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Foreword

This lab is a continuation of the lab experience included with the course Electronics I.
As such, it would be repetitious to include the sections describing the equipment, documenting
procedures, or reviewing SPICE. For the same reason, a comprehensive set of data sheets is not
included in this lab manual. (The PN2222A data sheet is included because of its frequent use.)
It is assumed that the student has retained a copy of the lab manual from the Electronics |
(EECS 3400) course.

The main new topics covered by this lab are frequency response and feedback in analog
electronic systems. These are fundamental for any practical electronics, and in addition, each of
these has a counterpart in the digital signal processing world. An understanding of the behavior
of the analog system is the best preparation for an understanding of the corresponding
digital-domain behavior. As with Electronics I, this lab will also emphasize the use of SPICE
along with hands-on experimentation to gain an intuitive understanding of the electronics
involved. The student is encouraged in each experiment to simulate the lab using SPICE, to
hand work a simplified analysis, and to compare these with the observed experimental behavior.

This lab is continually being redeveloped. Please give the instructor your feedback
concerning the lab experiments and procedures so that the future manuals can be as error-free as
possible.

Prof. Roger King, EECS
July 1998
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Experiment 1
SPICE Modeling the ‘741 Op-Amp

Introduction

The purpose of this experiment is to gain experience with ac and transient SPICE
simulation procedures, and to learn about the slew rate and bandwidth behaviors of a typical
general-purpose op-amp. A simple model of the internal structure of the ‘741 op-amp will be
used.

Equipment Needed

v PC running a current version of Vv SPICE model for a ‘741
PSpice general-purpose op-amp
Procedure

Use PSpice to run an analysis of the circuit of Fig. 1. A model for the ‘741 op-amp is
given in Fig. 2. (The model in Fig. 2 is also available from the instructor on disk.) The actual
circuit requires two 15-V power supplies for the op-amp; the model in Fig. 2 works without
having to explicity show these power supplies. Most general purpose op-amps have two internal
stages of gain: the first one is modeled in Fig. 2 as the voltage-controlled current source
Gstagel, and the second one is modeled as the voltage-controlled voltage source Estage2.

1. Make the input source Vin a pulse voltage source (VPULSE) in series with a transient
sine source (VSIN). Set the ac component of VPULSE to 1 V, and its pulse component
to transition from -1 V to +1 V as a square wave with a period of 400 ps (200 ps at -1 V,
and 200 ps at +1 V). Set up VSIN for an offset voltage of 0, an amplitude of 50 mV, and
a frequency of 40 kHz. The input voltage to the inverting amplifier will then be a 1-V ac
signal during the ac analysis (a steady-state phasor analysis), and it will be a 50-mV
40-kHz sine wave added to a 1-V 2.5-kHz square wave during the transient simulation.

2. Run an ac sweep from 0.1 Hz to 10 MHz, and a transient simulation for 500 ps.

Fig. 1 Inverting amplifier using a ‘741 op-amp.



SPICE Modeling the ‘741 Op-Amp

3. Use PROBE to view the results of the ac sweep. The input ac voltage Vin will have a
constant magnitude of 1 V (0 dB); display the dB magnitude of the output voltage Vout.
Determine the high-frequency cutoff of the inverting amplifier by finding the frequency
at which the output is reduced to 3 dB less than its low-frequency value.

4. Determine why the gain of the inverting amplifier is not constant up to a very high
frequency. Use PROBE to plot the gain of the op-amp itself by adding the plot
DB(Vout/-Vid) to the previous plot. Note that -Vid is the input voltage to the op-amp,
not the input voltage to the circuit. Print this composite plot of the inverting circuit gain
together with the op-amp gain for a frequency range of 0.1 Hz to 10 MHz.

5. Use PROBE to view the results of the transient run. Plot the output voltage Vout
together with -10 times the input voltage Vin. Ideally, these two traces should coincide.
However, there will be some notable discrepancies. Print this composite plot.

6. The output voltage will show evidence of slew rate limiting at the times that the square
wave transitions. During this time, the Vout rises or falls with a well-defined slope, and
the small sinusoidal component of signal disappears. To find out why, add an additional
Y-axis to the plot and add a trace of the output current leaving the first stage, 1(Gstagel).
The vertical scale of this new Y-axis should be -15 pA to +15 pA, and there should be
evidence that the current output of stage 1 is clipping. Print this composite plot.

Report

There is no formal report for this lab. Simply record your findings and comments and
submit them in a homework format. In the following, be careful to distinguish the op-amp by
itself from the complete amplifier circuit of Fig. 1. Please answer the following questions:

Vout
1. What is the voltage gain V(:: (in dB) of the circuit of Fig. 1?

