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mobile wireless applications where less demanding than fully adaptive
beam-formed far-field radiation-pattern responses are required.
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Measurement of Two-Tone Transfer Characteristics of
High-Power Amplifiers

Youngoo Yang, Jeahyok Yi, Joongjin Nam, Bumman Kim, and
Myungkyu Park

Abstract—In this paper, we present an accurate measurement method
for acquiring the two-tone transfer characteristics of high-power ampli-
fiers. The measurement setup and sequence are described. The measured
amplitude and phase data of the two-tone fundamental, third-order in-
termodulation, and fifth-order intermodulation components versus input
power level are also presented. The measured two-tone transfer charac-
teristics are very useful for the design of a predistortion linearizer or for
nonlinear model extraction for high-power amplifiers.

Index Terms—AM–AM, AM–PM, high-power amplifier, memory effect,
two-tone transfer characteristics.

I. INTRODUCTION

The behavioral or mathematical model of power amplifiers has been
studied extensively. A small class-A power amplifier has normally been
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treated with the assumption that is a memoryless (Taylor series repre-
sentation of AM–AM characteristics only) or quasi-memoryless (com-
plex representation of Taylor series with both AM–AM and AM–PM
characteristics) system [1]–[5]. However, the characterization of a very
high-power amplifier with an output power of over a few hundred watts
has not been reported yet. Multistage high-power, class-AB or class-B
amplifiers generally have a large memory effect and strong nonlin-
earity. The single-tone transfer characteristics based on AM–AM and
AM–PM conversion cannot properly express the nonlinearity of these
high-power amplifiers. Boschet al. reported on a case where a pre-
distortion linearized amplifier with improved AM–AM and AM–PM
characteristics did not provide any enhancement on the two-tone inter-
modulation (IM) nonlinearity [6]. Therefore, more accurate two-tone
characterization with phase information should be developed.

A method for measuring the relative phase of third-order intermodu-
lation (IM3) compared to the phase of input signal has been presented
by Suematsuet al. [7]. His method is based on the assumption that, in
the weakly nonlinear region, the relative phase of IM3 is equal to the
relative phase of fundamental. To verify the measured relative phase
of IM3, they employed Volterra-series analysis based on the measured
single-tone characteristics (AM–AM and AM–PM). Unfortunately, his
assumption is not valid for most high RF power amplifiers. For a wide
range of gate biases in GaAs MESFETs, the third-order Volterra-se-
ries coefficient of transcunductance (gm3) has reversed polarity to gm
[8]–[10]. This means that the relative phase of IM3 may be 180� out of
phase to the fundamental output. Moreover, he overlooked the internal
device capacitance effect on the phase variation. At a high frequency,
these capacitances may change the phases of fundamental and IM3.
These phase variations can be easily verified through a harmonic-bal-
ance simulation with a large-signal model of MESFETs.

In this paper, we present a new accurate measurement technique for
determining the two-tone transfer characteristics of high-power am-
plifiers. The relative phases of the harmonic terms of a very low-fre-
quency amplifier are 0� or 180�. A small power GaAs MESFET am-
plifier at 750 kHz is used for the reference IM generator. For the mea-
surement, the amplifier output is down-converted to the IF frequency
and the relative phase is measured by comparing with the reference
signal. A 500-W class-AB multistage power amplifier is used for the
measurement. The measurement setup and sequence are described and
the measured results are shown.

II. EXPERIMENT

A. Main Amplifier Under Test

A four-stage amplifier is built for Korea’s wireless local loop (WLL)
band of 2.37–2.4 GHz. Its final stage is built using four balanced
130-W amplifiers with Motorola’s RF LDMOSFET MRF21120. It
is a push–pull type with class-AB operation. The other three stages
are arranged to drive the final stage amplifier. The peak output power
at the 1-dB gain compression point is about 500 W and the overall
gain is 44.5 dB. The operational average output power is 50 W with
WCDMA signal input, which has a chip rate of 8.192 Mc/s. Fig. 1
depicts a line-up diagram of the main amplifier used for testing.

