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tor the gate resonant circuit is a lumped element series
resonant arrangement consisting of chip varactor, series
wirebond, and the gate input impedance. The output
drain circuit is a single section impedance transformer.
Fig. 5 shows the tuning characteristic of this oscillator.
The minimum output power and efficiency are 25 mW
and 1.6 percent, respectively. Over most of the tuning
range, the output power is in excess of 40 mW and the
efficiency is greater than 3 percent.

V. CONCLUSIONS

It has been shown that, in a symmetrical FET structure,
the roles of the source and drain ohmic contacts may be
interchanged by reversing the source—drain bias polarity.
In power oscillator applications, this allows the realization
of an optimally heat-sunk flip-chip common-drain circuit.
Using this technique, both single-frequency and varactor-
tuned high-frequency oscillators have been realized. It is
felt that this technique will find wide usage in microwave
oscillators because of the simplicity of the approach and
the high performance possible.
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11-GHz GaAs Power MESFET Load-Pull
Measurements Utilizing a New Method
of Determining Tuner Y Parameters

HIROY UKI ABE anp YOICHI AONO

Abstract—A load-pull technique utilizing a new method of determining
tuner Y parameters is proposed for large-signal characterization of micro-
wave power traunsistors. Large-signal input—output transfer characteristics
of an active circuit containing a GaAs FET and an input matching circuit
are measured by inserting a microstrip tuner between the active circuit
output drain terminal and the 50-Q load. The microstrip-tuner Y parame-
ters are determined by comparing the dc bias-dependent small-signal §
parameter S,, of the active circuit and that of the circuit which contains
the active circuit and microstrip tuner. The reflection coefficient presented
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to the active circuit output drain terminal is derived from tuner Y
parameters.

Optimal load impedances for output power, obtained with this new
load-pull technique, are used to design X-band GaAs FET power ampli-
fiers. An 11-GHz power amplifier with a 3000-um gate-width FET chip
delivers 1-W microwave power output with 4-dB gain in the 500-MHz
band.

1. INTRODUCTION

N DESIGNING power amplifiers, it is important to
know the transistor load characteristics at a high input
driving-power level and to optimize the output matching

0018-9480/79 /0500-0394$00.75 ©1979 IEEE
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circuit on the basis of these large-signal characteristics.
The load-pull technique is essential for this purpose. With
the conventional technique, external tuners are adjusted,
demounted, and measured. To avoid the unknown degree
of error inherent in the conventional load-pull technique,
the automatic load contour mapping technique {1}, equiv-
alent load-pull technique 2], and large-signal S-parameter
characterization [3] have been proposed. However, these
techniques require a complicated test fixture or repeated
measurements of small-signal S parameters S, S5, Sy,
and S,, of a two-port circuit containing a transistor and
tuners.

This paper describes a load-pull measurement technique
utilizing a new method of determining the tuner Y param-
eters. Large-signal input--output characteristics of an ac-
tive circuit containing a GaAs FET and an input match-
ing circuit are measured by inserting a microstrip tuner
between the active circuit output drain terminal and 50-Q
load. The microstrip tuner Y parameters are determined
by comparing the dc bias-dependent small-signal S
parameter S,, of the active circuit and that of the circuit
containing the active circuit and microstrip tuner. The
tuner Y parameters are determined by best fitting these
two sets of S parameter S,,. The reflection coefficient T',,
presented to the active circuit by the microstrip tuner
terminated with a 50-Q load, is derived from the tuner Y
parameters.

A simple computer program has been developed. Once
the dc bias-dependent small-signal S parameter S,, of the
active circuit is measured and stored in the memory, T is
calculated by feeding into the program the measured
small-signal § parameter S,, of the circuit containing the
active circuit and microstrip tuner.

Using this new method of determining tuner Y parame-
ters, the load reflection coefficient I, can be measured
without disconnecting the microstrip tuner from the active
circuit. Furthermore, the measuring procedure is simpler
than the large-signal S-parameter characterization cited
above, because I', is obtained only measuring dc bias-de-
pendent small-signal S parameter S,,.

The new load-pull technique is applied to 11-GHz
GaAs MESFET large-signal characterization and the rela-
tionship between the load reflection coefficient I', and
input-output transfer characteristics are obtained. Con-
stant-power contours at 11.2 GHz and the frequency
dependence of the optimal load impedance between 10.7
and 11.7 GHz are presented.

