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Abstract

In this experiment, two discrete transistor amplifiers are designed, simulated, and built. The first amplifier
is a common emitter amplifier and the second is a common gate amplifier. Each circuit is designed to have a
specified frequency response. Along with designing the amplifiers, the impact of various load impedance’s
on the input and output are investigated through simulations and measurements. The common emitter is
designed to pass frequencies above 2kHz, and the common gate is designed to pass frequencies above
1kHz. The common emitter is designed to have a gain of 40dB. No gain was specified for the common
gate amplifier. The common gate amplifier had a gain of 36dB.
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1 Introduction

In this lab experiment two styles of discrete transistor amplifiers are explored — the Bipolar Junction
Transistor (BJT) based common emitter (CE) amplifier and the Metal Oxide Semiconductor Field Effect
Transistor (MOSFET) based common gate (CG) amplifier. The two amplifiers will have different methods
of biasing. For the CE based amplifiers, the biasing circuit is built using a 1mA current mirror, and the
CG will use a traditional resistor based biasing network.

An ideal amplifier is one that has infinite input resistance, zero output resistance and a constant frequency
response. The discrete transistor amplifiers explored in this experiment are the foundational amplifying
circuits, which, when used in tandem can provide near—ideal amplification (i.e. op—amps, power amplifiers
etc.), even though these circuits produce non ideal amplifiers. The method of using multiple amplifiers in
tandem to produce better amplifier is not explored in this lab, it is mentioned to provide context to what is
being performed.

The operating conditions and specifications for the circuits are provided in the lab manual as follows[1].
The CE amplifier must have an unloaded voltage gain , A,,, greater than 40dB, or 100V/V. The bias
network must be designed such that Vg is —1.5V £0.3V, and the current flowing through Rp; is be—
tween 100pA and 200pA. The node voltage V> must be 1.0V £0.5V. The collector current /o must be
1mA+0.2mA. Lastly, the emitter capacitor must be chosen such that the lower cut—off frequency of the
amplifier, f;0, is less than 2kHz. The CG amplifier does not have a gain specification, instead only the
specification for the lower cut—off frequency fro must be below 1kHz.

This document is split into three sections. Section 2 features the circuit design and analysis. This
section contains calculations for the common emitter and common gate amplifiers. Section 3 includes the
simulations. Here, the designed circuits are simulated to validate they are acting as an amplifier. Section 4
features the experimental implementation, where each circuit is built and tested. In the experimental
section, each circuit is built and measurements are taken to validate the expected values from the designs
and simulations section.

2 Circuit Design and Analysis

Both circuits designed are amplifier circuits. They take an AC input signal and amplify it at the output.
There are three primary types of amplifiers, voltage, current, and power amplifiers. An amplifier can
be characterized by its input resistance, output resistances and unloaded gain (Ay o). The unloaded gain
describes the amount of amplification applied to the signal in terms of volts per volt (V/V) — often converted
to decibels. Both circuits designed in this experiment are voltage amplifiers. The first being a common
emitter amplifier and the second being a common gate amplifier. The common emitter is a BJT circuit
with the input applied at the base, and the output taken from the source. For this circuit, small signal
parameters, component values and amplifier characteristics will be calculated. The unloaded voltage gain
must be above 40dB. This specification sets a bound on the value of the collector resistor R-. The other
bound is set by the collector voltage specification of 1.0 +0.5V. The base resistor network (Rp; and
Rpo) must be designed such that the base voltage, Vg, is 1.0V +and the current through Rp; is between
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100uA and 200uA. The required collector current of ImA+0.2mA is supplied by the current mirror built
in Experiment 4. Because the amplifier has a band pass characteristic, C'r must be chosen such that the
lower cutoff frequency is below 2kHz. Also, the amplifier input and output resistances will be determined.
The common gate amplifier has less specifications because it is simply an extension of the MOSFET biased
circuit from Experiment 4. Here, the supply voltages must be 12V and the drain to source current /pg
must be ImA+0.2mA. The source capacitor C's must be chosen such that the lower cutoff frequency is
below 1kHz. Once the component values for each amplifier are determined, their small signal parameters
are calculated.

2.1 Common Emitter Amplifier

Figure 1 shows the schematic for the common emitter amplifier.

VECA VCCA VCC
RB1 RC
cC
ce o1
RSIG RL
RB2§
RREF§
vssY
N1 ] [ N2
£ iy 3

\4 Y

VSS VSS

Fig. 1. Common Emitter amplifier circuit schematic

The BJT used in this circuit is the ON Semiconductor 2N3904.

ECE 342 — Single Supply Op Amps 2 of 34



2.1.1 Collector Resistor

The collector resistor R will be calculated to set the unloaded voltage gain above 40dB. The collector
resistor has two equations to determine an allowable range of values. To determine the lower bound of the
resistor value Equation 1, the unloaded voltage gain, is used.

