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Error-Corrected Large-Signal Waveform
Measurement System Combining
Network Analyzer and Sampling

Oscilloscope Capabilities

GUNTER KOMPA, MEMBER, IEEE, AND FRIEDBERT VAN RAAY

Ab.rtract — A large-signal automatic stepped CW waveform measurement

system for nonlinear device characterization is presented which combkres

the high accuracy of a vector network anatyzer with the waveform mea-

surement capabilities of a sampling oscilloscope. A large-signal error

model and a corresponding coaxial calibration procedure are proposed to

describe the systematic errors of the measurement setup. The error

parameters and the correction algorithm are independent of the properties

of the RF generator. System accuracyis investigatedby Schottky diode
verification measurements with different offsets toward the reference
plane. GaAs MESFET reflection andtransmissionresponse measurements

with error correction extended to the planar DUT reference planes are

given.

I. INTRODUCTION

T HE ANALYSIS and design of nonlinear microwave

circuits such as oscillators, power amplifiers, and fre-

quency multipliers are based upon large-signal device

models which may be derived from small-signal data under

the quasi-static assumption. Until now there has been a

lack of microwave measurement techniques which would

yield a direct large-signal device characterization, provid-

ing amplitude and phase information of both the funda-

mental and the higher harmonics with respect to the device

reference planes. Error-corrected large-signal waveform
measurements are useful for nonlinear MESFET and

MODFET model verification and may initiate new ap-

proaches in the direct access to the device large-signal

behavior.

The large-signal microwave measurement methods so far

reported in the literature (e.g. [1]–[5]) do not give any

waveform information under large-signal periodic excita-

tion conditions, with the exception of the CW measure-

ment approaches recently proposed by Lott [6] and Sipila

et al. [7]. Lott describes a setup that comprises an HP 8410
network analyzer configuration for transmission measure-

ments and an RF generator with internal multiplier for

phase locking the network analyzer on the second, third,

and fourth signal harmonic. Response-calibrated transmis-

sion measurement results of a packaged MESFET at a
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fundamental frequency of 5 GHz are presented without

explicit consideration of source and load mismatches. For

establishing the harmonic phase response calibration, a

GaAs Schottky diode device is used as a nonlinear stan-

dard. Sipila [7] uses a sampling oscilloscope for waveform

observation of signals reflected and transmitted from the

DUT under harmonic large-signal excitation. The error

correction capabilities of this system are described, and

measurement results concerning a silicon bipolar RF tran-

sistor at a frequency of 920 MHz are given.

In Sipila’s approach, the stimulus wave traveling toward

the DUT is obtained from the measurement of a known

short standard and the generator reflection coefficient,

which has to be measured with a separate network ana-

lyzer. For reflection measurements, the phase difference

between incident and reflected fundamental waves has to

be evaluated from a one-channel oscilloscope waveform

measurement. According to the experimental investiga-

tions of the authors using the same sampling oscilloscope

as mentioned by Sipila, the trigger drift will significantly

influence this measurement at higher fundamental fre-

quencies, e.g. 5 GHz and above.
The measurement system proposed in this paper uses a

modified network analyzer one-path test unit for reference

and test signal separation, yielding a simultaneous obser-

vation of stimulus and reflected waveforms. The concept

of the system is to take the phase and magnitude relation-

ship of the fundamental waves using the high accuracy of a

vector network analyzer (VNA), while the signal ampli-

tudes and waveforms are determined using a two-channel

sampling oscilloscope. The calibration of the measurement

system is directly supported by the vector network ana-

lyzer using a special one-path error model which takes into

account the frequency-dependent behavior of the direc-

tional couplers and the tracking errors of the receiver

systems. The error correction algorithm evaluates the stim-

ulus, reflected, and transmitted waveforms at the DUT

reference planes including source and load mismatch,

tracking, and directivity errors.

In this paper, an automatic stepped CW measurement

system suited for a fundamental excitation frequency range
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from 1 GHz to about 7.5 GHz with 20 GHz maximum

calibration frequency and up to 8 dBm (7 mW) RF power

at the DUT is demonstrated. Using an additional power

amplifier and appropriate hardware components, the input

level could be increased up to the test set d’&nage limit of

about 1 W. Measurement accuracy is illustrated by a

comparison of two one-port measurements of a Schottky

diode using different offsets between the device and the

reference plane of the calibrated system. In addition, some

typical GaAs MESFET reflection and transmission mea-

surements are shown with the error correction extended to

the microstrip reference planes.

