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Calibrated Vectorial Nonlinear-Network
Analyzers

(Expanded version)

Abstract — The vectorial nonlinear-network analyzer concept is introduced and
realized in practice. A vectorial nonlinear-network analyzer excites a nonlinear
microwave device-under-test with a combination of sinewaves of different frequencies
and accurately detects the phase and amplitude of all frequency components of the
incident and the scattered waves. A new, statistic efficient, absolute calibration
procedure is developed based on a low crest factor multisine reference generator
characterized by a broadband sampling oscilloscope. This makes the calibration
traceable to the accuracy of a so-called nose-to-nose measurement.

I.  INTRODUCTION

Many hardware and software tools are available for an efficient design of microwave
cuits. Vectorial network analyzers and calibration techniques are hardware tools that all
accurate characterization of linear circuits by the measurement of the associated s-para
Together with linear circuit simulators a very efficient design is possible. The network
lyzer measurements can be used for the development of better simulator models as wel
a verification of the correspondence between the actual device behaviour and the sim
behaviour. For nonlinear circuits the situation is different. Several powerful simulators
nonlinear microwave circuits are available. These simulators allow a coherent calculati
all spectral components of the output waves as a function of the spectral components
input waves. No commercial instrument is however available to accurately measure the
of all these input and output components. The lack of such an instrument makes it ha
build and verify models for nonlinear microwave devices.

Since such an instrument is considered as an extension of the measurement capabi
vectorial network analyzers [1], it will be called a vectorial nonlinear-network analy
(VNNA) in what follows. In the past, several prototypes of such instruments have already
built ([2], [3] and [4]). The most fundamental problem with the instrument prototypes m
tioned is the accuracy and traceability of the calibration procedures.
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In this article will be shown how several new VNNA prototypes were built and some c
ments will be given concerning the specific problems with the calibration procedures us
[2], [3] and [4]. A new calibration procedure is proposed and tested in practice. The calibr
procedure is based on the use of a stable multitone microwave generator. It is shown
article that the use of a special developed so-called “microwave multisine source” [5] resu
much better statistic efficiency than the use of classical comb-generators. The accuracy
proposed calibration procedure is primarily determined by the accuracy of the signal ana
that is used to characterize the multitone generator. In this article, a broadband sampling
loscope (HP-54121T) is used as a signal analyzer, such that the accuracy of the calibra
traceable to the so-called “nose-to-nose” calibration procedure [6].

II.  HARDWARE IMPLEMENTATION OF A VNNA

The VNNA hardware has three major parts. A first part is the signal generation. Depen
on the application, the signal generators must be capable of generating multitone sign
second part of the VNNA is the test set. This test set directs the generator signals to the
ports of the device-under-test (DUT) and detects the incident and scattered waves. A thir
is the data acquisition. This part must be capable to coherently “digitize” the high frequ
waves, so that the phase and amplitude information of all spectral components of the inp
output waves can be interpreted by a computer. In what follows a two-port VNNA will be c
sidered, since all prototypes built are of this type. It is however possible to extend every
what follows to calibrated N-port VNNA’s. All VNNA prototypes built are “rack-and-stack
setups, where all instruments are connected with a controller thru IEEE-488. As signal g
ators, two microwave synthesizers (HP-83640A) are being used, together with power co
ers, splitters and computer controllable attenuators. Two kinds of test sets are being u
first type of test set is based on couplers to detect incident and reflected waves at both
This test set allows the detection of waves with frequencies ranging from about 45 MH
40 GHz. A second type of test set is based on resistive bridges, allowing to detect waves
frequency range from DC to 8 GHz. The connection between the test set and the DUT is
with standard HP-8510 test port cables. For the data acquisition part two types of instru
are being used. The first type of instrument used is an equivalent-time broadband sam
oscilloscope (an HP-54121T). This four-channel oscilloscope can be synchronized wit
multitone signals by 2 possible methods. If there is a fundamental frequency component
able the scope is triggered on this signal. If no fundamental frequency component is ava
to trigger the scope, it is synchronized with the 10 MHz reference clock of the synthesize
consequence of this is that all frequencies used are to be a multiple of 10 MHz. A secon
of data acquisition instrument are two modified and synchronized HP-75100A’s [7] (MTA
what follows). An MTA is essentially a two-channel broadband downconvertor. The us
MTA’s has several advantages compared to the use of a sampling oscilloscope. The
advantage is that an MTA allows a much faster data acquisition than what is possible wit
sampling oscilloscope. The physical sampling rate of an MTA is typically 20 MHz, fo
broadband sampling oscilloscope this is typically about 2 kHz. A second advantage o
MTA is the elimination of all timebase related effects which are present in a scope, su
trigger drift, timebase jitter and timebase distortion. The dynamic range of both setups is
60dB.

