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Experiment 106  
Effects of Gain-Bandwidth Product

Last month, we discussed gain-bandwidth 
product (GBW or GBP) and how it affects 
the ability of an op-amp to amplify signals 
of different frequencies. That’s important, 
because op-amps are used as the active ele-
ment in signal processing and filter circuits. 
What effect does GBW have in that kind of 
application? We’ll use LTspice to illustrate 
the effects of GBW in a band-pass filter cir-
cuit as an example of the issues the circuit 
designer has to consider.

Gain and Q
In the experiment portion of the previous 

experiment, you built a simple amplifier 
circuit and substituted op-amps with differ-
ent GBW to see the effect. Clearly, as GBW 
increased, so did the gain of the circuit at 
higher frequencies. What about circuit per-
formance at much lower frequencies? Does 
GBW affect performance there, as well? Yes!

The effects are most easily seen in band-
pass filters because requirements for steep fil-
ter “skirts” and narrow bandwidths require a 
lot of gain. Why do they require a lot of gain? 
Let’s take a look at the multiple-feedback 
band-pass filter in Figure 1.1 (This design 
was created by Jim Tonne, W4ENE, using 
the professional-level version of his ELSIE 
filter design software.2) It shows a two-pole 
band-pass filter with a center frequency,  
f0, of 10 kHz and a bandwidth, BW, of 1 kHz. 
Thus, the filter’s Q is

Q = f0 / BW = 10 kHz / 1 kHz = 10

In this example, the software requires 
values for f0 and BW, the capacitor values 
(using the equal C-method), and the order 
and type of filter response (second order 
Chebyshev in this case). Figure 1A is the 
filter design if an ideal op-amp is used. That 
means an op-amp with an infinite GBW and 
infinite dc gain. Each filter section has the 
same gain (AV = 5.6 dB) and Q (18.24). The 
section’s center frequencies are slightly dif-

1Multiple-feedback band-pass filters are dis-
cussed in Hands-On Radio experiment #4. All 
previous experiments are available to ARRL 
members at www.arrl.org/hands-on-radio.

2Tonne Software, www.tonnesoftware.com.

Figure 1 — Schematic of a two pole multiple feedback band-pass filter with a center 
frequency of 10 kHz and bandwidth of 1 kHz for a Q of 10. (A) shows the design for an 
ideal op-amp while (B) provides adjustments needed for practical op-amp performance 
(see text).

Figure 2 — Frequency response of the 
filter in Figure 1.

ferent: f0-1 = 9.56 kHz and f0-2 = 10.46 kHz. 
Each section then acts as a narrow filter  
(Q = 18.24) tuned to a single f0.

If the two filter sections are cascaded as 
shown, the result is the band-pass frequency 
response as shown in Figure 2. The pole for 
each section is shown by the small, red lines 
on the frequency axis to either side of 10 kHz.  
The extra gain is required because the indi-
vidual filter sections work against each other 
away from their respective center frequen-
cies. To create the passband of the filter the 
total response has to add up to 0 dB at the 
filter’s overall center frequency of 10 kHz, 
which is between the two individual f0 values. 
The result is that each filter has to have a 
gain of greater than 0 dB at its individual f0.

All well and good, but it’s kind of hard 

to buy an ideal op-amp. They are always 
out of them when I go to the store! Jim’s 
software, though, allows you to specify the 
performance of the op-amp and compensates 
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for its behavior. In this case, Jim used an op-
amp with a dc gain of 100 dB (100,000 V/V), 
a GBW = 1 MHz and an input impedance of  
1 MW. Figure 1B shows the result — the 
resistor values are a little smaller and the 
overall frequency response is the same.

Necessary Gain and Peaking
The non-ideal op-amp selected would 

seem to have plenty of gain at 10 kHz:  
1 MHz / 10 kHz = 100. Each filter section has 
a gain of about 5.6 dB = 1.9 so we should be 
in good shape, right? Well, not really. From 
page 5.70 of the Analog Devices Op-amp 
Applications online book referenced last 
month: “A rule of thumb is that the open-
loop gain of the op-amp should be at least 
20 dB (×10) above the amplitude response at 
the resonant (or cutoff) frequency, including  
the peaking caused by the Q of the filter…  
A0 = H Q, where H is the gain of the circuit.”3 

(For a discussion of filter response peaking, 
see experiment #41.)