II. THE MEASUREMENT SETUP

The block diagram of the measurement setup under

consideration is given in Fig. 1. A broad-band RF sweeper

operating in stepped CW mode feeds a one-path large-

signal test unit. The generator output reflection coefficient

with a magnitude of about – 10 dB [8] is diminished to

about – 20 dB by means of a 6 dB precision attenuator.

The construction of the test unit is similar to that of a

conventional network analyzer reflection/transmission test

set, but provides the entire RF input power being trans-

mitted to the “unknown” test port. The reflection or

transmission measurement mode is selected by coaxial

switches within the test unit. The test and reference chan-

nel outputs of the test unit monitor the incident wave

traveling from the generator to the DUT, and the wave

which is reflected or transmitted from the DUT via direc-

tional couplers. These outputs are connected to the NA

frequency converter and the sampling heads of a dual-

channel sampling oscilloscope via coax switches establish-

ing good isolation between both of the receiver systems.

The harmonic content of the test channel waveform does

not influence the network analyzer fundamental frequency

measurement because the down-conversion products of the

harmonics do not fall into the relatively narrow band-pziss

region of the HP 8410 network analyzer IF amplifiers [9].

The directional couplers in the test unit, the external 20 dB

precision attenuator in the transmission return path, and

the additional 10 dB attenuators in front of the frequency

converter inputs ensure that both receivers are in their

linear operation region. These system features minimize

the influence on the DUT when the positions of the

receiver coax switches are changed.

Multiple-frequency measurements are supported by a

count-down trigger circuit which enables the oscilloscope

to trigger each measurement frequency automatically. This

circuit comprises an injection-locked pulse oscillator whose

fundamental frequency is tunable from 220 to 280 MHz.

This tuning range ensures that every frequency above

1 GHz can be down-converted into a phase-synchronized

subharmonic in this frequency range. With the count-down

oscillator tuned to a fixed frequency, all harmonics of this

frequency can be automatically triggered. The subhar-

monic synchronization is established by electronically

fine-tuning the RF source and the count-down oscillator

until both frequencies have nearly an integer ratio. This
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can easily be achieved by the system controller in auto-

matic measurements.

Prior to the measurements, the system is calibrated

following the procedure described in Section IV. For estab-

lishing calibration data for all fundamental and harmonic

measurement frequencies, the raticl between the minimum

calibration frequency and the spacing between adjacent

calibration frequencies is chosen tc~be an integer.

In actual one-port or two-port measurements, the refer-

ence channel monitors the incident wave traveling toward

the DUT, and the test channel observes the wave being

reflected or transmitted by the DU T, respectively. At first,

the network analyzer measures the complex ratio of the

fundamental waves in stepped CW operation. Subse-

quently, the coax switches are switched and the sampling

oscilloscope records both the waveforms and gives the

reference channel amplitude information. Recording the

reference channel waveform enables the system to capture

harmonics in the incident signal which may be caused

either by harmonic reflections between lDUT and the im-

perfectly matched generator or by the generator itself.

These harmonics are then taken into account in the error

correction algorithm to estimate the correct amplitude and

phase values of the signal harmonics present at the DUT.

For purposes of subsequent error correction, the reference

and test channel waveforms of each measurement point

are converted into the frequency domain using an FFT

algorithm.

III. LARGE-SIGNAL ERROR MODEL

The reflection test set shown in Fig. 2(a) is described as
a linear four-port device characterized by the scattering

matrix (S) with the RF input port 1, test port 2, and two

receiver channel terminals 3 and 4, each corresponding to

the physical connector reference plane. The receivers are

assumed to be in their linear clperation region. being

described by the reflection coefficients Pq and P4. The



360 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 38, NO. 4, APRIL 1990

+ “’l’””w
(a)

(b)

yER 0, ET

~

PRor PT

— 1 TESTSET
OUTPUT
PLANE

PI,2
Tj,*

‘3

(c)

Fig. 2. ReflectIon test set description, (a) Four port description.

