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High-Frequency Periodic Time-Domain
Waveform Measurement System

MARKICU SIPILA, MEMBER, IEEE, KARI LEHTINEN, AND VEIKKO PORRA, MEMBER, IEEE

Abstract —A system is presented for the accurate measurement of

high-frequency periodic time-domain voltage and current waveforms of a

nonlinear microwave device. The measurements are performed in the time

domain using a high-speed sampling oscilloscope. The results are Fourier

transformed into the frequency domain for error correction and then back

into the time domain. An error correction algorithm is presented enabling

one to obtain accurate waveforms in spite of nonideal system components.

Practical difficulties in measurement system characterization are also

discussed. An accurate circuit model for the measurement fixture is

developed and its element values are determined. Measurement results are

given showing the waveforms in a microwave transistor operated in the

nonlinear region. The errors caused by signal processing are discussed.

I. INTRODUCTION

I N THE STUDY of nonlinear semiconductor devices,

the best insight into the device behavior is ~ften gained

when the device operation is described in the time domain.

At low frequencies the time-domain information is easily

obtainable using conventional oscilloscope. At UHF and

microwave frequencies the situation is somewhat different.

Active microwave devices in periodic nonlinear operation

exhibit complex voltage and current waveforms with high

harmonic content. If these waveforms could be measured

accurately, valuable information would be obtained for the

understanding and modeling of these devices. For exam-

ple, if the nonsinusoidal voltages and currents in an MMIC

power amplifier are measured, we gain considerable insight

into the design of such amplifiers.

It is generally difficult to perform voltage and current

waveform measurements at microwave frequencies. High-

speed sampling oscilloscopes for periodic measurements

have existed for a long time [1], but in the microwave

region one has to take into account the errors caused by

the frequency response of the measurement system, mis-

matches, multiple reflections, and other factors. Al-

gorithms to correct these errors are widely used in connec-

tion with frequency-domain network analyzers [2]. They

have also been used in large-signal measurements of non-

linear devices. Tucker and Bradley [3] describe a system

for load-pull measurements with error correction. The sys-

tem mainly deals with fundamental frequency information,
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Fig. 1, Measurement system.

in contrast with the system described in this report, which

takes fully into account the influence of the harmonics.

Time-domain network analyzers have been developed to

measure the device S parameters using pulsed inputs [4],

[5]. Scott and Smith describe such a system with error

correction [6]. These analyzers require the device under test

to be linear to give meaningful results.

It is required that the measurements be noninvasive, so

that the measurement system dots not disturb the quanti-

ties to be measured. A fast elecl.ro-optic sampling system

was recently introduced to measure voltage waveforms

noninvasively in GaAs chips [’7]. In spite of its many

advantages the system is limited to GaAs material. In

addition, it requires expensive optical instrumentation and

cannot be used to measure packaged devices.

In this paper we describe a time- and frequency-domain

system for the accurate noninvasive measurement of peri-

odic high-frequency voltage and current waveforms. The

vector error correction algorithm employed allows one to

take into account and correct the errors caused by losses,

mismatches, and imperfect directivities in the measure-

ment system. The system is equally suitable for measure-

ments on packaged and unpack aged nonlinear devices of

any material, and can be constructed using standard, com-

mercially available equipment.

II. SYSTEM DESCRIPTION

The measurement system for 2-port devices can be seen

in Fig. 1. Let us suppose that we want to measure the
periodic input and output voltage and current waveforms

of a microwave transistor in the nonlinear region. The

generator, consisting of a synthesized signal source. a
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power divider, a linear power amplifier, a harmonic filter,

and a step attenuator, feeds a sinusoidal input wave, which

is incident on the device under test (DUT) and powerful

enough to drive it into the nonlinear region. This gives rise

to distorted voltage and current waveforms at the device

ports. The distorted reflected wave is measured at port 3 of

the input coupling network, using a fast sampling oscillo-

scope. The transmitted output waveform is simultaneously

measured at port 5 of the output coupling network. When

the S parameters of the linear input and output coupling

networks are known at fundamental and harmonic fre-

quencies, the accurate nonsinusoidal device waveforms can

be determined by a microcomputer using the algorithm

described below.