2. The high-frequency cutoff fy is defined as the frequency at which the gain is down to
3 dB less than its low-frequency value. What is the value of fy for this amplifier?

Vout
3. What is the voltage gain of the op-amp itself \/Oll;| (in dB) at very low frequencies?
Describe the variation of the op-amp gain with respect to frequency. What is the value of
fu for the op-amp by itself?

4. Describe the behavior of this inverting amplifier when it is producing a 10-V
square-wave output voltage, especially with regard to the regions where Vout is in
transition. Why does the sine waveform disappear from the output waveform during the
transition times?
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Fig. 2 Inverting amplifier with ‘741 op-amp model.
Table 1
Device Parameters for the Inverting Amplifier SPICE Model
VPULSE VSIN Gstagel Estage? D1 & D2
Input source for ac Input source for Transconductance Voltage amplifier Generic diodes
steady state + transient sine wave amplifier (VCCS) (VCVS) with (use Dbreak model)
transient square with saturation saturation
wave
DC=0 DC=0 TABLE= TABLE= Dbreak D(
AC=1V AC=0 (-75mV,-15uA) | (-50mV,-13V) IS=1E-14
V1=-1V VOFF=0 (+75mV,+15uA) | (+50mV,+13V) | CJO=0.1pF
V2=+1V VAMPL=50mV RS=0.1)
TD=200us FREQ=40kHz
TR=0
TF=0
PW=200us
PER=400us
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Experiment 2
741 Op-Amp Circuits

Introduction

The purpose of this experiment is to gain experience with the '741 op-amp in several
typical applications, and to discover some of the basic limitations of all op-amps. The observed
behavior of the inverting amplifier will be compared with the simulated behavior from
Experiment 1.

Pre-Lab

It is expected that Experiment 1, "SPICE Modeling the '741 Op-Amp," has already been
performed.

Equipment Needed

v LM741/MC741/SN741 op-amp v Power supplies, function
(prefix indicates manufacturer) generator, oscilloscope

Procedure

1. Connect the circuit of Fig. 1. Use a 100-mV peak 1-kHz sine wave input voltage to

measure the system voltage gain Ay = \\;—? . (The expected result is -10.) To reduce the
high-frequency noise on the scope channel handling the 100-mV signal, turn on its
bandwidth limit, found on the channel input menu.

2. Measure the high-frequency cutoff (f,) of Fig. 1 using a 100-mV sine wave input and
monitoring the output voltage. Starting at 1 kHz, increase the frequency of v; until the
output v, has decreased to 70.7% of its 1-kHz value. Record this -3 dB frequency as fu .
(The expected value of f, is about 90 kHz.)

3. Collect two output voltage waveforms from Fig. 1 and display them simultaneously using
the memory capability of the DSO. Focus on the rising edge of the square wave
response. Display and record:

a) The response to a 50-mV peak 1-kHz square wave. Measure the slope of the rising
edge of the response using a horizontal scale of 0.5 ps/div, and a vertical scale of
0.2 V/div.

b) The response to a 500-mV peak 1-kHz square wave. Measure the slope of the rising
edge of the response using a horizontal scale of 5 ps/div, and a vertical scale of 2 V/div.

4. Measure the slew rate (SR) capability of the '741 op-amp from the recorded response of
(b) above. (The expected value of SR is about 0.5 VV/us.) Try increasing the amplitude

5



‘741 Op-Amp Circuits

of the input square wave. Can the output voltage attain a rate-of-change any greater than
your measured slew rate?

5. Connect Fig. 2. Measure the voltage gain of Fig. 2 using a low amplitude 1-kHz sine
wave. (The expected result is +11.)

6. Connect Fig. 3 and display the input and output voltage waveforms together, using a
0.5-V peak 1-kHz square wave for v; . Does the output appear to satisfy the following
transfer function?

Vo = 5= T vil®) dt + vo(0)

7. Record this square wave input with its triangle wave response. Record the input/response
pair for a 1-kHz sine wave.

Report

1. Compare the 1-kHz voltage gains measured for Figs. 1 and 2 with those predicted by
ideal op-amp equations.

2. Compare the high-frequency cutoff measured for Fig. 1 with that predicted by the SPICE
simulation in Experiment 1. Use the SPICE model for the '741 op-amp to explain why
the circuit gain decreases at frequencies above fy .

3. Compare the slew rate measured for Fig. 1 with that predicted by the SPICE simulation
in Experiment 1. Does increasing the input voltage amplitude beyond 1 V increase the
slew rate observed at the output? Why?

4. Do the integrator responses observed in steps 6 and 7 agree with the equation given for
an ideal op-amp? Compare the shapes and amplitudes of the predicted and observed
responses to square wave and sine wave inputs.
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Dual-In-Line or S.0. Package
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Fig. 1 Inverting amplifier, 8-pin dual-in-line plastic package (top view).