(b) Equivalent flow graph diagram. (c) Receiver switching.

waves b3 and b4 are the measured waves b~ and bb

divided by the transmission factors of therecei&rs. “

Next, the relation between the waves b3, b4 (b3~,b4~

respectively) and the waves bz,az at the DUT reference

plane for each spectral signal component is derived. For

each signal frequency, the system can be described by the

scattering matrix as follows:

Eliminating the variables al and bl results in

$lb2 – S21b3 = (&2&1 – &l&2) az + (S#31 – S.#z1)p3b3

+ ( ~24S31 – ‘34S21 ) p4b4

S41b2 – S21b4= ( SQSd~ – S21S42 ) a2 + ( ~23L$41 – ~43L$1 ) p3b3

+ ( S24S41– S14SZ1 ) ro4b4. (2)

These simultaneous equations are rearranged for the vari-
ables b2, a ~ and b3, b4, introducing formal coefficients

C~( k =1, 6) for abbreviation, which depend on the scatter-

ing coefficients S,, and the reflection coefficients p3 or p4:

S31bz + Cla2 = C2b3 + C3b4

S41bz i- C4az = C5b3 + C6b4. (3)

Solving (3) for the waves b3 and b4 results in a linear

superposition of the waves b2 and a z according to

b3= Cb2 + Da2

b4=Ab2+Ba2. (4)

The defined quantities A through D are constant complex

coefficients which depend only on the test set S parame-

ters and the receiver reflection coefficients. Equation (4)

determines the relation between the measured waves b3

and b4 and the waves b2 and a ~ at the DUT. For the

derivation of the corresponding error model, it is assumed,

in accordance with the notion that wave separation is

inherent in a physical test set, that terminal 3 (Fig. 2(a)) is

the reference channel output and terminal 4 is the test

channel output of the test set. In this case, the wave

quantity b3 is essentially proportional to the input wave b2

at the DUT, and b4 is mainly determined by the reflected

wave a?. For a given physical nonideal test set, this means

that pa~ameters A through D are nonzero and that the

relationships ]C I >> ID I and IB I >> IA I are fulfilled.

Introducing wave quantities bj and b~

results in

b;= b2 + D/Ca2

b; = A/Cb2 + B/Ca2.

with bj, b = C. b~,h

(5)

Equation (5) describes a bilinear transform between the

wave ratios a ~/b2 and b;/b; or the corresponding reflec-

tion coefficients, respectively. For this reason, (5) is equiv-

alent to the well-known one-port error model for small-sig-

nal reflection measurement (e.g. [10] –[12]) using the error

parameters eoo, eOl, and el ~. As shown above, an addi-

tional complex error parameter, the coupling factor C

describing mainly the coupling attenuation of the direc-

tional couplers in the test set, must be introduced into the

error model to maintain a correct description of the abso-

lute values b3, b, and b2, a2. This is illustrated in Fig. 2(b)

by the large-signal error model flow graph. The signal E is

only a virtual system stimulus and is not related to the

physical properties of the RF source used in the real test

system. In spite of that, the absolute values of each spec-

tral component of b2 and a ~ can be calculated if C, eoO,

eO1, and ell are known and the receivers are able to

measure the absolute magnitudes and phase differences of

each spectral component of the waves b3 and b4. There-

fore, no information is required about the RF source.

The error model has to take into account the switching

between the frequency converter and the sampling scope

for both receiver channels. Regarding special stimulus and

device conditions, the test set outputs can be described by

two wave sources being approximately independent from

each other due to the coupling factors and directivities of
the directional couplers used in the test set. On the as-

sumption that the source reflection coefficients p~ and pT

are not influenced by variations in the DUT or stimulus

behavior, each of the test set outputs can be modeled by

the equivalent flow graph given in Fig. 2(c) with pl,2 and

~1,z being the reflection and transmission coefficients of
the receivers, with the indices describing the switch posi-

tion. This switching model is equivalent to a single track-

ing error 2“1,~ for each receiver given simply by

rl,~
Tl,2 =

1–PR,7+’1,2
(= ‘1,2” 1+ PR,T”PI,2 ). (6)
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Fig. 3. Large-signal error model.

