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Abstract— We have developed a method for improving the 

synchronization of large-signal network analyzers and 
transferring “cross-frequency” phase calibrations from a 
calibrated sampling oscilloscope to the large-signal network 
analyzer on an arbitrary frequency grid. The approach can be 
applied to the measurement of modulated signals and other 
waveforms on arbitrary and fine frequency grids. This translates 
into the ability to measure complex and arbitrarily long signals 
traceably with high dynamic range. 
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generator, large-signal network analyzer, wireless system. 

I. INTRODUCTION 
We present a practical and accurate way of calibrating the 

“cross-frequency” phases of large-signal network analyzer 
(LSNA) measurements on arbitrary, irregularly-spaced, and 
fine frequency grids. The method overcomes spacing and 
placement limitations of the calibration frequency grids 
inherent in the current approach to LSNA calibration, which 
uses comb generators to calibrate the cross-frequency phases of 
large-signal network analyzer measurements. The method is 
based on commercially available instrumentation.  

Large-signal network analyzers add power and cross-
frequency phase calibrations to the conventional vector-
network-analyzer (VNA) scattering-parameter calibration. 
These additional calibration steps allow the LSNA to measure 
not only scattering parameters, but the amplitude and phase of 
each of the forward and backward waves at the ports of the 
LSNA [1]. LSNAs find applications in nonlinear device 
characterization [1-3], modulated-signal characterization [4] 
and the characterization of devices excited by modulated 
signals [5]. 

While LSNAs are available in both sampler-based and 
mixer-based architectures [6], the mixer-based architectures are 
more common and typically offer higher dynamic range. 
Mixer-based architectures usually make use of comb generators 
to provide a constant set of constant-phase reference tones for 
the LSNA as well as to calibrate the cross-frequency phase of 
the LSNA [1, 2]. However, this limits the LSNA to 
measurements on uniform commensurate frequency grids. As 
the frequency spacing is reduced, the total power available in 
the grid is also reduced, limiting the upper frequency limit of 
the LSNA. 

There has been considerable work on creating finer LSNA 
frequency grids with varying degrees of success. Recently, 
Verbeyst, et al. [7] and Vanden Bossche, et al. [8] used lower-
frequency pseudo-random bit sequences (PRBS) to trigger the 

comb, moving energy from the harmonics of the fundamental 
to a fine grid around the fundamental and a few harmonics of 
that fundamental. Verspecht, et al. [9] used a similar approach 
to generate finely-spaced tones with a chirped input. While this 
allows for finer frequency grids, these approaches do not have 
complete flexibility in the choice of the grid and are still limited 
in the total number and bandwidth of frequency points over 
which the LSNA can be calibrated and perform measurements. 

Hale, et al. [10] added a band-pass filter and amplifier after 
the comb generator to boost the power available to the LSNA 
over the bandwidth of the filter and amplifier. This is useful for 
band-limited signals but cannot be applied to perform 
measurements on arbitrary frequency grids. 

Zhang, et al. [11, 12] proposed a multistep calibration 
process that stitches multisine signals together in 
postprocessing to perform broadband calibrations at fine tone 
spacings. However, we have found that stitched multistep 
calibration processes degrade calibration accuracy, particularly 
when they contain many stitched frequency bands. 

Here, we circumvent these limitations by 1) using an 
arbitrary waveform generator (AWG) to synchronize the 
measurement apparatus using a method similar to that used in 
[13, 14] and 2) direct calibration of the LSNA with a calibrated 
oscilloscope following the approach of [15]. This offers a 
practical and accurate way of transferring oscilloscope cross-
frequency phase calibrations to large-signal network analyzers 
on arbitrary (including arbitrarily fine) frequency grids.  
Our approach has the following advantages: 
� The method is applicable to any frequency grid that can be 

generated by the AWG. 
� The phase lock of the measurement apparatus can be 

implemented at high frequencies (10 GHz in our case), 
lowering phase noise. 

� The AWG can provide power at only the frequencies of 
interest, greatly increasing the signal-to-noise ratio 
compared to standard comb-based approaches and lifting 
restrictions on the upper frequency limit and tone spacing. 

� The measurement apparatus can be operated at the highest 
frequency that can measured by a calibrated oscilloscope, 
currently about 110 GHz. 

