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Abstract— The transfer characteristics of the RF front-end
circuitry of a real-time oscilloscope (RTO) are not only frequency
dependent and nonlinear with signal amplitude but also dependent on the voltage range setting of the oscilloscope. A correction
table in the frequency domain is proposed to account for the
additional gain and delay introduced when switching between
different voltage ranges. The table was extracted from the
measured data in which a continuous-wave signal source was
connected to the oscilloscope ports, whereas the input power, the
frequency, and voltage ranges were varied. The importance of the
corrections is demonstrated by its use in an RTO-based two-port
vector-corrected measurement system. Measurements from the
oscilloscope-based system are compared with a vector network
analyzer (VNA), leading to less discrepancy in the measured Sparameters of two amplifiers when using the proposed correction
technique.
Index Terms— Calibration, dynamic range, frequency-domain
analysis, microwave measurements, oscilloscopes.

I. I NTRODUCTION

M

EASUREMENT systems like the large-signal network
analyzer (LSNA) are nowadays standard instruments
for nonlinear device characterization. The LSNA was first
introduced in 1989 [1] and included full magnitude and
phase calibration, with a phase accuracy of ±10° at the
first four harmonics for a fundamental tone of 5 GHz. It is
based on a wideband down-converter, utilizing subsampling,
followed by an analog-to-digital converter (ADC). The
baseband bandwidth is thus limited by the ADC. In contrast,
real-time oscilloscopes (RTOs) with a bandwidth of 65 GHz
are available today. Hence, there is interest in using RTOs
in two-port measurement systems [2], [3]. A real-time
oscilloscope has, like any other receiver, nonideal circuits
that need to be characterized and corrected.
The RF front end of an RTO introduces gain and delay
errors to the measured input signal because of nonideal
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circuit components. As these errors must be compensated for
to achieve accurate signal sampling [4], several correction
techniques have been introduced [5], [6]. Other correction
techniques have also been introduced [7]–[12], but they are
only valid for sampling oscilloscopes. Previous research
has focused on correction techniques for a certain set of
instrument settings, e.g., a particular voltage range. Hence,
changing the settings would make the correction invalid.
However, changing the range is desirable in some applications,
to fully utilize the voltage range of the ADC.
Measurement receivers in any digitizing instrument have a
limited dynamic range determined by the number of bits of
the ADC. It is therefore of interest to maximize the voltage
swing into the ADC to accurately capture the signal, hence
reducing the impact of quantization noise. Thus, to measure
a large voltage span with high accuracy, a gain-controlling
circuit is placed before the ADC. In the case of the LSNA,
this is achieved using precalibrated step attenuators in front
of the down-converter [13]. In an RTO, this can be done by
adjusting the variable gain amplifier (VGA), or equivalently
voltage range setting, in the oscilloscope [14]. Hereby, an
additional gain and delay is introduced to the input signal,
which instrument suppliers compensate for with self-alignment
procedures in the oscilloscope [15].
However, as we demonstrate in this paper, the instrument
alignment procedures are not sufficient. We propose a method,
which corrects for the gain and delay due to the VGA, that is
not handled by the built-in alignment procedures. Our method
is a table-based approach described in the frequency domain,
which means that the gain and delay is translated into a change
in amplitude and phase of the measured signal. We extract the
correction table from measurements, using a CW signal source
connected to the oscilloscope ports. Although the method is
applied to an RTO used as a vectorial measurement receiver
in a two-port sampling network, it can be applicable to other
measurement setups using RTOs as well.
This paper is organized as follows. An oscilloscope-based
measurement setup is presented in Section II. RTO RF performance versus voltage range is investigated in Section III.
In Section IV, the theory behind the proposed correction
method is presented, as well as the procedure for correcting
the oscilloscope. The validity of the method is discussed
in Section V. Finally, the conclusion is given in Section VI.
II. T WO -P ORT M EASUREMENT S ETUP
Since the proposed correction method is tested using an
RTO-based two-port measurement system, a short description
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Fig. 1.
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RTO-based two-port measurement setup [16].