Ic
A = — % R 1
Vo VT* c (D

Here, Ay o must be above 100V/V, Io is ImA, and Vr is the thermal voltage of 26mV. Using these
values, the lower bound of R¢ is 2600€2. The upper bound is set by the collector voltage specification of
1.0V+0.5V. The voltage across the resistor Rc can be written as seen in Equation 2.

Vre =Vpp — Vo = Ic * Re 2

Here, VpD is 5V, Vi is 1V, and I is 1mA. Solving for R results in an upper bound of 4000€2 on the
value of Rc. The mid point of the range is chosen for the value of R¢ resulting in a value of 3.3k(2.

2.1.2 Base Network Resistors

The base network resistor Rp; can be determined using equation 3.
_ Vpp—Vp

Rp1
IRBl

©))

Here, the supply voltage Vpp is 5V, Vg is specified to be —1.5V, and Iy, is specified to be between
100muA and 200muA, resulting in 150muA. These values result in an Rp; value of 43k{2. The second
base network resistor can be determined by the following equation.

Voo — (Vbp — (=VEE)
Rps + Rp1

Here, the supply voltages Vpp and —Vgg are £5V, Vp is —1.5V, and Rp; is 43k(). Rpo can then be
solved for, resulting in a value of 23.7k().

Ve =

* R31 (4)

2.1.3 Collector Capacitor

The collector capacitor Cr can be determined from the following equation.

1
2xmx Cp*Teg,

fro = ®)
Here, fro must be below 2kHz, 7., is a small signal parameter of the amplifier and is determined as

follows. v
T
Tegr = E (6)

Here, Vr is 26mV and I is ImA. This results in r.,, equal to 26). Using this value in to equation 5
results in C'r equal to 4.7uF.
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2.1.4 Small Signal Parameters

With all component values determined, the small signal parameters of the amplifier can be determined. The
small signal model resistors are denoted by a lowercase r. 7. is found above to be 26f2. r, is calculated
as follows.

_ BxVr

- ™

Here, 3 is 200, Vp is 26mV, and I~ is 1mA. These values result in r, = 5200€2. r, is calculated with the
following equation.

T'r

_Va
I ®)

With V4 equal to 75V, and I equal to 1mA, r, is 75k{2. The small signal transconductance determines
the unloaded voltage gain and is determined as follows.

To

Ic
m = 1, 9
g Vr ©

With I¢ equal to 1mA and Vr equal to 26mV, g, is equal to 38.5”%1.

2.1.5 Amplifier Characteristics

With all components and small signal parameters calculated, the amplifier characteristics can be determined.
The input resistance 2y is determined by the parallel combination of the resistors r,i, g1, and Rpa.
With r; equal to 262, Rp; equal to 43k(2, and Rpo equal to 23.7kS2, R;y equals 3879€2. The output
resistance Ropr is the parallel combination of the resistor r, and Rc. With r, equal to 75k, and R¢
equal to 3.3k$2, Royr is 3.161k2. Lastly, the unloaded voltage gain can again be calculated to ensure it
meets specifications.

Avo = —gm * Re (10)

With g,,, equal to 38.5mA and R¢c equal to 3.3k(2, Ay equals —127.05% or 42.07dB, meeting the
minimum specified gain of 40dB.

2.2 Common Gate Amplifier

The common gate amplifier required less calculations as it was simply a modification of the biased MOS—
FET circuit built in Experiment 4. Figure 2 shows the schematic for the common emitter amplifier.
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VDD A VDD A

IICD
§ |
RG1 .
||+ x RL
‘ | | l
sy
§ R6
RG2 RS

VSS V VSS V

Fig. 2. Common Gate amplifier circuit schematic
The MOSFET used in this circuit is the ON Semiconductor 2N7000.

2.2.1 Small Signal Parameters

The small signal transconductance can be calculated using the following equation.

Im = V2% ky *x Ipg (11)

k,, for the 2N7000 is 1007‘7}—‘24, and Ipg is 1mA, resulting in g, equal to 14.14"’?‘4. rs is equal to the
reciprocal of the small signal transconductance, and is therefore 70.7€2.

2.2.2  Source Capacitor

The source capacitor C's can be determined using the following equation.

1
2xmx* fro * (rs + Rsic

Cs > (12)

Rgjc is set to be 0€), s is equal to 70.7€), and fro must be higher than 1kHz. With those values, Cy is
4.7uA. This results in a fro of 479Hz, within the specified range of below 1kHz.
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2.2.3 Amplifier Characteristics

The input resistance of the amplifier is the parallel combination of r5 and Rg. This results in Ry equal
to 68.02(2. The output resistance is equal to resistor Rp, resulting in Royr equal to 10k(2. The unloaded
voltage gain can be calculated using the following equation.

Avo = gm * Rp (13)

With g,,, equal to 14.14’%‘, and Rp equal to 10kS2, Ay is 141.4% or 43.0dB.

