
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 12, DECEMBER 1997 2509

Transfer Characteristic of IMRelative
Phase for a GaAs FET Amplifier

Noriharu Suematsu,Member, IEEE, Yoshitada Iyama,Member, IEEE, and Osami Ishida,Senior Member, IEEE

Abstract—The transfer characteristic of relative phase of the
third-order intermodulation distortion (IM 3) of a GaAs FET
amplifier is measured and analyzed. The measurement system
and method are also described. For drives in the weakly nonlinear
region, the measured relative phase of IM3 is equal to that
of the carrier and is in agreement with the analysis results
using Volterra-series representation. For drives in the saturation
region, the measured relative phase of IM3 versus the input
power moves drastically compared with that of the carrier and
is in agreement with numerical analysis using discrete Fourier
transform. Comparison between measured and analytical results
shows the drastic move of IM3 relative phase is caused by the
generation of IM3 due to AM–PM conversion. The measured
results and the measurement method are useful for the design
and adjustment of predistortion-type linearizers for GaAs FET
high-power amplifiers.

Index Terms—Amplifier distortion, intermodulation distortion,
microwave FET amplifiers, microwave measurements, Volterra
series.

I. INTRODUCTION

BOTH low-distortion and high-efficiency characteristics
are desired for high-power amplifiers (HPA’s) used in

digital radio communication systems. In order to achieve
both of them simultaneously, predistortion-type linearizing
techniques have been used [1]–[5]. A predistortion-type radio
frequency (RF) linearizer is connected to the input port of
HPA and adds distortion components [mainly third-order in-
termodulation distortion (IM)] out of phase to the carrier. As
a result, the distortion components generated in the linearizer
and in the HPA are canceled out at the output port of the HPA.
However, it is quite difficult to compensate the IMgenerated
in the HPA operating near saturation [4]. Since the amplitude
of IM generated in the linearizer can be easily adjusted to be
equal to that in the HPA using a spectrum analyzer, it can be
predicted that the phase of IM[6] generated in the HPA has
moved drastically in the saturation region.

In this paper, the relative phase of IMversus the input
power of a GaAs MESFET amplifier is measured and analyzed
in two different methods. One is the analysis using Volterra-
series representation [7]–[10], and the other is using discrete
Fourier transform [11], [12]. The measurement system and
method are also presented. Measured results show that: 1)
for drives in the weakly nonlinear region the relative phase
of IM is almost equal to that of carrier and 2) for drives
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Fig. 1. Model of a nonlinear amplifier.

near saturation, the relative phase of IMmoves drastically
compared with that of carrier.

II. A NALYSIS USING VOLTERRA-SERIES REPRESENTATION

In order to deduce the intermodulation characteristics for
drive levels in the weakly-nonlinear region, Volterra-series
analysis [7]–[10] is used. Taking into account the AM–PM
conversion, the voltage transfer characteristics of a nonlinear
amplifier can be obtained as follows.

A nonlinear amplifier can be modeled by two cascaded
nonlinear elements, as shown in Fig. 1. One is a nonlinear
phase element which represents AM–PM conversion of the
nonlinear amplifier, and another is a nonlinear amplitude
element which represents AM–AM conversion. For single-
tone operation, the input voltage of this nonlinear amplifier

becomes

(1)

where and are the voltage amplitude and the frequency of
the input signal, respectively. The output voltage of the first
nonlinear element (AM–PM) can be written as

(2)

where represents the AM–PM conversion. Using
Volterra-series representation, the output voltage of the second
nonlinear element (AM–AM) can be written as

(3)

In the case of two-tone ( ) operation, the input voltage
is

(4)
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where is the voltage amplitude of each input signal ( )
and is the component of the envelope, i.e.,

(5)

and in (1) in the case of two-tone operation can be
expressed by using , , and :

(6)

(7)

By substituting (6) and (7) for (1), can be written as
shown in (8), shown at the bottom of the page.

When is defined as the component
of , the components of carrier ( ) and IM (

) can be derived from (8). The carrier ( )
component is

(9)

and the IM ( ) component is

(10)

If the intermodulation distortion generation caused by
AM–PM conversion can be neglected,
would not make any intermodulation distortion components.
Therefore, (9) and (10) show that, when the generation of IM
caused by AM–PM conversion is negligibly small compared
with that caused by AM–AM conversion, the carrier and IM
have the same relative phase characteristic versus the input
power .