of the setup and its calibration procedure are presented in this
section.
As shown in Fig. 1, the setup consists of a 4 GHz
two-channel Agilent M8190A arbitrary waveform generator
and a 4 GHz four-channel RTO. The broadband waveform
generator lets the user define an arbitrary signal containing
frequencies between dc and 4 GHz and can be utilized for
new kinds of measurements, e.g., multiband and wideband
load pull [16]. A two-port calibration of the setup is carried
out as follows. First, a suitable calibration, e.g., short-openload-reciprocal, is made at the measurement ports versus
frequency. Then, a power calibration with a power meter
as well as a phase calibration is done at the auxiliary
reference plane, to obtain correct magnitude readings and
cross-frequency phase relationships of the device under
test (DUT) port voltages and port currents. The calibrated
complex voltage waves, a1 , b1 , a2 , and b2 , are calculated
from the measured waves, m 1 , m 2 , m 3 , and m 4 , as
⎡ 
⎡ ⎤
⎤⎡ ⎤
1 −x e11
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0
⎢ c −e00
⎢b1 ⎥
⎥ ⎢m 2 ⎥
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c2 −e33
(1)
where c1 = e10 e01 , c2 = e10 e32 , x = e00 e11 − e10 e01 ,
 y = e22 e33 − e32 e23 , and α gives the absolute magnitude
and phase information according to [17]. The terms denoted
by ex x are the linear error terms, which describe systematic
errors in the setup due to cables, couplers, mismatch, and
so on. The setup is calibrated using a Schroeder-phased
multisine signal to reduce the crest factor [18], exciting the
frequencies of interest, f k , according to
N

x cal (t) =

A cos(2π f k t + φk )

(2)

Fig. 2. Port match versus frequency for oscilloscope A for different voltage
range settings. (a) Magnitude of S11 . (b) Phase of S11 .

The signal amplitudes during calibration are usually small
in comparison with signals measured with, for instance,
a high-power amplifier as a measurement device. This is
a problem in wideband RTOs due to the low number of bits
in the ADCs, which constrains the dynamic range. Additional
amplifiers could be used during the calibration stage, but
would instead limit the calibration bandwidth. Another option
would be to adjust the gain of the signal before being digitized
by the ADC, which is handled with VGAs in the RF front
end of the RTO. This will, however, affect the transfer
characteristics of the input circuitry of the oscilloscope.
III. RTO RF P ERFORMANCE
In this section, two RF attributes of RTOs are discussed:
1) input port impedance and 2) RF front-end transfer
characteristics. Both are studied versus voltage range setting
and characterized in the frequency domain. Errors related to
ADC interleaving are also important for the performance of
an RTO, but they are not treated in this paper and will be
considered as an additional measurement noise.

k=1

k(k − 1)
π.
(3)
N
Although linear CW stimuli measurements are made with
the measurement setup in this paper, removing the need
for α in (1) and the multisine signal, they are included here
to give a complete description of the calibration algorithm.
φk = −

A. Input Port Impedance
The port match of two RTOs ( A and B) was measured
with a commercial vector network analyzer (VNA) for a set
of five different voltage range settings, from 20 to 1000 mV
with near-logarithmic spacing. Port match versus frequency for
oscilloscopes A and B is shown in Figs. 2 and 3, respectively.
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Fig. 4. Difference in measured power at power meter port and oscilloscope
port 1 at 90 MHz and 3.99 GHz. Dashed lines indicate where the voltage
range of the oscilloscope is changed.
TABLE I
D IFFERENCE IN M EASURED P HASE B ETWEEN T WO V OLTAGE R ANGES

Fig. 3. Port match versus frequency for oscilloscope B for different voltage
range settings. (a) Magnitude of S11 . (b) Phase of S11 .

The magnitude of the port match is approximately at the
same level for the two oscilloscopes. However, oscilloscope
B has a noticeable dependence on the voltage range, whereas
oscilloscope A barely changes.
Although oscilloscope port match (m 1 , m 2 , m 3 , and m 4
in Fig. 1) is calibrated for in a two-port measurement setup,
it is crucial that the oscilloscope port match is constant.
A change in oscilloscope port match between calibration and
measurement step will result in erroneous voltage readings
at the oscilloscope ports and, thus, invalidate the error
coefficients obtained in (1). Due to the varying port match of
oscilloscope B, it will not be used in any further
measurements.
B. RF Front-End Transfer Characteristics
Due to the VGA and front-end circuitry in the RTO,
a complex gain is added to the signal. Instrument suppliers
often equip oscilloscopes with self-alignment procedures
to compensate for imperfect hardware. A series of
CW measurements has been carried out to investigate
how well the alignment procedures account for the additional
complex gain due to changes in the voltage range.
First, the amplitude response versus voltage range was
characterized. A signal generated by a CW signal source was
fed into a two-way power splitter, with one port connected to
a calibrated power sensor (dynamic range of −70–20 dBm)
and the other port to the oscilloscope [Fig. 4 (inset)]. The
signal power, referred to the power meter port, was swept

