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Abstract—In the paper a way towards traceable calibration
of the amplitude and phase response of a vector signal analyzer
using digital real-time oscilloscope is outlined. Vector response of
two different vector signal analyzers is measured. The method
is compared with a method using digital sampling oscilloscope.
The metrological traceability of measured results is discussed.

I. INTRODUCTION

Nowadays vector signal analyzers (VSA) are used for mea-
surement of digital signals’ properties in the research, manu-
facturing and prototyping. Modern VSAs typically work with
carrier frequencies >20 GHz and demodulation bandwidths up
to 200 MHz. The bandwidth is expected to grow significantly
as new communications devices emerge, see, e.g., [1]. VSAs
use various architectures, whereas usually the input signal is
sampled in the base band after multiple downconversion using
at least 12 bit A/D converter and the inphase and quadrature
components of the signal are determined by a quadrature
demodulation. The scalar (amplitude) response of the demod-
ulator can be determined with metrological traceability using
calibrated power meter, yet no information about the phase
is present due to the principle of VSAs. The traceability is a
key requirement of ISO/IEC 17025 for calibration laboratories
and instrumentation manufacturers. In [2], a strategy for a
traceable measurement of amplitude and phase characteristics
was outlined using fast digital sampling oscilloscope (DSO).
A broadband multisine stimulus was used for both the VSA
and the DSO, whereas the measured signal is common to
both instruments and can be removed by deconvolution. The
multisine waveform was chosen because the amplitude and
phase relations between adjacent tones are calculable. The
DSO is traceable through electro-optic sampling (EOS) which
defines the relative timing of the frequency components in
the instrument response [3]. NIST (USA) [4], NPL (UK) [5]
and PTB (Germany) [6] have developed such EOS systems.
The detailed internal architecture of VSAs is only known to
their manufacturers and currently metrological laboratories are
facing problems with traceable calibration of these instruments.
The method using DSO [2], however, is relatively complicated
and not suitable for routine measurements in commercial
calibration laboratories. In this paper a way towards traceable

calibration of the vector response of a VSA using digital real-
time oscilloscope (DRTO) is outlined. A DRTO is character-
ized by lower vertical resolution and nonlinearities which are
difficult to eliminate, yet under certain conditions it could be
suitable for determination of the VSA’s vector response.

II. MEASUREMENT SETUP

The measurement system consists of two generators one of
which is used for a multisine signal generation and the latter
is a pilot CW signal for the DRTO’s time base correction. All
devices are phase locked to a common laboratory 10 MHz
reference. At the output of each generator a low-pass filter is
used to suppress higher order harmonics, the 10 dB attenua-
tors improve the isolation between generators and impedance
matching of the sampling devices. Both the oscilloscope and
signal analyzer are triggered by a symbol synchronization
signal from the generator. The measurement setup is depicted
in Fig. 1. The idea of the experiment is to measure the
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Fig. 1. Measurement setup.

multisine signal X (ω) from a generator using a VSA with
unknown impulse response H1 (ω), which results in reading
Y1 (ω) . The same signal is measured using oscilloscope with
known impulse response H2 (ω), which results in reading
Y2 (ω). From the linear time-invariant system theory it follows

Y1 (ω) = X (ω)H1 (ω) , Y2 (ω) = X (ω)H2 (ω) , (1)
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X (ω) =
Y2 (ω)

H2 (ω)
⇒ H1 (ω) =

Y1 (ω)

X (ω)
. (2)

A general multisine signal in the time domain is given by

s (t) =
N−1∑
i=0

[Ai cos (ωit+ φi) + jAi sin (ωit+ φi)], (3)

where Ai is i-th tone amplitude, ωi is the i-th tone angular
frequency and φi is the i-th tone phase and N is the number of
tones. The influence of connectors and cables is neglected here
for simplicity. The procedure was described in [2] for various
phase profiles of the multisine signal. The VSA response was
only determined from several thousands of DSO time samples
(capture of long traces using DSO is problematic). The phase
profile of the multisine signal determines the peak-to-average
power ratio (PAPR) in the time domain. Phase profiles leading
to low PAPR are preferred [7]. Similar procedure can be
applied to the measurement with DRTO for much longer traces,
however different correction techniques are needed due to
different internal architectures of both types of oscilloscopes.
The time base of a DSO is usually corrected using two
auxiliary CW signals in quadrature (see, e.g., [8]), the time
base of a DRTO can be corrected using a pilot signal which is
combined with the multisine signal. A procedure proposed by
Humphreys et al. [9] was used whereas an auxiliary RF pilot
signal together with the modulated RF carrier are measured,
see Fig. 1. The two generators must be frequency locked
and then from the measured phase shift of the pilot signal
it is possible to correct the phase of the RF modulated signal.
The signal captured with oscilloscope now contains two main
frequency components. The principle of obtaining the pilot
signal phase can be written as follows, whereas the modulation
term is neglected for clarity (the phase shift between oscillators
is denoted as φ and the two carrier signals have amplitudes
A, B):

v1 (t) = [A cos (ωct) +B cos (ωpt+ φ)] cos (ωpt) , (4)

v2 (t) = [A cos (ωct) +B cos (ωpt+ φ)] sin (ωpt) . (5)

After filtering of unwanted components we obtain

φ (t) = − arctan

(
v2 (t)

v1 (t)

)
. (6)

The extracted phase error of the pilot signal is then compared
with an ideal phase of an ideal CW signal with the same carrier
frequency and the correction is used for quadrature demodu-
lation of the multisine signal. For a traceable measurement
of the VSA’s vector response, one needs a calibrated DRTO.
To determine the impulse response of a DRTO, a calibrated
DSO and procedure described by (1), (2) could be used. A
drawback is the limited vertical resolution of the DRTO and
thus only multisine signals with low PAPR can be used [2].
Another problem could cause a nonlinear behaviour of the
DRTO samplers; depending on the type, a DRTO usually
consist of series of A/D converters at each channel whose
linearity is corrected internally using digital signal processing.