3 Simulated Performance

To ensure specifications are met, the circuits created in the design section were simulated. All simulations
were done using Micro—Cap 12 (64—bit), making use of the UMaine micro—cap parts library. Simulations
were run to investigate the effect of input and output loading on the gain of the circuit.

3.1 Common Emitter Amplifier

Figure 3 shows the common emitter amplifier circuit as seen in Micro—Cap.

dd *
Rsig [| ut
Vpos § My i i
Toon 3K 3IMes L Cocope
Rscope
A/sig P 22p

Vneg | cE
1
1
sS

Fig. 3. Common emitter amplifier as seen in Micro—Cap.

Several simulations are run on the common emitter circuit. The first is a dynamic DC simulation to
determine the terminal voltages of the 2N3904. Then, a series of AC simulations are run to investigate
the unloaded voltage gain. Lastly, transient simulations are run to investigate limits on the input voltage
amplitude.
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3.1.1 Dynamic DC

A Dynamic DC simulation is used to investigate the DC operating point of a given circuit. No values are
changed, instead the node voltages and currents are shown on top of the schematic. Figure 4 shows the

results of the Dynamic DC simulation.

dd

Fig. 4. Dynamic DC simulation of the common emitter circuit.

As can be seen, the input and output are unloaded to get accurate DC operating point values. The col—
lector voltage V¢ is equal to 1.657V. The base voltage Vp is —1.543V, meeting the specified value of
1.5V+0.3V. The emitter voltage Vg is —2.211V. The terminal voltages are tabulated in Table I.

3.1.2 Frequency Response

Frequency response simulations are run to investigate the gain of the amplifier circuit, as well as the phase
shift. Figure 5 shows the results of the frequency response with no loading on the input or output.

VB Ve Ve
—1.543 | 1.657 | —2.211
TABLE I

Common emitter amplifier terminal voltages.
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100.00 QorrllmorjEmt?terAmPllﬂfer:cllrI -

------ | | o
25.00[- mece— e EPIEE T A o |
P kil NN R NIRRT ]

710 100 1K 10K 100K ™ 10M
Left Right Delta Slope

[BldB(v(OutC)) 41.023 40.256 -766.266m -78.047n

F (Hz) 181.970K 10.000M 9.818M 1.000
-120.00
'240'0010 100 1K 10K 100K B TV 10M

Left Right Delta Slope

[ph(v(OutC)) (Degree -179.976 -204.064 -24.088 -2.453u

F (Hz) 181.970K 10.000M 9.818M 1.000

Fig. 5. Frequency response of the common emitter amplifier with no input or output loading.

As can be seen, the unloaded voltage gain reaches a peak of 41.023dB, meeting design specifications.
The phase plot also looks as expected, showing at least three poles, due to the three capacitors in the
circuit. Next, the signal resistance is changed to 50¢2 and the load resistance Ry, is stepped over the values
1k€2, 10kS2, and 100kS2. Frequency response simulations are run again. Figure 6 shows the results of the
frequency response with Rgr¢ equal to 50€2 and Ry, equal to 1kS).

CommonEmitterAmplifier.cir RL=1k

15,000~ - e
OOG i 4 o S ' i
a1 100 1K 10K 100K

200.00

-100.00
W0k Kk m fou
ph(v(Out)) (Degrees' F (HZ)

Fig. 6. Frequency response of the common emitter amplifier with Rgrg = 50Q2 and Ry, = 1k).

Here, the peak gain is 28.453dB. This is significantly below expected, and can be explained by the load
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resistance being comparable to the output resistance of 3161¢2. When this happens, the gain is reduced
significantly due to the output loading of the circuit. The lower cutoff frequency is found to be 1.583kHz.
This meets the required specification of being below 2kHz. Figure 7 shows the results of the frequency
response with Rgrs equal to 50€2 and Ry, equal to 10kS2.

CommonEmitterAmplifier.cir RL=10k

! ] 56.61K 38, 482 rwwirresee e e e

50.00

30,00} o
15,00/
0,00 L AL AT VT R T

dB(v(Out
200.00

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

100,00,
SO0 e K 0k 0k M oM
ph(v(Out)) (Degrees. F (Hz)

Fig. 7. Frequency response of the common emitter amplifier with Rg;g = 5082 and R, = 10k(2.

As can be seen, the peak gain is 37.259dB. This more closely matches the unloaded gain, and this im—
provement can be explained by the load resistance being larger than the output resistance. Because of this,
the gain is is still reduced but not as much as the 1k(2 case. The lower cutoff frequency is found to be
1.480kHz. This is slightly lower than before, and further meets the required specification of below 2kHz.
Figure 8 shows the results of the frequency response with Rg;c equal to 50€2 and Ry, equal to 100k(2.
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90.00

CommonEmitterAmplifier.cir RL=100k

30.00/-
15.00

0'0010

dB(v(Out))
200.00

A0 - TS S S 11—

R N " SO QRN (1 N

ph(v(Out)) (Degrees’

Fig. 8. Frequency response of the common emitter amplifier with Rg;g = 5002 and Ry, = 100kS2.

