_src = fpga.trig_src["osc0"]
# trigger level [V], edge ['neg', 'pos'] and holdoff time [sample periods]
ch.level = 0.5
ch.edg = 'pos'
ch.holdoff = 0

# Initialize diode current and voltage
V = I = np.zeros(N)

# Plotting
hover = HoverTool(mode = 'vline', tooltips=[("V", "@x"), ("I", "@y")])
tools = "wheel_zoom,box_zoom,reset,pan"
p = figure(plot_height=500, plot_width=900,
           title="XY plot of diodes VI characteristic",
           toolbar_location="right",
           tools=(tools, hover))
p.xaxis.axis_label = 'Voltage [V]'
p.yaxis.axis_label = 'Current [mA]'
r = p.line(V,I, line_width=1, line_alpha=0.7, color="blue")

# get and explicit handle to update the next show cell
target = show(p,notebook_handle=True)





Create new cell (Insert -> Cell Below) and copy code from below into
it.

# Measuring I, V and re-plotting
while True:
# reset and start
osc[0].reset()
osc[0].start()
# wait for data
while (osc[0].status_run()): pass
V0 = osc[0].data(N-100)  # IN1 signal
V1 = osc[1].data(N-100)  # IN2 signal
I=((V0-V1)/R1)*1E3     # 1E3 convert to mA
r.data_source.data['x'] = V0
r.data_source.data['y'] = I
push_notebook(handle=target)





Run Cell 1 and Cell 2. Notice cell 2 is a main loop for the
acquisition and re-plotting. If you stop the acquisition just run
only cell 2 for starting measurements again.

After running the code above you should get diode VI characteristic as
is shown on figure 8.
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Figure 8: Didoes VI characteristic measured using  Jupyter Notebook

From the figure 8 the typical diode VI characteristic is shown. From
the figure 8 we can see that, as the voltage on the diode is
increasing (from 0-0.5V) the diode current stays near zero until
voltage reaches values near threshold voltage (~0.6V). At this point
diode is “turned on” and the path current (diode current) is only
limited by resistor R1. In case when the diode voltage is decreasing
the VI curve is not the same, resulting in the diode hysteresis. Upper
curve from figure 8 shows that once the diode was “turned on” the
lower diode voltage will cause higher current than in the case when
the diode was previously “turned off”. An ideal diode would not have
hysteresis i.e the diode current would be independent of previous
diode states but only on the diode voltage.


Note

Try to answer on what is causing diode hysteresis?









          

      

      

    

  

    
      
          
            
  
Diode Rectifiers


Objective

The objective of this experiment is to investigate half wave and full wave diode rectifiers used to convert AC to DC.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.




Materials


	Red Pitaya STEMlab


	Resistor:  1x 1 \(k \Omega\)


	Small signal diode: 4x (1N914 or similar)







Half wave rectifier


Directions

Set up the breadboard with OUT1 and IN2 channels attached to one end of the diode. The other end of the diode is connected to one end of the 1kΩ load resistor as shown in figure 2. The other end of the resistor is connected to the GND rail. Input of scope channel IN2 is connected to the end of the resistor not connected to the GND rail.


[image: ../_images/Activity_20_Fig_01.png]


Figure 1: Connection diagram for half wave diode rectifierc

From the configuration above it follows that input ac voltage and rectified “dc” voltage are represented on scope application as \(V_{AC} = IN_1\) and \(V_{rec} = IN_2\).


	Build the circuit from figure 1 on the breadboard





[image: ../_images/Activity_20_Fig_02.png]


Figure 2: Connections on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.9V, DC offset to 0 V to apply the input voltage. From the waveform menu select SINE,
deselect SHOW button and select enable.


	On the left bottom of the screen be sure that  IN1 V/div is set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls


	On the left bottom of the screen be sure that  IN2 V/div is set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	Set t/div value to 200us/div (You can set t/div using horizontal +/- controls)





[image: ../_images/Activity_20_Fig_03.png]


Figure 3:  Half wave diode rectifier measurements

As we can see from figure 3 the positive half-period of the input signal is transfered to the load. This means that negative half-period is not participating in the power transfer.




Questions


	Why is the peak value of the rectified output less than the peak value of the AC input and by how much?


	At what point in the input waveform does the rectified waveform become positive i.e. something other than zero?


	What happens if the direction of the diode is reversed? Repeat the experiment with the direction of the diode reversed.









Full wave rectifier

Here we will investigate the use of two diodes as a full wave rectifier.

Again using 1N914 diodes, set up the breadboard with OUT1 attached to one end of the first diode, D1, and OUT2 to one end of the second diode, D2. Both diodes should face in the same direction as shown in figure 5. The other end of each diode is connected to one end of the 1kΩ load resistor RL. The other end of the resistor is connected to the GND V rail.


[image: ../_images/Activity_20_Fig_04.png]


Figure 4: Connection diagram for full wave diode rectifier


Procedure


	Build the circuit from figure 4 on the breadboard





[image: ../_images/Activity_20_Fig_05.png]


Figure 5: Connections on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.9V, DC offset to 0 V to apply the input voltage. From the waveform menu select SINE and select enable.


	In the OUT2 settings menu set Amplitude value to 0.9V, DC offset to 0 V, Phase to 180 deg to apply the input voltage. From the waveform menu
select SINE and select enable.


	In the IN1 settings menu deselect SHOW


	On the left bottom of the screen be sure that  IN2,OUT1 and OUT2 V/div are set to 200mV/div (You can set V/div by selecting the desired
channel and using vertical +/- controls


	Set t/div value to 200us/div (You can set t/div using horizontal +/- controls)


	In the Trigger settings menu set trigger source to IN2, trigger level to 0.2V, trigger mode to normal and trigger offset to -0.12ms




If both 0 degree and 180 degree phases of the AC inputs signal (OUT1 and OUT2) are available, then a second diode can fill in the missing half-wave of the input and produce the full-wave rectified signal. Again the forward voltage of the diodes will be apparent and the output waveform will not come to a sharp point at the zero crossing due to the non-zero turn on voltage of the diodes.


[image: ../_images/Activity_20_Fig_06.png]


Figure 6: Full wave rectifier measurements




Questions


	What happens if the direction of the diodes is reversed? Repeat experiment with the direction of both diodes reversed.


	What happens if the direction of one diode is opposite of the other? Repeat experiment with the direction of one diode (D1) reversed.


	How could both 0 degree and 180 degree phases be created from a single source? (how about a transformer?)









Bridge rectifier

Here we will investigate the use of four diodes as a bridge rectifier.
Bridge rectifier is a full wave rectifier and we should expect same signals as shown on figure 6. The difference here is that
bridge rectifier fill in the negative half-wave without using additional voltage source shifted by 180 deg. Instead of that
bridge rectifier use 4 diodes in order to make full wave rectifier without need for additional voltage source.


[image: ../_images/Activity_20_Fig_07.png]


Figure 7: Bridge full wave diode rectifier


Note

In bridge diode configuration the “AC” side needs to be floating i.e we can’t bring DC ground reference from our Signal generator output (OUT1) to the
AC side of the diodes configuration. If we do that the points 3 and 4 (figure 7) will be on the same GND reference effectively shortcutting D3. Shortcutting of D3 will in case of negative OUT1 half-wave simply, trough at that point forward polarized D4, bypass current flow directly trough D4 and not the load resistor RL. Because of that an isolation transformer is needed to separate common ground of “DC” side of the diode bridge.



On figure 8 the bridge rectifier configuration using transformer is shown. This is the most common usage of the bridge rectifier. As we can see from the figure 8 the points 1 and 3 of the bridge rectifier are exposed to the transformer differential voltage enabling correct operation of the rectifier. Point 3 will not be put to the GND when IN2 probe is connected and D3 will not be bypassed since “AC” (transformer) side is isolated.


[image: ../_images/Activity_20_Fig_08.png]


Figure 8: Bridge full wave diode rectifier using transformer


Note

Here we have used 1:6 transformer. Transformer selection is dependent on voltage levels and etc. Here we use 1:6 ratio transformer in order to increase supply voltage OUT1(+/- 1V). This voltage increase i.e transformer ratio is not affecting the bridge operation itself. You can use 1:1,1:2 or different ratio transformers.




Procedure


	Build the circuit from figure 8 on the breadboard





[image: ../_images/Activity_20_Fig_09.png]


Figure 9: Bridge rectifier on the breadboard


	Set IN2 probe attenuation to x10


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.9V, DC offset to 0 V and Frequency to 100Hz to apply the input voltage. From the waveform menu select SINE,
deselect SHOW and select enable.


	In the IN2 input menu set probe attenuation to x10


	On the left bottom of the screen be sure that  IN1 is to 200mV/div (You can set V/div by selecting the desired
channel and using vertical +/- controls


	On the left bottom of the screen be sure that IN2 is to 2V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls


	Set t/div value to 2ms/div (You can set t/div using horizontal +/- controls)





[image: ../_images/Activity_20_Fig_10.png]


Figure 10: Bridge rectifier measurements


Note

IN1 signal shown on figure 10 is the voltage signal on the primary
side of the transformer(figure 8) therefor, this voltage (IN1)
multiplied by transformer ratio and shifted for 180 deg is the
actual AC signal on the bridge rectifier. Why we haven’t put IN1
probe to the secondary side of the transformer? Look at the figure
7 and its explanation.



As we can see from figure 10, the bridge configuration is indeed a
full wave rectifier using just one voltage source. Although when using
STEMlab additional transformer was needed. When using transformer with
the central tap we can make a full wave rectifier using only two
diodes. Explore how!

The disadvantage of this circuit is that now two diode drops are in
series with the load and the peak value of the rectified output is
less than the AC input by 1.2 Volts rather than the 0.6 V in the
previous circuits. Try to measure this voltage drop.