Fig. 2 Non-inverting amplifier.
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Fig. 3 Integrator.
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Experiment 3
SPICE Simulation of a JFET Common-Source Amplifier

Introduction

The purpose of this experiment is to gain practical experience with the mechanics of the
SPICE simulations for bias point and ac analysis. The circuit used is a JFET common-source
amplifier.
Pre-Lab

There is no pre-lab for this experiment.

Equipment Needed

v Current version of PSpice

Procedure

Turn on the PC and open the current version of PSpice. Enter the circuit of Fig. 1 using
the library model for the 2N5457 JFET. The signal source Vin should be an ac source, set to an
amplitude of 1 V, and with its dc component setto 0 V.

1. Set up the simulation for a detailed bias point solution, a dc sweep, and an ac sweep. The
bias point solution will consist of a detailed listing of the operating-point solution in the
output file, along with calculated incremental model parameters for the JFET. Set the dc
sweep to step the dc value of source Vi, from -5V to +5 V in 0.1-V steps. Set the ac
sweep to step the frequency of the ac content of Vi, from 1 Hz to 100 kHz in 101 steps

in

FG

Fig. 1 JFET common-source amplifier.



SPICE Simulation of a JFET Common-Source Amplifier

per decade.

2. After running the simulation, examine the output file to find the bias point solution. The
JFET drain-source voltage (Vos) must be more than 2 V, and the drain current (Ip) must
be more than 0.1 mA. If the bias point does not represent a reasonable operating point
for an amplifier, there is no point in proceeding further - something has gone wrong in
the entry of the schematic, or the design of the circuit. Note: Later versions of SPICE
allow you to enable direct display of the bias point solution on the schematic diagram.
Record Ip and Vs .

3. Use probe to display the dc sweep results. Plot the output voltage Vo vs. the input
voltage Vin. Use the “add trace” menu to add a plot of the derivative of Vo [the syntax is
“D(V(V0))”]. Record these traces.

4. Use probe to display the ac sweep results. Plot the dB equivalent of the output voltage
Vo vs. frequency. (Vin should be 0 dB at all frequencies.) Record this trace.

Report

No formal report is required for this experiment. Simply summarize the results you have
obtained in a homework format. Briefly answer the following questions:

1. Discuss the location of the optimum Q-point for this amplifier using the plot of Vo vs.
Vin obtained from the dc sweep. Use the plot of the derivative of Vo to estimate the gain
at this Q-point. At what values of Vo (upper and lower) will the amplifier saturate?

2. Discuss the voltage gain of the amplifier as measured at various frequencies. Why does
the voltage gain vary with frequency?

3. For what range of frequencies does the voltage gain read from the ac sweep agree with
the incremental voltage gain read from the dc sweep? Why?

Notes on SPICE

SPICE computes the bias point analysis by setting all ac and transient components of all
sources to zero, and considering only the dc components of these sources. The dc sweep is
computed by stepping the dc component of the source specified in the dc sweep setup statement.
During dc analyses, capacitors are open circuits; and inductors are short circuits.

When SPICE does an ac sweep, it first uses the dc source values to compute the dc bias
point solution. It then computes incremental models for all devices in the circuit based upon the
bias point. After this, SPICE applies an ac steady-state analysis to the incremental equivalent
circuit over the frequency range given in the setup. The ac amplitude of the source Vin can be
set to any convenient value without causing amplifier saturation because the incremental model
is always a linear model.

10



Experiment 4
JFET Common-Source Amplifier

Introduction

The purpose of this experiment is to investigate the performance of a JFET

common-source amplifier.

Equipment Needed

v Normal laboratory equipment Vv 2N5457 n-channel JFET Vv For alternate Ve and lpss , you

may substitute 2N5458/59

Pre-Lab

Estimated typical values of the JFET parameters are: Vp=-2.5V and lpss= 3 mA.

Obtain a 2N5457 data sheet and find out what the allowable ranges of these parameters are.
Read the text file of the 2N5457 SPICE model currently used in this department and determine
what values the model assumes for these parameters.

Procedure

1.

Obtain the FET drain characteristics using the curve tracer. Measure the pinchoff voltage
Ve and the zero-bias drain current Ipss. Make sure these lie within the ranges promised
on the 2N5457 data sheet. Record the measured values of these two parameters, but you
do not need to record the drain characteristics.

Connect the circuit of Fig. 1 without C1 and measure its quiescent operating point (Ipg
and VGSQ).

Set the function generator for a 5-kHz sine wave with zero dc offset. Increase the FG
voltage level until the output voltage V, is on the verge of clipping-type distortion.
Record the output waveform, showing evidence of the voltage levels at which clipping
will occur.