If each stage has a gain of 5.6 dB = 1.9 
at f0 and a Q of 18.24, then the op-amp must 
have a gain of 10 × (1.9 × 18.24) ≈ 348 at f0. 
We’re short of gain by a factor of about 3.5 to 
be able to ignore the effects of the op-amp’s 
1 MHz GBW. That’s why the circuit values 
have to change a little bit.

Why does GBW make a difference at 
such a low frequency? What happens if the 
op-amp’s GBW is too low? Quoting from 
page 5.106 of the Op-amp Applications 
book: “Without sufficient…gain, the op-amp 
virtual ground is no longer at ground. In other 
words, the op-amp is no longer behaving 
as an op-amp. Because of this, the [filter] 
no longer behaves like [a filter].” A virtual 
ground exists at the op-amp’s inverting (–) 
input only if the op-amp’s output signal 

Figure 4 — Frequency response of the 
filter with an LM741 op-amp (red) and an 
LM318 op-amp (blue). The higher GBW of 
the LM318 results in performance that is 
closer to that of an ideal op-amp. 

Figure 3 — LTspice 
schematic for 
Section 1 of the 
multiple-feedback 
band-pass filter.

causes all of the currents flowing into and out 
of those connections to balance. That allows 
the voltage at the inverting input to be the 
same as at the non-inverting (+) input, which 
is connected to ground. If the op-amp doesn’t 
have enough “oomph” (gain and output drive 
capability) to keep those currents in balance, 
the inverting input is no longer at ground 
potential and that invalidates the assump-
tions on which the filter design equations are 
based. The circuit may provide some filtering 
function but it won’t perform as designed.

Observing the Effects of GBW
You can simulate Section 1 of the circuit 

of Figure 1A to see the effects of GBW. Use 
the closest standard 5% series resistor values, 
such as 11 kW, 43 kW, 43 W, 10 kW, 39 kW 
and 39 W. This will shift the center frequency 
to nearly 12 kHz from the software’s precision 
design. Retrieve the amplifier circuit you simu-
lated for last month’s experiment and add the 
necessary resistor and capacitors to make the 
multiple-feedback circuit as shown in Figure 3.

To change the values of the components, 
move the cursor over the symbol until it takes 
the shape of a hand, right click, then edit the 
value. (Use “u” for micro.) Start with the 
LM741 op-amp. You can change the op-amp 
library model by moving the cursor over 
the “.lib” library model identification line 
so that it becomes a text cursor, then right 
clicking and editing. Don’t forget to change 
the op-amp part number as well, using the 
same process.

Because we want to see the frequency 
response of the circuit close to 10 kHz and 
not spread out from 1 kHz to 1 MHz, edit the 
simulation command line by right-clicking 
over the “.ac” line. I found that a span of  
9 kHz to 13 kHz made it easy to see the ef-
fects of changing the op-amp. Figure 4 shows 
the result in red. (Click on the horizontal axis 
cursor to change the plot to linear and use  
500 Hz tick marks. Click on the vertical axis 

cursor to turn off phase plotting.) Now change 
to the LM318 op-amp used for comparison 
last month and rerun the simulation. You’ll 
get a response shown in blue in Figure 4 — 
quite a change! 

First, the center frequency shifts from 
10.1 kHz and a bandwidth of 300 Hz for the 
LM741 to 11.7 kHz and 800 Hz with the 
LM318. Gain also changes from 12 dB with 
the LM741 to 6 dB with the LM318. Because 
we’re using standard values for the resistors, 
the design center frequency is now approxi-
mately 12 kHz, but the Q and gain values for 
the LM318 circuit are much closer to what is 
expected for an ideal op-amp.

