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ABSTRACT

A high efficiency mode in a 20 GHz MBE-grown single drift GaAs Read-type IMPATT diode has been observed by using

a computer-aided characterization system.
efficiency at 22 GHz.
width at 3.7 dB gain with 3 W maximum output power.

Introduction

There has been a great need for high power, high
efficiency solid state devices for various types of
applications at microwave frequencies and above.

IMPATT diodes have been one of the best contenders to
meet this requirement. Since the experimental achieve-
ment o{lyigh efficiency in GaAs Read-type IMPATT

diodes , great efforts have been made to increase
their power capability and operating frequency.

This paper describes the experimenal observation
of a high efficiency mode in a 20 GHz GaAs Read-type
IMPATT diode. The first section gives a brief
description of a computer—aided characterization
system used in this work. The diode has been embedded
in an amplifier circuit, newly developed for wideband
operation, to provide the overall performance presented
in the last section.

Computer—aided characterization system

A new system has been developed for fast and
accurate characterization of IMPATT amplifiers. A
PDP-11 computer is directly linked to the system for
real-time data collection and processing so that the
results can be displayed immediately either on a CRT,
an X-Y recorder, or on a console typewriter.

The system not only measures the admittance of an
IMPATT diode but also characterizes an amplifier circuit
in terms of circuit admittance and circuit efficiency.
The junction temperature of the diode is monitored
continuously during measurementon a digital meter,
provided that its thermal resistance is known.
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Fig. 1 Schematic diagram of a computer-aided
characterization system.
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The intrinsic diode is estimated to have 2 W power capability with 26%
The diode was tested in a modified top-hat amplifier circuit to demonstrate 3.1 CHz band—

Fig. 1 is a schematic diagram of the system for
20 GHz and higher frequencies. It is basically a net-
work analyzer with a down converter section. The in-
put power is delivered through a circulator to a stab-
ilized IMPATT amplifier at the test port. The admitt-
ance of the IMPATT diode is measured after two matrices
are determined, each of which represents the network
analyzer and the amplifier circuit respectively. The
amplifier circuit is characterized by using the junc-
tion capacitance of the diode as a reference admittance
so that the series resistance of the diode is measured
in this step. Least square techniques have been used
to minimize possible random errors. The accuracy of
measuremant has been estimated to be less than 15%.

The time required for diode characterization at a
given frequency is less than 15 minutes, including
time for calibration.

Fig. 2 is shown to demonstrate the sensitivity of
the system. The measured series resistance of a GaAs
Hi-Lo IMPATT diode is plotted as a function of distance
or depletion width. The change of slope at 0.3 um
clearly shows the edge of the avalanche zone.
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Fig., 2 Relative change of a series resistance measured
at 20 GHz as a function of a depletion width.

Observation of high efficiency mode

A high efficiency mode has been observed by this
computer-aided characterization system in a 20 CHz
Varian MBE-grown GaAs IMPATT diode. The diode is a
single mesa P+ Hi-Lo_structure with doping concentra-
tions Ny = 1.5 x 1017 w3 and N, = 1.0 x 1016 o3,
The total active layer is 2.3 pum in length with a 0.3
Hm well-defined avalanche zone and the diode area is
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Fig. 3 ‘Measured chip admittance of a MBE-grown Fig. 4 Measured chip admittance of a MBE-grown GaAs
GaAs IMPATT diode. Bias voltage = 25.0 V. IMPATT diode. Bias voltage = 26.4 V.
1.1 x ].O_4 cmz. At the typical operating point of 26V
and 260 mA dc, the depletion layer extends 1.5 pm.

Fig. 3 and 4 show the diode chip admittance tx19.0 62120
measured, respectively at 25 and 26.4 V dc bias . i 2
voltage. Each figure contains 6 heavily drawn curves 2 s
corresponding to 6 different frequencies. Each of ‘;30” Vg* 264V _908 =
these curves represents a device line as a function of © 264 E| =z
rf voltage across the chip. The curves are drawn by § ’ leo el o
the X-Y recorder of the characterization system. The ° f ¢
thin lines of equi-rf voltage are drawn in afterward. § e E 28 el ®
Also shown in Fig. 3 is the negative of the circuit 3 *ﬂ)g—lﬁ
admittance locus of the amplifier used for this diode ® § §
characterization. E ok ~605 5

The following phenomenological features which 2 264 &4 2
indicate the transition from a conventional IMPATT Y 28 e
mode to a high efficiency mode at large signal level & Fo-- .
can be seen from an examination of Fig. 3 and 4. s X N ) 1 o

1. The magnitude of negative conductance |Gp|at o s 10 15 20

small signal levels decreases with frequ- Peak RF Voltoge across Chip (Volts)

ency while it increases at large signal levels.

