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Transfer Characteristic of IMRelative
Phase for a GaAs FET Amplifier

Noriharu Suematsuylember, IEEE Yoshitada lyamaMember, IEEE and Osami IshidaSenior Member, IEEE

Abstract—The transfer characteristic of relative phase of the Input Output
third-order intermodulation distortion (IM ;) of a GaAs FET Port AM-PM AM-AM Port
amplifier is measured and analyzed. The measurement system O— conversion 1 Conversion —C
and method are also described. For drives in the weakly nonlinear

region, the measured relative phase of IM 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 IM 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 IM relative phase is caused by the ||. ANALYSIS USING VOLTERRA-SERIES REPRESENTATION
generation of IM; due to AM—PM conversion. The measured . . o
results and the measurement method are useful for the design N order to deduce the intermodulation characteristics for

and adjustment of predistortion-type linearizers for GaAs FET drive levels in the weakly-nonlinear region, \olterra-series

high-power amplifiers. analysis [7]-[10] is used. Taking into account the AM—PM
Index Terms—Amplifier distortion, intermodulation distortion, ~ Conversion, the voltage transfer characteristics of a nonlinear

microwave FET amplifiers, microwave measurements, Volterra amplifier can be obtained as follows.

series. 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
BOTH low-distortion and high-efficiency characteristic$,ament which represents AM—AM conversion. For single-

-J are desired for high-power amplifiers (HPA'S) used ifyne operation, the input voltage of this nonlinear amplifier
digital radio communication systems. In order to achle\/;][1 becomes

both of them simultaneously, predistortion-type linearizing’
techniques have been used [1]-[5]. A predistortion-type radio Vin = Acoswt 1)

frequency (RF) linearizer is connected to the input port.%hereA andw are the voltage amplitude and the frequency of

HPA and adds distortion components [mainly third-order in;. . . . .
termodulation distortion (IM)] out of phase to the carrier. Asr{he Input signal, respectively. The output voltage of the first

. . ) . “nonlinear element (AM—PMy;,,, can be written as
a result, the distortion components generated in the linearizer ! ( Vi wr
and in the HPA are canceled out at the output port of the HPA. — A A?

. . g Vim = Acos |wt+ ¢| —
However, it is quite difficult to compensate the JMenerated
in the HPA operat_mg near sat_uranon [4]. Smc;e thg almplltUdehere ©(A?/2) represents the AM-PM conversion. Using
of IM 3 generated in the linearizer can be easily adjusted to pe : .

! . . Olterra-series representation, the output voltage of the second

equal to that in the HPA using a spectrum analyzer, it can Plgnlinear element (AM—AM).,. can be written as
predicted that the phase of BM6] generated in the HPA has out

moved drastically in the saturation region. =2 n
Vout = Z AnVim
n=1

Fig. 1. Model of a nonlinear amplifier.

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

I. INTRODUCTION

(@)

In this paper, the relative phase of {Mersus the input
power of a GaAs MESFET amplifier is measured and analyzed ~ )
in tyvo different mgthods. One is the anaIyS|s. using Vol'terra— _ Z a, A" cos™ {wt—i— ¢<A_>} 3)
series representation [7]-[10], and the other is using discrete 2
Fourier transform [11], [12]. The measurement system and
method are also presented. Measured results show that: 1lf'_
for drives in the weakly nonlinear region the relative phadé» IS

n=1

the case of two-toneJs, w-) operation, the input voltage

of IM3 is almost equal to that of carrier and 2) for drives Vip = A’ cos wit + A cos wat
—oA w1 — W2 w1 + w2
Manuscript received March 28, 1997; revised July 31, 1997. = cos B t - cos B t
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whereA'’ is the voltage amplitude of each input signa] { w»)
and¢(t) is the component of the envelope, i.e., *
Wy —w Input int i=
e(t) = 24’ cos L 5 2 ¢, (5) i=i+1 lnpu pow?r point! 01
o . ™
A andw in (1) in the case of two-tone operation can be | [Preparation of input waveform by combining two
expressed by usingl/, w;, andws: carriers (f;,f,) as the input signal of the amplifier
Y
A= e(t) Calculation of the output waveform using single- || Time
— 94 cos w1 — W2 ¢ (6) tone transfer characteristics of the amplifier Domain
e 7) I Fourier transform j
= 7 T —
2 Y
By substituting (6) and (7) for (1), Ccan be written as Calculation of carrier's [[Calculation of IMg's amplitude
shown in (8), shown at the bottom of the page. amplitude Ai (i1), Ai (fo) [lAi (2f-f1), Ai (2f4-15)
When (Vout)w=w, i defined as thev = w, component L
. i ier' Calculation of IM4's phase
of vout, the components of carriew(= w) and IM; (w = Sﬁ;‘;‘gi‘:;((’:)o;f?;'ers Pt 01 @ _f? P
2wy — wy) can be derived from (8). The carriew (= w;) . bR *‘ 2
component Is Calculation of carrier's [[Calculation of IM3's relative Frequency
(Vout)wmw, = (a1 A’ + % asA” + .. ) relgtive phase phase Domain
e(t)2 Agi(f4) = gi(ty) - golf4) Agi(2f-f1) = i(2fy-f1) - po(2fy-f4 )
- COS {wlt + ¢ |:T:| } (9) Agi(fa) = 0i(fy) - golfa) I Agi(2f4-f,) = i(2f4-f) - po(@fy-f,)
and the IMy (w = 2w — w;) component is End
= /3 ...
(VoutJw=2u—wr = (4 34 ) Fig. 2. Flow chart of the calculation of the input power dependence of the