You can see the effect even more clearly 
if you use one of the low cost high GBW op-
amps available today, such as the LM7171 
with a GBW of 200 MHz. (Download and use 
the model file as explained last month.) An-
other way to see big changes in performance 
is to increase the filter’s center frequency. 
To change f0 to 100 kHz, reduce the two 
capacitors by a factor of 100 kHz / 10 kHz = 
10 for a value of 0.001mF. The higher-speed 
op-amp is required to get anything close to 
expected performance.

The moral of this story is that sensitive 
circuits such as moderate- to high-Q filters 
can be very dependent on the performance 
of the components used to implement them. 
Although our junk boxes are full of op-amps 
with 1, 4 or 10 MHz GBW, they will probably 
give confusing results in circuits for which 
they are not suited, or if the tools we use to 
design the circuits make too many assump-
tions about their capabilities!

3www.analog.com/library/analogDialogue/
archives/39-05/op_amp_applications_
handbook.html
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Real-World Component Characteristics 6.27

that is much larger than Ib (to eliminate
effects of β variation). Vb should be much
larger than ΔV to reduce the effects of
variations in ΔV.

Three additional biasing schemes are
presented in Fig 6.50. All provide bias that
is stable regardless of device parameter
variations. A and B require a negative
power supply. The circuit of Fig 6.50C uses
a second, PNP, transistor for bias con-
trol. The PNP transistor may be replaced
with an op amp if desired. All three circuits
have the transistor emitter grounded
directly. This is often of great importance
in microwave amplifiers. These circuits
may be analyzed using the simple model of
Fig 6.49.

The biasing equations presented may be
solved for the resistors in terms of desired
operating conditions and device param-
eters. It is generally sufficient, however,
to repetitively analyze the circuit, using
standard resistor values.

The small-signal transconductance of a
common-emitter amplifier was found in
the previous section. If biased for constant
current, the small-signal voltage gain will
vary inversely with temperature. Gain may
be stabilized against temperature varia-
tions with a biasing scheme that causes the
bias current to vary in proportion to ab-
solute temperature. Such methods, termed
PTAT methods, are often used in modern
integrated circuits and are finding in-
creased application in circuits built from
discrete components.

Large-Signal Operation
The models presented in previous sec-

tions have dealt with small signals applied
to a bipolar transistor. While small-signal
design is exceedingly powerful, it is not
sufficient for many designs. Large signals
must also be processed with transistors.
Two significant questions must be consid-
ered with regard to transistor modeling.
First, what is a reasonable limit to accu-
rate application of small-signal methods?
Second, what are the consequences of
exceeding these limits?

The same analysis of the Ebers-Moll
model yields an equation for collector cur-
rent. The mathematics show that current
will vary in a complicated way, for the sinu-
soidal signal voltage is embedded within an
exponential function. Nonetheless, the out-
put is a sinusoidal current if the signal volt-
age is sufficiently low.

The current of the equation may be stud-
ied by normalizing the current to its peak
value. The result is relative current, Ir,
which is plotted in Fig 6.51 for Vp values
of 1, 10, 30, 100, and 300 mV. The 1-mV
case is very sinusoidal. Similarly, the
10-mV curve is generally sinusoidal with

Fig 6.49—(A) Circuit used for evaluation of transistor biasing. (B) The model used
for bias calculations.

only minor distortions. The higher ampli-
tude cases show increasing distortion.

Constant base-voltage biasing is
unusual. More often, a transistor is biased
to produce nearly constant emitter current.
When such an amplifier is driven by a large
input signal, the average bias voltage will
adjust itself until the time average of the
nonlinear current equals the previous con-
stant bias current. Hence, it is vital to con-
sider the average relative current of the
waveforms of Fig 6.51. This is evaluated
through calculus.

The average relative currents for the
cases analyzed occur at the intersection of
the curves with the dotted lines of Fig 6.51.

Fig 6.50—Alternative biasing methods. (A) and (B) use dual power supplies, (B)
and (C) allow the emitter to be at ground while still providing temperature-stable
operation.