2. |6p| tends to remain constant, or sometimes in- Fig. 5 Chip admittance and power generation vs. peak
creases with rf voltage at large signal levels after rf voltage across the chip.

showing a rapid decrease at medium signal levels. diode: E1101 S/N2 freq: = 19.0 GHz

3. The small signal region at each frequency is

distinguished from the large signal region by a

characteristic bump in susceptance By when rf

voltage increases. X
Features 2 and 3 are more clearly depicted in Fig. 5, X
where Gp and By at 19 GHz are plotted as a function 0SSR~
of rf voltage.

It is found that the diode has a maximum conver-
sion efficiency of 267 with 2.0 W power output at 22
GHz for 26.4 V bias voltage if the series resistance of
the diode is neglected.

It is believed that thliis transition to high
efficiency mode can be attributed to the depletion
width modulation as is observed in premature collection increasing freq. or Vg
mode(2), Fig. 6 provides the graphical and qualitative
explanation. Here plotted are the positions of the
depletion edge and a charge packet travelling through ) / Bopt T g
the drift zone as a function of radial angle 6 (= wt). (~0.747)

Xpsg denotes the small signal depletion edge. A half

cycle sine wave, shown as a solid line, is the deple- Fig. 6 Graphical explanation of high efficiency mode.
tion edge for the rf voltage Vgpy, while a dashed curve Relation between depletion width modulation and
is for the smaller voltage VRFl. Three straight lines charge packet collection.

through the origin represent the paths of an electron
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charge packet at 3 different frequencies, the slopes of
which give the saturated velocity. 0_ is the small
signal transit angle. A circle at the intersection
between a Vpp curve and a straight line indicates the
timing at which the packet is collected.

For 25 V bias voltage the calculated small signal
transit angle becomes 1.0 T at 21 GHz when the value of
5 x 106 cm/s is assumed for electron velocity. Thus
the line of fg, corresponds to that for 21 GHz, 831
for lower frequency. The approximation of a pulse-
like charge packet leads to the conclusion that the
highest efficiency at a given rf voltage is obtained
when the transit angle is 0.74 7. With these condi-
tions kept in mind one can explain the experimental
observations in Fig. 3 and 4. The effect of increased
dc voltage can also be discussed by shifting the Xpss
line and depletion edge curves upwards in Fig. 6, or
almost equivalently by decreasing the slopes of charge
packet lines.

In actual diodes the transition to the high effic-
iency mode, as shown in Fig. 5, is somewhat obscured
since the collection of a charge packet does not take
place instantaneously because of the relatively large
width of the packet compared to the drift zone length.
This fact will set an upper limit to the frequency at
which a definite transition is easily observable. A
gradual transition, however, implies the possibility
of designing high efficiency diodes with constant
negative conductance for high power linear amplifiers.

The importance of reducing the IMPATT diode's
series resistance should also be emphasized since a
measured resistance of 0.3 ohms in the present diode
reduces the available power output to 1.4 W with 18%
efficiency at 22 GHz.

Amplifier performance

The diode has been embedded in a modified top-hat
structure in Fig. 7. This circuit enables wideband
operation since it provides a characteristic loop in
its circuit admittance locus, as was shown in Fig. 3(32
The loop can be reasonably tailored by changing the
circuit dimensions. The typical circuit efficiency
ranges from 80% to 97%, depending on frequency. TFig. 8
shows the gain vs. frequency curves of the amplifier
with input power as a parameter. The bandwidth of 3.1
GHz at 3.7 * 0.3 db gain was obtained for 1 W input
power when 26.4 V dc bias voltage was applied to the
diode. The solid line in Fig. 9 is the output power vs.
input power of the amplifier at 20.75 GHz. The maximum
output power was 3 W with 3 dB gdin. The overall
conversion efficiency of 22% with 1.6 W added power
was observed at 21.0 GHz.

Conclusion

A high efficiency mode believed to be similar to
the premature collection mode has been observed in a
20 GHz MBE GaAs IMPATT diode using a computer-aided
characterization system. The:diode shows an intrinsic
capability of 2 W output power with 26% efficiency.
However, the series resistance plays a critical role
in limiting the actually available power.
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Fig. 7 Modified top-hat structure for wideband
IMPATT amplifiers.

ENOI S/N2
12r Vg = 26.4V {Igg 2262 mA)
Disc #11 {0.210"¢$)

2
1

o Pip=0IlW *
PN
— c\.\.\ /./ \.

Gain (dB)

]
\

4, i 1 L 1 ']
19 20 21 22 23
Frequency (GHz)

Fig. 8 Gain vs. frequency of an IMPATT amplifier.

EXelod
E
3 2.0F
3
@
3
o
3
(<]
1o
E1101 S/N2
Vp 2264V
£220.75 GHz
Disc # 11 (0.210"¢)
. o

o] 012 04 OI.G o8 1O 1.2 {4 1.6
input Power (W)

Fig. 9 Output power vs. input power of an IMPATT
amplifier at 20.75 GHz.
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