Here, the peak gain is 40.610dB. This closely matches the unloaded gain, this improvement can be ex—
plained by the load resistance being an order of magnitude larger than the output resistance. Because of
this, the gain is is barely reduced compared to the unloaded voltage gain. The lower cutoff frequency is
found to be 1.461kHz. This is slightly lower than before, and even further meets the required specifi—
cation of being below 2kHz. Clearly, the output loading of the circuit does not significantly impact the
low cutoff frequency of the amplifier. This is because the capacitor C'r that is used to determine the low
cutoff frequency only sees the smallest resistance. Lastly, the signal resistance Rg¢ is changed to 2kS2 to
investigate effects of input loading on the amplifier. Figure 9 shows the results of the frequency response
with Rgrc equal to 2kS) and Ry, equal to 100k(2.

ECE 342 — Single Supply Op Amps 10 of 34



50.00, CommonEmttte;TAmpllﬂgr.lcllrI - o
o e -
30.00;--- RN R
e e ot B it M e o RS M e e £ 5% % e o e
0000 7 0 10K 100K M 10M
Left Right Delta Slope
BldB(v(Out)) 37.259 8.206 -29.053 -2.911u
F {Hz) 20.230K 10.000M 9.980M 1.000
200.00 T PR
-100.00- ;
""" RN il el S RN EEE
_300'0010 100 1K 10K 100K ™ 10M
Left Right Delta Slope
[ Iph(v(Out)) (Degrees’ -179.829 -288.827 -108.998 -10.922u
F (Hz) 20.230K 10.000M 9.980M 1.000

Fig. 9. Frequency response of the common emitter amplifier with Rg;g = 2k2 and Ry, = 100kS2.

Here, the peak gain is 37.259dB. This is lower than the 50f2 case because the overall voltage gain includes
impedance loading on the input of the circuit. With a signal resistance closer to the input resistance, the

gain is reduced.

3.1.3 Transient Response

Two transient simulations are run on the circuit to investigate the maximum allowable input voltages.

Figure 10 shows the transient simulation with a 10kHz 10mVp signal.
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4.80

CommonEmitterAmplifier.cir

3.60

2.40

1.20

0.00

/\
VAR,

“70.00m 0.20m 0.40m

v(OutC) (V) v(Out) (V)

T (Secs)

Fig. 10. Transient simulation of the common emitter amplifier with a 10kHz 10mVp signal

As can be seen, the output signal is amplified as expected. The blue curve shows the output taken before
the collector capacitor, and the red shows the output after the capacitor. The blue curve has a significant
DC offset from the terminal voltages, and the red does not. This shows the collector capacitor successfully
providing DC decoupling of the circuit. Additionally, the output is not clipping, it is a full sine wave.
Figure 11 shows the transient simulation with a 10kHz 100mVp signal.

750 C(?mmonEmltterAmpllﬁer.F:Ir

5.00

2:50 T q

0.00

-2.50 LJ
-5.00 LJ LJ

" 70.00m 0.20m 0.40m

Q

0.60m 0.80m 1.00m

v(OutC) (V) v(Out) (V)
T (Secs)

Fig. 11. Transient simulation of the common emitter amplifier with a 10kHz 100mVp signal

As can be seen, the output signal is still amplified, but the output is cutoff at the top and bottom. This
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is because the signal is amplified too much, and exceeds the supply voltages of +5V. Clearly, the input
voltage is too high. The maximum allowable input voltage is determined to be 25mVp, at this level,
the output voltage is not saturated on either end. The DC offset can still be seen on the blue curve, as
explained above. Ultimately, the common emitter amplifier performs as expected from calculations. The
unloaded gain meets the specification of being above 40dB, and the lower cutoff frequency is well below
the specified limit of 1kHz.

3.2 Common Gate Amplifier

Figure 12 shows the common gate amplifier circuit as seen in Micro—Cap.

. oldd
10k
RD
T Vpos g cD
RG1 1 I ut
P I
100n
100n ! 100k 1Meg Csco
_I_—. 5 pr— pe
— i yej| M N1 RC Rscope T 209
— CG 1
T Vne Il A L0 B
g % 1l Ny
RG2 cs  Rsig _
RS Vsig
oss o

Fig. 12. Common gate amplifier as seen in Micro—Cap.

Several simulations are run on the common gate circuit. The first is a dynamic DC simulation to determine
the terminal voltages of the 2N7000. Then, a series of frequency response simulations are run to investigate
the voltage gain. Lastly, transient simulations are run to investigate limits on the input voltage amplitude.