Ready-Made Models
Many manufacturers provide

computer models, S-parameter files
or other data helpful when including
their devices in circuits modeled
with SPICE and other computer
tools. These files are often avail-
able from component manufactur-
ers’ Web sites, from software
providers, or from third parties.
Because this information changes,
use your favorite Internet search
tool to look for information on
components of interest.
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Fig 6.51—Normalized relative current of bipolar transistor under sinusoidal drive
at the base.

For example, the dotted curve intersects
the Vp = 300-mV waveform at an average
relative current of 0.12. If an amplifier was
biased to a constant current of 1 mA, but
was driven with a 300-mV signal, the posi-
tive peak current would reach a value
greater than the average by a factor of
1/(0.12). The average current would
remain at 1 mA, but the positive peak
would be 8 mA. The transistor would not
conduct for most of the cycle.

The curves have presented data based
upon the simplest of large-signal models,
the Ebers-Moll equation. Still, the simple
model has yielded considerable informa-
tion. The analysis suggests that a reason-
able upper limit for accurate small-signal
analysis is a peak base signal of about
10 mV. The effect of emitter degeneration
is also evident. Assume a transistor is bi-
ased for re = 5 Ω and an external emitter
resistor of 10 Ω is used. Only the re portion
of the 15 Ω total is nonlinear. Hence, this
amplifier would tolerate a 30-mV signal
while still being well described with a
small-signal analysis.

FETS
An often used device in RF applica-

tions is the field-effect transistor (FET).
There are many kinds: JFETs, MOSFETs
and so on. Here we will discuss JFETs,
with the understanding that other FETs
are similar.

We viewed the bipolar transistor as con-
trolled by either voltage or current. The
JFET, however, is purely a voltage con-
trolled element, at least at low frequen-
cies. The input gate is usually a reverse
biased diode junction with virtually no
current flow. The drain current is related
to the source-gate voltage by:

where IDSS is the drain saturation
current and Vp is the pinch-off voltage.
Operation is not defined when Vsg is less
than zero because the gate diode is then
forward biased. Equation 26 is a reason-
able approximation as long as the drain
bias voltage exceeds the magnitude of the
pinch-off voltage.

Biasing FETs
Two virtually identical amplifiers

using N-channel JFETs are shown in
Fig 6.52. The two circuits illustrate the
two popular methods for biasing the JFET.
Fixed gate-voltage bias, Fig 6.52A, is fea-
sible for JFETs because of their favorable

Fig 6.52—Biasing schemes for a common-source JFET amplifier. –Vbias is
normally adjusted to suit each device; there is a significant spread over a product
run. Also note that some FETs can exhibit thermal runaway in some current/
temperature ranges.
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temperature characteristics. As the tem-
perature of the usual FET increases,
current decreases, avoiding the thermal-
runaway problem of bipolar transistors.

A known source resistor, Rs in Fig 6.52B,

will lead to a known source voltage. This
is obtained from a solution of equation 26
(see Eq 27 ).

The drain current is then obtained by
direct substitution.
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Fig 6.53—Small-signal models for the JFET. (A) is useful at low frequency, (B) is a
modification to approximate high-frequency behavior.

Alternatively, a desired drain current
less than IDSS may be achieved with a
proper choice of source resistor
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equation 26
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The minus sign indicates that the equa-
tion describes a common-gate configura-
tion. The amplifiers of Fig 6.52 are both
common-source types and are described
by equation 29 except that gm is now posi-
tive. Small-signal models for the JFET are
shown in Fig 6.53. The simple model is
that inferred from the equations while the
model of Fig 6.53B contains capacitive
elements that are effective in describing
high-frequency behavior. Like the bipolar
transistor, the JFET model will grow in
complexity as more sophisticated applica-
tions are encountered.

Large-Signal Operation
Large-signal JFET operation is exam-

ined by normalizing the previous equa-
tion to Vp = 1 and IDSS = 1 and injecting
a sinusoidal signal. The circuit is shown
in Fig 6.54. Also shown in the figure are
examples for a variety of bias and sinu-
soid amplitude conditions. The main fea-
ture is the asymmetry of the curves. The
positive portions of the oscillations are
farther from the mean than are the nega-
tive excursions. This is especially dra-
matic when the bias, v0, is large, which
places the quiescent point close to pinch-
off. With such bias and high-amplitude
drive, conduction occurs only over a
small fraction of the total input waveform
period.