111. WAVEFORM DETERMINATION

The periodic voltage and current at the device input port

can be understood to consist of fundamental and harmonic

waves a ‘“) and b(”) traveling into and out of the nonlinear

DUT. The normalized wave variables are defined as fol-

lows :

~(~) +@@ ~(~) – zo~(~)
~(~) = b(n) =

2~ 2~
(1)

where 20 is the reference impedance (here 50 L? for all

harmonics), n is the order of the harmonic, and V(”) and
](”) are the n th Fourier coefficients of the DUT input

voltage and current. It is our goal to determine these

coefficients to obtain the DUT input waveforms. The wave

variables are conventionally normalized so that the power

carried by each wave is given by la(“) 12 or lb(”) [2. The

factor 2 under the square root is due to the fact that V(”)

and 1(”J are peak values, not rms values. For the defini-

tion of the wave variables, see [8].

The RF properties of the linear input coupling network

can be described by its 3-port scattering matrix ~:

where the wave variables are defined in Fig. 1 and in

(l). Equation (2) applies separately for each harmonic

frequency n ~, n >1. The superscripts (n) are omitted for

brevity in (2). At the moment we make the following

simplifying assumptions, which can be partly relaxed later.

1) The generator and the sampling heads are perfectly

matched for all n u of importance, making a ~) = O

for all n >1. If we cannot assume this, the mis-

matches can be accounted for by the procedure of

Section IV.

2) The generator harmonic output is negligible. If this

is not the case, the effect of the harmonics can be

taken into account by a more elaborate analysis or

it can be made negligible by using a low-pass-type

input coupling network. Under these assumptions

we can take a~n) = O, n >2, for this analysis.

3) The gain of the sampling head is independent of

frequency and its phase response is linear. This is a

4)

5)

6)

7)

safe assumption if the highest harmonic frequency

under consideration is well below the upper fre-

quency limit of the sampling head. If this is not the

case, the technique of Section IV can be used.

The sampling heads are operated in the linear re-

gion. This can be accomplished by using suitable

attenuators in the coupling networks.

The dc bias ports of the input and output coupling

networks are sufficiently isolated from the other

ports, so that their terminations do not appreciably

affect the S parameters of the network between the

other ports. This can be accomplished by a proper

design of the networks.

The load presented by the DUT at port 2 does not

affect the generator output. A sufficient amount of

attenuation or an isolator at the generator output

must be used to ensure this.

The DUT is stable under large-signal excitation; i.e.

it does not sustain oscillations at frequencies other

than no. The validity of this assumption can be

checked by a spectrum analyzer at ports 3 and 5.

To obtain the DUT input waveforms, we first measure

the periodic voltage us(t) at port 3. Its complex Fourier

coefficients VJ’) are obtained from the digitized measure-

ment results using the discrete Fourier transform:

n = 0,1,2,..- , N (3)

where T = 27r/o is the signal period. Voltage v,(t) is

measured at intervals T/M, M = 2 N + 1, where N is the

highest order of harmonics considered. The corresponding

scattering variables are given by b$’) = V$’’/~, apply-

ing (1) to port 3.

We also have to calibrate the system with the same

generator output power by replacing the DUT with a

known reflection coefficient and measuring the corre-

sponding sinusoidal fundamental frequency wave b$’ = b~c

at port 3.

To obtain the fundamental frequency waves a (1)(= b\l) )

and b(L)( = af)) at the DUT input we proceed as follows.

The input coupling network, the DUT input, and the

associated fundamental frequency wave variables are il-

lustrated as a simplified signal flow diagram in Fig. 2. We

define the nonlinear reflection coefficient p of the device

under test as the ratio of the reflected and incident funda-

mental frequency waves at the DUT input:

b(l) b
~=p=i (4)

following the notation of Fig. 1. From Fig. 2 we see that

bx = Sglal + S32b (5)

and

a = S21a1 + S22b. (6)
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Fig. 2. Fundamental frequency wave variables in the input waveform

measurement.