3.2.1 Dynamic DC

Figure 13 shows the results of the Dynamic DC simulation.
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1 12
T vpos

100n

Fig. 13. Dynamic DC simulation of the common gate circuit.

As can be seen, the input and output are unloaded to get accurate DC operating point values. The gate
voltage Vi is equal to —8V. The drain voltage Vp is 2.969V. The source voltage Vg is —10.374V. These
values match the biased MOSFET circuit built in Experiment 4 as expected. The terminal voltages are
tabulated in Table II.

3.2.2 Frequency Response

Frequency response simulations are run to investigate the gain of the amplifier circuit, as well as the phase
shift. Figure 14 shows the results of the frequency response with no loading on the input or output.

Va Vs Vb
-8 | —10.374 | 2.969

TABLE II
Common emitter amplifier terminal voltages.
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CommonGateAmplifier.cir

T e N G

1K
Left Right Delta Slope
BldB(v(D1) 38.318 17.637 -20.681 2.072u
F (Hz) 16.672K 10.000M 9.983M 1.000
150.00 R ‘
0.00 -
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Fig. 14. Frequency response of the common gate amplifier with no input or output loading.

As can be seen, the unloaded voltage gain reaches a peak of 38.318dB, there was no specification on
this gain, but it is slightly lower than expected. This is likely due to variations in the simulation model
compared to values used in calculations. The phase plot looks as expected. Next, the signal resistance
is kept at 02 and the load resistance Ry, is stepped over the values 1k(2, 10k{2, and 100kS2. Frequency
response simulations are run again. Figure 15 shows the results of the frequency response with Rg7¢ equal
to 02 and R;, equal to 1k€2.

0 0 1K 1K 10K M

-100,00 10
ph(v(Out)) (Degrees)

00 K 1K 10K

Fig. 15. Frequency response of the common gate amplifier with Rg;q = 092 and Ry, = 1kS2.

Here, the peak gain is 20.515dB. This is significantly below expected, and can be explained the same as
with the common emitter amplifier. The load resistance is comparable to the output resistance of 3.161k2,
thus significantly reducing the gain due to the output loading of the circuit. The lower cutoff frequency is
found to be 525Hz. This meets the required specification of below 1kHz. Figure 16 shows the results of
the frequency response with Rgr¢ equal to 02 and Ry, equal to 10kS2.
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CommonGateAmplifier.cir RLOAD=10k

,,,,,, O et " ok TR . - e 10 000M,12.219]

-100.00 N AR L e — ——
10 100 1K 10K 100K M 10M
ph(v(Out)) (Degrees) F (Hz)

Fig. 16. Frequency response of the common emitter amplifier with Rg;g = 002 and Ry, = 10k(2.

Here, the peak gain is 33.796dB. As with the common emitter, this more closely matches the unloaded
gain. This improvement can be explained by the load resistance being larger than the output resistance,
reducing the gain, but not as much as the 1k{2 case. The lower cutoff frequency is found to be 386Hz.
This is lower than before, and further meets the required specification of below 1kHz. Figure 17 shows
the results of the frequency response with Rgrg equal to 02 and Ry, equal to 100kS2.

cir RLOAD=100k

IR b b s e L L R
K H i A . —_— M -

S

- - : 10.000M,12.237]

“10M
F (Hz)

10 100 1K 10K 100K M 10M
phiv(Out)) (Degrees) F (Hz)

Fig. 17. Frequency response of the common emitter amplifier with Rg;g = 0€2 and Ry, = 100kS2.

As can be seen, the peak gain is 37.690dB. This is much closer to the unloaded gain, because the load
resistor is an order of magnitude larger than the output resistance. As a result, the gain is barely affected.
The lower cutoff frequency is found to be 308Hz. This is again lower than before, and even further meets
the required specification of below 2kHz.
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3.2.3 'Transient Response

Two transient simulations are run on the circuit to investigate the maximum allowable input voltages. The
common gate amplifier can accept a higher input voltage than the common emitter amplifier, this will be
seen in the following simulations. Figure 18 shows the transient simulation with a 10kHz 100mVp signal.

12.00 : : CommonGateAmplifier.cir :

8.00

400NN

0.00

-4.00

-B'OOO.OOm 0.20m 0.40m 0.60m 0.80m 1.00m

v(Out) (V) v(D1) (V)

T (Secs)

Fig. 18. Transient simulation of the common gate amplifier with a 10kHz 100mVp signal

As can be seen, the output signal is amplified as expected. The blue curve shows the output taken before
the drain capacitor, and the red shows the output after the capacitor. The blue curve has a significant DC
offset from the terminal voltages, and the red does not. As with the common emitter amplifier, this shows
the collector capacitor successfully providing DC decoupling of the circuit. Additionally, the output is not
clipping, it is a full sin wave.

Figure 19 shows the transient simulation with a 10kHz 200mVp signal.

18.00 : : CommonGateAmplifier.cir :
§ 21T SR USSR —
6.00 1/ S— A\ //-\\ ..................................................................