Reduce the signal level to assure an undistorted output. Measure and record the voltage

V,
gain Ay = 7(.) at 5 kHz. Place C1 into the circuit and record its effect on the voltage
gain.

With CL1 in the circuit, measure and record the amplitude and phase of the output voltage
(relative to the input voltage) at the following frequencies: 5 kHz, 500 Hz, 50 Hz.

11



JFET Common-Source Amplifier

Report

1. Use the measured values of Ve and Ipss to predict the Q-point (Iog and Vesg). Compare
these values with the experimentally-measured values. Compare these values with the
prediction of a SPICE bias point solution using the 2N5457 model.

2. Use the measured values of Vp and Ipss to estimate the transconductance (gm). Calculate
the midband voltage gain (the 5-kHz gain) with and without C1, and compare with the
experimentally-measured values. Also, compare the measured 5-kHz gain with the result
of a SPICE ac analysis.

3. Estimate the maximum possible output voltage before the onset of severe distortion.
Consider clipping due to the drain current going to zero, and distortion due to the JFET
entering its ohmic region of operation. Compare these estimates with your observed data.

4. Comment on the observed frequency response data. What happens to the signal as its
frequency is lowered below midband? Why? Compare these experimental results with
the results of a SPICE ac frequency sweep.

Background

Refer to your electronics text for background on modeling the JFET. For the purpose of
this experiment, it is OK to ignore channel-length modulation in modeling the JFET. Be aware
that various electronics books may present the following equations using different symbols.

2
- _ VGS
Ip = IDSS(]- v
and
_ | %o
Om = Pves Q point
- |20 -
— | -V Vp

_ |2
= ‘V_P‘q/IDSS'ID

where

loss = zero-gate-voltage drain current, and
Ve = pinchoff voltage.

The equations above are valid only in the constant-current (saturation, or pinch-off) region.

12



JFET Common-Source Amplifier

+28v
R1
6.8K

a1
2N5457

C1
1uF

FG

Fig. 1 JFET common-source amplifier.

1 DRAN

{HATE

250URCE
CASE 20-04, STYLES
TO-az (TO-256A4)

Fig. 2 2N5457 case and pin-outs.
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Experiment 5
Small-Signal CC and CB Amplifiers

Introduction

The purpose of this experiment is the measurement of the small-signal voltage gain, input
resistance, and output resistance of a common-collector (emitter follower) and a common-base
amplifier. These two circuits are then compared to each other.

Equipment Needed

v Normal laboratory equipment Vv PN2222A npn transistor

Procedure

Connect the circuit of Fig. 1 and measure its quiescent operating point (lcg and Veeg).
Connect a 5-kHz sine wave signal source to the input terminals, and a 100-Q load resistor to the
output. Measure the following small-signal amplifier parameters using a signal level low enough
to avoid clipping, yet high enough to be measurable.

Vo

1. Measure the voltage gain Ay = .

2. Measure the input resistance R; :
3. Measure the output resistance RS .
Connect the circuit of Fig. 2 and measure its quiescent operating point (lcg and Veeg).
Connect a 5-kHz sine wave signal source to the input terminals, and a 10-kQ load resistor to the

output. Measure the same small-signal amplifier parameters as previously. Remember to keep
the signal level small enough to avoid any visible distortion of the sinusoidal waveforms.

. Vo
1. Measure the voltage gain Ay = .

2. Measure the input resistance R; :
3. Measure the output resistance RS .

Use the curve tracer to measure the incremental current gain (Bac = hr) of your transistor
in the neighborhood of Ic=1 mA, V=10 V.

15



Small-Signal CC and CB Amplifiers

Report

1. Using reasonable approximations, predict the Q-point of Figs. 1 and 2, assuming that
Bac = 150. Compare this with the experimentally measured Q-point.

2. Using the values of B (hr) and Q-point which were measured experimentally, predict the
following: Ay, Ri, RQ ,Ro , and R} for Figs. 1 and 2.

3. Compare these calculated values with the experimentally-determined values. Compare

the relative values of A, , R; , and R, for Figs. 1 and 2. Based on simplified formulas,
give the most important factor(s) which determine A, , Ri , and R, for Figs. 1 and 2.

16



Small-Signal CC and CB Amplifiers

C1

22K

FG

Fig. 2. Common-base amplifier.

PN2222A

Fig. 3 PN2222A package
and pin-out.

c TO-82
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Small-Signal CC and CB Amplifiers

Appendix: The Experimental Determination of VVoltage Gains and Incremental Resistances

1.

Voltage gain is measured with a specified load resistor in place by monitoring V; and V,
with a two-channel scope. The smallest measurable level is used; the measurement is
only valid if no appreciable distortion occurs in either V; or V, .