          

      

      

    

  

    
      
          
            
  
Precision Rectifiers, Absolute value circuits


Objective

The purpose of this experiment is to investigate precision rectifiers or absolute value circuits. Rectifiers, or ‘absolute-value’ circuits are often used as detectors to convert the amplitudes of AC signals to DC values to be more easily measured. For this type of circuit, the AC signal is first high-pass filtered to remove any DC component and then rectified and perhaps low pass filtered.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.
Extension connector pins used for -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Materials


	Red Pitaya STEMlab


	1x OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] quad rail-rail op-amp


	5x 10 kΩ Resistors


	2x small signal diodes (1N914 or similar)







Background

As we have seen in the simple [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity20_DiodeRectifiers.html] rectifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity20_DiodeRectifiers.html] circuits constructed with diodes, the circuit does not respond well to signals with a magnitude less than a diode-drop (0.7V for silicon diodes). This limits their use in designs where small amplitudes are to be measured. For designs in which a high degree of precision is needed, op-amps can be used in conjunction with diodes to build precision rectifiers.

The inverting op-amp circuit can be converted into an “ideal” (linear precision) half-wave rectifier by adding two diodes as shown in figure 2. For the negative half of the input diode D1 is reverse biased and diode D2 is forward biased and the circuit operates as a conventional inverter with a gain of -1. For the positive half of the input, diode D1 is forward biased, closing the feedback around the amplifier. Diode D2 is reverse biased disconnecting the output from the amplifier. The output will be at the virtual ground potential ( - input terminal ) through the 10kΩ resistor.


[image: ../_images/Activity_21_Fig_01.png]


Figure 1: Connection diagram for precision half-wave rectifier


Procedure


	Build the circuit from figure 1 on the breadboard





[image: ../_images/Activity_21_Fig_02.png]


Figure 2: Connections on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.5V, DC offset to 0.1 V, Frequency to 100Hz to apply the input voltage.
From the waveform menu select SINE, deselect SHOW and select enable.


	On the left bottom of the screen be sure that  IN1 and IN2 V/div are set to 200mV/div (You can set V/div by selecting the desired
channel and using vertical +/- controls


	Set t/div value to 2ms/div (You can set t/div using horizontal +/- controls)





[image: ../_images/Activity_21_Fig_03.png]


Figure 3: Precision half-wave rectifier measurements


Note

From the measurements shown on picture 3 we can observe following:
The peak of the rectified output should now equal to the peak value of the input (only AC peak, note that DC level of the input signal is not transfered to the output). There is also a sharp transition as the input crosses zero. The experimenter should investigate the waveforms at different points in the circuit to explain why this circuit works better than the simple diode half wave rectifier.



For this experiment you should:


	Try to change OUT1 DC offset and amplitude and observe results.


	Study the circuit and determine how it works. There is a very fundamental concept that should help in understanding how this circuit operates. Given an op-amp configured with negative feedback, the inverting and non-inverting input terminals will try to reach the same voltage level, often referred to as a “virtual ground.


	Plan some tests to see if this circuit indeed is a rectifying circuit. Perform these tests, fully documenting all tests and results in your lab report.


	Carefully measure and record voltages at all nodes in the circuit.







Questions


	What happens if the direction of the diodes is reversed? Repeat experiment with the direction of both diodes reversed.









Full wave rectifier

We can modify the half wave rectifier to make full wave rectifier or absolute value circuit.
The circuit shown in figure 4 is an absolute value circuit, often called a precision full-wave rectifier. It should operate like a full wave rectifier circuit constructed with ideal diodes ( the voltage across the diode, in forward conduction, equals 0 volts). The actual diodes used in the circuit will have a forward voltage of around 0.6 V.


[image: ../_images/Activity_21_Fig_04.png]


Figure 4: Precision full-wave rectifier


Procedure


	Build the circuit from figure 4 on the breadboard





Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V pins double check your circuit. The -3.3V and +3.3V voltage supply pins do not have short circuit handling and they can be damaged in case of short circuit.
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Figure 5: Connections on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.5V, DC offset to 0.1 V, Frequency to 100Hz to apply the input voltage.
From the waveform menu select SINE, deselect SHOW and select enable.


	On the left bottom of the screen be sure that  IN1 and IN2 V/div are set to 200mV/div (You can set V/div by selecting the desired
channel and using vertical +/- controls


	Set t/div value to 2ms/div (You can set t/div using horizontal +/- controls)





[image: ../_images/Activity_21_Fig_06.png]


Figure 6: Precision full-wave rectifier measurements - Absolute value circuit


Note

As we can see from the figure 6 the circuit shown on figure 4 is indeed a full wave rectifier where diode threshold voltages are NOT causing any affects as it is case in diode rectifiers. Also we can see that DC offset value is not excluded from the rectifying process making this circuit a absolute value circuit.The name absolute value circuit comes from the fact that, as we can see from the figure 6, the output signal (IN2) is an absolute value of the input signal (IN1).






Questions


	What happens if the direction of the diodes is reversed? Repeat experiment with the direction of both diodes reversed.


	What happens if the direction of one diode is opposite of the other? Repeat experiment with the direction of one diode (D1) reversed.












          

      

      

    

  

    
      
          
            
  
The BJT transistor connected as a diode


Objective

The purpose of this activity is to investigate the forward and reverse
current vs. voltage characteristics of a bipolar junction transistor
(BJT) connected as a diode.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.

Extension connector pins used for +5V, -3.3V and +3.3V
voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].


Note

Red Pitaya STEMlab outputs can generate voltage signals with
maximal output range of +/- 1V (2Vpp). For this experiment the
higher signal amplitudes are required. Because of that we will use
an OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] in the inverting [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#inverting-amplifier] opamp configuration to enable OUT1/OUT2
signal amplification achieving voltage swing between +4.7V  to
-3.2V. An OP484 will be supplied from STEMlab +5V and -3.3V voltage
rails. Gain of the inverting amplifier will be set to ~5, where
\(R_i  = 2.2k \Omega\) and \(R_f  = 10k \Omega\)

Try to answer why we have used an OP484 instead for example OP27 or
OP97. (hint “rail-to-rail”).






The Diode Connected NPN transistor


Materials


	Red Pitaya STEMlab


	1x OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] quad rail-rail op-amp


	1x 1kΩ Resistor


	1x 10kΩ Resistor


	1x 2.2kΩ Resistor


	1x small signal NPN transistor (2N3904)


	1x small signal PNP transistor (2N3906)


	1x Solder-less Breadboard


	1x 9V battery




An NPN transistor connected as is shown on figure 1 will behave as an
regular diode. We can show that by measuring the NPN response using
Oscilloscope & Signal generator application.


[image: ../_images/Activity_22_Fig_01.png]
NPN as a diode connection diagram




Note

Note that amplification circuit shown on figure 1 (left) is not the
main subject of this experiment. This circuit is added only to
amplify OUT1 signal.

From here you can consider point \(-5xV_{OUT1}\) as your main
excitation signal.






Procedure


	Build the circuit from figure 1 on the breadboard. Set R1=2.2kΩ,
R2=10kΩ and R3=1kΩ


[image: ../_images/Activity_22_Fig_02.png]
NPN as a diode connection on the breadboard




Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V  pins
double check your circuit. The  -3.3V and +3.3V  voltage supply
pins do not have short circuit handling and they can be damaged in
case of short circuit.





	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.8V, DC offset to
-0.12 V, Frequency to 1kHz to apply the input voltage.

From the waveform menu select TRIANGLE, deselect SHOW and select
enable.



	On the left bottom of the screen be sure that  IN1, IN2 and MATH
V/div are set to 1V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls)


	Set t/div value to 200us/div (You can set t/div using horizontal
+/- controls)


	Under MATH channel settings set \(IN1-IN2\) and select ENABLE.


	Under IN1 and IN2 menu settings set probe to x10 and vertical
offset to 0.


[image: ../_images/Activity_22_Fig_03.png]
NPN as a diode measurements







From figure 3 we can see that NPN BJT transistor in configuration
shown on figure 1 behaves as an diode.

Compare results with the diode measurements form previous [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity19_Diodes.html#procedure-time-domain-measurements] experiment.




VI curve measurements

Since BJT can behave as an diode (configuration shown on figure 1) we
can measure its VI characteristic as we did when performing diode
measurements.

For this task we will use Jupyter Notebook Web application. How to
start Jupyter Notebook and create new project is shown on figure 4
flow chart.


Note

The Jupyter [http://jupyter.org/index.html] Notebook [http://jupyter.org/index.html] is a web application that allows you to
create and share documents that contain live code, equations,
visualizations and explanatory text. They have also ensured support
for the Jupyter application with Red Pitaya libraries enabling
control of all features of the STEMlab boards such as: signal
acquisition, signal generation, digital signal control,
communication etc. The Jupyter Notebook is started on the same way
as any other applications. After starting Jupyter application a web
based notebook is opened.  This combination of the notebook,
STEMlab and Python features makes the STEMlab an excellent tool for
prototyping and quick programing. Since Jupyter Notebook enables
text, equation and picture editing this is a perfect tool for
tutorials, examples and ect.




[image: ../_images/Activity_19_Fig_07.png]
Creating new Jupyter notebook



If you have successfully created new Jupyter notebook then copy-paste
code bellow and run it.

Code bellow will generate same signal as from figure 6 but it will
plot them in XY graph.

For measuring \(VI\) curve an “XY” plot is required where x-axis
will represent diode voltage \(IN_2\) and y-axis a diode current
\((IN_1 - IN_2) / R_3\).