e(t amplitude and relative phases of carrier and; IM the case of two-tone.
{(2w2—w1)t+<ﬁ{(2)” o) ™ P

If the intermodulation distortion generation caused by
AM-PM conversion can be neglecteas {w.t + ¢[e(t)?/2]}
would not make any intermodulation distortion components. In order to take into account the effect of {Mjeneration
Therefore, (9) and (10) show that, when the generation agf IMaused by AM—PM conversion, humerical analysis using the
caused by AM—PM conversion is negligibly small comparediscrete Fourier transform [11], [12] can be adopted. The
with that caused by AM—AM conversion, the carrier andsIM calculation of relative phase of carrier and dNs added to
have the same relative phase characteristic versus the injet previous analysis [12]. The flow chart of this calculation
power c(t)?/2. is shown in Fig. 2. In this method, the waveform of the

I1l. NUMERICAL ANALYSIS USING
DISCRETE FOURIER TRANSFORM

= 3 ) om {522 4[4}’

n=1
:alA’<cos {wlt—i—(p[e }}—l—cos{ t+<p{

1)

1 [e(t)?] 1 [e(t)?]

+ aQA’2 <§ cos {let + 2¢ 6(2) + 5 {ngt + 2¢ 6(2) }
] -e t)? k )

+ cos {(wl +wy)t+2¢ [ (2 }}—i—cos[(wl —wg)t]—i—l)
1 [e(t)?] 1 [e(t)?]

+ agA’3 <Z cos {3w1t + 3¢ 6(2) } + Z S {3w2t + 3¢ 6(2) }

. % o {(M )t 4 3 {e(;){"} } T % cos {(2w2 +wi)t+3p {6(;)1}

o Lo [T s e [207))
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Fig. 3. Configuration of measurement system for input power dependence of relative phasg. of IM

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 IM3 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.

- D.UT

—D.U.T + REF

Power (10dB/Div)

IV. MEASUREMENT 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 characteristig. 4. Spectrum under measurement of relative phase of the carrier.
measurement system including device under test (DUT), and

another t_q a reference iMgenerator. _The. Input power Ofis defined as the phase standard of;INBince there are two
the amplifier for reference IM generation is kept constant

to generate distortion independent of the input power of tﬁzomponents of I (that is, 2499 and 2502 MHz), the phase

DUT. The output of the amplitude transfer characteristi Sandards of I are defined ag;, and o, Tespectively.
. . n, the same measurement procedure is repeated at the next
measurement system is connected to a variable attenuator an .
. : . : . nput power level, and the phase of carrier andsI{pg;,

a variable phase shifter, then is combined with the output of t . .

. i, and ;) can be obtained for théh stage { > 0). The
reference IM generator, and finally connected to a spectrur ative phase of carrietNpe;) and the relative phase of By
analyzer. The phase change through the path of the amplltl{g P pai n

Ie . andAyy;) versus input power are defined@ag; —
transfer characteristics measurement system excluding the’™ PHi put powe B~ pco,
DUT is defined as. ©Li — ¢Lo, andey; — @no, respectively.

. . During this measurement, the variable attenuator and the
The relative phase of carrier and }Mire measured by the : . . .
following procedure. At the first stage € 0, 4 number of variable phase shifter are adjusted to attain 30-dB suppression

9p ' . 9 2 b T for both carrier and IM. Fig. 6 shows the relationship between
the stage), at where the input power level is set in the weaky . . X
. . .~ sfgnal suppression and differential power and phase of two
nonlinear region of the DUT, the phase standards of carrier an ; .