Input resistance R; can be measured by monitoring V, while driving the amplifier from a
source having a known source resistance (Rs). Then, using a variable resistor in series
with the source, the source resistance is increased until V, drops to one-half its previous
value. We have:

I

I:\)i

Voo = AvVs R+r, (first measurement), and 1)
Rl

Voo = Ay Vs R+ +Ry (s2CONd Measurement) (2
Therefore:
Vo _ 1 _ _R*R
Voo = 2 — Riﬂ"'Rs"'Rpot (3)
R = Rt — Rs (4)

The input resistance Rg is calculated from the measured value of the variable resistor
(Rpot) and the value of the source resistance (Rs). For the FG in the electronics lab,

Rs = 50*. This measurement is only valid for small (undistorted) signals. R; is easily
calculated from R! .

Output resistance Rﬂ, is measured by monitoring V, while driving the amplifier with a
signal source having the specified source resistance Rs; V, is first measured, and then a
variable resistor is paralleled with the output terminals and adjusted so that V, is one-half
its previous value. The resistance of the potentiometer is then equal to the output
resistarﬂlce Ro . This measurement is only valid for small signals. R. is easily calculated
fromRy .

18



Experiment 6
Bypass and Coupling Capacitor Effects

Introduction

The purpose of this experiment is the measurement of the low-frequency response of an
ac-coupled amplifier.

Equipment Needed

v Normal laboratory equipment v PN2222A npn transistor v Switchable 0-dB/40-dB 50-Q
attenuator

Pre-Lab

Calculate the expected locations of the poles and zeros contributed by each capacitor in
Fig. 1 (they each act independently). Calculate the midband gain, and sketch a Bode plot of the
expected magnitude of the voltage gain from 1 Hz to 10 kHz.

Procedure

Gain will be measured over a wide range of values in this experiment: The amplitude of
the input signal may need to be changed in order to maintain a measurable output level, but at all
times keep the levels low enough to avoid appreciable distortion, yet high enough to be
measurable. You will need to use a switchable 0-dB/40-dB 50-Q attenuator at the FG output to
do this. Turn on the bandwidth limiters in both channels of the scope to reduce any
high-frequency noise present in low-level signals.

+108v

R2
5.6K c2
33nF

a1 v
Rg PN2222A ° PN2222A
50

FG TO-492
T C1
| | 10uF

Function Generator -1@v

Fig. 1 Common-emitter amplifier with blocking and bypass capacitors.
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Bypass and Coupling Capacitor Effects

1. Connect the circuit of Fig. 1 and measure its operating point (Ic and Vce). Note that the
function generator (FG) must be connected to provide a dc path for the base current.
Make sure that the operating point is reasonable for operation as an amplifier.

2. Set the FG to produce a 7-mV rms 10-kHz sine wave at Vi and measure the midband
gain at 10 kHz. (Expected value is about +40 dB.) Make sure that both scope channels
are dc-coupled throughout this procedure. An ac-coupled scope channel is itself a
high-pass filter.

3. Measure the gain magnitude (in dB) over the frequency range of 10 Hz to 10 kHz. Mark
the data points on your predicted frequency response plot. If there is a deviation of more
than 6 dB, you should investigate the reason for the discrepancy. Use the 2-channel
scope to measure the peak-to-peak values of V; and V, for the purpose of measuring gain.

Details Lower the frequency by steps in a 10-4-2-1 sequence (e.g., 1 kHz - 400 Hz -

200 Hz - 100 Hz), taking gain magnitude measurements at each step. You may need to
increase the input signal level at lower frequencies to maintain a measurable output
signal. Take data from 10 kHz down to 100 Hz. Continue going down in frequency
towards 10 Hz as far as meaningful data can be obtained. Use "averaging™ (found in the
scope Display menu) to reduce the amount of noise on small signals.

4. Divide the midband gain measured in part 1 by 1.414 (this is equivalent to subtracting
3 dB from its decibel value). Use the FG to experimentally measure the frequency at
which the amplifier's gain is 3 dB below its midband value. This is called the
"low-frequency cutoff."

Report

1. Bode plot the pre-lab calculated frequency response on 4-cycle semi-log paper. Use dB
notation, and use a frequency range of 1 Hz to 10 kHz.

2. Mark the experimental data points on this graph. Do they agree well with the predicted
values?

3. ldentify the midband gain from the experimental data, and from the calculated response.
How do they compare?

4. ldentify the low-frequency cutoff (f.) from the experimental data, and from the calculated
response. How do they compare?

! "Averaging" is the process of storing repeated acquisitions of the waveform, each one based on the trigger
event, and point-by-point averaging these stored waveforms to produce the display. Averaging only works if there
is a stable trigger event.