X-band GaAs power amplifiers are designed and fabri-
cated on the basis of the transistor load characteristics
obtained by the new load-pull technique. The microwave
performance of the 11-GHz GaAs FET power amplifier
with 1-W output are described.

II. PrINCIPLE OF MEASUREMENT

For load-pull measurement, an impedance tuner is in-
serted between the transistor output terminal and 50-Q
load, which represents the power measuring circuit. Mi-
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Fig. 1. New load-pull technique principle.

crowave power is fed to the transistor input terminal
through the input matching circuit, and power delivered
to the load is measured. When reflection coefficient T,
seen from the transistor output terminal (4-4") toward
the load, is measured, a load-power characteristic is ob-
tained. The new technique proposed here is concerned
with the reflection coefficient I', measurement. The prin-
ciples of the new technique are schematically shown in
Fig. 1.

This new technique is developed from the simple con-
cept that the dc bias-dependent small-signal S parameter
S3,=TI% of an active circuit, with a transistor and an input
matching circuit, remains unchanged after the active
circuit is connected to one of the ports of microstrip tuner.
The small-signal reflection coefficient I'}, seen at the
other port of tuner, toward the transistor, is also dc
bias-dependent. I}, and I'} for various drain—source bias
voltages V¢ are shown in Fig. 2. If the matching tuner is
represented by unknown two-port Y parameters {Y,},
admittances YV, Vps) and Yy (V. Vyps) obey the
following equations:

Y3 (Vg Vpg) =Yy — (Y12)2 (la)
m\¥Yes) Vps 2T Y T Y Vas Vod)
1-T
Yi(Vs: Vps) = YO—ITF—S: (1b)
1-T%
Yy (Vs> Vps) = YOI_-FT“_Z ) Y,=20m8. (lc)

Equation (1a) can be transformed into the following equa-
tion:
(Yi(Ves: Vips) + Y)Y (V. Vis) — Yo) +( Y12)2 =0.
(la")
When the sets of Y7 and Yj, are measured at N bias

points, tuner two-port parameters { Y} are determined so
as to minimize the following error function F:
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$=11.2GHz .

Fig. 2. Reflection coefficients at 11.2 GHz, dependent on the drain—
source bias voltage V5. I'}: small-signal reflection coefficient seen at
the transistor drain terminal. T%,: small-signal reflection coefficient
seen from outside the microstrip tuner. The gate--source bias voltage is
fixed at Vgg=3 V. Z,=50 Q.

F= 3 HY (Ve vED+ 1.}

n=1
2
: { Yzfl( Vgg, Vgg) - Yzz} +( le)zl )

where V{2 and V3 are the drain-source bias voltage and
the gate—source bias voltage at the nth bias point. Once Y
parameters {Y;} are known, the reflection coefficient I,
is derived by the following equation:

rx= Yo" YL
Yo+ Y,
(Y1)’
YL = Y11 70;722‘- (3)

When the matching tuner can be assumed to be reactive,
Y parameters are expressed by only three real parameters

A, B, and C:
_(jA JB
{Y"f}“(jB ,-c)'

In this case, N=2 is sufficient to determine the three
parameters.

The algorithm for calculating I', from measured I,
and I'} is described in the Appendix.

(4)

III1.

A microstrip tuner, as shown in Fig. 3, has been devel-
oped for this load-pull technique. It contains a 50-{
microstrip line and bonding pads of metal layer (shaded
parts). This microstrip tuner is inserted between the
source-grounded FET drain terminal and output connec-

MEASUREMENT PROCEDURE
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Fig. 3. Microstrip tuner and input matching circuit.

tor. By bonding gold tapes between the pads and the 50-§
line, output tuning can be realized. A two-step matching
circuit is attached at the FET gate terminal. This match-
ing circuit contains ceramic capacitors [4] and microstrip
stubs. Numerical values for input matching circuit ele-
ments are determined with computer aids by using the
small-signal transistor S parameter S}, so as to minimize
input VSWR’s within the operating bandwidth. There are
three steps for measurement.