If the above-mentioned assumption is abandoned, the

residual error can be estimated to be of the same order as

the well-known receiver switching influence that is inher-

ent in a one-path test set using a two-channel receiver.

This error is discussed in [13] for various types of test sets.

For transmission measurements, the transmission return

path of the test set is modeled by the-error parameters e~z

and e~z. The coupler tracking factor C was added in the

return path to illustrate the power level difference between

the DUT and receiver signal path. The large-signal error

model flow graph used to describe the measurement sys-

tem is presented in Fig. 3. ST and S~ are the tracking

errors of the two channels of the sampling oscilloscope

system, and C~/C~ is the network analyzer tracking error.

The network analyzer is unable to take absolute amplitude

measurements, so both channel tracking errors are col-

lected in the factor C~/C~ with the reference channel

error set to a value of 1.

IV. CALIBRATION

The steps of the calibration procedure are illustrated in

Fig. 4. The system is calibrated using coaxial standards

and a sinusoidal stimulus. In step 1, a usual one-path

two-port calibration procedure [9], [11], [12], using sliding

load, freed load, open, short, and thru connection stan-

dards is performed. In step 2, the short calibration stan-

dard measurement is repeated with the channels of the

network analyzer interchanged at the test set’s reference

and test channel outputs. Referring to the error model

given in Fig. 3, the analyzer tracking error can be calcu-

lated from the values ikfl (short standard measurement,

step 1) and i142 (step 2) as follows:

-(cT/cR)’ = A4,.ikl, + C,/CR = + ~=. (7)

The determination of the sign of the complex square

root requires an additional measurement of the network

analyzer phase offset: The network analyzer is driven
through a power divider connected to both channels via

cables with balanced electrical lengths so that an approxi-

mated value for the phase offset can be determined. This

approximated value permits the sign decision in (7) for

each calibration frequency. In the next step, the absolute

values of the sampling scope tracking errors for test and
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reference channel, IST I and ISn 1,are determined. The diffi-. ,..
culties in measuring the corresporlding phase tracking er-

rors were mentioned in [7]. Physical models or equivalent

circuits exist only for special types of sampling diode

configurations and a generalized measurement is not yet

available [7], [14]. Therefore, the determination of the

sampler phase tracking errors is omitted in our approach.

With the short standard connected to the test port of the

test set, the absolute power at the reference channel output

is recorded with a power meter and converted into the

voltage amplitude U~ at a 50 Q load. Then the power

meter is removed and both sampling oscilloscope channels

are connected. The fundamental frequericy amplitudes UT
and U~ are recorded using a Fcwier transform of the

displayed signals. The absolute value of S~ simply yields

U~/U~. Taking into account the fact that the wave ratio

of the waves in the physical test set output reference planes

is independent of the receiver in use, IST I turns out to be

(8)

Step 4 evaluates the coupler tracking factor C. A precision

attenuator is inserted between the source and the test unit.
The network analyzer channels are connected to the “ un-

known” test port and the reference output of the test unit

using two identical cables to ensure nearly the same cable

attenuation on both channels. In this way the measure-

ment gives a good approximation of the absolute value of

coupler tracking C. Referring to th~eerror model, ICI turns
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out to be

ICI = pT\cR1/p44J (9)

with M40 being the corresponding network analyzer mea-

surement value.

The argument of C cannot be measured directly because

the hardware configuration requires a cable in front of at

least one network analyzer channel. Assuming that the

cable length difference between the two channels is not

dispersive, a frequency-linear phase shift is added to the

argument of C. This will not influence the waveforms in

the test system, so that it can be ignored for our purposes.

With this cable length suitably chosen, the coupler phase

dispersion is measured and the argument of the coupler

tracking error C is calculated from the measurement value

M4, by

arg(C) = –arg(M4b) +arg(C~/C~). (lo)

Finally, the parameters em, eOl, ell and ezz, eqz of the

error model are determined from the one-path two-port

calibration procedure performed in step 1. To obtain these

parameters in accordance with the above-mentioned error

model, each measurement value is divided by the analyzer

tracking error C~/C~.