20



Bypass and Coupling Capacitor Effects

Bode Plots

The actual gain vs. frequency plot of an ac-coupled amplifier is a smooth curve.
However, Bode pointed out that if semi-log paper is used, a series of straight-line asymptotic
approximations to the gain curve will be close enough for many engineering purposes. The gain
magnitude in dB is placed on the linear scale; the frequency is placed on the log scale. Fig. 2
below shows sample Bode plots of the contribution of the emitter bypass C1 acting alone (upper
figure), and the collector blocking capacitor C2 acting alone (lower figure).

Gain Magnitude (dB)

A

! ! ! ! H=>
fFzct fpct log Frequency

Gain Magnitude (dB)
| | | >

I
1 1
/ fpc2 log Frequency

Fig. 2 Bode plot of frequency response of C1 alone (upper figure); and C2 alone (lower figure)
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Experiment 7
BJT High-Frequency Performance

Introduction

The purpose of this experiment is the investigation of the high-frequency performance of
a BJT common-emitter amplifier. The transistor junction capacitances C, and C, will be
estimated from typical data sheet information.

Equipment Needed

v Normal laboratory equipment Vv PN2222A npn transistor

Pre-Lab

Study the appendix to this lab which shows how to estimate the transistor junction
capacitances on the basis of the limited information typically given on a data sheet.

Procedure

The circuit of Fig. 1 may not maintain a stable dc operating point; therefore, you should
verify at several stages during the experiment that the operating point is still 5 mA/5 V (Ic/Vce).
The collector current is controlled by adjusting Vg , and the collector-emitter voltage is then set
by adjusting Vcc . Be sure to remove the dc voltmeter or milliameter from the circuit when
making the actual gain measurements. Gain will be measured from midband (5 kHz) to beyond
the high-frequency cutoff fy (1 MHz).

R
1K

()
8 - 28v

PN2222A

FG
c T0.92
B
[ | €

Function CGenerator
Fig. 1 Common-emitter amplifier.
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BJT High-Frequency Performance

1. Connect Fig. 1 using a 1 K load resistor (R.). Set the dc oper:%}ing point and remove all

dc meters from the circuit. Measure the midband gain factor V_(.) at 5 kHz using a small

signal. Measure the transistor base-emitter resistance at 5 kHz by measuring the ac
signal at each end of R1.

2. Take gain measurements from 5 kHz to 1 MHz. The objective is to accurately determine
the high-frequency cutoff (). Take enough data points to be sure of the value of the
midband gain, and the frequency at which the gain is reduced to 70.7% of its midband
value. (Expected midband gain and hf cutoff are about -100 and 400 kHz.)

3. Change the load resistor (R.) to 560 Q. Readjust the dc operating point to maintain
5 mA/5 V. Measure the midband gain and the high-frequency cutoff again. (The
expected values are now 56% and 179% of the previous measurements, respectively.)

Report

1. Obtain a copy of the transistor data sheet for type 2N2222A or PN2222A, and put it in an
appendix to your report. Use the data sheet to estimate values for Crand C, .

2. Calculate the midband gain and high-frequency cutoff for each of the two values of load
resistance used. Compare these results with the experimental data.

3. Use SPICE to simulate the frequency response of the experimental circuit. Compare the
midband gain and high-frequency cutoff predicted by SPICE with your calculated and
observed data. After running your simulation successfully, open the *.OUT file and read
the values for C; and C, that were produced by SPICE. Compare these with your
estimated values.

24



BJT High-Frequency Performance

Appendix A - Estimating C; and C, From a Data Sheet

The capacitance associated with a pn junction has two components: the transition
capacitance, which is a nonlinear function of the junction voltage; and the diffusion capacitance,
which is directly proportional to the junction forward current.

In the active mode, the collector-base junction is reverse-biased, and therefore it has only
transition capacitance, whose value is determined by the dc collector-base voltage. This
capacitance is denoted Cy. , C,, Co, Or "output capacitance” on most data sheets. A complete
data sheet will typically contain a graph of C,, vs. collector-base reverse voltage. An abbreviated
data sheet will at least give a single value for C, . Note that the transition capacitance increases
with decreasing reverse-bias, reaching its maximum value at zero bias.

In the active mode, the emitter-base capacitance is composed of both transition and
diffusion components. The transition component is generally small and independent of operating
point (Vee is almost constant at 0.7 V); the diffusion component is generally large and directly
proportional to emitter current. The foregoing is true when the transistor is used at normal
current densities: In a large transistor used at low current, C. will not be zero; it will approach a
lower limit equal to its transition capacitance. The transition component of C, can be estimated
from the data sheet as the zero-voltage limiting value of the reverse-biased emitter-base
capacitance. The diffusion component of C; is directly proportional to e, and is never directly
given on the data sheet.