1) Connector 1 is connected to the external bias
network terminated with a 50-§ load. Without any tuning
at the output port, transistor small-signal reflection coef-
ficients I are measured on a network analyzer at
(Vs Vps)=(3 V,10 V) and (Vg Vips)=(3 V,0 V) (Fig.
1(a)).

2) Gold tapes are bonded so as to realize a nonzero
reflection coefficient to the transistor drain terminal,
Next, reflection coefficient %, is measured at the same
bias points as in the first step. Then I'}. and I}, are put
into the computer program, and microstrip tuner Y
parameters {Y;} and I', are calculated by the principle
described in the second section (Fig. 1(b)).

3) Connector 1 is connected to a signal generator
through a bias network, and connector 2 is connected to a
power meter through another bias network. DC bias is
provided through bias networks, and large-signal input—
output transfer characteristics are measured (Fig. 1(c)).

The gold tape positioning determines various reflection
coefficients I', given to the transistor drain terminal. The
relationships between I', and gain of an amplifier with
1500-um gate-width GaAs FET are shown in Fig. 4(a)
and (b). The location of the points shows the I',, and the
number beside the points shows the gain. The input driv-
ing power levels are 15 dBm (Fig. 4(a) and 23 dBm (Fig.
4(b)). From gain-I", plotting, constant-gain contours are
derived.

Constant-gain contours of an amplifier with 1500-um
gate-width GaAs FET at (Vg Vps)=@3 V,10 V) are
shown in Fig. 5. Input driving levels are 15 and 23 dBm. It
is clearly shown that the optimal load impedance deviates
from the complex conjugate of S35, as the input driving
level increases. To design wide-band amplifiers, large-
signal load characteristics are obtained at several
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f=11.2GHz

i
Gain-Ix Characteristics at Pijn=15dBm
(a)

f=11.26Hz )

L.

Gain-IxCharacteristics at Pjy=23dBm
(®

Gain-T', characteristics of an amplifier with a 1500-pm gate-
width GaAs FET: (V6, V,s)=(@ V.10 V), Z,=50 .

Fig. 4.

frequencies within the operating bandwidth. Optimal load
impedances at 10.7, 11.2, and 11.7 GHz are shown in Fig,.
6. Input driving levels are 23 dBm for an amplifier with a
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Fig. 5. Constant gain contour at 11.2 GHz. Input driving levels are 15
and 23 dBm. The GaAs FET gate width is 1500 pm. (Vgg, Vps) =3
V,10 V), Z,=50 Q.

1.0

Fig. 6. Optimal load impedances at 10.7, 11.2, and 11.7 GHz. The
GaAs FET gate widths are 1500 and 3000 pm. (Vgg, Vpg)=( V,10
V), Zy=50 Q.

1500-uym gate-width FET and 26 dBm for an amplifier
with a 3000-pum gate-width FET.

IV. 11-GHz GaAs FET AMPLIFIER

GaAs FET power amplifiers in the 11-GHz band were
designed based on the large-signal load characteristics [5]
and fabricated. The output matching circuits are designed
with computer aid on the basis of frequency-dependent
optimum load impedance Y, (f) ({=1,2,---,L), where
J’s are frequencies within a specified frequency band. In
the output matching circuit CAD, parameters {x;,x,,"*,
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Fig. 7. Output power response versus frequency of amplifiers I and I
Amplifier I (with 1500-pm FET): (Vgs, Vps)=(3 V,10 V), I,¢~170
mA. Amplifier I (with 3000-um FET): (Vg Vps)=(3 V,12 V),
I,2=420 mA.

X, }, representing the position, characteristic impedance,
and length of microstrip stubs, are determined so as to
minimize the following trial function:

Fr= 2 ()= Yol R

(Y S {x }))2
Yo+ Yol fio { % })

where Y,,, Y\, (=7Y,), and Y,, are matching circuit ¥
parameters expressed as functions of parameters {x,}.

