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Whether you are designing com-
puter systems, next-generation 
semiconductors, or communica-
tion systems, the huge advances 
in the processing power of silicon 
devices have forced engineers to 
deal with escalating signal rates. 
To keep high-speed devices sup-
plied with data so they are not 
sitting idle, designers have been 
inventing techniques to increase 
the bandwidth of external buses 
in order to move large amounts of 
data between devices on circuit 
boards, across backplanes, or 
through cables.

Increasing signal frequency is one 
way to increase bus bandwidth. 
As the frequency increases, the 

rise time of the digital signal 
decreases. A poor oscilloscope 
probe can introduce overshoot 
and ringing on measured wave-
forms for these fast rise time 
signals. The engineer must deter-
mine if these aberrations are part 
of the design or if they are caused 
by the measurement system.

At high speeds, the parasitics 
introduced when an oscilloscope 
probe makes contact with a 
circuit under test can cause 
significant aberrations on the 
measured waveform. Also, the 
probe can create a load on the cir-
cuit that can significantly change 
or disrupt the signal. 
Understanding how an 
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oscilloscope probe can affect your 
circuit under test and the 
measured waveform when you 
attach the probe will signifi-
cantly improve your measurement 
results.

This application note covers the 
following information that you 
should consider when selecting 
an oscilloscope probe to capture 
high-speed signals:

• Probe input impedance
• Transmitted response of 

the probe
• Probing accessories
• Oscilloscope and probe 

system bandwidth
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Oscilloscope designers have made 
giant strides in improving sample 
rates, bandwidth, and accuracy. 
Achieving maximum oscilloscope 
performance for a particular 
application, however, requires 
careful probe selection and 
operation. Unfortunately, this 
accessory is frequently over-
looked. The probe is the critical 
link between the circuit under 
test and the oscilloscope. It 
affects both your measurement 
results and the operation of the 
circuit under test. 

When you attach a probe to a 
circuit, you are effectively adding 
a load to that circuit. This probe 
loading draws additional current 
from the source and changes the 
operation of the circuitry behind 
the test point, thereby changing 
the measured signal.

To attain an accurate measure-
ment, the probe needs to acquire 
the signal and provide the tru-
est representation of it without 
excessively loading or otherwise 
changing the signal source over 
the entire frequency range of the 
probe. All probes introduce a 
complex load to the circuit 
being measured (figure 1). The 
goal is to ensure that the effects 
of this load are kept within 
acceptable limits.

Probe specifications list input 
resistance and capacitance, 
which combine to alter and load 
a circuit under test. At low fre-
quencies, the capacitor acts like 
an open circuit and the dc resis-
tance becomes the key factor in 
circuit loading. Resistive loading 
is the least worrisome effect of 
probe loading because it is 
unlikely to produce nonlinear 
circuit behavior.

Probe Input Impedance

ZSource

VSource

RTip

LGround
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RProbe CProbe

Figure 1. Simple input impedance model 

of an oscilloscope probe comprised of 

resistive, capacitive, and inductive ele-

ments.



Capacitive loading is a major 
source of probe-related measure-
ment errors because it affects 
rise and fall time, bandwidth, 
and edge-to-edge timing measure-
ments. Capacitive loading alters 
the shape of the measured wave-
form by introducing an exponen-
tial response (figure 3), which can 
attenuate glitches, reduce ringing 
and overshoot, or slow 
the measured edge just enough 
to create setup or hold time 
violations in your circuit.
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Probe Input Impedance

Although excessive current drain 
from a low impedance probe can 
cause nonlinear response or 
disrupt the operation of your 
circuit, this typically isn’t a 
problem on today’s low-voltage, 
high-speed signals when you 
use a probe. Such as the Agilent 
1156A/57A/58A. 

Assuming the source impedance 
is resistive, the probe’s resis-
tive component creates a volt-
age divider—consisting of your 
circuit’s output resistance and 
the probe input resistance—that 
reduces the voltage amplitude 
of the measured signal without 
altering its shape (figure-2). The 
lower the probe resistance rela-
tive to the source resistance, the 
more the probe loading reduces 
the voltage amplitude of the mea-
sured waveform. Additionally, 
the lower the probe resistance 
relative to the circuit, the more 
current that must flow into the 
probe, increasing the chance that 
your circuit will be adversely 
affected.