� The LSNA can be calibrated with single-tone signals on an 
arbitrary frequency grid for slightly more than a cycle, 
making them fast and easy to measure on the sampling 
oscilloscope. 
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� The sampling oscilloscope can be calibrated directly with a 
calibrated photodiode [16-18], eliminating comb generators 
from the traceability path. 

� In theory, the measurement apparatus could be directly 
calibrated and operated on wafer to the highest frequency at 
which electro-optic sampling can be used to provide the 
phase calibration in place of the oscilloscope, currently 
about 1 THz. 
 

  
Fig. 1. The measurement apparatus during calibration. Once calibrated, the 
oscilloscope, power meter and scattering-parameter calibration standards can 
be removed and the LSNA used to perform measurements on P1. 

  

II. MEASUREMENT APPARATUS 
Figure 1 shows the measurement apparatus during 

calibration. During calibration, the AWG provides sinusoids to 
the LSNA at Out 1. These are used to perform the standard 
frequency-point-by-frequency-point LSNA scattering-
parameter and power calibrations on port 1 (P1) of the LSNA. 
These sinusoids from the AWG Out 1 are also used to provide 
a sinusoid at each frequency that can be measured by both the 
oscilloscope and the LSNA, a process in which the oscilloscope 
need only measure one cycle of the sinusoid. A comparison of 
the phases of the sinusoid measured by the LSNA and the 
oscilloscope is used to transfer the oscilloscope’s cross-
frequency phase calibration to the LSNA.  

The AWG in Fig. 1 provides synchronization for the 
measurement apparatus in a similar manner to [13, 14]. It 
generates a 10 MHz or other lock signal for the VNA and the 
oscilloscope trigger signal. The frequency synthesizer also 
creates the precision 10 GHz IQ reference signals for correcting 
for time-base-distortion for the oscilloscope using the methods 
of [19-21] and the clock signal for the AWG.1 

After calibration with the oscilloscope, power meter, and 
scattering-parameter calibration standards (shown as an open, 
short and load in the figure), these calibration standards can be 
disconnected and the LSNA used to measure modulated 
forward-wave and backward-wave signals on port 1 of the 
LSNA (labeled P1 in Fig. 1). These signals on P1 can be   

                                                 
1 The frequency synthesizer could be eliminated by using an AWG with more 
channels to create these 10 GHz IQ reference signals. 
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Fig. 2. Time-domain comparison of the 11-tone 10 MHz multisine measured 
by the LSNA and oscilloscope. (a) Signal envelope. (b) Closeup of the signal. 
The time-base correction algorithm moves points off of a regular grid. (c) The 
difference of the scope and LSNA measurements. (d) Histogram of the 
difference of the scope and LSNA measurements, with a mean of 0.2 mV and 
standard deviation of 1.4 mV. 
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generated by the AWG on Out 1 or externally by other 
instruments or devices that are locked to the frequency 
synthesizer or AWG.  

During both calibration and measurement, the AWG 
provides a multisine reference signal on Out 2 for the LSNA 
with tones at each of the frequencies of interest. This signal 
serves as a phase reference for the LSNA as it makes 
measurements. The purpose of this phase reference is to provide 
the LSNA with a set of unknown but stable tones to use as a 
reference for other signals it measures. In postprocessing each 
phase measured by the LSNA on P1 is referred to the fixed 
phase of the tone at the same frequency generated on the 
AWG’s Out 2, minimizing the need accuracy in the LSNA’s 10 
MHz reference. To minimize distortion in the LSNA, we used 
a Schroeder multisine [22] to keep the peak-to-average power 
ratio low.   

III. MEASUREMENT RESULTS 
We first illustrate the technique on a multisine measurement 

where the tone spacing corresponds to the standard minimum 
spacing of commercially available comb generators, 10 MHz. 
This allows easy comparison to the sampling oscilloscope 
calibrated measurements. Then, we illustrate the method on a 
25 kHz grid, which requires an exceedingly long sampling 
oscilloscope measurement (40 μs total time) and showcases the 
strength of our method.  