The short-circuit unity-current-gain frequency (denoted fr and frequently called the
current gain-bandwidth product, or GBW) is normally found on the data sheet. It can be shown
that this is related to the junction capacitances by:

— gm
2<fr = c-vcs

If the proposed operating point current (I ) is within one decade of the operating point used in
making the data sheet measurement, it may be assumed that fr does not change and the
computation of Cy is straightforward. If the proposed Ie is small, model C. by the following:

Cc=Xo+ Xg- Ig

Xo Is the zero-bias limiting value of the transition capacitance, and X; is readily calculated from
the given GBW data together with the operating point used to measure it. This equation is then
used to estimate C,, at the proposed operating point.

As an example, capacitances are estimated from the data sheet for a National
Semiconductor PN2222A. A graph labeled "Emitter Transition and Output Capacitance vs.
Reverse Bias Voltages" directly states that C,, is typically 4.5 pF at Vcg = 4.3 V. From the same
graph, Xo = 21 pF. Under the small-signal characteristics, it is stated that fr is at least 300 MHz
at Ic = 20 mA. From this data, X; = 20 pF/mA. Therefore, C; is expected to be 121 pF at 5 mA.
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An alternative calculation, which simply assumes that fr is the same at 5 mA as at 20 mA,
produces C, = 102 pF. Either is justifiable given the precision of the available data.

Appendix B - SPICE Simulation of the CE Amplifier

The CE amplifier of Fig. 1 can be easily entered into SPICE and simulated using a
2N2222A transistor model. The problem that will immediately arise is that the dc operating
point in the simulation will not be the same as that in the lab. The gain and bandwidth results are
strongly operating-point dependent, and therefore will not match the lab results at all. The newer
versions of PSpice allow the direct display of the calculated operating point on the schematic:
Enable this option and verify that the correct operating point has been achieved before looking at
the frequency response data in probe.

With the direct display of the bias point solution, it is not difficult to iteratively adjust

Vg t0 Obtain Ic =5 mA, and then adjust Vcc to obtain Vce =5 V. This process is speeded if all
other analyses except for bias point are disabled during this iterative procedure.
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Experiment 8
Differential Amplifiers

Introduction

The purpose of this experiment is to investigate several key features of the balanced
differential pair and the wide band (asymmetrical) differential pair.

Equipment Needed

v Normal laboratory equipment V two PN2222A npn transistors v Scope probe having known input
capacitance

Pre-Lab

Assuming that the transistors will have a dc current gain (B or hee) equal to 100, predict
the Q-points of Figs. 1 and 2. Estimate the differential gain (Aq) and the common-mode gain
(Acm) for Fig. 1. In each case, the output is taken at Q2's collector.

Procedure

1. Connect the circuit of Fig. 1 and verify that a reasonable Q-point is obtained. Remember
that the amplifier is not properly biased unless a dc current path is provided from each
transistor base to the ground. Substitute transistors until the collector currents of Q1 and
Q2 match to within 10 pA of each other. Use the curve tracer to measure the ac current
gain (Bo or hg) in the vicinity of the Q-point for each transistor.

2. Use the signal connections shown in solid lines in Fig. 1 to measure the differential-mode

gain (Aq = \\;—Z) of the symmetric differential pair. Note that the output is taken
single-endedly (from one collector only). This is a midband, small-signal measurement;
use 400 Hz and a signal level low enough that there is no appreciable distortion in the
output sine wave. Use an attenuator as needed to reduce the output of the function
generator (FG). (The expected value is about 85.)

3. Measure the high-frequency cutoff f, of the symmetrical differential amplifier of Fig. 1.
Note that the input capacitance of the scope probe’ is a part of the high-frequency model
of the circuit. (The expected value is about 27 kHz.)

4. Use the signal connections shown in broken lines in Fig. 1 to measure the common-mode

. Vo . . : .
gain (Aem = Vo) of the symmetric differential pair. Use 400 Hz and a low signal level
so that there is no appreciable distortion in the input or output waveforms. (The expected
value is about -0.3.)

! For the HP 10071A probe, the input capacitance is 16 pF.
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5. Connect the asymmetric differential pair of Fig. 2 and verify that a reasonable Q-point is
obtained. (Vcs for Q2 should be between 10 and 18 V.)

6. Measure the gain (Ad = \\i—;’) and the high-frequency cutoff of the asymmetric
differential pair of Fig. 2. Note that the input capacitance of the scope probe is also an
important part of the high-frequency model of this circuit. (The expected values are
about 85 and 80 kHz, respectively.)

Report

1. From the transistor data sheet, estimate the values of collector-base and emitter-base
capacitance at the Q-point. Hint: at the current level used here, C, will be dominated by
its transition component.