As signal frequencies increase 
or edge speeds decrease, probe 
capacitance behaves like a short 
circuit, allowing current to flow 
through the probe with low 
impedance. At high frequencies 
this capacitive reactance becomes 
a significant factor in circuit load-
ing and may cause your circuit to 
fault because it is unable to drive 
adequate voltage margins.

VActual

VMeasured

V

t

Figure 2. Resistive loading reduces 

the amplitude of the measured signal 

without altering the shape.
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Figure 3. Capacitive loading alters the 

shape of the waveform by introducing 

an exponential response.
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Probe Input Impedance

Figure 4 illustrates the Agilent 
1158A probe input impedance 
up to 6 GHz. You can see that at 
low frequencies up to 1-MHz the 
probe input impedance is domi-
nated by the probe’s dc resis-
tive component (100 kΩ). As the 
signal frequencies increase, the 
capacitive reactance becomes 
the significant component in 
loading the circuit. At 2-GHz the 
Agilent 1158A reaches its mini-
mum impedance of 165-Ω, 
which is limited by the probe’s 
tip resistor.

As an example of how this will 
affect your measured waveform 
and your circuit under test, let’s 
look at a digital signal with a 
very fast edge from a 25-Ω source 
(figure 5). You can see that when 
the probe is attached the signal is 
changed due to the input imped-
ance of the probe.
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Figure 4. Increasing frequency changes the input impedance of the Agilent 1158A probe.
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Figure 5. Probes load the circuit at high frequencies and increase the time to drive 

the circuit to full voltage.
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Transmitted Response of the Probe

Figure 6. Bandwidth is defined as the continuous band of frequencies up to the point 

where the instrument’s transmitted response decreases by 3 dB.

Parasitic elements that affect 
probe input impedance also alter 
the probe’s transmitted response, 
often referred to as the frequency 
response of the probe. The trans-
mitted response is defined as the 
ratio of the voltage at the probe 
output divided by the 
voltage at the probe input (Vout/
Vin-). This is usually shown on a 
graph with amplitude, expressed 
in dB, versus 
frequency.

The probe bandwidth is the 
continuous band of frequencies 
up to the point where the trans-
mitted response is down -3-dB, 
or where the amplitude has fallen 
to 70.7% (figure-6). Beyond the 
bandwidth of the probe, signal 
amplitudes become overly 
attenuated and measurements 
become unpredictable.
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Vout/VinAmplitude

100.0 %

70.7 %

0 dB

-3 dB
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Transmitted Response of the Probe

Within the probe bandwidth, you 
would like to see the signal at the 
probe’s output closely track the 
signal at the probe tip with mini-
mal degradation. This allows you 
to see on the oscilloscope screen 
exactly what the signal looks like 
at the probe tip.

In the frequency domain, the abil-
ity of the probe to transmit the 
signal from input to output with 
minimal degradation appears as a 
flat transmitted response (0-dB) 
throughout the entire bandwidth 
of the probe. In practice, this is 
difficult to achieve. When a probe 
is attached to the circuit under 
test, the parasitics of the physical 
connection and the internal com-

ponents of the probe can form a 
resonant circuit whose resonant
frequency can be lower than the 
bandwidth of the probe (figure-7). 
This in-band resonance will cause 
the output of the probe to differ 
from the input and can show up 
as overshoot and ringing on your 
measured waveform.

The example in figure-7 illus-
trates the in-band resonance on 
the in put voltage (Vin) of a non-
Agilent 4-GHz probe. Note that 
the output of the probe (Vout) 
does not track the voltage at the 
input. Vout remains flat and the 
transmitted response of the probe 
(Vout/Vin) is peaked by 5-dB.
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Figure 7. 

(Top) Frequency response of Vin and Vout of a non-Agilent, 4 GHz probe in a 25-Ω system.

(Bottom) Transmitted response of the probe. 