Fig. 2. Flow chart of the calculation of the input power dependence of the
amplitude and relative phases of carrier and IM3 in the case of two-tone.

III. N UMERICAL ANALYSIS USING

DISCRETE FOURIER TRANSFORM

In order to take into account the effect of IMgeneration
caused by AM–PM conversion, numerical analysis using the
discrete Fourier transform [11], [12] can be adopted. The
calculation of relative phase of carrier and IMis added to
the previous analysis [12]. The flow chart of this calculation
is shown in Fig. 2. In this method, the waveform of the

(8)
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Fig. 3. Configuration of measurement system for input power dependence of relative phase of IM3.

input signal is modulated in the time domain by using the
measured single-tone transfer characteristic (AM–AM and
AM–PM conversion) of the amplifier, then transferred into
the frequency domain by using the discrete Fourier transform
[12]. In the frequency domain, amplitude and phase of carrier
and IM are calculated, then the relative phase is derived
from the calculated phase. By using this numerical analysis,
the generation of IM due to AM–PM conversion can be
considered as well as that due to AM–AM conversion.

IV. M EASUREMENT SYSTEM AND METHOD

Fig. 3 shows the configuration of measurement system. Two
carriers (2500 and 2501 MHz) generated in two independent
oscillators are combined and then divided into two paths.
One is connected to an amplitude transfer characteristics
measurement system including device under test (DUT), and
another to a reference IMgenerator. The input power of
the amplifier for reference IM generation is kept constant
to generate distortion independent of the input power of the
DUT. The output of the amplitude transfer characteristics
measurement system is connected to a variable attenuator and
a variable phase shifter, then is combined with the output of the
reference IM generator, and finally connected to a spectrum
analyzer. The phase change through the path of the amplitude
transfer characteristics measurement system excluding the
DUT is defined as .

The relative phase of carrier and IMare measured by the
following procedure. At the first stage (= 0, : number of
the stage), at where the input power level is set in the weakly
nonlinear region of the DUT, the phase standards of carrier and
IM are measured. In order to measure the phase standard of
carrier, the variable attenuator and the variable phase shifter
are adjusted to minimize the spectral intensities of the two
carrier components monitored by the spectrum analyzer. Fig. 4
shows the monitored spectrum under the measurement of
phase of carrier. Here is defined as the phase standard
of the carrier . To measure the phase standard of IM,
the attenuator and the phase shifter are adjusted to minimize
the spectral intensities of IM. Fig. 5 shows the monitored
spectrum under the measurement of phase of IM. Here

Fig. 4. Spectrum under measurement of relative phase of the carrier.

is defined as the phase standard of IM. Since there are two
components of IM (that is, 2499 and 2502 MHz), the phase
standards of IM are defined as and , respectively.
Then, the same measurement procedure is repeated at the next
input power level, and the phase of carrier and IM( ,

, and ) can be obtained for theth stage ( ). The
relative phase of carrier ( ) and the relative phase of IM
( and ) versus input power are defined as ,

, and , respectively.
During this measurement, the variable attenuator and the

variable phase shifter are adjusted to attain 30-dB suppression
for both carrier and IM. Fig. 6 shows the relationship between
signal suppression and differential power and phase of two
input signals combined at 180out of phase to cancel each
other. When the differential power between two signals is zero,
35.5- and 29.0-dB signal suppression, shown in Figs. 4 and 5,
are equivalent to 1.3 and 2.0 measurement phase error,
respectively.

V. MEASURED RESULTS

The characteristics of a 2.5-GHz-band class-A amplifier,
using a GaAs MESFET (MGFC2407A, Mitsubishi Electric),
were measured. Fig. 7 shows the single-tone transfer char-
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Fig. 5. Spectrum under measurement of relative phase of
IM3[2f1 � f2 (f2 > f1)].

Fig. 6. Relationship between signal suppression�P1 and differential power
and phase of two input signals (P1 andP2) combined at 180� out of phase.

Fig. 7. Single-tone transfer characteristics of GaAs MESFET amplifier.

acteristics of the amplifier. The output power at 1-dB gain
compression ( ) is about 19 dBm, and the relative phase
of carrier is less than 5below .