The average current for these operating
conditions can be determined by calculus.
The average current values obtained may
be further normalized by dividing by the
corresponding dc bias current, I0 =
(1 – v0)2. The results are shown in Fig
6.55. The curves show that the average
current increases as the amplitude of the
drive increases. This, again, is most pro-
nounced when the FET is biased close to
pinch-off.

Although practical for the JFET, con-
stant-voltage operation in the previous
curves is not common. Instead, a resistive

bias is usually employed, Fig 6.52B. With
this form of bias, the increased current from
high signal drive will cause the voltage drop
across the bias resistor to increase. This will
then move the quiescent operating level

Fig 6.54—Relative normalized drain current for a JFET with constant voltage bias
and sinusoidal signals. Relatively “clean” waveforms exist for low signals while
large input amplitudes cause severe distortion.

Fig 6.55—Change in average current of
a JFET with increasing input signals.
The average current with no input
signals is I0, while v1 is the normalized
drive amplitude, and v0 is the bias
voltage.

chap 06.pmd 7/31/2006, 11:01 AM29

Mark
Typewritten Text
Copyright © 2013, American Radio Relay League, Inc. All rights reserved.
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closer to pinch-off, accompanied by a re-
duced small-signal trans-conductance. This
behavior is vital in describing the limiting
found in FET oscillators.

The limits on small-signal operation are
not as well defined for a FET as they were
for the bipolar transistor. Generally, a
maximum voltage of 50 to 100 mV is al-
lowed at the input (normalized to a 1-V
pinch-off) without severe distortion. The
voltages are much higher than they were
for the bipolar transistor. However, the
input resistance of the usual common
source amplifier is so high and the corre-
sponding transconductance low enough
that the available gain is no greater than
could be obtained with a bipolar transis-
tor. The distortion is generally less with
FETs, owing to the lack of high-order cur-
vature in the defining equations.

Many of the standard circuits used with
bipolar transistors are also practical with
FETs. Noting that the transconductance of
a bipolar transistor is gm = Ie (dc mA) / 26,
the previous equations may be applied
directly. The “emitter current” is chosen
to correspond with the FET trans-
conductance. A very large value is used for
current gain. The same calculator or com-

puter program is then used directly. In prac-
tice, much higher terminating impedances
are needed to obtain transducer gain values
similar to those of bipolar transistors.
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Once past the very basic levels of tran-
sistor amplifier circuits, you’ll encounter 
the load line, a graphical method of circuit 
design. This experiment shows you how the 
load line is determined and applied to circuit 
behavior.

Diode Load Line
A diode is the simplest semiconductor 

device for which a load line can be drawn. 
Figure 1(A) shows a diode in series with a 
resistor load, RL. For any given combina-
tion of VS and RL, if we know the diode’s 
forward voltage, VF, we can solve for the 
diode current, IF = (VS – VF) / RL. VF, how-

ever, depends on IF, so we must solve the 
exponential equation for IF as a function of 
VF, shown as the diode’s characteristic I-V 
curve in Figure 1(B).1

Figure 1(B) also shows the less precise, 
but easier to use, graphical method of load 
lines. The load line describes what happens 
to voltage and current in RL. It is drawn be-
tween the maximum and minimum possible 
values of current and voltage across RL. For 
example, if IF = 0, there is no voltage drop 

across the diode and the voltage across RL is 
VS — that’s point A on the load line. Simi-
larly, if VF = 0, then IF = VS/RL and that’s 
point B on the load line.

The only point at which the load line in-
tersects the curve is point C — the operating 
point for the circuit. The intersection is the 
solution of the diode’s characteristic curve 
equation with the known value of RL and VS. 
If either VS or RL change, the slope or place-
ment of the load line will change along with 
its intersection with the diode’s characteristic 
curve. Let’s try it!