III.  A BSOLUTE CALIBRATION: THEORY

Undoubtedly there are significant systematic errors when one builds a VNNA. In [8] t
approaches are cited to calibrate a VNNA. The first method is based on a characteriza
the test set with a vectorial network analyzer and on a model of the data acquisition, a s
method is based on the availability of a “golden diode” and the third method is based o
availability of a multitone reference generator. The first method is used in [3], [4] and the
ond in [2]. In this article the third method is used, and it will be explained in what follows w
this choice was made. The approach of the first method is conceptually fine but there ar
2
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eral practical problems involved. The main problem is the necessity to disconnect the te
from the data acquisition part and to connect it to a vector network analyzer. This raise
problem of repeatability since this operation needs many connections, disconnection
cable manipulations. The second calibration method mentioned is based on the availab
a “golden diode”. This is a nonlinear device from which one assumes to have a perfect n
ear model. Because one has a perfect nonlinear model of this device, one can pred
amplitude and phase of all harmonics. By comparing the amplitude and phase of the ha
ics as measured by the VNNA with the values as generated by the perfect model, it is po
to calibrate the VNNA. The first problem with this method is the availability of a “gold
diode”. The most accurate model available at this moment is probably the Root-model [9]
main problem with this approach however is the signal-to-noise ratio. In order to be able
an efficient calibration harmonics are needed with amplitudes comparable to the amplitu
the fundamental. Problem is the generation of the high amplitude harmonics and the va
of the “perfect” model at these amplitudes. In order to avoid the problems encountered
the first and second method, the third method is being used in this article. This method is
on the availability of a multitone reference generator. This reference generator is charact
by an accurate broadband signal analyzer. As signal analyzer a broadband sampling o
scope (HP-54121T) is being used, which means that the calibration is traceable to a “no
nose” procedure [6].

The calibration procedure that was developed will be explained in what follows. The cal
tion is based on the assumption that the 4 digitized wave quantities are linearly related w
4 physical waves at the device ports (for each port, an “input wave” and an “output wav
measured). The relationship between the 4 physical waves and the 4 digitized quantitie
be characterized by complex square matrices with 16 elements (one matrix for each freq
component that is present in the signal).

The calibration procedure will identify the 16 elements for all matrices. First a calibratio
performed identical to the calibration procedure for a “linear network” analyzer [10]. W
this “relative calibration” is finished, every matrix is completely determined except for
element per matrix. If one is interested in both amplitude and phase of these element
connects a multitone reference generator to one of the VNNA ports. A reference generat
multitone generator with an accurately known output impedance, where the absolute a
tudes and relative phases of all frequency components are stable and accurately specifi
comparing the frequency components as measured by the relatively calibrated VNNA wi
reference generator specification, all unknown matrix elements can be determined. Th
of the calibration is called the absolute calibration of the VNNA.

For the relative calibration a standard 3.5mm calibration set is used. Two types of refe
generators are used for the absolute calibration. The first type are step recovery diode
comb-generators, with significant energy available until frequencies well above 20 GHz
with a fundamental frequency ranging from about 50 MHz to 1 GHz. This kind of signal g
erator can be used for calibration purposes, but can only generate a very small amo
energy for each frequency component, since the amplitude of the pulse has to be lowe
100 mV to assure a linear behaviour of the data acquisition. To solve the problem of th
nal-to-noise ratio with pulse like comb generators, a new type of calibration generato
been developed, a so-called “microwave multisine source” [5]. The characterization o
“calibration generator” is done with a calibrated sampling oscilloscope. A prototype of su
generator was built with a fundamental frequency of 100 MHz and with a bandwidt
2 GHz.

IV.  ABSOLUTE CALIBRATION : MEASUREMENTS

To prove that the concept of the absolute calibration can be realized in practice the follo
experiment is done. A broadband (50 GHz bandwidth) 6 dB gain travelling wave amplifi
chosen as the device-under-test (DUT). A harmonic distortion experiment is performed o
DUT with two significantly different measurement setups. Both setups are absolutely
brated and the results of both measurements (amplitude and phase of fundamental a
3
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monics) are compared with each other. By showing that these results are almost equ
proven that the reference generator can be used as an absolute calibration transfer stan

Both setups used are based on the 2 MTA’s and on the use of couplers. As reference g
tor a 1 GHz step-recovery-diode comb generator is being used. This reference gener
characterized by a sampling oscilloscope.The significant difference between the two s
are the couplers used. For the first setup 14 dB couplers are used and for the secon
20 dB couplers. Note that the characteristics of both coupler types are quite different, no
concerning the amplitude but also concerning the phase characteristic.

