H-2

A METHOD FOR MEASURING MAGNITUDE AND PHASE OF HARMONICS
GENERATED IN NONLINEAR MICROWAVE TWO-PORTS

Urs Lott

Institut fiir Feldtheorie und H6chstfrequenztechnik
ETH Ziirich, CH-8092 Ziirich, Switzerland

ABSTRACT

A new method for simultaneously measuring
magnitude and phase of the harmonics
generated by a microwave two-port is
described. The measurement system has a
dynamic range superior to time-domain
measurements due to its reduced noise
bandwidth. Sample measurements on a GaAs
MESFET under large-signal operation are
presented.

INTRODUCTION

Nonlinear circuit simulation is becoming
more and more important for microwave
designers, in particular using the
harmonic balance method [1..3]. This
increases the need for measurement
systems to characterize nonlinear devices
and circuits.

The paper presents a new method for
simultaneously measuring amplitude and
phase of harmonics. A nonlinear two-port
device under test is driven with a
sinusoidal microwave signal. The output
harmonics are analyzed in the frequency
domain.

The first part of the paper presents the
measurement system. The phase calibration
using a high-speed diode ig discussed.

In the second part, results obtained from
measuring a commercial MESFET are
presented. They are compared with

a) measurements of harmonics by a
scalar network analyzer with
suitable filters (magnitude only)

b) time-domain waveforms (as measu-
red with a sampling oscilloscope)

The data up to the 4th harmonic show

reasonable agreement with both of these
well-known methods.
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The main advantage of the new procedure
compared with time-domain measurements is
increased dynamic range. The elimination
of the fundamental from the measurement
process and the reduced noise bandwidth
help in observing harmonics with small
amplitudes.

I. THE MEASUREMENT SYSTEM

The principal components of the measure-
ment system (figure 1 on the next page)
are a signal generator with an internal
multiplier (HP8350 with HP 83595a RF
plug-in) and a wvector network analyzer
(eg. HP8410). The measurement setup has
an electrical length of many wavelengths
so the generator has to be phase-locked
to a stable reference.

The fundamental signal of the generator
(3.5 ... 6.5 GHz with the 83595A plug-in)
is amplified to a level of 23dBm. A low-
pass filter removes the harmonics. The
variable attenuator allows to adjust the
input power to the device under test
(DUT) .

The multiplied output of the generator is
fed to the network analyzer (NA). The NA
is configured for a forward transmission
measurement from port 1 to port 2. The
broadband coupler C; combines the signal
of the NA port 1 with the output of the
DUT. A high-pass filter reduces the
amplitude of the fundamental component to
avoid an overload of the NA input (port
2) . Because of the inherent selectivity
of the NA harmonic converter, there is no
need to suppress the fundamental frequen-
cy completely.

Fixed attenuators are used to define the
50 ohm source and load impedances at the
DUT as well as throughout the system for
setting appropriate signal levels. (They
are omitted from figure 1 to reduce the
complexity of the drawing.)
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Figure 1: Block diagram of the measurement system
First the network analyzer is calibrated For the calculation of the absolute

for a forward transmission (851) measure-
ment at the frequency of the harmonic to
be measured (DUT removed). The calibra-
tion normalizes the signal from NA port 1
to 1.0,0°. This is the phasor CAL in
figure 2.

DISP MEAS

CAL=1.0/0°

Figure 2: The signals at point 3 of the
measurement system for one par-
ticular harmonic n-f,

The phasor DISP in figure 2 is what we
see on the network analyzer display with
the DUT in place. It is the sum of the
signal CAL from NA port 1 and the signal
MEAS from the DUT. Therefore we can de-
termine the unknown component MEAS by

MEAS DISP - CAL

(1)
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magnitude and phase of the harmonic MEAS
we need a reference power and a phase
reference. The reference power P, ¢ is
obtained from a power measurement at
point 3 in figure 1 (DUT disconnec-
ted). This wvalue 1is equal to the 1.0
magnitude of the CAL phasor in figure 2.

The phase of the harmonic is still
unknown because the phase difference
between the two outputs of the signal

generator (f, and n‘f,) as well as the
length differences in the system are
arbitrary.

Phase calibration at the n-th harmonic

In the following, we describe the funda-
mental and harmonic components by their
complex amplitudes

ap = Ianl'ej"’n, n=1,2,3,... (2)
Without loss of generality we may set

k@l=0°.

The phase relation between the fundamen-
tal and the n-th harmonic is a priori
unknown. In the system of figure 1, a
very high-speed (ie. mm-wave) diode is
used to establish this phase relation.



It is mounted in parallel from a micro-
strip transmission line to ground (figure
3).

50 ohm microstrip
o— )

P_,

Reference
Diode

Figure 3: The diode reference circuit

Simulations of this "Diode Reference"
circuit with SPICE 2G6 have shown that
the GaAs Schottky diode used (Cj=15fF,
C¥=15fF, R$=8Q) is a well-defined source
)

harmonics. The phase of +the 4th
harmonic at 20 GHz (calculated with
SPICE) differs less than 10° from the

ideal limiter diode phase. (This equals a
phase error of less than 2.5° referred to
the fundamental at 5 GHz.)