It should be noticed that only the determination of the

coupler tracking C requires the network analyzer tracking

error C~/C~ to be explicitly known. For error-corrected

measurement purposes, it is sufficient to know the sam-

pling scope tracking errors relative to the network analyzer

tracking error and the other error parameters. All error

parameters with the exception of C are exactly evaluated

in accordance with the error model derived in Section III.

The error correction algorithm used in the approach

discussed is different from that proposed by Sipila et al.

[7]. The goal is to calculate the waveform spectra in the

DUT coaxial reference planes. Let Am(k) and Bin(k) be

the test and reference wave voltage Fourier coefficients of

the k th harmonic in the receiver measurement planes. The

following data are measured by the receivers:

S = A~(l )/B~(l) Measured by the network ana-

ll?~(l)l and

Ilm(k), k>l

A~(k).

lAn,(l)

k>l

Referring to the error

lyzer.

FFT of reference signal
recorded by the sampling scope

with phase coefficients normal-
ized to arg ( B~(l)) = O.

FFT of test signal with phase

coefficients normalized to the

network analyzer fundamental

phase value.

This coefficient of the test sig-

nal FFT is not utilized. Instead,

the complex value An,(l) is

computed from IBn(l) I and the

network analyzer measurement

value S using Am(l) = ~lll~(l)l.

model and the phase coefficient
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Fig. 5. Uncorrected Schottky diode verification measurements: (a) am-

plitude; (b) phase.

normalization, these measured signals can be composed in

the test set output planes using the tracking factors S~, ST,

and ( C~/C~ ). Multiplication by the coupling factor C

maintains the waves denoted A ~, Bo, and A3 in Fig. 3.

Subsequently, the waves are transformed to the waves Al,
Bl, A2, and B2 in the DUT reference planes for each

harmonic as follows:

()B1= l–e 110+ ‘A.
eol eol

Al= – ‘Bo+ ‘A.
eol eol

A2 = A3/e32 B2 = ‘A2. (11)
e32

It should be mentioned that the correction algorithm does

not require any information about the source stimulus

used in the actual test setup, which may be nonlinear in its
reflection coefficient and harmonic signal content. In this

point, the restrictions mentioned in [7] have been overcome

by our approach.

V. VERIFICATION MEASUREMENTS

In this section, the performance of the system is demon-

strated by a comparison of two one-port large-signal re-

flection measurements. Because of the lack of a nonlinear

standard, a Schottky diode device was measured with a

zero- and a nonzero-length thru connection between the

DUT and the coaxial reference plane. The latter has been

realized by a coax adapter in front of the DUT.
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Fig. 6. Error-corrected Schottky diode verification measurements:
(a) amplitude; (b) phase

The raw data results are shown in Fig. 5 and the

error-corrected measurement results are given in Fig. 6,

displaying amplitude and phase coefficients of the funda-

mental and higher harmonics in the fundamental frequency

range from 1 GHz to 7.5 GHz. The upper frequency

limits for the harmonics correspond to the maximum

calibration frequency of 20 GHz. The phase coeffi-

cients of the higher harmonics are normalized to the fun-

damental phase coefficient for better visibility of the phase

behavior of the nonlinear DUT. The strong frequency

dependence of the wave amplitudes in the uncorrected

curves is due to sampler and directional coupler tracking

errors. These errors are eliminated by the correction, as

well as the coupler phase dispersion, which can be found

in the uncorrected phase traces of the second and third

harmonics at lower fundamental frequencies up to around

2.5 GHz.

The curve ripple is primarily due to source mismatch

and power variations versus frequency. The reflection in-

teractions between the DUT and the test set and source

configuration are influenced when the coax adapter is

inserted in the signal path. For this reason, large-signal

measurements of any nonlinear DUT with different elec-

trical lengths between the device and the system reference

plane give exactly the same results only if the equivalent

source seen by the DUT provides a negligible reflection
coefficient.

According to the error model, the parameters e,, in

connection with the tracking error C~\CR represent a

conventional test set configuration yielding a fundamental

wave ratio measurement accuracy that is equal to that of a

typical small-signal network analyzer configuration with

+

500pm
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GOLD WIRE 25pm

z~=so!l z~=sorl
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\\ tllCROSll?lP REFERENCEPLANES
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Fig. 7. Sketch of test fixture and microstrip reference planes.

error correction included. Additional errors in the error-

corrected determination of the fundamental wave ampli-

tude and the amplitude and phase coefficients of the

nonfundamental harmonics depend on the FFT systematic

and random errors and on the total tracking error, consist-

ing of the uncertainty in the parameters C and ST or SR

respectively.