We first calibrated the oscilloscope with a photodiode 
calibrated on the National Institute of Standards and 
Technology’s electro-optic sampling (EOS) system [16-18]. 
We then used the procedure described in the previous section 
to calibrate the LSNA with scattering-parameter artifacts, a 
power meter, and the EOS-calibrated oscilloscope, from which 
we transferred the phase calibration to the LSNA. Finally, we 
used the apparatus to measure several multisines centered at 1 
GHz.  

A. 10 MHz Multisine Measurement Example 
After completing the calibrations, we generated an 11-tone 

Schroeder multisine on Out 1 of the AWG and measured that 
multisine with both the LSNA and the calibrated oscilloscope. 
Figure 2 compares the direct measurement of the signal with 
the oscilloscope after time-base and mismatch corrections to the 
measurement performed by the LSNA after transformation to 
the time domain. Figure 2 (a) shows that the two instruments 
measure nearly the same 100 ns long envelope. Figure 2 (b) 
shows a closeup view of the actual signals measured by the two 
instruments. The two signals overlap to such a great extent that 
it is almost impossible to tell the difference in the plot. 

Figure 2 (c) shows that the difference of the two 
measurements is small and has no discernible structure. The 
histogram in Fig 2 (d) shows the difference to be approximately 
Gaussian with a mean of 0.2 mV and a standard deviation of 
1.4 mV, much smaller than the roughly 100 mV peak-to-peak 
amplitude of the signal, identical to the residual distribution of 
a multisine fit of the oscilloscope and close to the 1.3 mV rms 
noise specification of the manufacturer.  

 

 
(a) 

 
(b) 

Fig. 3. Frequency-domain comparison of the 11-tone 10 MHz multisine 
measured by the LSNA and oscilloscope. (a) Fractional difference in the 
voltage measurements. (b) Phase difference of the two measurements. 

 
We also examined the results in the frequency domain to 

better assess the consistency of the LSNA and oscilloscope 
power-meter calibrations and the accuracy of the transfer of the 
oscilloscope’s cross-frequency phase calibration to the LSNA. 
Figure 3 (a) shows that the fractional difference of the forward-
wave voltage measurements made by the oscilloscope (AScope) 
and the LSNA (ALSNA) are within about 2 % of each other. 

Figure 3 (b) shows that the differences in phase measured 
by the LSNA and oscilloscope differ by less than a quarter of a 
degree, despite that fact that the phase at each frequency point 
in the calibration was calibrated separately. These phase 
differences correspond to a drift of less than 1 ps in the 
synchronization of the measurement apparatus. 

B. 25 kHz Multisine Measurement Example 
We also created an 11-tone Schroeder multisine on the 

AWG with a 25 kHz tone spacing. Figure 4 (a) compares the 
envelope of the signal we uploaded to the AWG and measured 
with the LSNA. The time offset is due to the various hardware 
between the AWG’s converters and the LSNA’s calibration 
reference plane at P1. This 25 kHz narrow tone spacing resulted 
in a signal with a 40 μs repetition rate, too long to measure 
accurately with our sampling oscilloscope. However, because 
of the way that the measurement apparatus is synchronized by 
the AWG, we were able to measure portions of the signal with 
our oscilloscope and compare those to the temporal signal 
reconstructed by the LSNA, as shown in Fig. 4 (b). Here again, 
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the comparison is excellent, even at the narrow tone spacing of 
this multisine.   

 

 
(a) 

 
(b) 

Fig. 4. Time-domain comparison of an 11-tone 25 kHz multisine. (a) Temporal 
envelope uploaded to AWG and measured by LSNA, offset caused by path 
delay. (b) Time-domain comparison of LSNA and oscilloscope measurements. 
The time-base correction algorithm reassigns time points based on the 10 GHz 
signal from the frequency synthesizer. 

 
IV. CONCLUSION 

We described a fast, accurate and practical way of 
calibrating the cross-frequency phases of LSNAs on any 
frequency grid that can be generated with an AWG and 
measuring any repetitive communications signal that we can 
create with the instrument. We used an AWG to synchronize 
the measurements and then transferred the cross-frequency 
phase calibration of the oscilloscope to the LSNA. 

We verified the approach with two 11-tone multisines 
having 10 MHz and 25 kHz tone spacings, demonstrating that 
we could transfer the phase calibration of the oscilloscope to 
the LSNA over a wide range of tone spacing to within accuracy 
of a fraction of a degree. 
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