Operating Point Control
Build the circuit in Figure 1(A) using a 

1N4001 silicon diode rectifier, VS = 3 V, and 
RL = 1 kΩ. Prepare a graph with the IF axis 
showing 0 to 50 mA and the VF axis showing 
0 to 10 V. Draw the load line between point 
A (IF = 0 mA, VF = VS = 3 V) and point B 
(IF = VS / RL = 3 mA, VF = 0 V). 

Measure the diode’s forward voltage, VF, 
and use Ohm’s Law to calculate IF from the 
voltage across RL or measure it directly with 
a meter. The values should be somewhere 
around 0.6 V and 2.4 mA. When that point 
is plotted, it should be very close to or on 
the load line.

Vary VS from 1 to 10 V in steps of 1 V,  
calculating point A and B and drawing a 
new load line at each step. Measure the 
diode voltage and circuit current as before,  
plotting the combination on the graph and 
confirming that each point is on a load line. 
You will start to see the diode’s characteris-
tic curve appear as the sequence of plotted 
points!

Return VS to 3 V and change RL to each of 
the following values, drawing a new load line 
at each step: 100, 220, 470, 1000, 2.2 k, and 
4.7 kΩ. Measure and plot VF and IF at each 
step. This will fill in even more points, each 
very close to the load line for that value of 
RL. As you can see, if you had enough values 
of RL and sufficient power supply range, you 
could determine the diode’s characteristic 
curve exactly!

You’ll also have noticed that while you 
were only varying VS, the load lines were 
parallel, but when RL was varied, the load 
line slopes changed. That’s because the slope 
of the load line is –1/RL. Lower load resis-
tance results in a steeper load line.

Experiment #77 — Load Lines

Figure 1 — The simple circuit at (A) can be used to determine the diode’s characteristic 
curve at (B). The intersection of the load line and the characteristic curve is the circuit’s 
operating point.

Figure 2 — The 
common-emitter 
(CE) amplifier uses 
a resistive voltage 
divider (R1 and R2) 
to establish the 
circuit’s Q point 
along with RE. The 
capacitor CE is 
an emitter bypass 
capacitor that 
provides higher 
ac gain while 
leaving dc biasing 
unaffected.

1The Fundamental Diode Equation is pre-
sented in the ”Analog Basics” chapter of any 
recent ARRL Handbook.
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Transistor Amplifier Load Line
The load line is much more useful in de-

signing transistor circuits, since current and 
voltage can take wide ranges of values. The 
common emitter (CE) amplifier in Figure 2, 
from the first Hands-On Radio experiment is 
one you’ll use frequently, so we’ll use it as 
an example.2 This circuit uses self bias and 
emitter degeneration to establish a stable 
Q point (the operating point with no input 
signal). 

The characteristic curves for a typical 
2N3904 NPN transistor in the CE configu-
ration are shown in Figure 3. Instead of just 
having a single characteristic curve as did 
the diode, a transistor’s IC–VCE characteristic 
curve can change. As base current varies, the 
height of the curve changes on the graph. The 
set of curves show “snapshots” of the transis-
tor’s characteristic curve, each at a different 
value of base current.

Because the load for the circuit is resis-
tive (consisting of RC+RE), the operating 
point falls along the dc load line drawn on 
the characteristic curves. We’ll get to the ac 
load line later. As with the diode circuit, the 
intersection of the load line with the charac-
teristic curve corresponding to the value of 
base current is the circuit’s operating point. 
If you imagine one of the constant base cur-
rent lines moving up and down as an input 
signal varies the base current, you can see its 
intersection with the load line moving, too. 
When no signal is applied, the base current 
is fixed at the level of bias current chosen by 
the designer and that operating point is the 
circuit’s Q point. In the case of our CE ampli-
fier, the values of R1, R2 and RE determine 

the location of the Q point by controlling the 
value of the base bias current.