Copy code from below into cell 1

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

	# Import libraries
from redpitaya.overlay.mercury import mercury as overlay

from bokeh.io import push_notebook, show, output_notebook
from bokeh.models import HoverTool, Range1d, LinearAxis, LabelSet, Label
from bokeh.plotting import figure, output_file, show
from bokeh.resources import INLINE
output_notebook(resources=INLINE)

import numpy as np

# Initialize fpga modules
fpga = overlay()
gen0 = fpga.gen(0)
osc = [fpga.osc(ch, 1.0) for ch in range(fpga.MNO)]

# Configure OUT1 generator channel
gen0.amplitude = 0.8
gen0.offset = -0.12
gen0.waveform = gen0.sawtooth(0.5)
gen0.frequency = 2000
gen0.start()
gen0.enable = True
gen0.trigger()

# R1 resistor value
R1 = 1000

# Configure IN1 and IN2 oscilloscope input channels
for ch in osc:
    ch.filter_bypass = True

    # data rate decimation
    ch.decimation = 10

    # trigger timing [sample periods]
    N = ch.buffer_size
    ch.trigger_pre = 0
    ch.trigger_post = N

    # osc0 is controlling both channels
    ch.sync_src = fpga.sync_src["osc0"]
    ch.trig_src = fpga.trig_src["osc0"]

    # trigger level [V], edge ['neg', 'pos'] and holdoff time [sample periods]
    ch.level = 0.01
    ch.edg = 'pos'
    ch.holdoff = 0

    # Initialize diode current and voltage
    V = I = np.zeros(N)

    # Plotting
    hover = HoverTool(mode='vline', tooltips=[("V", "@x"), ("I", "@y")])
    tools = "wheel_zoom, box_zoom, reset,pan"
    p = figure(plot_height=500,
               plot_width=900,
               title="XY plot of transistor VI characteristic",
               toolbar_location="right",
               tools=(tools, hover))
    p.xaxis.axis_label = 'Voltage [V]'
    p.yaxis.axis_label = 'Current [mA]'
    r = p.line(V, I, line_width=1, line_alpha=0.7, color="blue")

    # get and explicit handle to update the next show cell
    target = show(p, notebook_handle=True)







Create new cell (Insert -> Cell Below) and copy code from below into it.

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16

	# Measuring I, V  and re-plotting
while True:
    # reset and start
    osc[0].reset()
    osc[0].start()

    # wait for data
    while (osc[0].status_run()):
        pass
    V0 = osc[0].data(N-100)*10  # IN1 signal
    V1 = osc[1].data(N-100)*10  # IN2 signal
    I = ((V0-V1)/R1)*1E3        # 1E3 convert to mA
    r.data_source.data['x'] = V0
    r.data_source.data['y'] = I

    push_notebook(handle=target)







Run Cell 1 and Cell 2. Notice cell 2 is a main loop for the
acquisition and re-plotting. If you stop the acquisition just run
only cell 2 for starting measurements again.

After running the code above you should get diode VI characteristic as
is shown on figure 5.


[image: ../_images/Activity_22_Fig_05.png]
VI characteristic measured using Jupyter Notebook



On figure 5 BJT  VI characteristic measured in a diode configuration
is shown. Compare this results with diode VI characteristic.

Again we can see hysteresis appearing. Explain why we want to use
transistors as diodes?




Reverse Breakdown Characteristics

Here we will investigate the reverse break down voltage
characteristics of the emitter base junction of a bipolar junction
transistor (BJT) connected as a diode.

Set up the breadboard as it is shown on figure 6. The emitter is
connected to the positive battery terminal.

The the NPN’s is likely to have breakdown voltage higher then 10 V and
it may happen that our maximum voltage range will not be sufficient
i.e we will not be able to reverse polarize Q1 above breakdown
voltage. Because of that we have added additional battery to bring up
emitter potential close to the breakdown voltage so when, at some
point our \(V_{OUT}\) signal goes NEGATIVE the transistor will be
REVERSED PLOARIZIED but differential voltage \(V_{E-BC} = V_E -
V_{BC}\) will be larger than BREAKDOWN voltage and transistor will
starts conducting.

For example without battery i.e when emitter is on GND we can reverse
polarize Q1 by amount:


()\[V_{E-BC} = V_E - V_{BC} = 0 - (-3.3V) = 3.3V  \quad \text{of} \quad \text{reverse polarization}\]

With battery added we can achieve reversed polarization by maximal amount


()\[V_{E-BC} = V_E - V_{BC} = 9 - (-3.3V) = 12.3V  \quad \text{of} \quad \text{reverse polarization}\]

Where \(V_{BC}\) is maximal negative swing of our excitation
voltage signal \(V_{OUT}\).


[image: ../_images/Activity_22_Fig_06.png]
NPN Emitter Base Reverse breakdown configuration






Procedure

Build the circuit from the figure 6 on the breadboard and continue
with the measurements.


[image: ../_images/Activity_22_Fig_07.png]
NPN Emitter Base Reverse breakdown configuration on the breadboard



For this task we will use Jupyter Notebook Web application. How to
start Jupyter Notebook and create new project is shown on figure 4
flow chart.

Since you already have Jupyter Notebook running from previews example
only small update of the code is needed.


Note

You should stop Jupyter Notebook by selecting Stop icon on the menu bar.
After that update Cell 2 as is shown bellow:



	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18

	# Measuring I, V  and re-plotting
while True:
    # reset and start
    osc[0].reset()
    osc[0].start()

    # wait for data
    while (osc[0].status_run()):
        pass

    V0 = osc[0].data(N-100)*10 - 9   # IN1 signal
    V1 = osc[1].data(N-100)*10 - 9   # IN2 signal
    I = ((V0-V1)/R1)*1E3             # 1E3 convert to mA

    r.data_source.data['x'] = V0
    r.data_source.data['y'] = I

    push_notebook(handle=target)







As you can see from code above we have only added “-9” in order to
take into account battery potential when plotting is executed.

Select Cell 2 and pres Play icon on the menu bar. Notice, cell 2
is a main loop for the acquisition and re-plotting. If you stop the
acquisition just run only cell 2 for starting measurements again.

Be sure to measure the actual battery voltage for the most accurate
measurements.

If you have updated Jupyter Notebook code and run it correctly you
should get results similar as is shown on figure 8.


[image: ../_images/Activity_22_Fig_08.png]
NPN Emitter Base Reverse breakdown voltage measurements



From figure 8 we can see that reversed breakdown voltage of NPN BJT
2N3904 transistor is around  10V.




Question

Disconnect the collector of Q1 and leave it open. How does this change
the breakdown voltage?






Lowering the effective forward voltage of the diode

Here we will investigate a circuit configuration with smaller forward
voltage characteristics than that of a bipolar junction transistor
(BJT) connected as a diode. The turn on voltage of the “diode” is
should be about ~0.1V compared to ~0.7V for the simple diode
connection in the first example.


[image: ../_images/Activity_22_Fig_09.png]
Configuration to lower effective forward voltage drop of diode




Procedure


	Build the circuit from figure 9 on the breadboard. Set
R3=1kΩ,R4=100kΩ and use for Q1 2N3904 NPN and for Q2 2N3904 PNP
transistor.


[image: ../_images/Activity_22_Fig_10.png]
Configuration to lower effective forward voltage drop of diode
on the breadboard




Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V  pins
double check your circuit. The  -3.3V and +3.3V  voltage supply
pins do not have short circuit handling and they can be damaged in
case of short circuit.





	Start the Oscilloscope & Signal generator application.


	In the OUT1 settings menu set Amplitude value to 0.8V, DC offset to
-0.12 V, Frequency to 1kHz to apply the input voltage.

From the waveform menu select TRIANGLE, deselect SHOW and select
enable.



	On the left bottom of the screen be sure that  IN1 V/div is set to
1V/div and IN2 V/div is set to 500mV/div (You can set V/div by
selecting the desired channel and using vertical +/- controls).


	Set t/div value to 200us/div (You can set t/div using horizontal
+/- controls).


	Under IN1 and IN2 menu settings set probe to x10 and vertical
offset to 0.


	Under MATH menu settings set vertical offset to 0.


[image: ../_images/Activity_22_Fig_11.png]
Lower effective forward voltage drop of diode measurements




Note

As you can see from the figure 11 the forward voltage drop is about
100mV. You can also notice that Q2 is not necessary to lower
drop-down voltage of the Q1.

The main role here plays resistor R4 connected to the base of the
Q1. Try to remove Q2 and observe results.










Question

Could the collector of the PNP Q2 be connected to some other node
such as a negative supply voltage? And what would be the effect?









          

      

      

    

  

    
      
          
            
  
The MOS transistor connected as a diode


Objective

The purpose of this experiments is to investigate the forward current
vs. voltage characteristics of a MOS field effect transistor (NMOS and
PMOS) connected as a diode. Before doing this experiment overview of
previous experiment is recommended [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity22_TheBJTasDiode.html].




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.

Extension connector pins used for +5V , -3.3V and +3.3V
voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].


Note

Red Pitaya STEMlab outputs can generate voltage signals with
maximal output range of +/- 1V (2Vpp). For this experiment the
higher signal amplitudes are required. Because of that we will use
an OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] in the inverting [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#inverting-amplifier] opamp configuration to enable OUT1/OUT2
signal amplification achieving voltage swing between +4.7V  to
-3.2V. An OP484 will be supplied from STEMlab +5V and -3.3V voltage
rails. Gain of the inverting amplifier will be set to ~5, where
\(R_i  = 2.2k \Omega\) and \(R_f  = 10k \Omega\)

Try to answer why we have used an OP484 instead for example OP27 or
OP97. (hint “rail-to-rail”).




Materials


	Red Pitaya STEMlab


	1x OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] quad rail-rail op-amp


	1x 1kΩ Resistor


	1x small signal NMOS transistor (ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf])


	1x small signal PMOS transistor (ZVP211 [https://www.diodes.com/assets/Datasheets/ZVP2110A.pdf])


	1x Solder-less Breadboard







NMOS as a diode

Connection of the NMOS in diode configuration is shown 23_fig_02. NMOS
operate different than the NPN BJT transistor in a diode
configuration.

Forward drop down voltage will not be typical 0.7V but it is dependent
on transistor size, specification etc. For selected NMOS transistor
the so called threshold voltage \(V_{TH}\) is around 2.4V.This
mean when the Gate (G) voltage exceed \(V_{TH}\) the transistor
will be turned ON and start conducting. Of course since Drain (D) pin
is connected to the Gate pin of the transistor the potential of the
\(D-G\) will stay at the level of the threshold voltage
\(V_{TH}\).


Note

This configuration of NMOS will effectively produce a diode with
forward drop voltage equal to the \(V_{TH}\)




[image: ../_images/Activity_23_Fig_01.png]
ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf] specifications



On the breadboard build the circuit from 23_fig_02 and proceed withe
the measurements.