B. Measurement Setup

The measurement setup is shown in Fig. 2. This setup requires many
measurement instruments: a two-tone signal generator, a vector net-
work analyzer, a two-input power meter, and two spectrum analyzers.
The reference IM generator is a small power MESFET of Hewlett-
Packard’s ATF21186 and is operated at a very low center frequency
of 750 kHz. In the low frequency, the memory effect of the device
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Fig. 1. Class-AB high-power amplifier module for test.

Fig. 2. Measurement setup for two-tone transfer characteristics.

can be ignored because its nonlinear capacitances are nearly open cir-
cuited and the propagation delay is negligible. Hence, the device has
no AM–PM characteristics and its fundamental, IM3, and fifth-order
intermodulation (IM5) show no phase variations with the input power
level. This characteristic is verified by the two-tone harmonic-balance
simulation using the large-signal model of the device. Fig. 3 shows the
results of this simulation. The phases of fundamental, IM3, and IM5
are constant throughout the input power level up to the 1-dB gain com-
pression point. Fundamental and IM5 have an equal phase and IM3
is 180� out of phase because the third-order Volterra-series coefficient
(gm3) has a negative sign.

The two-tone input signal, which has a tone spacing of 100 kHz,
is tapped to the reference path. The main path signal passes through
the step attenuator for input power level control and is then coupled to
power meter A for monitoring input power. The main amplifier output
signal is attenuated and coupled to power meter B for monitoring outputFig. 3. Simulated relative phases of fundamental, IM3, and IM5 of reference

IM generator as two-tone input power level at a center frequency of 750 kHz.
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Fig. 4. Measurement sequence flowchart.

power and to the spectrum analyzer for the relative power measurement
of IM3 and IM5. The vector modulator, which consists of a variable
attenuator and variable phase shifter, is used to adjust the amplitude
and phase of the fundamental, IM3, or IM5 component of the output
signal in order to cancel the corresponding reference signal component
at the adder.

Finally, the output signal and reference signal are down-converted
to a very low frequency (around 750 kHz) by the proper local oscil-
lator (LO) signal. The down-converted reference signal is amplified by
the reference IM generator and the reference IM terms are generated.
The output and reference signals are canceled using an analog adder
circuit. This low-frequency part may well be shielded to block out en-
vironmental noise. The vector network analyzer measures the required
phase variation of the vector modulator for the cancellation by reading
the phase ofS21. The mechanical RF switch connects and disconnects
the loop without breaking calibration.

C. Measurement Sequence

The complete flow of the measurement sequence is shown in Fig. 4.
For the initialization, vector network analyzer port 1 is connected to
50-
 load and the main path is connected to a vector modulator by
a mechanical RF switch, the two-tone input isON, and the input step
attenuator is set to an appropriate starting power level. The input and
output powers are read from the power meter and the relative ampli-
tudes of fundamental, IM3, and IM5 are acquired from the spectrum
analyzer. The vector modulator is then adjusted to cancel the funda-
mental, IM3, or IM5 components. After adjustment has been done, the
two-tone input isOFFat the signal generator and the RF switch changes
the connection of vector-network-analyzer port 1 to vector modulator

(a)

(b)

Fig. 5. Measured results of two-tone transfer characteristics. (a) Amplitude.
(b) Phase.

and the main path to 50-
 load in order to measure the relative phase
variation of the vector modulator. After reading the phase ofS21 from
the vector network analyzer, the RF switch connects the main path to
the vector modulator, the two-tone input isON, and input step attenu-
ator is set to increase the input power level.

This sequence is repeated for the measurement of fundamental, IM3,
and IM5 phases until the output power of the main amplifier is satu-
rated. The measured data provide the relative phase variations of the
fundamental, IM3, and IM5 components of the main amplifier. The
reference IM3 phase offset of 180� is deembeded from the measured
relative phase of IM3.