0.00f W ff W e NN - e

-6.00

12006 5om 0.20m 0.40m 0.60m 0.80m 1.00m
v(out) (V) v(D1) (V)
T (Secs)

Fig. 19. Transient simulation of the common gate amplifier with a 10kHz 200mVp signal
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As can be seen, the output signal is still amplified, but the output is cutoff at the top and bottom. As
with the common emitter amplifier, this is because the signal is amplified too much, and exceeds the
supply voltages of +12V. Clearly, the input voltage is too high. The maximum allowable input voltage is
determined to be 180mVp. At this level, the output voltage is not saturated on either end. The DC offset
can still be seen on the blue curve, as explained above. Ultimately, the common gate amplifier performs
as expected from calculations. The lower cutoff frequency is well below the specified limit of 1kHz, being
below 550Hz for each load simulated..

4 Experimental Implementation

All measurements are taken using the Digilent Analog Discovery 2 (DAD?2) in conjunction with Digilent’s
WaveForms software. Component values are measured with a Neotek NT8233D Pro multimeter. The
voltage gain for both amplifiers is measured, as well as the current for the common emitter amplifier.

4.1 Common Emitter Amplifier

Figure 20 shows the final schematic for the Common Emitter Amplifier. Multiple measurements were
taken, where Ry, is 100k€) and 1k€). Measurements for this circtuit were taken with both the Neotek
multimeter as well as the DAD2.
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Fig. 20.

Final common Emitter amplifier circuit schematic.

This circuit is built using a 2N3904 from ON Semiconductor. In all measurements, RSIG is practically
zero, because the DAD2 breakout board was not used, therefore there is little to no signal source impedance
from the DAD2. For this circuit, the input as defined as the base terminal of the BJT, and the output is
defined as the collector terminal of the BJT.

TABLE III

Measured Components of the common emitter amplifier

Component | Nominal Value (£2) \ Measured Value (€2) ‘

Rp1 43.3k 43.3
Rps 23.7Kk 34.1
Re 3.3k 3.26k
Ry 100k 99.8Kk
Ry 1k 998
Crg 4TuF —
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4.1.1 Current Measurements

Current is measured through both the MOSFET of the current mirror and the BJT of the amplifier. Current
is measured at two different loads, where Ry, = 1k2 and Ry = 100k{2. The measurement is taken by
using the current measurement functionality of a multimeter at the junction of R¢ and the emitter of the
BJT. The positive lead of the multimeter was connected Rc and the negative lead is connected to the

emitter of the BJT.

TABLE IV
Measured Components of the common emitter amplifier

] Component \ 1k Load | 100k Load

Np

1.00mA

1.00mA

Q1

1.0ImA

0.95mA

4.1.2 Frequency Response

The frequency response is measured at two different load resistances, Ry, = 1k€) and Ry, = 100k€). The
DAD?2’s network analyzer tool is used, to sweep from 10Hz to 1MHz with an amplitude of 100mV.
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Part A: 1kf! Frequency Response
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Fig. 21. Frequency response of the common emitter amplifier with Ry = 1k(2.

With a 1£€2 load, the common emitter amplifier has a peak magnitude of 28.5 dB. This closely matches
the simulated performance of 28.453dB as discussed in section 3, simulations. With a load of 1k{2, the
lower cutoff frequency is 1.71kHz.
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Part A: 100kf? Frequency Response
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Fig. 22. Frequency response of the common emitter amplifier with R; = 100k(2.

As can be seen, with a 100k{2 load, the common emitter amplifier has a 40.75 dB gain, which matches the
simulated value of 40.61 dB. The lower cutoff frequency with a 100k(2 load is at 1.58kHz.

4.1.3 'Transient Response

The transient response of the common emitter amplifier is measured with the same load resistances as the
frequency response, 1£€2 and 100k€2. The DAD?2 is used to generate a 10kHz sine wave with voltages of
100mV and 10mV. Both channels of the DAD2’s oscilloscope are used to measure both the voltage in and
the voltage out.
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100k, Transient Response with 100mV Input Signal
Input

Woltage [v]

-1 -0.8 -0.6 -0.4 -0.2 0
Time [ms] 1072
Output
d T T p T T
L | 2 .
&
& o
o
52
=
Ak
-1 -0.8 -0.6 -0.4 -0.2 0
Time [ms] 1072

Fig. 23. Common emitter amplifier transient analysis with 100mV input signal.

As can be seen if Figure 23, with a 100k load and a 100mV input signal the output signal is clipping on the
upper and lower regions of the signal. The output signal has a voltage swing of 7.79V, as the positive side
of the signal saturates at approximately 3V and the negative side saturates and approximately —4.79V.
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100k, Transient Response with 10mV Input Signal

Input
0011 7
=
)
= ]
=
]
=
-0.01 .
-1 -0.8 -0.6 -0.4 -0.2 ]
Time [ms] 1073
Output

Woltage [v]

-1 -0.8 -0.6 -0.4 -0.2 0
Time [ms] L1073

Fig. 24. Common emitter amplifier transient analysis with 10mvV input signal and Ry = 100k(2.