from −40 to 0 dBm while the range of the oscilloscope
was adjusted to avoid signal clipping, thus preserving ADC
linearity. The maximum source power was kept at a low
level to reduce nonlinearities generated by the signal generator as well as nonlinearities induced in the power meter.
The measurements were carried out at two frequencies—
one low (90 MHz) and one high (3.99 GHz). The difference
in power measured by the oscilloscope and power meter is
shown in Fig. 4. The measurements are offset so the mean
value of the error in the smallest voltage range is zero. Distinct
steps in amplitude error are observed when the voltage range
is changed. At higher frequencies, the steps become more
pronounced, with substantial discrepancies of up to 0.6 dB.
Next, the phase response versus voltage range was
characterized. A CW signal was fed into a two-way power
splitter, which in turn was connected to two of the oscilloscope
ports. One of the ports was used as reference, fixed at a
certain voltage range, whereas the range of the other port was
varied. Hereby, a relative phase change was measured for
each channel and voltage range setting. The input power was
set at a level maximizing the voltage swing into the ADC
of the reference port. As an example, here, port 1 is used as
reference and port 2 is being characterized. The difference in
measured phase, δφ, at ports 1 and 2 between the two states
was then calculated as
δφ = arg(x,x / y,x )

(4)

where
x,x =

m 2,y
m 2,x
and  y,x =
m 1,x
m 1,x

(5)

where x and y indicate measurements at voltage range settings
x and y, respectively. As observed from the measurements
summarized in Table I, the error increases with frequency,
peaking at 15.7°.
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Fig. 7.
Schematic of the reflection amplifier used for verification
measurements.

Fig. 5.

Error on signal amplitude versus frequency.

Fig. 6.

Error on signal phase versus frequency.

IV. C ORRECTION A LGORITHM
This section presents the theory of the proposed method as
well as the measurements required for generating a correction
table for the oscilloscope. The correction algorithm is implemented as an intermediate data processing step between raw
data acquisition and further data processing. The generation
of the correction table is based on the assumption that the
measurement receivers of the oscilloscope are linear within
each voltage range. Therefore, no cross-frequency dependency
is studied and a CW-based stimulus is used in the following
measurements.
The measurement setup for generating the correction table
was configured similar to the setup in Section III-B, that is,
using a power meter as a reference for the amplitude error
measurements and an oscilloscope port as a reference for the
phase error measurements. The frequency was swept from
90 MHz to 3.99 GHz, with a step size of 97.5 MHz, enabling
interpolation between the measured frequency points. Five
different voltage range settings with a logarithmic spacing
from 20 to 1000 mV were selected. Since the two-port
measurement system described in Section II is calibrated with
the voltage range set to 20 mV, the correction table is referred
to this range. This implies that no correction will be applied
if the measurement is made using a 20 mV voltage range.
The measured signal amplitude error versus frequency for
oscilloscope port 1 is shown in Fig. 5. The error is relatively
small, up to around 3 GHz, with a peak of −0.6 dB
at 3.8 GHz. The measured signal phase error for oscilloscope
port 1 is shown in Fig. 6. In contrast to the amplitude error,

Fig. 8.
Measured magnitude of S11 of the reflection amplifier.
(a) Oscilloscope measurements with and without correction, and
VNA measurement. (b) Difference between the oscilloscope measurement and
VNA measurement.

which has no clear trend on frequency, the phase error linearly
increases with frequency. This indicates that the self-alignment
procedures used by the instrument suppliers are better at
correcting errors of amplitude than phase. The errors for the
other oscilloscope ports have also been characterized, which
show a very similar behavior to the errors reported on port 1.
The correction algorithm is implemented as a 2-D table in
which the frequency and voltage range settings are reported
on orthogonal axes. The measured amplitude and phase errors
in Figs. 5 and 6 are inverted to obtain complex correction
factors, denoted as kch,range in (6). The raw data measured by
each channel in the oscilloscope are corrected as
⎡ ⎤ ⎡
⎤⎡
⎤
0
0
0
m̂ 1
k1,x
m 1,x
⎢m̂ 2 ⎥ ⎢ 0
⎥
⎢
k2,y
0
0 ⎥
⎢ ⎥=⎢
⎥ ⎢ m 2,y ⎥
(6)
⎣m̂ 3 ⎦ ⎣ 0
0 ⎦ ⎣ m 3,z ⎦
0
k3,z
0
0
0
k4,w
m̂ 4
m 4,w
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Fig. 9. Measured phase of S11 of the reflection amplifier. (a) Oscilloscope
measurement with and without correction, and VNA measurement.
(b) Difference between the oscilloscope measurement and VNA measurement.

