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Nonlinear and Large-Signal Characteristics of Millimeter-Wave
IMPATT Amplifiers

H. J. KUNO axp DAVID L. ENGLISH

Abstract—Experimental results obtained with millimeter-wave
IMPATT amplifiers are presented. Nonlinear and large-signal char-
acteristics of stable IMPATT amplifiers and injection-locked IMPATT
oscillators are described. Amplifier circuit configuration, diode char-
acteristics, and measured effects of bias current, temperature, and
large-signal level on gain, bandwidth, power saturation, and phase-
delay characteristics are discussed in detail.

INTRODUCTION

T has been shown that iMpaTT diodes can be used for
I[ amplification of millimeter-wave signals as well as for

generation of millimeter-wave power [1]-[5]. Recently,
applications of IMPATT diodes in millimeter-wave communica-
tion systems have increasingly become of great interest and
importance, In particular, it has been demonstrated that
IMPATT amplifiers can be used effectively for amplification of
millimeter-wave phase-modulated signals in high data-rate
communication systems [1]~[3]. This paper presents experi-
mental results obtained with millimeter-wave Si IMPATT am-
plifiers developed for such applications. Amplification of
phase-modulated signals may be accomplished with an IMPATT
diode operated either as a stable amplifier or an injection-
locked oscillator. Described in this paper are an amplifier cir-
cuit configuration, IMpATT-diode characteristics, nonlinear
gain—bandwidth characteristics, large-signal effects on gain—
bandwidth and phase-delay characteristics, and bias current
and temperature effects on gain and power saturation charac-
teristics.

IMPATT-DionE CHARACTERISTICS

IMPATT amplifier performance is strongly related to dc
characteristics of the iMPATT diode, which is in turn related
to the doping density profile and function geometry. Shown
in Fig. 1 is the doping density profile of an IMPATT diode de-
signed for 60-GHz operation. It consists of a thin layer of
diffused (or ion-implanted) heavily doped p*-type region, an
epitaxially grown n-type region, and a low-resistivity n™-type
substrate. Critical material parameters that determine RF
performance of the diode are the doping density and the
thickness of the n-type epitaxial layer, the p*-n junction and
n-nt interface. The doping density transition at the n-nt in-
terface should be made as abrupt as possible. If this interface
is excessively graded, a high parasitic series resistance results
that reduces the output power and efficiency. The p*-n junc-
tion should also be made abrupt. The graded junction results
in reduced output power and efficiency. The n-type region
should be doped uniformly. The graded doping density profile
reduces the output power capability of the diode. The doping
density and thickness of the n-type region should be made
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Fig. 2. C-V characteristics of a 60-GHz mMmpATT diode.

such that, at the operational bias current level and the opera-
tional junction temperature, the space-charge region critically
punches through, i.e., the edge of the space-charge region
reaches the nt region at the operational bias current level. If
the n-type region is under critically doped, excessive punch
through occurs. If it is over critically doped, an unswept
region remains at the n-nt interface that increases a series
resistance. In either case, the out-power capability of the
diode will be lower than that of the critically doped diode.
The space-charge region width is related to the transit time
of the drifting electrons. The optimum transit angle is approxi-
mately 0.757 [6], [7]. In the doping density profile design of
the 60-GHz 1MPATT diode shown in Fig. 1, we use the value
of 0.8 X107 cm/s as the saturated electron drift velocity at
the junction temperature of 200°C [10], [11]. In the design
the space-charge region widening effect due to both tempera-
ture and bias current [9] has also been taken into considera-
tion.

Shown in Fig. 2 is the capacitance variation of a typical
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IMPATT diode measured as a function of bias voltage. The
C-V characteristics with 1/2 slope in the log—log scale indicate
the abrupt junction with uniform doping density profile [8].
Fig. 3(a) shows the diode mounting configuration used for the
experiment. The diode is mounted on a gold-plated OFHC
copper heat sink with the junction side (p*-region) close to
the heat sink. The substrate is thinned down to 10-um thick-
ness. The electrical contact is made by means of a gold strap
connected between the diode and a small quartz standoff
block. This diode mounting technique provides very small
parasitic inductance and package capacitance that reduce the
gain—bandwidth capabilities of the diodes used as amplifiers,
particularly at millimeter-wave frequencies.

AwmpLIFIER CIRCUIT

Microwave characteristics of an IMPATT diode can be rep-
resented by an equivalent circuit consisting of a frequency-
dependent nonlinear negative conductance — G,, an avalanche
inductance L,, junction capacitance C;, a series resistance R,
an inductance L,, and a capacitance C, associated with the
package and the mount as shown in Fig. 3(b). Techniques we
have developed for characterizing IMPATT diodes at milli-
meter-wave frequencies are discussed in [12] and [13]. Both
the negative conductance — G, and the avalanche inductance
L, are nonlinear parameters. They are dependent on fre-
quency, bias current, and RF signal level.

In order to achieve optimum performance from a given
device at a specific frequency, both the real and imaginary
components of the circuit impedance must be matched to
those of the device impedance.

It should be pointed out that in general a properly de-
signed IMPATT circuit can be used either as an oscillator or as
an amplifier by adjusting turning conditions. Shown in Fig.
4(a) is a cross-sectional view of a V-band IMPATT oscillator
/amplifier circuit used in the experiment. It consists of a
reduced-height waveguide cavity, an adjustable coaxial sec-
tion, a movable short, and a quarter-wave impedance trans-
former. The reduced-height waveguide section is to reduce the
effective-load impedance level so that a better match to the
Iow impedance of the 1MPATT diode can be achieved. The
microwave characteristics of the amplifier circuit can be repre-
sented by an equivalent circuit shown in Fig. 4(b). The circuit
possesses the unique feature of providing two degrees of tun-
ing freedom by means of the series and parallel tuning ele-
ments provided by the adjustable coaxial section and the
movable short, respectively. In this way, a broad range of
loading conditions can be provided by relatively simple means.
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(a) iMPaTT-diode mounting configuration. (b) An equivalent circuit.
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Fig. 4. (a) Cross-sectional view of a millimeter-wave IMPATT
amplifier foscillator. (b) Simplified equivalent circuit.