A 1500-um gate-width FET chip used in amplifier I and
a 3000-pm gate-width FET chip used in amplifier IT were
obtained from the same wafer as FET chips used in the
large-signal characterization. The GaAs FET has a submi-
crometer gate. The detailed structure is described
elsewhere [6]. Amplifier I has a two-step matching ele-
ment, and amplifier IT has a one-step matching element as
shown schematically in Fig. 7. The length and position of
microstrip stubs were determined to make the output
power level ripple as small as possible within the operat-
ing bandwidth. Output power responses versus frequency
of amplifiers I and II are shown in Fig. 7. The FET
gate—source bias voltages are 3 V, which is nearly equal to
half-pinch-off voltage. The drain-source bias voltages are
10 and 12 V, which are less than half the drain—source
breakdown voltage. At 23-dBm input driving level, ampli-
fier I output power level is 27 +0.3 dBm within the 1-GHz
band (10.7-11.7 GHz). Amplifier II delivers 30+0.5 dBm
within an 800-MHz band (10.8—11.6 GHz) when driven at
a 26-dBm input level. Input—output transfer characteris-
tics are shown in Fig. 8. Small-signal gains are 5.3 dB
(amplifier I) and 4.8 dB (amplifier II). Saturated power
levels are 0.92 W (29.6 dBm) and 1.5 W (31.6 dBm).

(5a)

Y, (f)=Yu(l {xk})_ (5b)

V. CoNCLUSION

The new load-pull technique, in which dc bias-depen-
dent transistor small-signal impedances are used as refer-
ences, is shown to provide a precise and convenient proce-
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Fig. 8. Input and output transfer characteristics of amplifiers I and 1I

dc biases are the same as in Fig. 7.

dure for transistor large-signal characterization. By using
the technique, constant power contours are drawn on a
Smith chart for various driving levels. The optimal load
impedances measured by this technique are used for
power amplifier design.

An 11-GHz power amplifier using a GaAs FET chip
with a simplified recess structure delivers 1-W output
power. The amplifiers have sufficient microwave perfor-
mances for communication and broadcasting systems at
frequencies higher than 10 GHz.

APPENDIX

Algorithm for Calculating T,

The small-signal admittances Y3 and Y}, are calculated
from measured T and T%, by (ib) and (lc). Y7 and Y,
are expressed as complex numbers:

YV, V) =p,+Jq, (A1)
(VR VE)=u,+jv, (a=1,---.N). (A2)

By putting D=AC— B? F is expressed as a function of

A, C, and D:
N

F= Y [(-—Av,,+an+D+pnun—qnu,,)2
n=1

(A3)

The values of 4, C, and D which minimize F can be
obtained as a solution to the following simultaneous linear

+ (Aun - Cpn + Gty +ann)2]'

equations:
N

OF _ > [ —2v,(~A4v,+ Cq,+ D+p,u,—q,v,)
4 < "

+2u,(Au,— Cp, + q,u,+p,v,) | =0 (A4)
IF _ &
v 2 [2qn(_ADn+an+D+Pnun—qnvﬂ)
oC =

—2p,(Au,— Cp,+ q,u,+p,v,) | =0 (A5)
IF _ X
55 = & [2(—4v,+ Cq,+ D+p,u,—q,0,)] =0.

n=1

(A6)
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Fig. 9. Measured and calculated reflection coefficient I%, and T3,
Ves=3V,Zy=50Q.

In order for these simultaneous equations to have a non-
trivial solution, N has to be larger than 2.

By solving these equations, parameters 4, C, and B
(=VAC—D) are obtained. The load reflection
coefficient T', is derived by the following equations:

. B?

Y, =j4+ _Y;I—jf (A7)
Yo— Y,

I‘x""" —)}04——)’:;. (A8)

As a numerical example, I'y(Vye=3 V,Vpe=0 V),
(Vs =3 V,Vps=10 V) T (V=3 V,Vpg=0 V) and
w(Ves=3 V,Vpe=10 V) that are shown in Fig. 1 are
inputted to the program. This means that N equals 2. The
following values are obtained for 4, C, and BZ:

A=~184
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C=-0.55
B?=4.69  (normalized by Y,=20 md).
To show how precisely these numerical values of 4, C,

and B represent the tuner characteristics, I%,(Vg, Vpg) is
calculated by the following equations:

B 2
Y7 (Vs> Vps) +id

Yo - ):11‘4( VGS’ VDS)
Yo + Ylil( VGS’ VDS)

)71{4( Vgss VDS) =jC+

~§w( Vass VDS) =

where V=3 V and V),5=0, 2, 4, 6, 8, and 10 V. The
calculated I, is plotted in Fig. 9 along with the measured
s,
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