[image: ../_images/Activity_23_Fig_02.png]
NMOS diode connection diagram






Procedure


	Build the circuit from 23_fig_01 on the breadboard. Set R1=2.2kΩ,
R2=10kΩ and R3=1kΩ. For M1 take ZVN211.


[image: ../_images/Activity_22_Fig_03.png]
NMOS diode connection on the breadboard




Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V
pins double check your circuit. The  -3.3V and +3.3V  voltage
supply pins do not have short circuit handling and they can be
damaged in case of short circuit.





	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.45V, DC offset
to -0.45 V, Frequency to 1kHz to apply the input voltage.

From the waveform menu select TRIANGLE, deselect SHOW and select
enable.



	On the left bottom of the screen be sure that  IN1, IN2 and MATH
V/div are set to 1V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls).


	Set t/div value to 200us/div (You can set t/div using horizontal
+/- controls)


	Under MATH channel settings set \(IN1-IN2\) and select ENABLE.


	Under IN1 and IN2 menu settings set probe to x10 and vertical
offset to 0.


	Under MATH menu settings set vertical offset to 0.


	Under TRIGER settings, set trigger level to 1V





[image: ../_images/Activity_23_Fig_04.png]
NMOS diode connection measurements






VI curve measurements

Since NMOS can behave as an diode with forward voltage equal to the
\(V_{TH}\) (configuration shown on 23_fig_02) we can measure its VI
characteristic as we did when performing diode measurements.For
this task we will use Jupyter Notebook Web application. How to
start Jupyter Notebook and create new project is shown on figure
5 flow chart.


Note

The Jupyter [http://jupyter.org/index.html] Notebook [http://jupyter.org/index.html] is a web application that allows you to
create and share documents that contain live code, equations,
visualizations and explanatory text. They have also ensured support
for the Jupyter application with Red Pitaya libraries enabling
control of all features of the STEMlab boards such as: signal
acquisition, signal generation, digital signal control,
communication etc. The Jupyter Notebook is started on the same way
as any other applications. After starting Jupyter application a web
based notebook is opened.  This combination of the notebook,
STEMlab and Python features makes the STEMlab an excellent tool for
prototyping and quick programing. Since Jupyter Notebook enables
text, equation and picture editing this is a perfect tool for
tutorials, examples and ect.




[image: ../_images/Activity_19_Fig_07.png]
Creating new Jupyter notebook



If you have successfully created new Jupyter notebook then copy-paste
code bellow and run it.

Code bellow will generate same signal as from 23_fig_04 but it will
plot them in XY graph.

For measuring \(VI\) curve an “XY” plot is required where x-axis
will represent diode voltage \(IN_2\) and y-axis a diode current
\((IN_1 - IN_2) / R_3\).

Copy code from below into cell 1

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

	# Import libraries
from redpitaya.overlay.mercury import mercury as overlay

from bokeh.io import push_notebook, show, output_notebook
from bokeh.models import HoverTool, Range1d, LinearAxis, LabelSet, Label
from bokeh.plotting import figure, output_file, show
from bokeh.resources import INLINE
output_notebook(resources=INLINE)

import numpy as np

# Initialize fpga modules
fpga = overlay()
gen0 = fpga.gen(0)
osc = [fpga.osc(ch, 1.0) for ch in range(fpga.MNO)]

# Configure OUT1 generator channel
gen0.amplitude = 0.45
gen0.offset = -0.45
gen0.waveform = gen0.sawtooth(0.5)
gen0.frequency = 2000
gen0.start()
gen0.enable = True
gen0.trigger()

# R1 resistor value
R3 = 1000

# Configure IN1 and IN2 oscilloscope input channels
for ch in osc:
    ch.filter_bypass = True

    # data rate decimation
    ch.decimation = 10

    # trigger timing [sample periods]
    N = ch.buffer_size
    ch.trigger_pre = 0
    ch.trigger_post = N

    # osc0 is controlling both channels
    ch.sync_src = fpga.sync_src["osc0"]
    ch.trig_src = fpga.trig_src["osc0"]

    # trigger level [V], edge ['neg', 'pos'] and holdoff time [sample periods]
    ch.level = 0.01
    ch.edge = 'pos'
    ch.holdoff = 0

# Initialize diode current and voltage
V = np.zeros(N)
I = np.zeros(N)

# Plotting
hover = HoverTool(mode='vline', tooltips=[("V", "@x"), ("I", "@y")])
tools = "wheel_zoom, box_zoom, reset,pan"
p = figure(plot_height=500,
           plot_width=900,
           title="XY plot of NMOS transistor VI characteristic",
           toolbar_location="right",
           tools=(tools, hover))
p.xaxis.axis_label = 'Voltage [V]'
p.yaxis.axis_label = 'Current [mA]'
r = p.line(V, I, line_width=1, line_alpha=0.7, color="blue")

# get and explicit handle to update the next show cell
target = show(p, notebook_handle=True)







Create new cell (Insert -> Cell Below) and copy code from below into it.

	 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16

	# Measuring I, V and re-plotting
while True:
    # reset and start
    osc[0].reset()
    osc[0].start()

    # wait for data
    while (osc[0].status_run()):
        pass

    V0 = osc[0].data(N-100)*10  # IN1 signal
    V1 = osc[1].data(N-100)*10  # IN2 signal
    I = ((V0-V1)/R3)*1E3        # 1E3 convert to mA
    r.data_source.data['x'] = V0
    r.data_source.data['y'] = I
    push_notebook(handle=target)







Run Cell 1 and Cell 2. Notice cell 2 is a main loop for the
acquisition and re-plotting. If you stop the acquisition just run only
cell 2 for starting measurements again.

After running the code above you should get diode VI characteristic as
is shown on 23_fig_06.


[image: ../_images/Activity_23_Fig_06.png]
NMOS VI characteristic measured using Jupyter Notebook






PMOS as a diode

Same measurements can be also don for PMOS transistor. With PMOS
transistor the voltage polarity is reversed so PMOS diode
configuration must be different than NMOS one. PMOS diode
configuration is shown on 23_fig_07.


[image: ../_images/Activity_23_Fig_07.png]
PMOS diode connection diagram






Procedure


	Build the circuit from 23_fig_07 on the breadboard. Set R1=2.2kΩ,
R2=10kΩ and R3=1kΩ. For M1 take ZVP211.


Warning

Before connecting the circuit to the STEMlab -3.3V and +3.3V
pins double check your circuit. The  -3.3V and +3.3V  voltage
supply pins do not have short circuit handling and they can be
damaged in case of short circuit.





	Start the Oscilloscope & Signal generator application.


	In the OUT1 settings menu set Amplitude value to 0.45V, DC offset
to -0.45 V, Frequency to 1kHz to apply the input voltage.

From the waveform menu select TRIANGLE, deselect SHOW and select
enable.



	On the left bottom of the screen be sure that  IN1, IN2 and MATH
V/div are set to 1V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls)


	Set t/div value to 200us/div (You can set t/div using horizontal
+/- controls)


	Under MATH channel settings set \(IN1-IN2\) and select ENABLE.


	Under IN1 and IN2 menu settings set probe to x10 and vertical
offset to 0.


	Under MATH menu settings set vertical offset to 0.


	Under TRIGER settings, set trigger level to 1V


[image: ../_images/Activity_23_Fig_08.png]
PMOS diode connection measurements







As we can see from 23_fig_08 the PMOS in diode configuration behaves as
an diode with forward drop voltage equal to the PMOS \(V_{TH}\).

Compare 23_fig_08 and 23_fig_04 and try to explain the difference
between NMOS and PMOS diode configurations.









          

      

      

    

  

    
      
          
            
  
BJT transistor as a switch


Objective

A bipolar junction transistor (BJT) can be used in many circuit configurations such as an amplifier, oscillator, filter, rectifier or just used as an on-off switch. If the transistor is biased into the linear region, it will operate as an amplifier or other linear circuit, if biased alternately in the saturation and cut-off regions, then it is being used as a switch, allowing current to flow or not to flow in other parts of the circuit. This experiment describes the BJT when operated as a switch.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.
Extension connector pins used for +5V  voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background

Switching circuits are significantly different than linear circuits. They are also easier to understand. Before investigating more complex circuits, we will begin by introducing discrete solid-state switching circuits: those built around BJTs.

A switch consists of a BJT transistor that is alternately driven between the saturation and cutoff regions. A simple version of the switch is shown in figure 1. When the input equals \(-V_{in}\) , the base-emitter junction is reverse biased or off so no current flows in the collector. This is illustrated by the red load line shown in the figure. When the BJT is in cutoff, the circuit (ideally) has the following values:


\[V_{CE} = V_{CC} \quad \text{and} \quad I_C = 0  A \quad (1)\]

This state is similar to an open switch.
When the input equals \(+V_{in}\), the transistor is driven into saturation and the following conditions occur:


\[V_{CE} \approx 0 \quad \text{and} \quad I_{C_{sat}} = \frac{V_{CC}}{R_C} A \quad (2)\]

This state is similar to a closed switch connecting the bottom of \(R_C\) to ground.


[image: ../_images/Activity_24_Fig_01.png]


Figure 1: NPN BJT switch and its load line

The characteristics for a BJT switch assume that:


	\(-V_{in}\) is low enough to drive the transistor into cutoff.


	\(+V_{in}\) must produce enough base current through RB to drive the transistor into saturation.


	The transistor is an ideal component.




These conditions can be assured by designing the circuit so that:


	\(-V_{in}=V_{BE}\)


	\(+V_{in} = V_{BE} + I_B R_B\)  (\(V_{CC}\) is a good maximum)


	\(I_B > I_{C_{sat}} / \beta\)




Condition 1 guarantees that the circuit is driven into the cutoff region by the input. Conditions 2 and 3 assure that the transistor will be driven into the saturation region. An actual BJT switch differs from the ideal switch in several aspects. In practice, even in cutoff there is some small leakage current through the transistor. Also, in saturation, there is always some voltage dropped across the transistor’s internal resistance. Typically, this will be between 0.2 and 0.4 V in saturation depending on the collector current and size of the device. These variations from the ideal are generally minor with a properly sized device, so we can assume near ideal conditions when analyzing or designing a BJT switch circuit.