The DUT is excited by an input signal with a fundamental frequency of 4 GHz. The am
tude of this signal is swept from -2.5 dBm to 15 dBm. For each input amplitude the amplit
and phases of the fundamental component and 3 harmonics are measured, both for the i
and scattered waves at port 1 and port 2 of the DUT (the frequency components measu
4 GHz, 8 GHz, 12 GHz and 16 GHz).

An example of the results of such an experiment can be seen in figure 1 to figure 4. On
axis the incident fundamental power is indicated in dBm. On the y-axis one sees 4 indepe
measurement curves (two measurements performed with setup 1 and two measureme
formed with setup 2). In figure 1 one finds on the y-axis the power (dBm) of the fundame
component (frequency 4 GHz) at the DUT output, in figure 2 one finds the phase (degre
the same component. In figure 3 and figure 4 the same information is given for the third
monic (frequency 12 GHz) at the output. Note that the phase of a component is defined
phase that the component has when a delay is applied such that the phase of the funda
excitation signal is equal to zero. This definition for the phase of an harmonic has the a
tage to be invariant towards time delays.

In figure 1 and figure 2 can be seen that there is a very close correspondence for the
mental output component between the 4 measurements. This result can however be ac
by only using a power meter, without using a reference generator.

-2.5 0 2.5 5 7.5 10 12.5 15
0
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4
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14

Fig. 1. Power (dBm) of the fundamental at
the output vs. incident fundamental power

(dBm) for 4 measurements
4
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In figure 3 and figure 4 can be seen that the third harmonic component (frequency 12
agrees for all 4 measurements within 300 mdB for the amplitude and within 3 degrees fo
phase. Without applying an absolute calibration by means of a reference generator the
difference between the two setups would be about 16 degrees.

-2.5 0 2.5 5 7.5 10 12.5 15

-169

-168.5
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Fig. 2. Phase (degrees) of the fundamental
at the output vs. incident fundamental

power (dBm) for 4 measurements

0 2.5 5 7.5 10 12.5 15
-30

-25

-20

-15

-10

-5

0

5

Fig. 3. Power (dBm) of the 3rd harmonic at
the output vs. incident fundamental power

(dBm) for 4 measurements
5
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Although a phase correspondence of 3 degrees between the measured third harmon
setup 1 and with setup 2 (see figure 4) is considered as a good result, measurements sh
the repeatability for one setup is significantly higher than this 3 degrees (repeatability typ
better than 0.5 degrees). This means that the repeatability error (due to connections as
additive noise) can not explain the difference of 3 degrees between the two different s
More measurements indicate that this difference is not due to a repeatability error of the
lute calibration procedure, but is due to small nonlinear effects generated inside the M
data acquisition. If these nonlinear effects would not be present, the authors believe th
correspondence between the two different setups would only be limited by the repeatabi
correspondence better than 0.5 degrees).

V.  MICROWAVE MULTISINE SOURCE:THEORY

As stated before, absolute calibration suffers from the low signal-to-noise ratio avai
with pulse like calibration generators. To solve this problem, a new type of generator has
developed: the microwave multisine source (MMS).

In contrast to low frequency applications, where arbitrary waveform generators base
digital techniques exist, microwave frequencies require analog filtering for wave sha
Therefore, we will first present an appropriate filter synthesis procedure for this purp
based on an estimation algorithm for linear systems in the Richards variable S.

A.  Estimation of Linear Systems in the Richards Variable S (ELiSRich)

Microwave commensurate filters, i.e. filters built with transmission lines of equal elect
length, can be represented as a rational function in the Richards variable S:

with and (1)

with fr the repetition frequency. F(S) and G(S) are polynomials in S.
Using this formulation, a maximum likelihood estimator ELiSRich was developed in ana

to ELiS [11] for classical continuous time systems (Laplace variable s) and discrete time
tems (variable z). This technique can also be applied to allpass filters, in which case all
and zeros of H(S) are organized in quadrature. Using this extra information in ELiSRich,

0 2.5 5 7.5 10 12.5 15
-30

-25

-20

-15

-10

-5

0

Fig. 4. Phase (degrees) of the 3rd harmonic
at the output vs. incident fundamental

power (dBm) for 4 measurements

H S( ) F S( )
G S( )
------------= S sτtanh= τ 1

4fr
-------=
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tional allpass function in S can be estimated. Although this technique is intended for the
mation of the parameters of existing systems, it can also be used for synthesis purpose
rational function found can then be realized using a cascade of coupled transmission lin
tions. The last section will represent a shorted coupled transmission line. The physical re
tion can be made in stripline technology [5].