Vin resonates low at 3.5-GHz, Vout remains flat and the transmitted response is peaked 

by 5-dB.
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Transmitted Response of the Probe

So what’s wrong with Vout 
remaining flat when Vin reso-
nates, doesn’t this just show 
what the signal would look like 
without the probe attached? This 
is a great question, but you must 
remember that this probe’s trans-
mitted response will always be 
peaked by 5-dB, which distorts 
the signal at the input and can 
show up as additional overshoot 
and ringing on your measured 
waveforms.

The measurement in figure-8 
was made in the middle of a dual 
terminated 50-Ω transmission 
line, which appears as a 25-Ω 
source resistance, and the probe’s 
response is matched to this type 
of circuit. If you are measuring 
any circuit that does not provide 
a perfect 25-Ω source resistance, 
you will notice the distortion 
introduced from the probe.

An example of this type of dis-
tortion may provide a better 
explanation. Assume that you are 
using a 100-kΩ probe to measure 

the voltage on a circuit that has 
a 100-kΩ source resistance. The 
probe’s transmitted response 
has been altered for this type of 
circuit to show you the “actual” 
voltage at the output of the probe. 
Therefore, when you attach the 
probe to the circuit and the input 
voltage drops by one-half, the 
measured waveform shows the 
full voltage amplitude as though 
the probe were not attached.

But what happens now when you 
attach the probe to a circuit with 
a 50-kΩ source resistance? The 
probe’s transmitted response will 
still alter the measured waveform 
and will display a waveform with 
a voltage that is 33% greater than 
actually occurs at the input to 
the probe.

The best a probe can do is to min-
imize the impact it has on the cir-
cuit under test and transmit the 
voltage at its input to its output 
with minimal distortion. This way 
you can view what your signal 
looks like at the probe’s tip.
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Transmitted Response of the Probe

The Agilent 1156A/57A/58A 
probes have solved this problem 
by placing a resistor as close to 
the point being probed as pos-
sible. Placing a resistance at the 
probe tip isolates the parasitics of 
the probe from the circuit under 
test and dampens the resonant 
circuit that is formed. This keeps 
the transmitted response (Vout/
Vin) of the probe flat across the 
entire bandwidth to 4-GHz (fig-
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ure-8).

As a rule, when you need to make 
accurate rise time measurements 
use the shortest ground lead 
possible.

Figure 8. 

(Top) Frequency response of Vin and Vout of the Agilent 1158A, 4 GHz probe.

(Bottom) Since the frequency response of Vout closely tracks Vin, the transmitted response 

of the probe remains flat throughout the 4 GHz bandwidth of the probe.
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Probe Accessories
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Figure 9. Measurements taken on a 66 MHz/500-ps clock. 

(Top) Plain 5-cm wire attached to the signal under test creates overshoot and ringing on 

the measured waveform.

(Bottom) Properly damped 5-cm resistive signal lead extends the reach of the probe into 

tight spaces without adding distortion into the measured waveform.

Because of the challenges 
involved with probing circuits, it 
is not always feasible to directly 
attach the probe to the signal and 
ground. That is why it is com-
mon to see short lengths of wire 
soldered to points on a circuit 
to facilitate these connections. 
However, the increased parasit-

ics from these wires dra matically 
changes the probe’s transmitted 
response, thereby introducing 
overshoot and ringing into your 
measured waveform (figure-9). 
Generally, wires that are used 
to extend the reach of a probe 
will introduce as much as 25-nH 
of inductance per inch into the 
probe equivalent circuit. 
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Figure 10. Probing with the Agilent 1156A/57A/58A probes and properly damped acces-

sories increases measurement reliability.

Probe Accessories

So how do you evaluate those 
signals that are located on your 
board where probe access is 
impossible?

Most high-performance probes 
provide accessories that are 
designed to make the physical 
connection but lack the electrical 
characteristics to transmit 
high-fidelity signals. 

Agilent Technologies understands 
that the probe and its accessories 
form a cohesive system. For this 
reason, the Agilent 1156A/57A/
58A probes provide a variety of 
accessories to help you make 
these difficult connections and 
are properly damped electrically 
to optimize the performance of 
your measurements. In order to 
make informed decisions when 

you trade 
measurement bandwidth for a 
physical connection, Agilent 
has characterized the 
1156A/57A/58A accessories and 
includes this information with 
the probes.