VCC and the values of RC and RE deter-
mine the orientation of the load line. The 
two end points of the load line correspond to 
transistor saturation [ICsat = VCC / (RC+RE) 
on the IC axis] and cutoff (VCC on the VCE 
axis). The slope of the load line is –1/
(RC+RE), because the output current of the 
transistor flows through both the collector 
and emitter resistors.

In order to experiment with the load line, 
here are a set of components that will result 
in a Q point of ICQ = 4 mA, VCEQ = 5 V 
and a voltage gain of –5 with VCC = +12 V: 
RE = 270 Ω, R1 = 39 kΩ, R2 = 6.8 kΩ, and 
RC = 1.5 kΩ. (10 µF capacitors will be fine 
for CIN and COUT.) Download and print the 
sample 2N3904 characteristic curves from 
the Hands-On Radio Web site and draw the 
load line between cutoff and saturation in 
this circuit. (The Q point should be on the 
load line.)

Build the circuit and verify that the values 
of ICQ and VCEQ are about right. Apply a 
1 kHz, 0.5 VP-P sine wave at the input and 
verify that the output signal is about five 
times larger and inverted from the input. 
Increase the input voltage until the output 
waveform becomes clipped at either the top 
or bottom and then reduce the input voltage 
by about half.

Now move the Q point by changing the 
value of IBQ. To do this without changing 
the load line, adjust the ratio of R1 and R2 
to change VB, keeping the sum of the resis-
tors in the range of 20 k to 50 kΩ. (You can 
substitute a 50 kΩ potentiometer for R1 and 
R2, with the wiper connected to the transis-
tor base.) Measure the new values of ICQ and 
VCEQ, locate the new Q point on the load 
line, and observe the effect on the output 
waveform. For example, doubling the value 
of R2 will raise the value of IBQ dramatically 

3A parts kit for the first 61 experiments is 
available from your ARRL dealer or the 
ARRL Bookstore, ARRL order no. 1255K. 
Telephone 860-594-0355, or toll-free in the 
US 888-277-5289; www.arrl.org/shop/; 
pubsales@arrl.org.

Figure 3 — The 
dc load line’s end 
points correspond 
to transistor 
saturation (ICsat) 
and cutoff (VCC). 
The circuit operates 
somewhere on the 
load line depending 
on bias. The 
operating point with 
no signal applied 
is the quiescent, or 
Q point. By adding 
an emitter bypass 
capacitor, there is 
less load impedance 
for an ac signal, 
increasing the slope 
of the ac load line.

2Previous Hands-On Radio columns and a 
complete parts list for all experiments are 
available to ARRL members at www.arrl.
org/tis/info/HTML/Hands-On-Radio and in 
Experiment #76 (see next note).

and probably cause the output waveform to 
be clipped at the bottom. This is because the 
higher bias current has moved the Q point 
farther along the load line toward saturation 
(left), making it easier for an input signal to 
drive VCE lower into the saturation region.

AC Load Lines
Figure 2 shows an emitter bypass capaci-

tor, CE, next to RE. When CE is connected 
across RE, the circuit has a different ac voltage 
gain AV = –RC/re (re is the internal emitter 
resistance of a few ohms) than dc gain AV = 
–RC/RE. For an ac signal, the circuit operates 
on a separate ac load line as shown in Fig- 
ure 3, because RE has been effectively short 
circuited for ac signals. Without RE, the slope 
of the ac load line is –1/RC, steeper than for 
the dc load line. The ac and dc load lines 
intersect at the circuit’s Q point because the 
circuit’s ac and dc operation is the same if the 
ac input signal is zero.

Parts List3

 1N4001 diode
 2N3904 transistor
 100, 220, 270, 470, 1000, 1.5 k, 2.2 k, 

4.7 k, 6.8 k and 39 kΩ, 1⁄4 W resistors
 3 each 10 µF, 25 V electrolytic 

capacitors

Recommended Reading
Even for non-engineers, used copies of 

first- and second-year circuit engineering 
textbooks make fine workbench references 
for all sorts of circuit questions. Two of my 
favorites are Hayt and Kemmerly’s Engi-
neering Circuit Analysis and Millen and 
Grabel’s Microelectronics, both published by 
McGraw-Hill. The former is good for basic 
R-L-C circuit mechanics and the latter for 
semiconductor circuits.