Fig. 8 shows the measured two-tone amplitude transfer
characteristics. Below the input power of 0 dBm, the amplitude
of IM rapidly decreases and is less than30 dBm. In this

Fig. 8. Measured input power dependence of output power of carrier and
IM3 in the case of two-tone characteristics.

Fig. 9. Measured input power dependence of relative phase of carrier and
IM3 in the case of two tones.

region, since the power level difference between IMand
noise, monitored at the spectrum analyzer, is small, enough
suppression cannot be achieved for the phase measurement of
IM . Therefore, the input power of the DUT at the first stage
of relative phase measurement is set to 0 dBm. Fig. 9 shows
the measured relative phase of carrier and IMversus input
power.

By comparing Fig. 9 with Fig. 7, the magnitude of relative
phase of carrier in the case of two tones is nearly equal to that
in the case of a single tone, but the locus in the case of two
tones is about 2 dB shifted toward lower input power (note that
the abscissa of Fig. 9 is total input power). In the case of two
tones, even though the average power is equal to that in the
case of a single tone, the peak power of combined waveform
of two carrier is about 3 dB higher than that of single carrier.
In a weakly nonlinear region, the relative phase of IMis
almost equal to that of carrier. For drives near saturation, the
relative phase of IM is quite larger than that of carrier, and
the relative phase of IMexceeded 30whereas the relative
phase of carrier moved below 5.

The analysis shown in Section II, in which the generation
of IM due to AM–PM conversion is neglected, shows that
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Fig. 10. Calculated input power dependence of the output power of carrier
and IM3 in the case of two tones. Solid lines show the measured results and
dotted lines show the calculated results.

the relative phase of carrier and IMshould be equal. In
the weakly nonlinear region, since the measured result is
in agreement with the analysis result shown in Section II,
the generation of IM would be mainly due to AM–AM
conversion.

The calculation of amplitude and relative phase character-
istics is carried out by using numerical analysis described in
Section III. Fig. 10 shows the calculated output power of the
carrier and the IM versus the input power in the case of two
tones. Fig. 11 shows the relative phase of the carrier and the
IM . In both figures, the solid lines represent the calculated
results, and the dotted lines represent the measured results
shown in Figs. 8 or 9, previously. The amplitude difference
between the calculated and the measured IMis less than 2
dB, and the relative phase difference between the calculated
and the measured IMis less than 4. Both measured and
calculated characteristics show the rapid phase change of the
IM for drives near saturation. This result indicates that in
the saturation region the generation of IMdue to AM–PM
conversion should also be considered, and it causes the drastic
move of the relative phase of IM.

VI. CONCLUSION

The relative phase of IMversus input power of a GaAs
MESFET amplifier was measured and analyzed. The mea-
surement system and method were also presented. Measured
results of the GaAs MESFET amplifier demonstrated that the
characteristics of the relative phase of carrier versus input
power in the case of two tones had similar locus to that in the
case of a single tone. For drives in weakly nonlinear region,
the relative phase of IMis almost equal to that of carrier as
predicted in the analysis using Volterra-series representation.
For drives near saturation, the relative phase of IMis much
larger than that of the carrier and is in agreement with the
result of numerical analysis using discrete Fourier transform.
Near saturation region, the relative phase of IMexceeds 30,
whereas the relative phase of carrier moves less than 5.

Fig. 11. Calculated input power dependence of the relative phase of carrier
and IM3 in the case of two tones. Solid lines show the measured results and
dotted lines show the calculated results.

Comparison between measured and analytical results in-
dicates that in the weakly nonlinear region, the generation
of IM is mainly due to AM–AM conversion, whereas in
the saturation region, the generation of IMdue to AM–PM
conversion cannot be neglected with that due to AM–AM
conversion. This means that the drastic move of the relative
phase of IM is caused by the IMgeneration due to AM–PM
conversion.

It had been previously predicted that the drastic move of
the relative phase of IMversus the input power occurred for
GaAs MESFET amplifiers operating near saturation, because
of the difficulties in the adjustment of predistortion-type RF
linearizers. The measured results and the measurement method
presented here are useful in the design and the adjustment of
these linearizers. If an HPA having zero AM–PM conversion
characteristic can be achieved, it might have zero relative
phase of IM versus the input power. Therefore, it would not
be difficult for a predistortion-type linearizer to compensate
IM of the HPA even in the saturation region.
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