Here b3 is known by measurement and subsequent ‘Fourier

analysis. Using (4), (5), and (6) we obtain

b3 – S31a1

P = S3Alal + %(b3 – S31aJ
(7)

and b can now be determined from (5):

b3 – S31a1
b=

* s“32

Now it & easy to obtain a:

b
(J=—

(8)

(9)
P ,“

All other quantities are assumed to be known, except al,

the generato$ output wave. To express it in terms of port 3

quantities, an additional calibration measurement has to

be made., We have to replace the DUT by a linear calibra-

tion standard with a known reflection coefficient PC.After

measuring the corresponding wave b3c at port 3 we can

solve (7) for al as follows:

b3c(l – S22P.)
al = (lo)

’31 + (s32s21 – ‘22s3J~c ‘

If a matched load (p, = O) is used as a calibration stan-

dard, (10) reduces to

In the case of a short circuit (pC = – 1) we have

b3c(l + S22)
al =

S~~(l + SJ – S3zSz~“

(11)

(12)

Practical considerations determine which calibration

standard is the best. Microstrip transmission lines are most

often used to connect microwave devices into the measure-

ment system, but it is not easy to realize high-quality

microstrip calibration standards. In this case, however,

only one standard is required.

We have now determined the fundamental frequency

incident and reflected waves a = a(1) and b = b[lJ at the

DUT input ((7), (8), and (9)). To do this, we also needed

the result of one calibration measurement to get al from

(lo).

Next we have to determine the harmonic waves a(“) and

b(”) (n> 2) at the DUT input. It was assumed that the

generator harmonic output is negligible or the attenuation

of the input coupling network at the harmonic frequencies

is adequate to guarantee that the generator harmonics are

not observable at ports 2 and 3. This is to ensure that all

the harmonics measured at port 3 originate from the

nonlinear device under test. When this assumption is valid,

the harmonic wave b(”) can be obtained from the mea-

sured harmonic wave bjn) at port 3 simply by

and a(“) is given by

(13)

a(n) = s,(;)~,(~) (14)

where S~J) and S\;) are the scaj,tering parameters of the

input coupling network at the n th harmonic frequency.

If the assumption of negligible generator harmonics

were not valid, one could perform, for each harmonic, a

calibration procedure similar to Ithat for the fundamental

frequency above. The generator output waves af”) would

then be obtained; a(n) and b(n) at the DUT input could

then be determined in exactly the same way as the funda-

mental waves above, using the S parameters at each

harmonic frequency.

We have now determined both fundamental and

harmonic waves at the DUT input. V(”) and I(n) can be

obtained by solving (l):

I(n) =

{

; (a(n) -b(n)) (16)
o

These equations apply for each harmonic separately. The

total time-domain voltages u(t) and currents i(t) at tjme

points mT/A4 are obtained by an inverse discrete Fourier

transform:

()
mT

,( )

j2vnm
~ V(”)exp ~ ,

‘Ii= ~c.N

m =0,1,2,. .* ,M–1 (17)

where

p’(-n)= (v(n))* (18)

and

“()mT

()

j29rnm
~ I(n)exp ~ ,

‘z= ~E.N

m = 0,1,2,... ,M–1 (19)

where

](-n) =(p))*. (20)

N is the highest order of harmonics considered, and must
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Fig, 3. Wa\ e variables in the output waveform measurement

be given a large enough value depending on the strength of

the nonlinearity.

For 2-ports we also want to measure the device output

waveform. The associated notation is given in Fig. 3. The

two ports of the output coupling network are given the

numbers 4 and 5 to distinguish them from the ports of the

input coupling network. Here a $ ) and bjnj are the wave

variables to be determined at the device output. Assump-

tions 1, 3, 4, 5, 6, and 7 shall be valid in a way applicable

to the output. It is not necessary to assume a sinusoidal

generator output waveform when we are only interested in

the DUT output waveform under prevailing conditions.

To determine the output voltage and current waveforms

Uo( t ) and iO( t),the fundamental and harmonic waves b:”)

are first obtained by sampling and Fourier analysis. It is

then straightforward to determine the DUT output waves

in a way analogous to (13) and (14):

b~n)
b;@ = —

s:: ) (21)

~(~) = sj~)b:~).
0 (22)

This applies to both fundamental and harmonic waves.