Ft signals combined at 18Gut of phase to cancel each

i
IMg_are measu_red. In order to measure the_ phase standar(ﬂﬁer_ When the differential power between two signals is zero,
carrier, the variable attenuator and the variable phase shi %r

: o . " .5- and 29.0-dB signal suppression, shown in Figs. 4 and 5,
are adjusted to minimize the spectral intensities of the twQ :
. ) . arf equivalent tet1.3 and £2.0° measurement phase error,
carrier components monitored by the spectrum analyzer. Fig. .
. re§pectlvely.
shows the monitored spectrum under the measurement ©
phase of carrier. Here is defined as the phase standard
of the carrierpcg. To measure the phase standard of;|M
the attenuator and the phase shifter are adjusted to minimiz&he characteristics of a 2.5-GHz-band class-A amplifier,
the spectral intensities of IM Fig. 5 shows the monitored using a GaAs MESFET (MGFC2407A, Mitsubishi Electric),
spectrum under the measurement of phase of. IMere ¢ were measured. Fig. 7 shows the single-tone transfer char-

Frequency (1MHz/Div)

V. MEASURED RESULTS
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— D.U.T + REF

Fig. 5. Spectrum
IM3[2f1 — f2 (f2 > f1)].

Fig. 6. Relationship between signal suppresslof1 and differential power
and phase of two input signal®{ and P2) combined at 189 out of phase.

Output Power (dBm)

Fig. 7. Single-tone transfer characteristics of GaAs MESFET amplifier.
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Fig. 8. Measured input power dependence of output power of carrier and
IM3 in the case of two-tone characteristics.
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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 betweens |Ehd
noise, monitored at the spectrum analyzer, is small, enough
suppression cannot be achieved for the phase measurement of
IM 3. 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, \érsus 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 ofsIi$

acteristics of the amplifier. The output power at 1-dB gaigimost equal to that of carrier. For drives near saturation, the

compression Ky ¢p) is about 19 dBm, and the relative phaseelative phase of IM is quite larger than that of carrier, and

of carrier is less than%below P; 4.
Fig. 8 shows the measured two-tone amplitude transfehase of carrier moved below 5

characteristics. Below the input power of 0 dBm, the amplitude The analysis shown in Section IlI, in which the generation

of IM3 rapidly decreases and is less thaB0 dBm. In this of IM3 due to AM—PM conversion is neglected, shows that

the relative phase of IMexceeded 30whereas the relative
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Fig. 11. Calculated input power dependence of the relative phase of carrier
Total Input Power (dBm) and IM; in the case of two tones. Solid lines show the measured results and
dotted lines show the calculated results.

Fig. 10. Calculated input power dependence of the output power of carrier
and IMs 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
the relative phase of carrier and {Mshould be equal. In af IMs is mainly due to AM—AM conversion, whereas in

Fhe weakly nonl_lnear region, since the meas_ured re_sult % saturation region, the generation ofslMue to AM—PM
in agreement with the analysis result shown in Section

. . onversion cannot be neglected with that due to AM—AM
g:)i\/%?;i;at'on of I would be mainly due to AM-AM conversion. This means that the drastic move of the relative

. . . hase of IM is caused by the IMgeneration due to AM—PM
The calculation of amplitude and relative phase CharaCtécjdnversiorl:é y Mg

istics is carried out by using numerical analysis described N+ had been previously predicted that the drastic move of

?;Srﬁleornalr::j. chlg|]Movserr]gl\j\/sst:lheeirﬁsﬁug[vev(:zroiﬁt?#et Eg‘év:g?{\;qﬁe relative phase of !Mversus thg input power ogcurred for
tones. Fig. 11 shows the relative phase of the carrier and ahs M.E.SFE.T am plifiers pperatmg near sgtura_non, because
IM I-n bo.th figures, the solid lines represent the calculat thg difficulties in the adjustment of predistortion-type RF

3 9 ’ P ‘I:’ﬁjeanzers. The measured results and the measurement method

. i
riSL\J/:/tr?,ir?ani the8 d?ttg d Irmsis relpre_?ﬁnt trzeli:nfjasgirfefzdr rﬁs Essented here are useful in the design and the adjustment of
Ee?ween thegiélcﬁateapaﬁd (:;'Z );ﬁeaseureégpls/lllje:s thaenezc ese linearizers. If an HPA having zero AM—PM conversion
dB. and the relative phase difference between the calcuIaCh racteristic can be achieved, it might have zero relative
an(':i the measured IMpis less than % Both measured andb se of IM versus the input power. Therefore, it would not
calculated characteristics show the r'a id phase chanae of e difficult for a predistortion-type linearizer to compensate
u . ISt low Ihe rapid phase g IM3 of the HPA even in the saturation region.

IM3 for drives near saturation. This result indicates that in
the saturation region the generation of JMue to AM—PM
conversion should also be considered, and it causes the drastic REFERENCES
move of the relative phase of IM
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