where k1,x , k2,y , k3,z , and k4,w are the complex correction
factors for each channel at voltage ranges x, y, z, and w.
The corrected oscilloscope measurements are denoted
by m̂ 1 , m̂ 2 , m̂ 3 , and m̂ 4 .
V. V ERIFICATION
S-parameters measured with both the two-port oscilloscope
setup and a VNA have been compared to determine the validity
of the proposed method. Measurements from the oscilloscope
have been corrected using the extracted correction table.
A one-port reflection amplifier and a two-port amplifier have
been used in the verification process. Measurements have been
carried out within a short time span to minimize variations due
to instrument drift and change in ambient temperature.
The RTO-based two-port measurement setup was first
calibrated according to Section II, with the voltage range set
to 20 mV on all channels. One-port measurements were then
carried out on a reflection amplifier shown in Fig. 7. Due to
limitations in the dynamic range of the RTO, a one-port
device providing b1  a1 was required. It consists of
a Mini-Circuits ZHL-42W amplifier, a circulator for creating
a feedback loop, an attenuator, and a bandpass filter to
prevent low-frequency self-oscillations.
The input power was set to −5 dBm, and the voltage
ranges were adjusted to 60 mV on channel m 1 (a1 -wave) and
140 mV on channel m 2 (b1 -wave). The measured magnitude
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Fig. 10.
Measured magnitude of S21 of the BZ3-0218 amplifier.
(a) Oscilloscope measurements with and without correction, and
VNA measurement. (b) Difference between the oscilloscope measurement and
VNA measurement.

and phase of S11 of the reflection amplifier are shown
in Figs. 8 and 9, respectively. The largest improvements are
observed in the measured phase (Fig. 9), where the discrepancy
versus the VNA is close to zero with correction enabled. The
measured magnitude is slightly improved as the mean and
standard deviation both decrease.
Two-port measurements were carried out on a B&Z Technologies BZ3-0218 amplifier, which has a gain of roughly
30 dB from 2 to 18 GHz. The input power was set
to −30 dBm and the voltage range set to 20 mV on channels
m 1 , m 2 , and m 4 (a1 -, b1 -, and a2 -waves, respectively) and
140 mV on channel m 3 (b2 -wave). The measured magnitude
and phase of S21 for the amplifier are shown in Figs. 10 and 11,
respectively. The standard deviation of |S21 | slightly decreases,
while the mean value remains at the same level. A slight
overcompensation is observed in the phase of S21 . However,
the standard deviation is decreased and the linearly increasing
error is removed.
As the verification measurements show, the proposed
correction method reduces errors in phase to a large extent,
while the magnitude errors are still significant. A worst case
measurement difference is approximately ±0.25 dB, which
corresponds to about ±6%. The results can be put in contrast
to what measurement uncertainty is to be expected from a
power meter. According to [19], depending on the level of
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Fig. 11.
Measured phase of S21 of the BZ3-0218 amplifier.
(a) Oscilloscope measurement with and without correction, and
VNA measurement. (b) Difference between the oscilloscope measurement and
VNA measurement.

mismatch and input power, a worst case uncertainty can be
on the order of ±0.4 dB.
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VI. C ONCLUSION
A method for improving the amplitude and phase accuracy
of an RTO-sampled signal has been presented. It has been
shown through measurements that the built-in self-alignment
procedure of the oscilloscope is not enough to compensate for
errors at RFs. The method focused on correcting the amplitude
and phase errors introduced when varying the voltage range
of the oscilloscope. It was implemented as a table in which
the frequency and voltage range settings were variables.
The verification of the method was carried out by measuring
the S-parameters of two devices. The results were compared
with a VNA, showing significantly less discrepancy in the
measured phase of the S-parameters and improved precision
in the measured magnitude.
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