When the input voltage is changed from a sinusoid with 100mV amplitude to a sinusoid with a 10mV
amplitude, the output signal has an amplitude of 1V and has no clipping on the peaks and troughs of the

signal as it is not saturating the transistor.
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1k$2, Transient Response with 100mV Input Signal
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Fig. 25. Commen emitter amplifier transient analysis with 100mV input signal and R; = 1k€2.

For the next two measurements, the load resistance was changed from 100k) to 1%k€2. As seen in figure

25, the output signal has a similar shape to that of the output signal with a 100£2 load (Figure 23, but is
saturating at 790mV and —2.35V.
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1k, Transient Response with 10mV Input Signal

Input
0.02 P

_D-Dz 1 1 1 1
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Fig. 26. Caption

Figure 26 shows the transient analysis of the common emitter amplifier when the input signal is changed
to a 10mV sine wave, which outputs a 240mV sine wave without clipping.

4.2 Common Gate Amplifier

Figure 27 shows the common gate amplifier schematic.
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Fig. 27. Final common gate amplifier circuit schematic.

The circuit is built using a 2N7000 MOSFET. In all measurements, Rg;q is practically zero, because the
DAD?2 breakout board was not used, therefore there is little to no signal source impedance from the DAD?2.
For this circuit, the input is defined as the gate terminal of the MOSFET, and the output is defined as the

drain terminal of the MOSFET. Components are measured to find their exact values. Table V shows the
nominal and measured values for each component.

TABLE V
Measured Components of the common gate amplifier

] Component \ Nominal Value (£2) \ Measured Value (2) ‘

Ra 1M 1.003M
Rao 200k 199k
Rp 10k 10.03k
Rg 1.8k 1.776k
Ry 100k 99.8k
Ry 1k 998

4.2.1 Frequency Response

The frequency response of the common gate amplifier is measured twice— once with the load resistor equal
to 1k{2 and again with the load resistor changed to 100k{2. In both cases, the signal supplied is a 10kHz
100mVp signal. Figure 28 shows the results of the frequency response with Ry equal to 1k(2.
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Part B: 1kf? Frequency Response

40

Magnitude [dB]

101 10° 107 10° 10° 108
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Fig. 28. Frequency response of the common gate amplifier with Ry, = 1k2.

As can be seen, the peak gain of this configuration is 17.43dB. This is lower than the expected value of
20.515dB, and can likely be explained by unaccounted for resistances on the input and output. In % this
difference is only 1.4%, not significantly impacting circuit performance. The lower cutoff frequency is
424Hz, which is again lower than the expected 525Hz, but it is still within the specified range of less than
1kHz. Figure 29 shows the results of the frequency response with Ry, equal to 100k{2.

Part B: 100k{!? Frequency Response
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Fig. 29. Frequency response of the common gate amplifier with R;, = 100kS2.

As can be seen, the peak gain of this configuration is 36.3dB. This is still lower than the expected value
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of 37.690, but not as much as the 1kS) case. This difference can likely be explained by tolerance values of
the components, as well as parasitic input loading. The lower cutoff frequency is 298.1Hz , only slightly
lower than the expected 308Hz. This measurement also matches specifications of being below 1kHz.

4.2.2 Transient Response

Three transient measurements were taken on the common gate amplifier. The first two are run with the input
signal being a 100mVp 10kHz sine wave. The load resistor for the first two measurements is changed from
1k$2 to 100kS2 to investigate the effects of output loading. In the third measurement, the signal amplitude
is reduced to 10mV, and the load resistor is kept at 100k{2. Figure 30 shows the results of the transient
measurement with a 100mVp signal and 100kS2 load resistor.

100k, Transient Response with 100mV Input Signal

Input

Voltage [v]

1
-5 0 5

Time [ms] <107
Output

Voltage [v]

|
-5 li] 5
Time [ms] <107

Fig. 30. Transient response of the common gate amplifier with Ry = 100k(2 and a 100mVp signal.

Here, the input signal is clearly amplified. The top signal shows the input signal taken from the waveform
generator. The bottom signal is the output taken across the load resistor. The peak to peak voltage of the
input signal is 230mV, with the output being 13V peak to peak. The output waveform is asymmetrical, as
seen in simulations. Figure 31 shows the results of the transient measurement with a 100mVp signal and
1k load resistor.
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1k, Transient Response with 100mV Input Signal
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Fig. 31. Transient response of the common gate amplifier with R;, = 1k(2 and a 100mVp signal.