[image: ../_images/Activity_24_Fig_02.png]


Figure 2: NPN LED switch




Materials


	Red Pitaya STEMlab


	1x 1kΩ Resistor


	1x 100Ω Resistor


	1x 5mm LED (any color)


	1x small signal NPN transistor (2N3904)


	1x Solder-less Breadboard







Procedure


	Build the circuit from figure 2 on the breadboard. Set \(R_B\) = 1kΩ, \(R_C\) = 100Ω





[image: ../_images/Activity_24_Fig_03.png]


Figure 3:  NPN LED switch on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.5V, DC offset to 0.5 V, Frequency to 10Hz to apply the input voltage.
From the waveform menu select SQUARE, deselect SHOW and select enable.


	On the left bottom of the screen be sure that  IN1 V/div is set to 200mV/div and  IN2 is set to 1V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls)


	Set t/div value to 20ms/div (You can set t/div using horizontal +/- controls)


	Under IN2 menu settings set probe to x10 and vertical offset to 0.


	Under IN1 set vertical offset to 0.





[image: ../_images/Activity_24_Fig_04.png]


Figure 4:  NPN as a switch measurements

From figure 4 we can observe NPN transistor behavior when it is operating as a switch. When the base voltage is “high” the transistor is “turned on” enabling current flow from +5V voltage rail trough diode to the GND. When current starts flowing the LED will blink.
In this “turned on” state we can see that IN2 (LED voltage do not goes to 0 V). This is is the affect of the forward drop down voltages of the LED diode and Q1 transistor. From figure 4 we can measure this drop down voltage do be ~2.2V. Try to measure what amount of drop down voltage is caused by Q1 and what amount by LED. When base voltage is “low” transistor is “turned off” disabling current flow therefore the LED voltage will be same as R1 i.e 5V.




Questions


	How much current is flowing in resistors \(R_C\) and \(R_B\) when the LED is on and when the LED is off?


	Calculate the \(\beta\) when Q1 is saturated. How does this value compare to the spec listed in the datasheet [https://www.sparkfun.com/datasheets/Components/2N3904.pdf]?










          

      

      

    

  

    
      
          
            
  
MOSFET transistor as a switch


Objective

A MOS FET (NMOS) device can be used in many circuit configurations such as an amplifier, oscillator, filter, rectifier or just used as an on-off switch. If the FET is biased into the saturation region, it will operate as an amplifier or other linear circuit, if biased alternately in the linear (triode) region and cut-off region, then it is being used as a switch, allowing current to flow or not to flow in other parts of the circuit. This lab activity describes the NMOS device when operated as a switch.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.
Extension connector pins used for +5V, -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].


Note

Red Pitaya STEMlab outputs can generate voltage signals with maximal output range of +/- 1V (2Vpp). For this experiment the higher signal amplitudes are required in order “turn on” NMOS transistor (\(V_{TH}\) voltage). Because of that we will use an OP484 [http://www.analog.com/media/en/technical-documentation/data-sheets/OP184_284_484.pdf] in the inverting [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity13_BasicOPAmpConfigurations.html#inverting-amplifier] opamp configuration to enable OUT1/OUT2 signal amplification achieving voltage swing between +4.7V  to -3.2V. An OP484 will be supplied from STEMlab +5V and -3.3V voltage rails. Gain of the inverting amplifier will be set to ~5, where \(R_i  = 2.2k \Omega\) and \(R_f  = 10k \Omega\).
Try to answer why we have used an OP484 instead for example OP27 or OP97. (hint “rail-to-rail”).






Background

Switching circuits are significantly different than linear circuits. They are also easier to understand. Before investigating more complex circuits, we will begin by introducing discrete solid-state switching circuits: those built around NMOS devices.

A switch consists of a NMOS transistor that is alternately driven between the triode and cutoff regions. A simple version of the switch is shown in figure 1. When the input equals \(-V_{in}\), the gate-source voltage is less than the threshold voltage (\(-V_{TH}\)) or off so no current flows in the drain. This is illustrated by the red load line shown in the figure. When the NMOS is in cutoff, the circuit (ideally) has the following values:


\[V_{DS} = V_{DD} \quad \text{and} \quad I_D = 0  A \quad (1)\]

This state is similar to an open switch.
When the input equals \(V_{TH}\), the transistor is driven into the triode region and the following conditions occur:


\[V_{DS} \approx 0 \quad \text{and} \quad I_D = \frac{V_{DD}}{R_D} A \quad (2)\]

This state is similar to a closed switch connecting the bottom of \(R_D\) to ground.
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Figure 1: NMOS FET switch and its load line

The characteristics for an enhancement mode NMOS switch assume that:


	\(-V_{in}\) is low enough to drive the transistor into cutoff.


	\(+V_{in}\) must be greater than \(V_{TH}\) to drive the transistor into triode


	The transistor is an ideal component.




These conditions can be assured by designing the circuit so that:


	\(-V_{in} = V_{TH}\)


	\(+V_{in} = V_{TH}\) (\(V_{DD}\) is a good maximum)




Condition 1 guarantees that the circuit is driven into the cutoff region by the input. Conditions 2 assure that the transistor will be driven
into the triode region.

An actual NMOS switch differs from the ideal switch in several aspects. In practice, even in cutoff there is some small leakage current through the transistor. Also, in triode, there is always some voltage dropped across the transistor’s internal resistance, \(R_{ON}\). Typically, this will be between 0.1 and 0.2 V in triode depending on the drain current and size of the device. These variations from the ideal are generally minor with a properly sized device, so we can assume near ideal conditions when analyzing or designing a NMOS switch circuit.
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Figure 2: NMOS LED switch




Materials


	Red Pitaya STEMlab


	1x 10kΩ Resistor


	1x 100Ω Resistor


	1x 5mm LED (any color)


	1x small signal NMOS transistor ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf]


	1x Solder-less Breadboard







Procedure

The common application for a NMOS (or any other) switch is to drive an LED. An LED driver is shown in figure 2. The driver shown in this figure is used to couple a low current part of the circuit to a relatively high current device (the LED). When the output from the low current circuit is low (0 V), the transistor is in cutoff and the LED is off. When the output from the low current circuit goes high (above \(V_{TH}\)), the transistor is driven into triode and the LED lights. The driver is used because the low-current part of the circuit may not have the current capability to supply the 20 mA (typical) required to light the LED to full brightness.


	Build the LED switch circuit shown in figure 2 on your solder-less breadboard. \(R_D\) serves to limit the current that flows in the LED from the +5 V power
supply. The switch is controlled by the OUT1 voltage output amplified by OP484 inverting amplifier. Scope channel IN will display the voltage across the the LED as indicated on figure 2.


	For \(R_D\) take 100 \(\Omega\) resistor. For \(R_G\) take 10 \(k \Omega\). Gate resistor connected to the GND is a good practice in order to
prevent undesired transistor switching caused by static electricity.
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Figure 3: NMOS LED switch on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.5V, DC offset to -0.5 V, Frequency to 10Hz to apply the input voltage.
From the waveform menu select SQUARE, deselect SHOW and select enable.


	On the left bottom of the screen be sure that  IN1 V/div is set to 2V/div and  IN2 is set to 1V/div (You can set V/div by selecting the desired
channel and using vertical +/- controls)


	Set t/div value to 20ms/div (You can set t/div using horizontal +/- controls)


	Under IN2 and IN1 menu settings set probe to x10 and vertical offset to 0.
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Figure 4:  NMOS as a switch measurements

From figure 4 we can observe NMOS transistor behavior when it is operating as a switch. When the base voltage is “high” the transistor is “turned on” enabling current flow from +5V voltage rail trough diode to the GND. When current starts flowing the LED will blink.
In this “turned on” state we can see that IN2 (LED voltage do not goes to 0 V). This is is the affect of the forward drop down voltages of the LED diode and M1 transistor. From figure 4 we can measure this drop down voltage do be ~1.9V. Try to measure what amount of drop down voltage is caused by M1 and what amount by LED. When base voltage is “low” transistor is “turned off” disabling current flow therefore the LED voltage will be same as R1 i.e 5V.

We can observe “turn on event” of M1 by selecting TRIANGLE waveform of OUT1. From figure 5 we can see when Gate signal goes above \(V_{TH}\) the transistor is turned on.
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Figure 5:  NMOS switching event


Note

Majority of NMOS transistor have \(V_{TH}\) larger than 2V.



By switching IN2 scope probe to the M1 drain (D) pin we can measure voltage drop across the M1 transistor (Figure 6).
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Figure 6:  NMOS voltage drop.


Note

From M1 voltage drop try to calculate \(R_{ON}\) of the NMOS ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf] transistor and compare the results with the values from datasheet.
Hint: Calculate current going trough M1, measure voltage drop on M1, calculate \(R_{ON}\).




Warning

Transistor \(R_{ON}\) parameter is crucial in high current application since power dissipation will be dependent on current flowing trough transistor and \(R_{ON}\) value.


\[P_{dis} = I^2_D R_{ON} \quad\]









          

      

      

    

  

    
      
          
            
  
BJT Common Emitter Amplifier


Objective

The purpose of this experiment is to investigate the common emitter
configuration using the BJT device.




Notes

In this tutorials we use the terminology taken from the user manual
when referring to the connections to the Red Pitaya STEMlab board
hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].

Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating
and observing signals on the circuit.

Extension connector pins used for +5 V, -3.3 V and +3.3 V
voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background

The configuration, shown in Fig. 1, demonstrates an npn transistor
used as a common-emitter amplifier. Output load resistor \(R_L\)
is chosen such that for the desired nominal collector current
\(I_C\), approximately one third of the +5 V voltage (1.6 V)
appears at \(V_{CE}\) (at DC operating point condition). Resistor
\(R_B\) sets the nominal bias operating point for the
transistor (base current \(I_B\)) to sink the required collector
current \(I_C\). The input signal is AC coupled to the base of
the transistor with capacitor \(C_1\)  to not disturb DC bias
conditions. Voltage divider \(\frac{R_1}{R_2}\) is chosen to
provide a self-biased DC operating point. Resistor \(R_E\) is used
to add emitter degeneration (current feedback) in order to stabilize
the DC operating point.