B.  Application: Microwave Multisine Source (MMS)

In practical measurement applications the excitation amplitude should always be limit
ensure linear operation of the instrumentation. On the other hand, signal power should
high as possible to enable measurements with high signal-to-noise ratio. Therefore, high
factor signals (high ratio of peak value to effective value; pulses have typically high cres
tors) result in low signal-to-noise ratio measurements. This can be illustrated as follows.
the crest factor of a signal is defined as Cr= L∞/ueff, where L∞ and ueff are respectively the max-
imum absolute value and the effective value of the signal, the signal-to-noise ratio can be
ten as [5]:

(2)

with γ a constant depending on the noise level of the system. A typical crest factor gain
8 (pulse) to 2 (low crest factor multisine) results in a 12 dB signal-to-noise ratio improvem

In order to obtain a low crest factor microwave multisine source (MMS) several phase be
iors can be proposed (e.g. a Schroeder phase [5]). The idea is to start with a given broa
signal with sufficient harmonics in the band of interest (typically a pulse from a step reco
diode). The goal phase can then be realized using the techniques described in the previou
graph.

C.  Use of the MMS in VNNA Calibration

The absolute calibration of a VNNA can be done by first characterizing a reference gen
(pulse or MMS) in amplitude and phase using calibration techniques described in [6]. S
quent calibrations can then be done by using this fully characterized reference generat
standard. It will be shown that the MMS has a superior signal-to-noise ratio compared to
reference generators due to the low crest factor.

VI.  MICROWAVE MULTISINE SOURCE: MEASUREMENTS

A.  Measurement Setup

The setup is described in figure 5. The system is based on an HP-54121T sampling o
scope for data acquisition. As source an HP-83040 synthesizer is used. As test set, re
bridges (6 dB attenuators) are used (in analogy to [12]). For measuring active devices
tees are inserted between the resistive bridges and the test ports.

S
N
---- γ 20 Crlog–=
7
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For the reference generator required during the absolute calibration, two alternatives
used with about the same amplitude spectrum (within a scaling factor) up to 2 GHz. Firs
took a pulse originating from a step recovery diode (HP-33002A) driven by a 27 d
100 MHz signal (with 46 dB attenuation at the output). In a second approach we used an
based on the same step recovery diode but now with supplementary amplitude and ph
ters [5] (plus extra attenuators for a total of 26 dB).

B.  Relative Calibration

Due to the construction of test set and data acquisition hardware there is no interfe
between port 1 and port 2. Consequently, the relation between measured and calibrated
for every frequency index i can be written as:

DUT
~

Source

Resistive
bridge

Resistive
bridge

HP-54121T sampling
oscilloscope

ch1 ch2 ch3 ch4trig

Termination

Power
splitter

Termination

FWD

REV FWD

REV

Fig. 5.  Setup

Port 1 Port 2

Fig. 6. MMS and pulse reference generators
in time domain

80 82 84 86 88 90
-0.1

0

0.1

Time (ns)

A
m

pl
itu

de
 (

V
)

MMS

pulse
8
[Expanded Version]



1994 IEEE MTT-S International Microwave Symposium Digest WE3F-38

ation

signal
we
e, the
tio but
mea-

ange
-noise
is is

s
ach

r-
(3)

The unknown elements in the calibration matrix are determined by a relative calibr
(open - short - load - thru), except forα.

The relative calibration was performed using a stepped sine (HP83640A synthesizer)
source. To test the validity of the relative calibration and to illustrate the use of the MMS
used the calibrated linear network analyzer with three different test signals: a stepped sin
MMS generator and a pulse generator. The stepped sine is superior in signal-to-noise ra
slow (especially with a samplescope since for every frequency a time record has to be
sured). The MMS and the pulse are very fast (only one time record for the full frequency r
has to be measured, applying an FFT to get the frequency domain data). The signal-to
ratio of the pulse measurement is very poor, the MMS however is significantly better. Th
illustrated in table I where the standard deviations are given on S21 amplitude measurement
of a low pass filter (3dB cut off frequency 750 MHz) at 1 GHz (20 experiments for e
source).

In figure 7 the measured |S21| of the DUT is given together with the 95% confidence inte
vals and an HP-8510B reference measurement.