For example, the Agilent 
1156A/57A/58A probes provide 
5-cm and 10-cm resistive signal 
leads that can be used to extend 
the reach of the probe into tight 
spaces (figure-10). These signal 
leads contain a resistive tip to 
isolate the parasitics of the probe 
from the circuit under test and 
dampen the resonant circuit that 
is formed. 
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Figure 11. Probing with the 5-cm resistive signal leads for the Agilent 1158A probe will 

reduce the bandwidth of the measurement, but the transmitted response remains flat and 

no distortion is introduced into the measured waveform.

Probe Accessories

This creates a trans mitted 
response that is flat over the 
bandwidth of the new probing 
configuration (figure-11). Finally 
you are able to make measure-
ments on difficult to reach signals 
without introducing additional 
overshoot, ringing, and other 
distortions into the measured 
waveform!

Remember it is important to keep 
the length of the ground connec-
tion as short as possible.  When 
a ground lead is attached to a 
probe, inductance is added into 
the probe’s return path, which 
is not compensated for in the 
probe. This additional inductance 
will alter the probe’s transmitted 
response and introduce distortion 
into your measured waveforms.
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Bandwidth and Rise Time Considerations

Bandwidth limitations are 
important to understand when 
selecting oscilloscopes and 
probes because of their implica-
tions for measurement accuracy. 
Bandwidth is defined as the fre-
quency where the measurement 
system’s transmitted response 
causes the output amplitude to 
fall -3-dB (70.7%) from its refer-
ence level (figure-6). So how 
much bandwidth do your 
oscilloscope and probe need?

A signal transmitted by a continu-
ous sine wave consists of a single 
frequency component, its fun-
damental frequency. As the fre-
quency of a sine wave approaches 
the bandwidth limit of the mea-
surement system, the measured 
amplitude becomes more attenu-
ated. At the bandwidth of the sys-
tem, you can expect a 30% error 
in the amplitude of the measured 
sine wave. For this reason, when 
you are making accurate ampli-
tude measurements, you should 
select an oscilloscope and probe 
system with a minimum band-
width that is three times greater 
than the fundamental frequency 
of the signal.

Unlike sinusoidal signals, where 
the frequency content is com-
prised of a single component, 
digital signals contain broad 
spectral content across mul-
tiple frequencies to create the 
fast edge speeds that make up a 
square wave. For digital signals, 
the spectral content is deter-
mined primarily by edge speeds, 
not the signal’s repetition rate. 
A conservative estimate of the 
edge frequencies of a digital 
signal is: 

 F = 0.5/(Rise Time)

Generally, this will estimate a 
slightly higher frequency than 
actually exists. 

Digital signals also have signifi-
cant spectral content located at 
the 3rd and 5th frequency har-
monics. Attenuation of these 
high-frequency components will 
result in measured rise and fall 
times appearing slower than 
they actually are. Therefore, to 
increase the accuracy of rise 
and fall time measurements you 
should choose an oscilloscope 
and probe bandwidth that is 
three or five times greater than 
the rise time frequency of the 
digital signal.
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Bandwidth and Rise Time Considerations
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Figure 12. A probe’s minimum rise-time can affect your measurements.

Now that we understand the 
bandwidth requirements to 
accurately capture our signals, 
how do we determine the system 
bandwidth for our oscilloscope 
and probe?

All probes have a bandwidth 
limit, thus there is an inherent 
minimum signal rise time that 
can pass through the probe 
that can be estimated using the 
formula: 

 Rise Time = 0.35/Bandwidth

Rise time is the time required 

for a waveform to change from 
10% to 90% of its final value. The 
probe’s minimum rise and fall 
time will be listed in your probe 
characteristics and denotes the 
output of the probe when the 
input is a perfect step with zero 
rise time. This is illustrated by 
looking at the signal at the input 
and the output of the Agilent 
1158A probe (figure 12). 
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Bandwidth and Rise Time Considerations
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Figure 13. Comparison of Gaussian transmitted response and the steep roll-off of the 

Agilent 1158A probe.

Your oscilloscope will also have 
its own separate bandwidth and 
rise time limits. It is commonly 
assumed that the bandwidth of 
the oscilloscope and the probe 
should be equal in magnitude. 
However, the relationship 
between the oscilloscope band-
width and the probe bandwidth is 
not that simple.