III. RESULTS

More than 30-dB cancellation has been achieved for the fundamental
components. A 30-dB cancellation gives about a�1.8� phase error
bound if the amplitudes of two branches are perfectly matched. How-
ever, for IM3 and IM5, the cancellation cannot reach as high as 30 dB at
a low-input power level due to the noise floor level of the spectrum ana-
lyzer. In the case of 10-dB cancellation, for example, the relative phase
error bound is increased to�10�, if the amplitudes of the main path
and reference path are perfectly matched. However, the relative phase
error bound can be drastically reduced (to�1.5�) when the amplitude
mismatch between the two branches is 0.84 dB and a 10-dB cancella-
tion is maintained. To obtain highly accurate measurement data of the
relative phases of fundamental, IM3, and IM5 components, a proper
amplitude mismatch condition should be applied.
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Fig. 5 shows the measured amplitude and phase characteristics of the
high-power amplifier under test. The two-tone average output powers
of fundamental, IM3, and IM5 are plotted in Fig. 5(a). The measured
relative phases are plotted in Fig. 5(b). The first measurement point of
fundamental is set to zero phase and the others are calculated to have
relative values. The measured phases of IM3 and IM5 vary rapidly as
the power level approaches saturation.

IV. CONCLUSION

To adequately consider the memory effect for high-power ampli-
fiers, we have presented a new accurate method for measuring two-tone
transfer characteristics. We measured the characteristics of a multistage
high-power amplifier with a 500-W power output and 44.5-dB gain. We
have used a trustworthy reference IM generator at a very low frequency.
The two-tone harmonic balance simulation shows the accuracy of the
relative phase of the reference IM generator. The complete measure-
ment setup and sequence have been described.

We measured the relative phases of fundamental, IM3, and IM5. The
measured data of IM3 and IM5 are very smooth and continuous, and
vary rapidly as the power level approaches the output power satura-
tion. The measured two-tone transfer characteristics are very useful for
the design of predistortion linearizer or nonlinear model extraction for
high-power amplifiers.
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Integration Equation Analysis on Resonant Frequencies
and Quality Factors of Rectangular

Dielectric Resonators

Shyh-Yeong Ke and Yuan-Tung Cheng

Abstract—In this paper, the resonance problem of rectangular dielectric
resonators (DRs) is analyzed by using the spectral dyadic Green’s func-
tion and volume integral-equation formulation. The rectangular dielectric
body is replaced by a set of entire-domain polarized volume current basis,
and Galerkin’s moment method is used to solve the resonant frequency and
quality factor of the rectangular DR. The effects of electrical and geomet-
rical parameters on the resonance of theTE mode of isolated DRs are
also presented. Additionally, the case of a rectangular DR with a ground
plane is also discussed. Results are found to be in good agreement with the
published experimental data.

Index Terms—Dielectric resonators, method of moments.

I. INTRODUCTION

Dielectric resonators (DRs) are extensively used for microwave cir-
cuit components such as filters and antennas [1], [2]. Recently, open
rectangular DRs for use as radiation elements have received increasing
attention due to their simplified mechanism and easy integration with
microwave integrated circuits (MICs). Besides, the microwave com-
ponents made of high-permittivity dielectric materials have the advan-
tages of small size and temperature stability. In the DR filter or DR an-
tenna design, the quality factor is a very important consideration since it
accounts for the loss (dielectric and radiation losses) of a DR. Further-
more, accurate prediction of the DR’s resonant frequency is of interest
in the design of a narrow-band component. A number of studies for rig-
orously evaluating the resonant frequencies and quality factors of cylin-
drical or rectangular box-like DRs have been reported. The surface in-
tegral formulation [3], the least-square method [4], the mode-matching
method [5], and the finite-difference time-domain method [6] have
been successfully used to investigate the resonance problems of cylin-
drical DR structures. However, the exact numerical method for ana-
lyzing electromagnetic problems of a three-dimensional structure often
takes much CPU time. This motivates this present study of using an ac-
curate and efficient numerical method to analyze the resonance prob-
lems of open rectangular DR structures.

In this paper, the resonant frequencies and radiationQ factors of
TE111 modes of open rectangular DRs are investigated by using a
volume integral-equation solution. The spectral dyadic Green’s func-
tions and electric-field integral equations are derived and described in
the Section II. A set of entire-domain volume current basis is presented
for efficiently calculating the complex resonant frequencies of rect-
angular DRs. In Section III, numerical results are presented and dis-
cussed. Finally, conclusions are presented in Section IV.

II. THEORY

A. Spectral Dyadic Green’s Function and Integral-Equation
Formulation

Fig. 1 shows the geometry of the rectangular DR under considera-
tion. The rectangular DR is with a dimension of2W � 2L� 2h and a
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