The waveforms uo(t)and io(t ) are then obtained by apply-

ing (1 5)–(20) to the output.

The method described can easily be applied to multiport

networks by making the output waveform measurement at

every output port in turn. The other ports have to be

terminated with matched loads.

The dc components of the DUT terminal voltages and

currents cannot be obtained in the same way as the ac

components. They are, however, easily measurable at the

’21 + (s23s31 – ‘21 S33)P3
S;l =

D

bias ports of the input and output coupling networks. One

must provide a low-resistance path between the DUT

terminals and the bias ports and use adequate filtering to

ensure that the RF voltages and currents do not affect the

dc measurements. These goals are readily achievable by

proper network design. in accordance with assumption 5.

IV. SYSTEM COMPONENT MODELING

To obtain accurate measurement results we need to have

reliable information about the characteristics of the mea-

surement system. In particular. the S parameters of the

coupling networks have to be known as accurately as

possible.

It was assumed that the generator and the sampling

heads are perfectly matched for all frequencies of impor-

tance. In reality this is not the case. We shall show how the

mismatches can be taken into account so that the assump-

tions of this measurement method can be considered valid.

The situation at the input is illustrated in Fig. 4 using a

signal flow diagram which applies to the fundamental and

every harmonic frequency (superscripts (n) omit ted for

simplicity). The generator is described by its frequency-

domain reflection coefficient PI= p~) = Pl(n ~), and the
~(~) = ~1( ~ ~), defined as the wave ob-source wave a; = a ~

tained from the generator into a load ZO (here 50 Q) so

that bl = O. According to assumption 2, a~t”) = O for n =

2>3, . . . but this is not absolutely necessary if a more

elaborate analysis is performed according to Section 111.

The sampling head is modeled using its small-signal

reflection and transmission coefficients p3 and ~j for each

harmonic frequency no, n =1,2,3, . . . . The coefficient 73

is defined as the voltage transfer coefficient between the

input to the sampling head and the output display device.

Using the quantities of Fig. 4 we can define the S

parameters of the reduced 3-port as follows:

These quantities can be used in place of the corresponding

unprimed S parameters in (5)–(14). They are given by

(S13SZS31 + ‘11s23s32 – ‘12s23s31 - ‘13s2,s32 )plp3 – ‘23 S32P3
—

D

(24)

(25)

(26)

(27)
s32~3 + ( SIZS31 – ‘11 S32)P173

S{2 =
D
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where

~=(~11~33– $3~31)mP3- W31-~33133+1. (28)

These expressions can be derived by noting that al= a~ +

plbl, a3 = p3b3, and b;= ~3b3. The insertion of these rela-

tions in the definition of the 3-port S parameters (2)

results in a set of linear equations which can be solved for

the reduced 3-port S parameter in question.

In the same way we can determine the reduced 2-port S

parameters for the output coupling network. We obtain

s5~T5

S;4 =
1 – p5s55

(29)

(30)

where P5 and 75 are the reflection and transmission coeffi-

cients, respectively, of the output sampling head.

Some difficulties may arise in the measurement of the

generator and sampling head reflection and transmission

coefficients. We briefly discuss these practical aspects here.

In order for p~) to be well defined and measurable by a

network analyzer, the generator output must be linear. If

we cannot assume this, we run into difficulties. If the

generator output is nonlinear, a load pull measurement

could be made to determine the generator output power

versus the load reflection coefficient. Unfortunately, the

DUT input reflection coefficient p and the corresponding

load seen by the generator are not known a priori, and we

cannot determine the generator output power in the non-

linear case.

At the harmonic frequencies (n= 2,3,.”. ) p~) is made

linear by the harmonic filter in the generator, so that ,o~)

is determined solely by the filter. The quantity pf) can be

linearized by inserting a sufficient amount of attenuation

at the generator output.