Next Month
You’ve heard terms before such as “SWR 

bridge,” “noise bridge,” “Wheatstone bridge” 
and so forth. We’ll cross that bridge next 
month as we take a look at bridge circuits 
and why they are so useful.

Strays
I would like to get in touch with…
 any Amateur Radio ops who are employed 
by Munich Reinsurance America Inc. — Mike 
Haydon, AC2Q, 1420 Fairway, Rantoul, IL 
61866, tel 217-892-1658
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Cathode Ray Tubes (CRT) 
 

A variation of the vacuum tube that is widely used in oscilloscopes and television 

monitors is the cathode ray tube (CRT), diagrammed in Fig 1. The CRT has a cathode 

and grid much like a triode tube. The plate, usually referred to as the anode in this device, 

is designed to accelerate the electrons to very high velocities, with anode voltages that 

can be as high as tens of thousands of volts. The anode of the CRT differs from the plates 

of other vacuum tubes, since it is designed as a set of plates that are parallel to the 

electron beam. The anode voltage accelerates the electrons but does not absorb them. The 

electron beam passes by the anode and continues to the face of the tube. The cathode, 

grid and anode are all located in the neck of the CRT and are collectively referred to as 

the electron gun. 

 

 
 

Fig 1 — Cross section of CRT. The electron gun generates a stream of electrons and 

is made up of a heater, cathode, grid and anode (plate). The electron beam passes by 

two pairs of deflection plates that deviate the path of the beam in the vertical (y) 

direction and then the horizontal (x) direction. The deflected electron beam strikes a 

phosphor screen and causes it to glow at that spot. Any electrons that bounce off the 

screen are absorbed by the conductive layer along the sides of the tube, preventing 

spurious luminescence. 
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The electron beam is deflected from its path by either magnetic deflectors that 

surround the yoke of the tube or by electrostatic deflection plates that are built into the 

tube neck just beyond the electron gun. A CRT typically has two sets of deflectors: 

vertical and horizontal. When a potential is applied to a set of deflectors, the passing 

electron beam is bent, altering its path. In an oscilloscope, the time base typically drives 

the horizontal deflectors and the input signal drives the vertical deflectors, although in 

many oscilloscopes it is possible to connect another input signal to the horizontal 

deflectors to obtain an X-Y, or vector, display. In televisions and some computer 

monitors the deflectors typically are driven by a raster generator. The horizontal 

deflectors are driven by a sawtooth pattern that causes the beam to move repeatedly from 

left to right and then retrace quickly to the left. The vertical deflectors are driven by a 

slower sawtooth pattern that causes the beam to move repeatedly from top to bottom and 

then retrace quickly to the top. The relative timing of the two sawtooth patterns is such 

that the beam scans from left to right, retraces to the left and then begins the next 

horizontal trace just below the previous one. 

Beyond the deflectors, the CRT flares out. The front face is coated with a 

phosphorescent material that glows when struck by the electron beam. To prevent 

spurious phosphorescence, a conductive layer along the sides of the tube absorbs any 

electrons that reflect off the glass. 

Vector displays have better resolution than raster scanning. The trace lines are clearer, 

which is the reason oscilloscope displays use this technique. It is faster to fill the screen 

using raster scanning, however. This is why TVs use raster scanning. 

Some CRT tubes are designed with multiple electron beams. The beams are 

sometimes generated by different electron guns that are placed next to each other in the 

neck of the tube. They can also be generated by splitting the output of a single electron 

gun into two or more beams. Very high quality oscilloscopes use two electron beams to 

trace two input channels rather than the more common method of alternating a single 

beam between the two inputs. Color television tubes use three electron beams for the 

three primary colors (red, green and blue). Each beam is focused on only one of these 

colored phosphors, which are interleaved on the face of the tube. A metal shadow mask 

keeps the colors separate as the beams scan across the tube. 
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