As can be seen, the signal is again amplified. The peak to peak voltage of the input signal is 205mV, and
the output peak to peak voltage is 1.5403V. As expected, with the smaller load resistor, the amplification
is lower than expected. As with the 100k{2 case, the output signal is asymmetrical. Ultimately, the circuit
performs as expected, and properly amplifies AC signals applied to the input.

5 Discussion

Overall, each circuit works as expected, amplifying AC signals applied at their inputs. For the common
emitter, the expected gain is 40dB with an appropriate load (e.g. 100kS2). With a load 100k¢2, the peak
gain was 40.76dB, which is a 1.9% error, this can be attributed to resistor tolerances. With a load of 1k(2,
the gain is only 28.5dB. With a load of 1%(2 a 28.7% error from the ideal gain, this error makes sense when
you take into account the output resistance of the amplifier. When compared to the simulated performance
(which has a gain of 28.45dB) it is only an error of 0.17%. The common emitter is designed to have a
lower cutoff frequency of 2kHz, which is met by all simulations and measurements. When the load is 1k{2,
the simulated cutoff frequency was 1.583kHz and the measured was 1.71kHz which is an error of 8.02%.
When the load is 100k(2, the simulated cutoff was 1.461kHz and the measured was 1.58kHz which is an
error of 8.15%. The cutoff frequency is influenced by the capacitor C'g, which is only a 10% tolerance
capacitor. Table VI shows a comparison of the various measurements at different stages of the experiment.
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Measurement Design | Simulation | Measurements
Ideal Voltage Gain (dB) 40 — —
Unloaded Voltage Gain (dB) 40 41.023 —
1k€) Voltage gain (dB) — 28.453 28.5
100kS2 Voltage Gain (dB) — 40.610 40.75
1k fO (kHz) <2 1.583 1.71
100k2 frO (kHz) <2 1.461 1.58
TABLE VI

Comparison of the common emitter amplifier voltage gain for each stage of the experiment.

The common gate amplifier also works as expected, especially with a 100k(2 load. The gain with a
1k(? load was moderately far from it’s expected value. The gain was measured to be 17.43dB, versus a
simulated value of 20.515dB. This is a 16% error that can likely be explained by parasitic input loading on
the circuit. The circuit was simulated with Rg;g equal to zero, as expected from the DAD2 breakout board
not being used, but there is likely resistance internal to the DAD2 that was unaccounted for. The lower
cutoff frequency was measured to be 424Hz, versus a simulated value of 525Hz. This is a 21.3% difference
and can be explained by capacitor tolerance values and parasitic capacitance from the breadboard and the
transistor. The capacitors used were 10% tolerance, leaving ample room for variations large enough to
cause noticeable changes. Additionally, the transistor has its own capacitance that likely affected expected
cutoff frequency values. The gain with a 100k2 load was much closer to it’s expected value. The gain
was measured to be 36.3dB versus a simulated value of 37.690dB. This is only a 3.8% difference. As
expected, a larger load resistance in comparison to the output resistance of the amplifier results in a more
accurate overall circuit gain. The lower cutoff frequency was also closer to expected values. The lower
cutoff frequency was measured to be 298.1Hz, versus a simulated value of 308Hz. This is only a 3.3%
difference. This value is well below the specified limit of 1kHz. The common gate amplifier properly
amplifies AC signals applied at it’s input and meets it’s lower cutoff frequency specification. Table VII
shows summarizes the measurements at each stage of the experiment. Rg;¢ is assumed to be 0f2 for all
measurements taken.

Measurement Design | Simulations | Measurements
Unloaded Voltage Gain (dB) 43 38.318 NA
1k(2 Loaded Voltage Gain (dB) — 20.515 17.34
100k€2 Loaded Voltage Gain (dB) — 37.690 36.3
1k€2 Loaded Low Cutoff Frequency (Hz) <1000 525 424
100kS2 Loaded Low Cutoff Frequency (Hz) | <1000 308 208.1

TABLE VII
Comparison of the common gate amplifier voltage gain and low cutoff frequency for each stage of the
experiment.
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5.1 Sources of Error

Much of the error observed in each circuit can be attributed to component tolerance values. Components
are never exactly as advertised, and especially with 10% capacitors, values can noticeably change with these
variations. Additionally, the cutoff frequency errors in the common gate amplifier can be explained by the
gate capacitance of the 2N7000 MOSFET. There is also likely human error involved, as both circuits were
based on circuit built in Experiment 4. This likely introduced error with matching parts to the previous
circuits.
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6 Conclusions

Throughout this experiment the design, simulation, construction and measurement of a common emitter
amplifier as well as a common gate amplifier are executed. By following the steps provided in the lab
manual.[1], constructing both a common gate and common emitter amplifier was made possible. Prior
to the beginning of this experiment neither members of the team had gone through the steps needed to
complete a common emitter amplifier nor a common gate amplifier. As this was a learning experience
and the measured results were within the margin of error of the expected value, it is reasonable to say the
goals of this experiment were achieved.
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