Experimentally loaded Q values ranging from 5 for broad-
band amplification to greater than 300 for low-noise oscilla-
tion have been obtained by adjusting the tuning elements.

In addition to the electrical characteristics of the circuit,
it is also important to provide a good thermal path to remove
heat generated in the diode. Shown in Fig. 4(a) is a detailed
view of the diode mounting scheme. The diode TC bonded
onto an OFHC copper heat-sink disk is mounted with tin—
gold solder on a larger heat sink which is part of the circuit.
Thermal resistance measured between the diode junction and
the outside surface of the amplifier circuit ranges between 35
and 45° C/W for diodes operated at 60 GHz, depending on
the junction area.

STABLE IMPATT AMPLIFIERS

Many stable -IMPATT amplifiers have been evaluated.
Fig. 5 shows the measured output versus input power transfer
characteristics of an IMPATT diode operated as a stable ampli-
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Fig. 5. Effects of bias current on power, gain-bandwidth product, and

generation efficiency for a stable IMPATT amplifier.

fier measured at various bias current levels. Also shown is the
maximum power generation efficiency measured at each cur-
rent level. At each current level, the amplifier was tuned for
10-dB small-signal gain. Saturated output power level, gain—
bandwidth product, and -the generation efficiency increased
with the increasing bias current. Maximum output power of
260 mW and maximum gain—bandwidth product of 16.6 GHz
and generation efficiency, (Pouy—Pin)/ Pye, of 5.4 percent have
been obtained. This was the best gain—-bandwidth product we
have measured. Temperature effects on the amplifier were also
measured. Over the temperature change from 23 to 65°C, the
small-signal gain decreased by 0.05 dB/°C, but the saturated
output power changed by only 0.01 dB/°C.

Fig. 6 shows variations of gain—bandwidth characteristics
of an iIMPATT amplifier measured at various input power levels.
It can be seen that as the power level increases, bandwidth
increases but the gain decreases. It can also be seen that the
center frequency shifts to the lower side gradually with, the
increasing input power. As the gain and bandwidth change at
large-signal levels, phase delay also changes. Shown in Fig. 7
are the changes in gain and phase delay measured as a func-
tion of input power level at the center frequency fo and both
sides of the center frequency. As the input signal increases the
phase delay increases at all frequencies. The change in phase
delay as a function of the input power level results in AM-PM
conversion.

InyECcTION-LOCKED IMPATT OSCILLATORS

Amplification of phase-modulated signals can be accom-
plished also with an injection-locked IMPATT oscillator. Fig. 8
shows effects of bias current on output power, efficiency, and
frequency of free-running oscillation of an IMPATT diode tuned
for maximum output power at each current level. Both output
power and efficiency increase with the increasing bias current.
The frequency of oscillation may increase or decrease with the
increasing bias current depending on the tuning conditions.
We found that for diodes from the same production lot higher
conversion efficiencies can be obtained from diodes with
smaller junction area but output power does not vary sig-
nificantly with the junction size. Effects of temperature on the
output power and frequency of the free-running IMPATT oscil-
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free-running IMPATT oscillator.

lation Have also been measured. The frequency decreased with
the increasing temperature at a rate of 2.75 MHz/°C in the
60-GHz range. The output power decreased with the increas-
ing case temperature at a rate less than 0.004 dB/°C. No
special effort was made to minimize the temperature effects.
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The locking gain—bandwidth characteristics of an IMPATT-
diode injection-locked oscillator generally follow classical
phase-locking characteristics given by

(Pout/ Pin)'2Af = const

where Af is the locking bandwidth and P,/ Pi, is the locking
power gain. Large-signal effects on locking bandwidth, out-
put power, and phase delay are shown in Figs. 9 and 10. The
locking characteristics are not symmetrical about the free-
running oscillation frequency.

CONCLUSIONS

Various nonlinear and large-signal characteristics of
IMPATT diodes operated as stable amplifiers and injection-
locked oscillators developed for amplification of phase-modu-
lated millimeter-wave signals have been described. Compari-
son of the various experimentally observed nonlinear and
large-signal phenomena described in this paper with the re-
sults of the analysis [17] shows an excellent agreement. Both
stable IMPATT amplifiers and injection-locked IMPATT oscil-
lators have been used successfully for amplification of
phase-modulated signals at a data rate of 1 Gbit/s [1]. It
is interesting to compare characteristics of stable IMPATT
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amplifiers and those of injection-locked oscillators. For
a given IMPATT diode, high output power with a high gain
(>20dB) but with a narrow bandwidth can be achieved from
an injection-locked oscillator, while high output power with a
relatively low gain (<10 dB) but with a broad bandwidth can
be achieved from a stable amplifier. A stable amplifier also
yields a higher gain—bandwidth product than an injection-
locked oscillator. Although an injection-locked oscillator pro-
vides the suppression of amplitude modulation at the output,
the AM~PM conversion will be larger in comparison with
stable amplifiers.

By making use of double-drift iMPATT diodes [14]-[16]
that are capable of high output power and power combination
techniques [5], output power levels of more than 1 W may be
feasible from an IMPATT amplifier in the millimeter-wave fre-
quency range.
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