The input reflection coefficient p~) of the sampling

head can be measured using a conventional network

analyzer for the fundamental and harmonic frequencies as

Z[ /S1 50.05 49.4 50.0 50.0550.25 50.05 50.0 49.4 50.2 50.15
~ /ns 32 .06 04 .05 .01 .05 .03 .06 .26 07
LO/dB 15 15

e—————iH H W H H w
L,

~

20 PH

‘s1 *PH
C/f F 45 50 50 45 15,,

L=LO~
thru-l!ne

Fig. 5. Circuit model of transistor fixture HP 11608A with a through-
line. Shown are the characteristic impedances Z=, delays 7, and losses
of the transmission lrne sections. The capacitances are given in femto-
farads. LO is the total loss of a section in dB at 0.9 GHz (L. = O dB if
not given). Frequency-dependent loss L used in the calculations is
given by L = LO~~, where ~ is the frequency in GHz.

long as the signal level is low encmgh to ensure operation

in the linear region. The quantity p~ ) is time dependent

because of the sampling process, For most of the time,

however, the sampling diodes are not conducting, and we

can use the associated measurable value for p~).

It is more difficult to determine the transmission coeffi-

cient ~q. Its absolute value can be found by applying an

accurately calibrated input signal to the sampling head and

by observing the corresponding output of the oscilloscope

display. The phase of ~3 is more difficult to determine.

One possibility is to build an accurate electrical model for

the sampling head [9]. A good approximation is to assume

that ~~n) = 1 for frequencies well below the high end of the

system operating band. The validity of this approximation

can be tested at least for the magnitude of ~q, as explained

above.

The S parameters of most clf the input and output

coupling networks can be measured directly if the system

components to be measured arc equipped with suitable

connectors, for example type APC-7. The coupling net-

works also include, however, a part of the transistor fix-

ture, where the DUT k attached, We need to know the S

parameters of the ficrowave networks between the fixture

input and output connectors and the corresponding tran-

sistor reference planes. The DUT is usually connected to

microstrip transmission lines, bui because high-quality mi-

crostrip calibration standards are not readily available we

cannot measure directly the S parameters of the network

in question. Therefore we adopt the following method: The

S parameters of the fixture with a through-line replacing
the DUT are measured on a broad frequency band. The S

parameters are transformed into the time domain using an

inverse Fourier transform. The discontinuities along the

fixture can now be identified using the information ob-

tained from both input and output measurements [10].

When the discontinuities and the changes in characteristic

impedance are known, the S parameters of the input and

output networks can be calculated by frequency-domain

circuit analysis. These calculated S parameters and the

measured S parameters of other parts of the coupling

networks can now be used to obtain the overall S parame-

ters of the input and output coupling networks using

conventional methods.
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The discontinuity of phase at +180° iscaused bythe limited number ~
of data points.

The circuit model obtained this way for the HP 11608A

transistor fixture with a through-line is presented in Fig. 5.

The measured and calculated magnitudes and phases of

the fixture input reflection coefficient Sll are shown in

Fig. 6. As can be seen, the measured and calculated results

agree considerably well up to about 11 GHz, confirming

that the circuit model is accurate. The agreement is also

good in the transmission coefficient S21, but in a well

matched circuit such as this the consistency of the reflec-

tion coefficient is a better measure of the model accuracy,

and therefore Sll is shown.

V. MEASUREMENTS

The fundamental frequency ~ = ~/2w used in the mea-

surements is limited by IV, the highest order of harmonics

considered, and the bandwidth of the sampling system. We

use Tektronix S-4 sampling heads with a bandwidth of 14

GHz. Consequently ~ <2.8 GHz if we choose N =5.

The waveforms can also be measured inside a packaged

microwave component or MMIC, on chip, if the package

parasitic are known and they are not common to the

input and the output. The input and output coupling

networks are simply modified to include the parasitic

elements by using a network analysis program. In the same

way, for example, the matching circuits of a MMIC

amplifier can be included, so that the waveforms inside the

amplifier can be measured. The modified networks can be

used in the calculations after a(l) has been determined

using the unmodified input coupling network.

} I
30 -

/

la

5-10 -

-38 -

-50 I , t
.25 .5 .75

J
1 1.25 1.5 1.75 2 2.25

Tim (nanoseconds)

Fig. 8. Current waveforms at input reference plane Al with the input
power as parameter (see Fig. 7).