The oscilloscope and probe com-
bine to form a measurement sys-
tem, which is comprised of the 
transmitted response of the probe 
in series with the transmitted 
response of the oscilloscope. The 
combination of these responses 
will determine your measurement 

These equations are good esti-
mates for system bandwidth and 
rise time when the oscilloscope 
and probe responses roll off in a 
Gaussian manner (figure-13).

When the response differs from 
Gaussian, you must take a closer 
look at the response of the probe 
to understand how the signal is 
transmitted from the probe tip to 
the oscilloscope input. As long as 
the probe’s response is flat, Vout/
Vin = 0-dB, the signal transmitted 
to the oscilloscope input will be 
an exact duplicate of the signal at 
the probe tip.

system’s rise time and band-
width, which are commonly 
calculated using the following 
equations:

 System Rise Time = 
√(tr(scope)2+tr(probe)2)

And

 System Bandwidth = 
0.35/(System Rise Time)

Where

 tr(scope) = Rise Time of the 
Oscilloscope

 tr(probe) = Rise Time of the 
Probe
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Bandwidth and Rise Time Considerations
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Figure 14. Transmitted response of the Agilent 1156A (1.5-GHz), 1157A (2.5-GHz), and 

1158A (4-GHz) probes.

Agilent Technologies used 
this concept of maximally flat 
response in the development 
of the 1156A/57A/58A probes. 
Figure-14 illustrates the transmit-
ted responses for these probes.

Table-1 provides information on 
the recommended probe configu-
ration for an Infiniium oscillo-
scope to maximize your measure-
ment system’s bandwidth. You 
will notice that since the probe’s 
transmitted response remains flat 
throughout the Infiniium oscil-
loscope’s bandwidth, there is no 
degradation of system bandwidth 
due to the probe.

Infiniium/InfiniiVision Oscilloscope Probe System Bandwidth
Series Oscilloscope

DSO/MSO7104A (1 GHz) 1156A (1.5 GHz) 1.0 GHz 

DSO/MSO6102A (1 GHz) 

DSO6104A (1 GHz)

DSO/MSO8104A (1 GHz)

DSO/DSA 80204B (2 GHz) 1157A (2.5 GHz) 2 GHz for 80204B

DSO/DSA 90254A (2.5 GHz)  2.5 GHz for 90254A

DSO/DSA 80404B (4 GHz) 1158A (4 GHz) 4 GHz

DSO/DSA 90404A (4 GHz)

Table 1. Recommended configurations to maximize your measurement system’s 

bandwidth.
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Related Literature

Publication Title Publication Type Publication Number

Agilent 1156A/57A/58A Active Probes Product overview 5988-3361EN/EUS

Agilent Oscilloscope Probes      Selection guide 5989-6162EN

and Accessories

Eight Hints for Better Probing Application note 5989-7894EN

Conclusions

As the frequencies of electronic 
devices continue to increase, the 
oscilloscope probe you select 
becomes crucial to your measure-
ment results and the operation of 
your circuit under test.

The following factors should be 
considered when selecting your 
next probe:

1. Check the probe input imped-
ance and consider the effect 
it will have on your circuit. 
Remember, loading becomes 
increasingly important at high 
frequencies, and use a short 
ground lead when possible.

2. The probe will introduce 
distortion into your measure-
ments unless it has a flat trans-
mitted response throughout 
the bandwidth of the probe. 
A flat transmitted response 
will closely track the signal at 
the probe tip and pass it to the 
oscilloscope with minimal deg-
radation.

3. Your best measurements can 
never be better than your 
probe and connection, so 
wisely choosing and using 
probes with properly damped 
accessories will improve your 
measurement results and 
their repeatability.

4. The oscilloscope and probe 
work together to form a cohe-
sive measurement system. 
Understanding the impact of 
your probe on your overall sys-
tem bandwidth provides you 
with the information you need 
to pick the right oscilloscope 
and probe for your application.

The best a probe can do is to 
minimize the impact it has on the 
circuit under test and transmit 
the voltage at its input to its out-
put with minimal distortion. The 
Agilent 1156A/57A/58A probes 
provide leading-edge performance 
and the most accurate insight 
into your high-speed circuits.
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