Prior to measuring the DUT, the diode
reference circuit is connected. The
resulting vector MEAS,.f is calculated
according to (l). Its angle is the phase
reference for the n-th harmonic, ¢ ref,n-

Next, the DUT is inserted. The vector
MEAS is ,calculated and decomposed to
CmEAsS, n'eJ ¥MEAS,n. The true phase of the
n-th harmonic, with reference to ¢ = 0°,
is givenh by (3).

- 180° (3)
(For an ideally limiting diode mounted
with its cathode to ground, the correc-
tion term of -180° is wvalid for all
harmonics n:2.)

The power of the n-th harmonic is calcu-
lated from (4).

Yn = YMEAS,n = Yref,n

(4)

Of course, the attenuation from the DUT
output to point 3 and a possible length
difference between the diode reference
circuit and the DUT must be included in
the calculations.

Py = (CMEAS,n)z * Pref

Magnitude and phase of S,; at the funda-
mental can be determined with the same
setup, the diode reference circuit
replaced by a through line.
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II. MEASUREMENT RESULTS

The harmonics generated in the small-
signal MESFET NEC NE 710-83 have been
measured. At the input and output of the
device, attenuators were used to set the
termination impedance to 50 ohms. Data of
the first four harmonics of f; = 5 GHz
for three different bias conditions are
summarized in table I.

a) Bias conditions: Up = 3 V, Ug = -1V

Pin £o 2 fg 3 £y 4 £q
mag. phase mag. phase mag. phase mag. phase
[(dBm] ([mV] [deg.} {mV] [deg.] [mV] [deg.] {nv] [deg.]
2 316 84.7 151 22.5 26.8 -59.7 12.2 64.4
4 476 83.8 215 19%.2 30.5 -71.8 23.8 57.4
6 714 85.9 307 19.9 31.6 -80.3 37.6 52.8
8 1010 84.5 414 15.8 33.5 ~108.0 56.9 44.9
10 1414 85.1 566 15.6 39.4 -129.7 81.1 43.3
b) Bias conditions: Up = 3 V, Ip, = 5 mA
Pin £9 2 £ 3 £9 4 fg
mag. phase mag. phase mag. phase mag. phase
[dBm] [mV] [deg.] [mV] [deg.] ([mV] [deg.] [mV] [deg.]
2 775 83.0 170 5.0 33.2 -244.9 6.5 -27.5
4 975 82.3 235 3.9 42.9 -245.1 13.8 -1.5
6 1229 82.8 316 6.8 54.4 -229.6 24.0 8.5
8 1546 81.8 412 4.5 70.6 -236.6 39.5 7.9
10 1916 82.5 529 6.5 104.5 -239.6 74.7 9.7
c) Bias conditions: Up = 3 V, Ug = 0 V (Ip = Ipgg)
Pin £ 2 £ 3 f£q 4 £,
mag. phase mag. phase mag. phase mag. phase
[dBm] [mV] [deg.] ([mV] [deg.] [mV] [deg.] [mV} [deg.]
2 1261 74.7 20.5 -32.2 2.8 =239.2 0.8 ~-54.4
4 1584 75.1 30.5 -32.6 7.7 =-272.6 1.7 =22.6
6 1957 76.5 38.0 -24.8 32.1 -273.9 8.2 -42.4
8 2207 178.2 93.5 -9.9 114.5 -270.5 19.1 -80.0
10 2293 82.3 249.0 5.9 217.0 -254.9 58.4 -55.3

TABLE I: Harmonic components at the drain
of a NE 710~-83 for three diffe-
rent bias conditions at £,=5GHz
(Ipy: bias current without RF

excitation)

To check the accuracy of the results, the
magnitude values can be compared with
direct power measurements [4] . These
measurements have been made with a scalar
network analyzer (HP8756A) and a genera-
tor in power sweep mode. As an example,
figure 4 shows a comparison of the third
harmonic (15 GHz) .




out NE 710-83, 3rd harmonic at 15 GHz, UD=3v
[aBm]

. 7
5 ”Ziz_ 4 A o
- 5

b} To"Tnes

} I,=5mA

Pin
10 [dBm]

~10 -8 -6 -4 -2 0 4 & 8
Figure 4: Comparison of the 3rd harmonic
power level for three different
bias conditions

power measurement (HP8756)
magnitude result obtained from
the described method

With Ug set to zero volt (Ip = Ipgg) the
agreement is good. The increased dynamic
range of the frequency domain measurement
is clearly seen below the noise floor of
the power measurement (-30 dBm because of
the DUT output attenuator). At the two
other bias conditions, there is a 2 dB
maximum difference. (Part of this diffe-
rence is due to difficulties in exactly
reproducing the gate bias point.)

For the same FET, time domain waveforms
at the drain have been computed. In
figure 5 three such waveforms (calculated
from measured data given in table I) are
shown. The agreement with the curves
obtained in ([5] from a sampling scope
system is good.
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Figure 5: Time-domain waveform of drain

voltage (first 4 harmonics of
£1=5GHz measured at 3V/5ma)
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CONCLUSIONS

The described system allows the measure-
ment of harmonics with a phase accuracy
of about 10° at 20 GHz. All kinds of
microwave two-ports can be characterized
without knowledge of their internal
structure. The system can be built for
any frequency ( <40 GHz) where a vector
network analyzer and a suitable signal
generator with multiplier are available.
With a modified measurement setup the
load-pull technique [6] could be used to
measure harmonics generated at non-50-ohm
loads. A combination with harmonic load-
pull [7] is also possible.
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