6.4 -

4.8 -

z

m 3.2 -
z 5
*

+
2
7 1.6 - 3

0- , , , ! ,
.25 .5 .75 1 1.25 1.5 1.75 2 2.25

Time [nam.asec.and. >

Fig. 9. Voltage waveforms at output reference plane A2 with the input

power as parameter (see Fig. 7),

The waveforms of wide-band bipolar transistor BFR93A

(~~ = 5 GHz) were measured at several input power levels
with ~ = 0.9 GHz. The time-domain voltages and currents

are shown in Figs. 7–12. The given waveforms were mea-

sured at the inner (on chip) Al – A ~ reference planes shown

in Fig. 13. The associated parasitic and other elements are

wire inductances Lhl and L~z, the transmission lines with

characteristic impedances ZCI and ZC2 and delays rdl and
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Fig. 10. Current waveforms at output reference plane A ~ with the input
power as parameter (see Fig. 7).
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Fig. 11. Voltage waveforms at input reference plane Al with the input

power as parameter (see Fig. 7), showing the transition into sinusoidal
when the signal level is decreased. Note that the voltage waveforms at

power level 3 in Figs. 7 and 11 are the same with different voltage

scales.

1 Al A2 62
I II I

I l-b2
I Ldl Zc.l Lb, ~ I

Z[2 Ld2 ~

&

, I “w
.06nH 150Q lt5nH ~

‘d 1

I
5 ps

5p I
cdl c~*

.02 pF .02pF

Fig. 13. Parasitic elements in the measurement of waveforms in tram
sister BFR93A, showing the inner (Al- A*) and outer (l+ – B2 ) refer-

ence planes.

frequency power flowing towards the transistor in the

input reference plane. The transistor was biased with col-

lector current lC = 20 mA and collector–emitter voltage

P&= 5 V in small-signal conditions.

As can be seen in the measurement results, the transistor

operation is highly nonlinear, especially at the higher power

levels. Some interesting phenomena are revealed, for exam-

ple the secondary peak in the output current at about 0.8

to 1.0 ns at the higher power levels in Fig. 10 or the strong

asymmetry in the input current at power level 6 in Fig. 8.

Such phenomena are not easily observable using conven-

tional methods. In Fig. 11 the transition into linear oper-

ation at decreasing signal levels is shown. The voltage and

current peaks and valleys are seen to be shifted as the

power level is changed. This is a consequence of the

change in the transistor parameters (for example in the

effective input capacitance) as functions of power level.

Fig. 12 gives the input voltage waveforms at two different

input reference planes, -41 and B1. This is an example of

the “time-domain de-embedding,” made possible by this

method.

L

1.4 -

2

0 -1.8 -
T
+.

;
> -J.~ .

-5 , 8 , I 1 t , ,
.25 .5 .75 1 1.25 1.5 1.75 2 2.25

T{me(neneseconds)

Fig. 12. Voltage waveforms at input reference planes BI ~d Al, shoW-
ing the effect of time-domain de-embedding at input power level 6
(+15.7 dBm).

rd2 connecting the transistor to the fixture, and discontinu-

ity inductances Ldl and Ldz and capacitances cdl and cd2

due to the change in line width. The through-line of Fig. 5

was replaced by the network of Fig. 13 in real measure-

ments. Note that cdl and cdz are not the same as C2 and

C3 in Fig. 5, the latter being due to rubber clamps in the

transistor fixture. The input power in dBm is used as a

parameter in Figs. 7–11. It is defined as the fundamental

VI. SOURCES OF ERROR

After correcting the errors due to imperfect microwave

hardware, some other sources of error remain. The remain-

ing errors of the measurement system fall into three main

categories, namely the errors caused by the oscilloscope

scale nonlinearities, signal processing algorithms, and noise.

The oscilloscope introduces errors by the nonlinearity of

its horizontal and vertical scales. They are usually small

compared with other errors.

To discuss the errors caused by the signal processing, we

briefly describe the practical aspects in the waveform

acquisition. The displayed “raw” waveform measured was

digitized at time intervals At= sweep time/512. The built-

in PER feature of the Tektronix 7854 oscilloscope was

used to find the signal period P as the time between two

crossings in same direction acrclss a certain voltage level.