VI. LARGE-SIGNAL Tn.uwm’oR MEASUREMENTS

The transmission and reflection behavior of a MESFET

chip NE 71000 was measured with different input power

levels at the DUT coaxial input reference plane. In this

measurement, the chip was mounted in a test fixture which

was previously characterized on a HP 8510 network ana-

lyzer using the microstrip THLR calibration technique

published earlier by the authors [15], [16].

Fig. 7 displays the microstrip DLJT reference plane

definition and the equivalent representation of the test
fixture. The wave quantities Al, l?{, AL, BJ at the inner

reference planes can be evaluated from the data

Al, 111,A ~, Bz with the S parameters of lboth fixture halves

already known as follows:

(12)

“=(s’’’-sY))”’+:-’13)
CJf) 1

B;=– ~. Ap+— Bw
s~~’

with p=l,2. (14)
21

In addition to the microstrip calibration technique [15], the

parameters S21(p) are obtained from Sj~)2 computing the

delay between the coaxial and microstrip reference planes

for sign decision.
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Figs. 8 and 9 illustrate the frequency-dependent reflec-

tion and transmission behavior of the MESFET NE 71000

regarding the microstrip reference planes with the RF

input power level as parameter. The bias conditions are

UG~ = 0.3 V, UD~ = 2 V, and IDS= 63 mA (with RF power

switched off). The graphic representation is the same as

mentioned for Figs. 5 and 6. The magnitude spectra scal-
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Fig. 10. GaAs MESFET gate voltage and current,

ing was chosen as the ratio between the wave amplitude

and the fundamental frequency stimulus amplitude for

better demonstration of the input power sensitivity of the

nonlinear DUT. Considering the increasing input power

levels, the magnitude diagrams make it evident that the

energy of the response signal components is shifted from

the first and third harmonic to the second harmonic for

reflection and transmission measurement. In the reflection

phase measurement, a strong sensitivity of the fundamen-

tal and higher harmonic phase coefficients versus increas-

ing input power level is observed.

For further investigation and modeling purposes, the

measurement results were transformed in the time domain

at distinct frequencies. The voltage and current waveforms

at the DUT input reference plane are presented in Fig. 10

for a fundamental frequency of 3 GHz and different input

power levels. Based upon a simple nonlinear equivalent

circuit of the gate–source region of the FET, the character-

istics of the circuit elements were evaluated from the

time-domain signal representation. The results for the most

part agree with the gate-voltage-dependent resistive and

capacitive nonlinearities obtained from small-signal mea-

surements using the same equivalent circuit under the

quasi-static assumption.

VII. CONCLUSIONS

A large-signal stepped CW waveform measurement sys-

tem has been presented which combines the high accuracy

of a vector network analyzer with the waveform measure-

ment capabilities of a sampling oscilloscope system. The

network analyzer supports the system calibration and fun-

damental wave ratio measurement, while the oscilloscope

records the incident and response waveforms and gives the
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amplitude information concerning the stimulus wave. A

measurement setup suited for automatic reflection and

transmission measurements in the fundamental frequency

range from 1 to 7.5 GHz has been described.

A large-signal error model and a special calibration

procedure have been developed. The error correction algo-

rithm transforms the measurement data into the fre-

quency-domain wave quantities at the coaxial reference

planes of the DUT. System accuracy is demonstrated by a

comparison of two Schottky diode measurements using

different through lines between system and DUT reference

planes.

The applicability of the measurement system is illus-

trated by a GaAs MESFET reflection and transmission

measurement with error correction extended to the mi-

crostrip reference planes using the THLR microstrip de-

embedding technique published earlier.

The spectral representation of the error-corrected non-

linear system responses yields a direct access to the large-

signal device behavior. The higher harmonic phase spectra

generally contain information with respect to the separa-

tion of the device nonlinearities into resistive and reactive

components, The time-domain waveform representation

will be a useful instrument for large-signal modeling and

model verification of nonlinear active devices.
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