TABLE I: Standard deviations on |S21| measurements for different sources

mean(|S21|) std(|S21|)

Stepped sine 0.384 0.002

MMS 0.404 0.020

Pulse 0.368 0.067

ad1i

bd1i

ad2i

bd2i

αi

1 e12i 0 0

e21i e22i 0 0

0 0 d11i d12i

0 0 d21i d22i

am1i

bm1i

am2i

bm2i

=

Fig. 7.  Amplitude of S21 (dashed line) and
95% confidence interval (dotted lines) for

MMS setup and reference (solid line)
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From this figure it can be seen that the results from the MMS are unbiased and from fig
it follows that the MMS setup gives a smaller uncertainty than the pulse based measurem
This also verifies that our relative calibration is correct.

C.  Absolute Calibration

In nonlinear measurements, it is necessary to know the phase and amplitude of eac
monic relative to the fundamental frequency. Therefore,α has to be determined. We apply th
reference generator (pulse or MMS), with known output wave and reflection coefficient, to
port 1. To insure linearity of the sampling oscilloscope, we limited the amplitudes of the r
ence generators to 105 mV peak-to-peak for the one-sided pulse and 117 mV peak-to-p
the MMS (voltages measured into 50Ω). The corresponding crest factors are 9.0 and 2
respectively. In figure 9 the resulting absolute calibration factorα is plotted in both cases (a
1.0 GHz) for 20 experiments.

It is clear that the standard deviation on the MMS measurement is significantly lower
on the pulse measurement. Another observation is that the average amplitude ofα in both
cases is the same (around 2 - see circle segment in figure 9), where the phase is differen

Fig. 8. Standard deviations on |S21| for MMS
(dotted line) and pulse setup (dashed line)
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Fig. 9.  Scatter plot ofα (o: pulse; +: MMS)
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is normal sinceα is only determined within a linear phase, i.e. the phase of the fundame
frequency of the reference generator has to be chosen at random.

In figure 10 and figure 11 it is illustrated that the MMS allows measurements ofα with a
better statistical efficiency for the same setup and measurement conditions (full scale se
averaging factor). The mean standard deviation onα improves from 0.080 to 0.022, i.e. a fac
tor 3.6. This is the type of improvement we expected theoretically (12.6 dB or 4.3 linear

D.  Measurement of a Nonlinear Device

To illustrate the use of the calibrated vectorial nonlinear-network analyzer, we measu
nonlinear device (parallel connected diode HP-5082-0830, biased by a current of 5.2µA). We
excited the device by a 500 MHz, 5 dBm signal and measured the transmitted and refl
waves up to 2 GHz.

In these experiments we used two different measurement setups. Setup 1 is as desc
figure 5, while setup 2 is the same but with a phase distortion introduced in the path to ch
2. Relative and absolute calibration were performed on both setups, using the MMS as th
erence generator. The phase of the fundamental in the incoming wave was set to zero
measurements to avoid problems with the undetermined linear phase in the calibration
α.

0.5 1 1.5 2
1.5
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Fig. 10. Amplitude ofα (solid line) for MMS
and 95% confidence interval (dotted lines)
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Fig. 11. Amplitude ofα (solid line) for pulse
and 95% confidence interval (dotted lines)
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As can be seen in table II, the measured phases of the harmonics in the reflected wave
substantially for both setups if only a relative calibration is performed. If a supplemental a
lute calibration is performed however, phases agree within 3 degrees.

The same is true for the harmonics of the transmitted wave, as illustrated in table III.

VII.  CONCLUSION

Several VNNA prototypes were described. In order to accurately measure amplitud
phase of different harmonics an absolute calibration is indispensable. This is illustrated b
measurements. Our calibration method relies on an accurately known reference gen
which is characterized by a sampling oscilloscope with well known characteristics. We
also shown that a reference generator with a low crest factor (a MMS) enables an absolu
ibration with a better statistic efficiency.
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TABLE II: Phase (deg) of reflected wave harmonics at port 1

0.5 GHz 1.0 GHz 1.5 GHz 2.0 GHz

Setup 1 (relative calibration) 137 -36 94 -142

Setup 2 (relative calibration) 138 -67 -24 0

Setup 1 (absolute calibration) 137 -38 92 -145

Setup 2 (absolute calibration) 138 -37 89 -146

TABLE III: Phase (deg) of transmitted wave harmonics at port 2

0.5 GHz 1.0 GHz 1.5 GHz 2.0 GHz

Setup 1 (relative calibration) -124 -50 80 -166

Setup 2 (relative calibration) -124 -82 -38 -25

Setup 1 (absolute calibration) -124 -53 77 -169

Setup 2 (absolute calibration) -124 -53 75 -170
12
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