In general, P did not contain an integer number of time

intervals At. The period used in the calculations was T,

equal to the smallest integer multiple of At larger than P.
With the settings of the preceding example P/At= 114,

and the resulting worst case error in T was 0.88 percent. A

small error in the signal period slightly distorts the wave-
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Fig. 14. Input current waveforms of Avantek AT-60585 bipolar trm-
slstor with the coupling network S parameters randomly varied. Bias
point 1, =10 mA and VCE = 8 V in smafl-signal conditions, input
power +11.9 dBm.
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Fig. 15. Output voltage waveforms of Avantek AT-60585 bipolar tran-
sistor. Conditions are the same as in Fig. 14.

form measured. For example in the output this is mani-

fested as a compression of the waveform by factor P/T

( =1) in the time scale. In critical applications this error

can be minimized by choosing the oscilloscope time scale

in such a way that the number of data points per period is

maximized. Another possibility is to interpolate the data

for discrete Fourier transform in order to create a new set

of data points commensurable with the exact period P.
The aliasing error is caused by spectral components at

frequencies higher than No affecting the Fourier coeffi-

cients at lower frequencies. N was chosen as large as

the number of digitized voltage values permitted, in this

case N = 56, corresponding to an upper frequency limit

NcO/277 = 50.4 GHz. Because of the finite bandwidth of

the sampling system, the raw waveform did not contain

frequencies appreciably higher than 14 GHz, resulting in

negligible aliasing error.
The waveforms are also affected by noise. The effect of

noise on the raw waveforms can be made very small by

averaging the results of several (in this case 100) successive
measurements, a feature of the Tektronix 7854 oscillo-

scope.

A more important noiselike contribution comes from the

uncertainties in the coupling network S parameters and in

the reflection coefficient PC of the calibration standard.

They affect the Fourier coefficients of the voltage and

current, and potentially large errors can result after inverse

discrete Fourier transform. To see how much the results

are affected by these uncertainties, a Monte Carlo method

was used to simulate the effect of S parameter errors on

the waveforms. This kind of method would reveal the

possible instabilities of the algorithm, i.e., large errors in

the waveforms due to small errors in the Fourier coeffi-

cients. The coupling network S parameters were randomly

varied in a Gaussian distribution with a standard deviation

of 0.17 percent in the absolute value and 1.7° in the phase.

These values represent typical measurement errors with an

automatic network analyzer. Several (in this case ten) error

correction calculations were performed with the same raw

data. The resulting waveforms of AVANTEK AT-60585

bipolar transistor input current and output voltage are

shown in Figs. 14 and 15. The maximum uncertainty is

about ~ 3.9 percent of the peak-to-peak input current and

bout i 4.2 percent of the peak-to-peak output voltage. No

great loss of accuracy was observed.

VII. CONCLUSIONS

A method is presented which allows one to measure

nonsinusoidal periodic voltage and current waveforms ac-

curately at high frequencies. The measurements are made

using a high-speed sampling oscilloscope giving the voltage

waveform at a certain point of the measurement system. It

k shown how the voltage and current waveforms at another

point, for example at the input or output of a nonlinear

device under test, can be obtained using Fourier transform

and frequency-domain error correction techniques. The S

parameters of the linear parts of the system must be

known at the measurement frequency and its harmonics up

to a sufficiently high order. These are partly measured and

partly calculated from an accurate circuit model of the

transistor fixture. It k also shown how the errors due to

the generator and sampling head mismatches can be cor-

rected.

The practical and conceptual difficulties encountered in

the characterization of different parts of the measurement

system are also discussed. A ch-cuit model for the tran-

sistor fixture is developed. Measurement results are pre-

sented showing the voltage and current waveforms of

microwave transistors in nonlinear operation. Finally$ the

errors which remain after the error correction procedure

are discussed. They are mainly due to digital signal

processing and inaccuracies in the coupling network S

parameters.

These kinds of time-domain measurements are believed

to be highly useful in providing insight into nonlinear

design, in nonlinear modeling, and in validating existing

nonlinear models of microwave devices. We have used the

measurement system to study the accuracy of the Gummel

Peon model in high-frequency bipolar transistor time-

domain simulation.
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