The best approach for selecting the \(R_L\) and \(R_E\)
is to enable voltage drops across \(Q_1\), \(R_L\) and
\(R_E\) equal to the 1/3 of the \(V_{CC}\) (at DC operating
point condition). Therefore \(R_E\) = \(R_L\). Adding the emitter
degeneration resistor has improved the stability of the DC operating
point at the cost of reduced amplifier gain. A higher gain for AC
signals can be restored to some extent by adding capacitor
\(C_E\) across the degeneration resistor \(R_E\), effectively
setting the ” \(R_E\) ” value close to zero for AC
signals. Capacitor \(C_2\) is added to block the DC component
of the output signal.


Note

How to design an common-emitter amplifier is nicely explained in a
video tutorial on The Signal Path [https://www.youtube.com/watch?v=Y2ELwLrZrEM&t=1213s] Youtube channel.
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Figure 1: Common-emitter amplifier configuration




Quick calculation of the common emitter amplifier

Suppose that we want to design an amplifier with the gain
\(A = 5\) using npn transistor 2N3904 [https://www.sparkfun.com/datasheets/Components/2N3904.pdf] and a voltage supply of
\(V_{CC} = 5V\).

For the npn transistor 2N3904 we can assume that \(\beta = 100\) and
\(v_{CE_{sat}} = 0.2 V\). First step is to set DC operating point
by deciding voltages across \(R_L\), \(R_E\) and \(Q_1\).


\[V_{R_L}+(V_{CE}+v_{CE_{sat}})+V_{R_E} = V_{CC}  \quad  (1)\]

If we take into account \(v_{CE_{sat}}\) and 1/3 ratio of
voltages on \(R_L\), \(R_E\) and \(Q_1\) we get following:


\[1.6 V + 1.6 V + 0.2 V + 1.6 V = 5 V  \quad (2)\]

From desired value of gain \(A\) we can calculate \(R_L\)
using Eqs. (3) – (7)


\[A  = \beta \frac{R_{out}}{R_{in}}.  \quad (3)\]

where \(R_{out}\) is the resistor connected in series with the
collector and \(R_{in}\) is the resistor connected in series
with the base.


\[R_{out} = R_L  \quad \text{and,} \quad R_{in} = R_{B} \quad (4)\]

It follows:


\[A  = \beta \frac{R_L}{R_B}   \quad (5)\]

In this step we need to set current ratings of our amplifier
i.e we need to choose \(I_C\) to calculate \(R_L\).

Let’s set \(I_C = 5 mA\), then


\[R_L =  \frac{V_{R_L}}{I_C} = \frac{1.6V}{5mA} =  320 \Omega   \quad (6)\]

In order to satisfy Eq. (2) it follows that:


\[R_E = R_L, \quad  \text{i.e.} \quad R_E = \frac{V_{R_L}}{I_C} = 320  \Omega. \quad (7)\]

Now we can calculate \(R_{in}\) i.e \(R_{B}\) value as:


\[R_{B} = \beta \frac{R_L}{A} = 100 \frac{320 \Omega }{5} = 6.4k \Omega. \quad (8)\]

The last step is to calculate values of DC bias resistors
\(R_1\) and \(R_2\). \(R_2\) can be obtained from
“cookbook” relation given in Eq. (9) and therefore \(R_1\)
can be calculated from Eq. (10).


\[ \begin{align}\begin{aligned}R_2 &\approx 10 R_E  \quad (9)\\R_2 &= 3.2 k \Omega\end{aligned}\end{align} \]


\[R_1 = \frac{V_{CC} - (v_{BE}+V_{R_E})}{\frac{(v_{BE}+V_{R_E})}{R_2}}  \quad (10)\]

where \(v_{BE} = 0.6 V\)


\[R_1 = \frac{5V - (0.6V+1.6V)}{ \frac{(0.6V + 1.6V)}{3.2k \Omega}} = 4.0k \Omega\]


Note

Above shown calculation of the common emitter amplifier should be
use as a guideline and not as a definitive design blueprint. The
reason for this is that in majority of cases calculated values of
the resistors will be outside of the resistors values available on
the market. Therefore resistor values should be rounded or changed
in order to fit them to the closes values of commonly available
resistors. It is a good practice to set \(R_1\) and
\(R_B\) as potentiometer since with this two resistors we can
manually tune the amplifier. Tuning the amplifier is necessary
since transistors can differ from each other.

Selecting the values of capacitors \(C_1\), \(C_2\) and
\(C_E\) is done by using high value capacitors while the
maximum voltage rating of the capacitors must be larger than
\(V_{CC}\). Commonly an electrolytic capacitors are used
in ranges of \(\mu F\). If we want to bring (emitter - gnd)
impedance (for AC) close to zero then \(C_E\) must be large as
possible. Also \(C_1\) , \(C_2\)  should be large to
prevent large voltage drops across them.






Materials


	Red Pitaya STEMlab


	2x 470Ω Resistor


	2x 10kΩ Resistor


	1x 10kΩ Trimer


	1x 1kΩ Resistor


	1x 10uF Capacitor


	2x 4.7uF Capacitor


	1x small signal npn transistor (2N3904 [https://www.sparkfun.com/datasheets/Components/2N3904.pdf])


	1x Solder-less Breadboard







Procedure

Following calculations and guidelines above we have built common
emitter amplifier shown in figure 2. We had an \(470 \Omega\)
resistors available and those resistors where used for \(R_L\) and
\(R_E\). After selecting the \(R_L\) and \(R_E\) the other
components have been calculated and selected.
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Figure 2: Common emitter amplifier with components values


	Build the circuit on from figure 2 on the breadboard.
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Figure 3: Common emitter amplifier on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.1V, DC offset to
0 V  and frequency to 10kHz to apply the input voltage. From the
waveform menu select SINE, deselect SHOW button and select enable.


	On the left bottom of the screen be sure that  IN1 and IN2 V/div
are set to 200mV/div (You can set V/div by selecting the desired
channel and using vertical +/- controls)


	Set t/div value to 20us/div (You can set t/div using horizontal +/-
controls)


	In the trigger menu settings and select NORMAL


	In the measurements menu select P2P for IN1 and IN2
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Figure 4: Common emitter amplifier measurements

On figure 3 the measurements of the common emitter amplifier is
shown. From the P2P measurements we can calculate achieved gain and it
is approximately  \(A \approx 9\).




Questions


	Try to change value of \(R_{B_{pot}}\) and observe the change
in the gain?


	What is the maximum voltage swing of the output signal?


	Increase OUT1 frequency and try to measure amplifier bandwidth.




For question 2 follow next:

Set the IN2 scope probe to x10, in the IN2 menu set probe
attenuation to 10  and increase OUT1 amplitude to 0.2V. What is the
P2P value of the IN2?

With gain \(A = 9\), input signal P2P amplitude 0.4V the output
P2P(IN2) value should be \(0.4 \times 9 = 3.6 V\) ! But it is not?
Signal is cut off! Can you explain why?


Hint

Check the calculations above and voltages across \(V_{CE}\)









          

      

      

    

  

    
      
          
            
  
MOS transistor common source amplifier


Objective

The purpose of this experimentis to investigate the common source configuration of the MOS transistor.




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.
Extension connector pins used for +5V, -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background

The configuration, shown in figure 1, demonstrates the NMOS transistor used as a common source amplifier.To set the transistor \(V_{GS}\) voltage for self-biased DC operating point the voltage divider \(\frac{R_1}{R_2}\) is chosen. Resistor \(R_G\) is used to set the final gain of the amplifier. The value of \(R_G\) resistor in combination with resistor \(R_1\) and \(R_2\) will affect what amount of \(V_{in}\) is added to the \(V_{GS}\) voltage and therefore directly setting the amplifier gain. Output load resistor \(R_L\) is chosen such that, for the desired nominal drain current \(I_D\), the voltage appearing at \(V_{DS}\) is approximately one third of the \(V_{DD}\) supply voltage. Resistor \(R_S\) is used to add source degeneration in order to stabilize the DC operating point. The best approach for selecting the \(R_L\) and \(R_S\) is to enable voltage drops across \(M_1\), \(R_L\) and \(R_S\) equal to the 1/3 of the \(V_{DD}\) (at DC operating condition). Therefore \(R_S\) = \(R_L\). Adding the source degeneration resistor has improved the stability of the DC operating point at the cost decreased amplifier gain. A higher gain for AC signals can be restored to some extent by adding capacitor \(C_S\) across the degeneration resistor \(R_S\) effectively setting the  ” \(R_S\) ” value close to zero for AC signals. Capacitor \(C_2\) is added to block the DC component of the output signal. Due to high input impedance transistor \(C_1\) can be selected in range of \(< \mu F\).


Note

One of the main advantages of MOS common source amplifier  over BJT common emitter amplifier [http://red-pitaya-active-learning.readthedocs.io/en/latest/Activity26_BJTCommonEmitterAmplifier.html#bjt-common-emitter-amplifier] is an extremely high input impedance along with a low noise output making them ideal for use in amplifier circuits that have very small input signals.
Input impedance is effectively only dependent on input capacitance \(C_{iss}\), resistors \(R_1\) and \(R_2\) which can be selected in range of \(M \Omega\).
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Figure 1: Common source amplifier configuration


Warning

Calculating and designing  of a common source amplifier is not straight forward. Common source amplifier design  will be largely dependent on the selected
transistor(its parameters), desired frequency range and final amplifier gain. In practice many factors as input capacitance will affect the circuit behavior while this factors are largely excluded from available tutorials and theory. For more in depth understanding of common source amplifier links below are suggested:


	[1] Wikipedia Common Source [https://en.wikipedia.org/wiki/Common_source]


	[2] Common Source Amplifier Tutorial 1 [http://www.electronics-tutorials.ws/amplifier/amp_3.html]


	[3] MIT Common Source Amplifier Lecture [https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-012-microelectronic-devices-and-circuits-fall-2005/lecture-notes/lecture19annotat.pdf]


	[4] Common Source Amplifier with Source Degeneration [http://examcrazy.com/Engineering/Electronics-Communication/Common_Source_Amplifier_with_Source_Degeneration.asp]


	[5] Common Source Amplifier Tutorial 2 [https://www.slideshare.net/yordibautista/fet-basics1]


	[6] Transconductance [https://en.wikipedia.org/wiki/Transconductance] \(g_m\)


	[7] Drain Output Resistance [http://www.ittc.ku.edu/~jstiles/312/handouts/Drain%20Output%20Resistance.pdf] \(r_o\)






By making simplifications listed below Approximate Gain relation for common source amplifier shown on figure 1 can be written as shown in equation (2).