III. EXPERIMENTAL RESULTS

Two experiments with VSAs from different manufacturers
and with different demodulation bandwidths were performed
(referred here to as VSA #1 and VSA #2) and two differ-
ent DRTOs were used (referred here to as DRTO #1 and
DRTO #2), both with analog bandwidth of 2.5 GHz. The
multisine carrier frequency, pilot tone frequency and DRTO’s
sampling rate were chosen properly in order to be able to
correct the DRTO’s time base. Even if the DRTOs are locked
to a common frequency reference clock (see Fig. 1), there
exist slight time base instability. The phase correction over
the epoch of 80 µs is shown in Fig. 2 for DRTO #1.
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Fig. 2. Time base correction of the DRTO #1 using a pilot signal.

A. Setup #1

The VSA #1 demodulation bandwidth was 8 MHz. The
amplitude response of the VSA #1 and of the DRTO #1 with
both corrected and uncorrected time base is shown in Fig. 3.
The multisine was generated using an arbitrary waveform
generator and upconverted to a carrier frequency of 839 MHz,
the pilot tone was 909 MHz. The multisine reverse polynomial
phase profile was artificially created with low PAPR (value
measured by the VSA is 2.73 dB) [7], tone spacing was
125 kHz, 64 tones (total bandwidth of 8 MHz), each tone
with equal amplitude. From Fig. 3 and Fig. 4 it is obvious that
the DRTO time base correction influences mainly the phase
response, the amplitude response remains almost unchanged
(each point in the graphs corresponds to one tone, i.e. one
spectral line of the baseband multisine signal). The difference
between phase response of the VSA #1 and DRTO #1 is shown
in Fig. 5.

B. Setup #2

The VSA #2 demodulation bandwidth was 40 MHz. The
amplitude response of the VSA #2 and of the DRTO #2
with corrected time base is shown in Fig. 6. The multisine
was generated using an arbitrary waveform generator and
upconverted to a carrier frequency of 839 MHz, the pilot
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Fig. 3. Amplitude response of VSA #1 and DRTO #1 to a multisine signal,
PAPR = 2.73 dB.
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Fig. 4. Phase response of VSA #1 and DRTO #1 to a multisine signal, PAPR
= 2.73 dB.
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Fig. 5. Difference of phase responses of VSA #1 and DRTO #1 with and
without time base correction, PAPR = 2.73.
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Fig. 6. Amplitude response of VSA #2 and DRTO #2 to a multisine signal,
PAPR = 2.6 dB.
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Fig. 7. Amplitude response of VSA #2 and DRTO #2 to a multisine signal,
PAPR = 17 dB.

tone was 1259 MHz. The multisine reverse polynomial phase
profile and cosine phase profile were artificially created with
PAPR corresponding to approx. 2.6 dB and 17 dB, respectively.
The tone spacing was 200 kHz, 200 tones (total bandwidth of
40 MHz), each tone with equal amplitude. Fig. 6 shows the
comparison of VSA #2 and DRTO #2 amplitude responses
for the signal with low PAPR = 2.6 dB and Fig. 7 shows the
comparison of VSA #2 and DRTO #2 amplitude responses
for the signal with high PAPR = 17 dB. The comparison of
the difference between phase responses of the VSA #2 and
DRTO #2 for signals with low and high PAPR, respectively, is
given in Fig. 8. For determining the amplitude and phase char-
acteristics of the VSA, a deconvolution of the input multisine
signal must be performed provided that the impulse response
of the oscilloscope is known. The impulse characteristics of
the DRTO will be determined in later stage of current project,
whereas the main instrument will be a DSO traceable to
electro-optic sampling system. The uncertainty analysis goes
beyond the scope of this paper and it would cover the influence
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Fig. 8. Comparison of phase characteristics difference for VSA #2 and DRTO
#2, low PAPR = 2.6 dB and high PAPR = 17 dB, respectively.

of higher order harmonic signals, impedance matching and
known DRTO nonlinearities. The uncertainty is expected to
be worse than using the method with DSO [2], yet sufficient
for routine measurements and calibrations.

IV. CONCLUSION

Broadband vector signal analyzers are becoming widely
used in many areas. In this paper a way towards traceable
characterization of the amplitude and phase response of vec-
tor signal analyzers using real-time digital oscilloscope was
outlined. In comparison with the method using sampling
oscilloscope it is easier, less time consuming and suitable for
commercial calibration laboratories. The uncertainty analysis
is different from the method using sampling oscilloscope
and goes beyond the scope of this paper. Traceability of the
measurement is established provided that the impulse response
of the digital real-time oscilloscope used in the experiment is
known.
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