2. Calculate the theoretical values of Aq, Acm and fy for Figs. 1 and 2, and compare with the
experimental results. (For Fig. 1, use Miller's Theorem and model the symmetrical
differential amplifier as equivalent to a common-emitter stage.)

3. Use SPICE (with a 2N2222A model) to simulate this circuit, and compare these results
with the experimental and calculated results.

4. Compare the gains and cutoff frequencies of Figs. 1 and 2. Compute a gain-bandwidth
product for each.
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Fig. 1 Symmetrical differential pair. The load capacitance is the scope probe capacitance.
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Fig. 2 Asymmetrical differential pair. The load capacitance is the scope probe capacitance.
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Experiment 9
Complementary-Symmetry Push-Pull Amplifier

Introduction

The purpose of this experiment is to observe the operation of a class-B
complementary-symmetry amplifier and the use of negative feedback to improve its behavior.

Equipment Needed

v Normal laboratory equipment v Complementary-symmetry v Load resistor (about 12 Q, 5 W)
output stage circuit board

Procedure

Connect the circuit of Fig. 1 using a complementary-symmetry output stage circuit board.
Fig. 3 gives a top view (component side) of this circuit board to identify the correct connection
points. Note that both Figs. 1 and 2 show only a simplified equivalent of the circuit board
schematic: The details of the circuit board are shown in Fig. 3. In making connections, bring
all ground leads separately back to the "COM" binding post on the circuit board (including the
function generator and scope ground leads). This is known as a "star" grounding arrangement.

1. Use the function generator (FG) to apply a 10-V peak 100-Hz triangle wave as shown in
Fig. 1. Connect the two scope channels as indicated. Display and record the input
(Chan. 1) and output (Chan. 2) waveforms. Note carefully the defect in the output
waveform around its zero crossings. This is known as "crossover" distortion.

2. Display and record an X-Y plot of output vs. input on the scope. (Look on the horizontal
"Main/Delayed” menu.) Be sure that both channels are set for zero offset and 2 V/div
before switching to the X-Y mode. This is the transfer function of the basic
complementary-symmetry output stage.

3. Obtain a type 741 op-amp and connect Fig. 2, placing the op-amp on a proto-board. It is
best to run separate jumper wires from each op-amp terminal to the corresponding
terminals on the output stage circuit board. Make all power supply connections (+15 V,
-15V and COM ) to the circuit board, not to the proto-board. Set the FG for 10 V peak at
100 Hz as before.

4. Display and record the input from the FG (Chan. 1) and the output (Chan. 2) waveforms.
Note the suppression of the crossover distortion by the negative feedback.

5. Display and record an X-Y plot of output vs. input as before. Use identical vertical
settings of 2 V/div and zero offset on both channels.
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Complementary-Symmetry Push-Pull Amplifier

6. Investigate how the negative feedback functions to suppress the crossover distortion.
Move the scope channel 1 to the two transistor bases (B1 and B2) on the circuit board.
Switch the scope back to voltage vs. time. Display and record the input and output of the
complementary-symmetry stage itself. Note the inverse crossover distortion at the input
to the complementary-symmetry stage.

7. Maintain these two waveforms on the scope while increasing the FG frequency to
10 kHz. Note the decreasing ability of the feedback to cancel the crossover distortion at
high frequency. Record these waveforms.

Report

1. Explain the cause of the crossover distortion observed in steps 1 and 2. (Most electronics
texts have a good discussion of this problem in a chapter on "power amplifiers" or
"output stages.")

2. Analyze the circuit in Fig. 2 based upon the assumption of an ideal op-amp. (Assume
that the voltages on pins 2 and 3 of the 741 must be exactly equal because of its infinite
gain.) How does this suppress the distortion? Use the waveforms gathered in steps 4 and
5 to support your discussion.

3. Why is the distortion reduction in step 7 (at 10 kHz) not so good as it was at 100 Hz?
Explain this in terms of a specific imperfection in all practical op-amps, as opposed to an
ideal op-amp.
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Fig. 2 Complementary-symmetry amplifier with negative feedback.
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Fig. 3 Pictorial top view and detailed schematic of the complementary-symmetry output stage.
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Dual-In-Line or S.0. Package

e
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TL/HSB341-3
Order Number LM741J, LM741J,/883,
LM741CM, LM741CN or LM741EN
See NS Package Number JOSA, MOBA or NOBE

Fig. 4 '741 pinout, top view.
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Negative Feedback

+28vV  +28v

Q1=PN2222A
Fig. 1 Amplifier with shunt-shunt feedback.

+2BV  +28v

Q1=PN2222A
Fig. 2 Measuring the output resistance.

+20V  +28V

Q1=PN2222A
Fig. 3 Amplifier with feedback removed, but loading effects retained.
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