	Neglecting voltage drop across \(C_1\) capacitor. We can neglect voltage drop across capacitor \(C_1\) in case when  \(1/(2 \pi f C_1) << R_G\) .


	Neglecting \(C_S\) impedance. If the \(C_S\) value is selected in range \(C_S >> 10 \mu F\)
its impedance will be neglectable effectively going to \(0 \Omega\) for any AC signals.


	Drain Output Resistance in case of \(\lambda = 0\) will tend to infinity , \(r_o \to \infty\) , therefor it can be neglected in equation (1).





Note

Transconductance \(g_m\) is the change in the drain current divided by the small change in the gate/source voltage with a constant drain/source voltage. Typical values of \(g_m\) for a small-signal field effect transistor are 1 to 30 \(mS\) (millisiemens).




\[A_v \approx - \frac{R_1 || R_2 || Z_{iss} } {R_G + \big(R_1 || R_2 || Z_{iss} \big)} g_m \big(r_o || R_L || R_S \big) \quad (1)\]

with neglecting the \(r_o\) ( \(r_o \to \infty\)  ), we get:


\[A_v \approx - \frac{R_1 || R_2 || Z_{iss} } {R_G + \big(R_1 || R_2 || Z_{iss} \big)} g_m \big(R_L || R_S \big) \quad (2)\]

where \(Z_{iss}\) is the input gate impedance due to input capacitance \(C_{iss}\) (common-source-circuit input capacitance) of the MOS transistor.


\[Z_{iss} = \frac{1}{2 \pi f C_{iss}} \quad (3)\]

If we suppose that the transistor parameters \(C_{iss}\) and \(g_m\) are constant values from equation (2) it follows that the gain of the common source amplifier is dependent on the peripheral resistors \(R_1 , R_2, R_G, R_L, R_S\) and input signal frequency \(f\).

If \(C_{iss}\) goes to zero then the gain is dependent only on peripheral resistors \(R_1 , R_2, R_G, R_L, R_S\) and transistor transconductance  \(g_m\) .


Note

In practice the common-source-circuit input capacitance \(C_{iss}\) is not zero and it can be dependent on gate voltage and amplifier gain.
Here we will suppose that the \(C_{iss}\) is constant value. \(C_{iss}\) and \(g_m\) values are commonly given in the transistor datasheet.






Materials


	Red Pitaya STEMlab


	4x 1MΩ Resistor


	2x 470Ω Resistor


	1x 100kΩ Trimer


	2x 10uF Capacitor


	1x 1uF Capacitor


	1x small signal NOMS transistor (ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf])


	1x Solder-less Breadboard







Procedure

Suppose that we want to design an amplifier with the gain \(A_v = 5\) and \(I_L = 5mA\) using ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf] transistor and voltage supply \(V_{DD} = 5V\) .
Following calculations and guidelines above we have built common source amplifier shown in figure 2.

First step is to set DC operating point by deciding voltages across \(R_L\), \(R_D\) and \(M_1\).


\[V_{R_L}+V_{DS}+V_{R_S} = V_{CC}  \quad  (4)\]

If we take into account 1/3 ratio of voltages on \(R_L\), \(R_D\) and \(M_1\) we get following:


\[1.5 V + 2.0 V + 1.5 V = 5V  \quad      (5)\]

\(V_{DS}\) is the voltage across \(M_1\) in saturation state.
From desired value of \(I_L\) we can calculate \(R_L\) as.


\[R_L = \frac{V_{R_L}}{I_L} = \frac{1.5V}{5mA} = 300 \Omega \quad   (6)\]

Following \(1/3 V_{DD}\) voltages drops across \(R_L\), \(R_D\) and \(M_1\) we set \(R_S = R_L\).


Note

Due to availability of the resistor we have selected \(R_S = R_L = 470 \Omega\).



To set the transistor \(V_{GS}\) voltage for self-biased DC operating point the voltage divider \(\frac{R_1}{R_2}\) is chosen such that \(V_G\) is set above ( \(V_{TH} + V_S\) ) voltage value (at DC operating condition).


\[ \begin{align}\begin{aligned}V_G > (V_{TH} + V_{S}) > (2.0 V + 1.6 V) > 3.6 V \quad   (7)\\.\\\text{ 2.0 V is the threshold voltage of ZVN211 , 1.6V is the DC voltage across } R_S\\.\\V_G = \frac{R_2}{R_1+R_2} V_{DD} \quad  (8)\end{aligned}\end{align} \]

For selected \(V_G  = 3.7 V\) and \(R_1  = 1 M \Omega\) we get (closest value) for \(R_2 = 3 M \Omega\)
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Figure 2: Common source amplifier with components values


Note

For amplifier from figure 2 and  input signal frequency of \(10kHz\) we can calculate voltage gain using equation 2.
For ZVN211 [http://www.redrok.com/MOSFET_ZVN2110A_100V_320mA_4O_Vth2.4_TO-92_ELine.pdf] we take \(g_m = 25 mS\) and \(C_{iss} = 100pF\).


\[ \begin{align}\begin{aligned}R_1 || R_2 || Z_{iss} = 1 / \bigg( \frac{1}{R_1}+\frac{1}{R_2}+\frac{1}{Z_{iss}} = \frac{1}{R_1}+\frac{1}{R_2} + 2 \pi f C_{iss} \bigg)\\.\\= 1 / \bigg( \frac{1}{1 \times 10^6}+\frac{1}{3 \times 10^6} + 2 \cdot \pi \cdot 10 \times 10^3  \cdot 100 \times 10^{-12} \bigg) = 131 k \Omega\\.\\R_L || R_S = \frac{R_S R_L}{R_S + R_L} = \frac{470 \cdot 470}{470 + 470} = 235 \Omega\\.\\\text{ setting trimmer value } R_G  \text{ to }  50k \Omega \text{ we get: }\\.\\A_v \approx - \frac{131 k \Omega } {50 k \Omega + 131 k \Omega} \cdot 25 \times 10^{-3} \frac{1}{\Omega} \cdot  235\Omega\\.\\A_v \approx - 4.2\end{aligned}\end{align} \]




	Build the circuit from figure 2 on the breadboard.
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Figure 3: Common source amplifier on the breadboard


	Start the Oscilloscope & Signal generator application


	In the OUT1 settings menu set Amplitude value to 0.1V, DC offset to 0 V  and frequency to 10kHz to apply the input voltage. From the waveform menu select SINE,
deselect SHOW button and select enable.


	On the left bottom of the screen be sure that  IN1 and IN2 V/div are set to 200mV/div (You can set V/div by selecting the desired channel and using vertical +/- controls)


	Set t/div value to 20us/div (You can set t/div using horizontal +/- controls)


	In the trigger menu settings and select NORMAL


	In the measurements menu select P2P for IN1 and IN2
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Figure 4: Common source amplifier measurements

On figure 3 the measurements of the common source amplifier are shown. From the P2P measurements we can calculate achieved gain and it is approximately  \(A \approx 4\) . Why is the difference between calculated and measured gain? This is due to input capacitance which we have assumed to be 100pF but in reality it can be different. Also values of other components and similar are not exact.


	In order to see affect of the gain dependency on the input signal frequency set OUT1 frequency to 5kHz and measure amplifier gain.
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Figure 5: Common source amplifier gain at 5kHz frequency of \(V_{in}\)


Hint

We could set \(1M \Omega\) resistor in series with MOSFET gate input. This would decrease affect of the parasitic capacitance and enable high input impedance regardless of the input signal frequency. As you can see from the equation 2 once the 1M resistor is added the \(Z_{iss}\) will be “constant” and larger at high frequency therefore less affecting the input divider \(R_G / R_2\).
Input impedance would become:


\[Z_{iss} = 1M \Omega + \frac{1}{2 \pi f C_{iss}}\]

and  \(Z_{iss}\) capacitance affect (part)


\[\frac{1}{2 \pi f C_{iss}}\]

would have much less affect on the gain. I.e input signal frequency would have less affect on the amplifier gain.






Questions


	Try to add \(1M\) resistor in series with transistor gate pin. Measure amplifier gain. What happens when OUT1 frequency is changed?


	Try to change value of \(R_{G_{pot}}\) and observe the change in the gain?


	Try to change \(R_1\) and \(R_2\) to \(100k \Omega\) and \(300k \Omega\). What is the gain dependency on \(V_{in}\) frequency.










          

      

      

    

  

    
      
          
            
  
DC-DC Boost Converter


Objective

Here we will explore an inductor based circuit which can produce an output voltage which is higher than the supplied voltage. This class of circuits are referred to as DC to DC converters or boost regulators. In this experiment the voltage from a 1.5 V supply ( battery ) will be boosted to a voltage high enough ( ~ 5 V) to drive two LEDs in series. Note that forward voltage of LED is typically 1.8V although for some diodes it can go up to 3.3V (blue LED)




Notes

In this tutorials we use the terminology taken from the user manual when referring to the connections to the Red Pitaya STEMlab board hardware [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-10/top.html].
Oscilloscope [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] & Signal [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] generator [http://redpitaya.readthedocs.io/en/latest/doc/appsFeatures/apps-featured/oscSigGen/osc.html] application is used for generating and observing signals on the circuit.
Extension connector pins used for +5V, -3.3V and +3.3V voltage supply are show in the documentation here [http://redpitaya.readthedocs.io/en/latest/doc/developerGuide/125-14/extent.html#extension-connector-e2].




Background Basics

Temporarily connect one of your LEDs from the 1.5 V battery. Be careful to note the polarity of the diode so it will be forward biased. Does it light up? Probably not since 1.5 V is generally not enough to turn on an LED. We need a way to boost the 1.5 V to a higher voltage to light a single LED let alone two LEDs connected in series.

A boost converter (step-up converter) is a DC-to-DC power converter that steps up voltage (while stepping down current) from its input (supply) to its output (load). It is a class of switched-mode power supply (SMPS) containing at least two semiconductors (a diode and a transistor) and at least one energy storage element: a capacitor, inductor, or the two in combination. To reduce voltage ripple, filters made of capacitors (sometimes in combination with inductors) are normally added to such a converter’s output (load-side filter) and input (supply-side filter).


Note

Theory of operation of DC - DC boost converter is nicely explained in this Wikipedia article [https://en.wikipedia.org/wiki/Boost_converter]. Before going into experiment short overview of the theory is recommended.



Classical DC - DC boost converter circuit is shown on figure 1. Depending on the desired operating (switching) frequency and maximum current rating the inductor
\(L_1\) should be selected. In this experiment for \(L_1\) an \(100 \mu H\) power inductor with 1A current rating is used. Operating (switching) frequency should be in range of \(10 - 50  kHz\). For the rectifier \(D_1\) and the snubber \(D_2\) diodes classical 1N4001 [http://www.vishay.com/docs/88503/1n4001.pdf] or a 1N3064 can be used.
For the \(M_1\) transistor we will use IRLU120N [http://www.infineon.com/dgdl/irlr120n.pdf?fileId=5546d462533600a4015356695f642663]. We selected this power MOSFET transistor since it has low threshold voltage \(V_{TH}\). If you use high threshold voltage FET transistors and low voltage driving  signal  (gate signal) the switching of the MOSFET could be non-optimal. Selected MOSFET already has snubber diode integrated so external diode \(D_2\) is not necessary.


Note

Simple DC-DC boost converter calculator [https://learn.adafruit.com/diy-boost-calc/the-calculator]  is also available on Adafruit web page.



For storage capacitor \(C_1\) and electrolytic high capacitance capacitor should be selected. The selection of this capacitor depends on current ratings, switching frequency and inductor value. But to be on the safe side values above \(10 \mu F\) would be sufficient.
An DC-DC boost converter used in this experiment is shown in figure 1.
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Figure 1: DC to DC boost converter

On figure 1 basic DC-DC boost converter circuit is shown. To the converter circuit a 200 \(\Omega\) load is added. For stable operation of DC-DC boost converter either constant load or load regulation is needed. Without regulation any change of the load will affect the output voltage level. Therefore we have set 200 \(\Omega\) load to stabilize output voltage. Parallel to the load two LED diodes in series with 1K resistors are added. Note that adding or removing additional LEDs parallel to the load will not affect output voltage since current drawn by LED will be much smaller than current drawn by 200 \(\Omega\) load.
LEDs are used as indicators that our DC battery voltage is BOOSTED UP form 1.5 V to ~5V. If the LEDs are off that means our battery voltage is bellow LED forward voltage (2x1.8V) and therefore indicating that DC-DC boost converter circuit is not working correctly.

Red Pitaya STEMlab outputs can generate voltage signals with maximal output range of +/- 1V (2Vpp). For MOSFET switching the higher signal amplitudes are required.Because of that we have used two NPN transistors in switching mode as intermediate stage between OUT1 switching signal and MOSFET transistor. OUT1 square signal will switch ON and OFF first NPN transistor causing its collector voltage to swing between 0-5V. This collector voltage then controls second NPN transistor and its collector voltage, also swinging between 0-5V, will then switch ON/OFF the MOSFET transistor.
The reason why two NPN transistors are used is to have OUT1 and MOSFET gate signal in phase. I.e when OUT1 is high the signal on the MOSFET gate should be also high. Using one transistor will cause 180 phase delay.  You can also see the other more important problem here. If we use only one NPN transistor then when OUT1 is constantly turned OFF the MOSFET transistor will be constantly turned ON producing short circuit: battery - inductor - mosfet - gnd. Using two NPN transistor will prevent this happening.


Warning

Note that +5V voltage rail from the STEMlab is used only for transistor switching and not for the load supply. I.e electrical energy is flowing from battery to the LOAD and LEDs.






Materials


	Red Pitaya STEMlab


	1x 1kΩ Resistor


	3x 470Ω Resistor


	1x 10kΩ Resistor


	1x \(100 \mu H\) Power inductor


	1x \(47 \mu F\) Capacitor


	2x LED (red)


	1x 1W 200Ω Resistor


	1x Signal diode (1N4001 [http://www.vishay.com/docs/88503/1n4001.pdf])


	2x Small signal NPN transistor (2N3904 [https://www.sparkfun.com/datasheets/Components/2N3904.pdf])


	1x Power MOS transistor (IRLU120N [http://www.infineon.com/dgdl/irlr120n.pdf?fileId=5546d462533600a4015356695f642663])


	1x AA 1.5V battery


	1x Solder-less Breadboard







Procedure


	Following instructions above and schematics from figure 1 build the circuit on the breadboard.





[image: ../_images/Activity_28_Fig_02.png]


Figure 2: DC - DC boost converter on the breadboard


	Set IN1 and IN2 scope probes attenuations to x10


	Connect IN1 scope probe to the point 3 (figure 1) and IN2 scope probe to the point (5)


	Start the Oscilloscope & Signal generator application - OUT1 must be disabled (turned off)


	In the IN1 and IN2 menu settings set probe attenuation to x10


	In the MEASUREMENTS menu select MEAN measurements for IN1 and IN2


	What are the values of the DC voltage on point 3 and 5 (figure 1)?




At this point, when OUT1 switching signal is disabled the DC-DC boost converter is not functional. Transistor \(M_1\) is turned off (open circuit) and battery voltage is, across inductor \(L_1\) and diode \(D_1\) , transfered to the load side (point 5, figure 1). For DC signals (no switching) the \(L_1\) inductor behaves as a short circuit therefore output voltage is the battery voltage decreased by \(D_1\) diode forward voltage: \(V_{out} = V_{battery} - V_{diode}\). This state is shown in the measurements on figure 3. As we expected the \(LED_1\) and \(LED_2\) are turned off since output voltage is below LEDs forward voltage (2x1.8V).


[image: ../_images/Activity_28_Fig_03.png]


Figure 3: DC - DC boost converter is turned off


	In the OUT1 menu settings set frequency to 10kHz, waveform to PWM, amplitude to 0.5V, DC offset to 0.5V, deselect SHOW and select ON.


	In the MEASUREMENTS menu select P2P measurements for IN1 and IN2


	Set t/div value to 100us/div (You can set t/div using horizontal +/- controls)




At this point when OUT1 switching signal is enabled the DC-DC boost converter is functional and behaves as described in theory above. Output voltage is boosted up to approximately 5V and LEDs are turned ON. This state is shown on figure 4. As we can see from the measurements some ripple appears at battery and output voltage.Output voltage ripple is caused by battery voltage ripple and transistor \(M_1\) switching. Battery voltage ripple is due to fact that battery is not ideal voltage source and when \(M_1\) is turned on, current drown from battery is causing voltage drop.


[image: ../_images/Activity_28_Fig_04.png]


Figure 4: DC - DC boost converter is turned on


Note

Ripple voltage values are one of the main parameters of the DC-DC converter quality. Lower output ripple corresponds to better DC-DC boost converter.
Capacitor \(C_1\) is therefore needed in order to compensate and smooth out switching voltage appearing on inductor \(L_1\) and diode \(D_1\).
Try to remove \(C_1\) and observe \(V_{out}\).




	In order to observe switching voltages of the \(M_1\), set IN1 probe to the point 2 ( figure 1) and IN2 probe to the point 4 ( figure 1)


	In the IN2 settings menu set vertical offset -4.0V (to better see IN2 signal)


	In the TRIGGER menu select NORMAL and set trigger level to 3.0V


	Set t/div value to 20us/div (You can set t/div using horizontal +/- controls)





[image: ../_images/Activity_28_Fig_05.png]


Figure 5: M1 switching voltages

On the figure 5 \(M_1\) gate and drain signals are shown. From figure 5 we can see that gate signal is an switching square wave controlling the transistor.
Drain signal corresponds to the “open/closed” states of the transistor \(M_1\) but during the “off” state a significant oscillations are visible. This is the affect of the inductor \(L_1\) since it will appose any change in the current trough it which will affect the \(M_1\) drain voltage.


Note

DC-DC boos converter output voltage value is often controlled with \(duty-cycle\) of the switching signal.




	In order to observe affects of the switching signal (OUT1) duty cycle set IN1 probe to the point 2 ( figure 1) and IN2 probe to the point 5 ( figure 1)


	In the IN1 and IN2 menu settings set vertical offset to -3.0V


	Set t/div value to 50us/div (You can set t/div using horizontal +/- controls)


	In the OUT1 menu settings change duty cycle from \(30-80 \%\) and observe results.
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Figure 5: Above: Output voltage at 40% duty cycle. Below: Output voltage at 80% duty cycle


Warning

From figure 5 we can observe the affect of the duty cycle on the output voltage. If we go with the duty cycle to 0% or 100% then we will turn off or short circuit \(M_1\) transistor therefore duty cycle should be limited above for short circuit preventing and circuit damaging.






Questions


	Change load value to \(470 \Omega\) and observe results.


	Change OUT1 frequency to from  5 - 20 kHz. Measure and record the boosted output voltage waveform and the current waveforms. Explain what has changed and why?


	How would adding LC filter on the converter output affect the voltage ripple?










          

      

      

    

  

    
      
          
            
  
Circuits and electronics II



	OPAMP Open Loop Gain
	Objective

	Notes

	Materials

	Background

	Procedure

	Step 1: S is on POS1 (Figure 2)

	Step 2: S is on POS2 (Figure 2)
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