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Abstract

Recent advances in microstrip circuit technology and solid-state device technology
have resulted in hybrid integrated circuits which look attractive for use in millimeter-
wave communication systems. This paper describes the design and performance of
frequency converters, solid-state sources, circulators and injection-locked amplifiers
at millimeter wavelengths.

Introduction

The use of integrated circuits in
millimeter-wave communication systems allows
a reduction in the cost and the complexity of
many circuits which have been previously built
with waveguide components. Integrated cir-
cuits and techniques which are suitable for
systems up to 15 GHz have been described by
Sobol,l van Heuven and van Nie,2 and
Caultons. Circuits at higher frequencies
can be built by modifying such techniques and
by using some novel approaches which are
described in this paper. We have found that
millimeter-wave integrated circuits with good
performance can be built by proceeding as
follows.

(1)

(2)

(3)

A scaled model of the circuit is built
at a low frequency (l-3 GHz). The
model is optimized and subsequently
reduced in size to the desired milli-
meter-wave frequency.

A substrate with a relatively low
dielectric constant such as fused
quartz (cr = 3.8) is used in order to
obtain microstrip and stripline circuits
with low loss and with dimensions which
can be accurately reproduced at
millimeter-wave frequencies.

The circuit is mounted in a relatively
narrow channel to suppress propagation
of undesired higher-order modes.

These three basic design principles are
discussed in more detail in the following
two sections. Representative examples of
specific circuits are presented in the final
section of this paper.

Frequency Scaling

Millimeter-wave integration circuits can
be built by optimizing the performance of a
low rrequency model an~ by scaling the circuit
dimensions and device parameters by a proper
factor. Although this method is well known,
it has not been widely used because device
parameters are difficult to scale and also
because high dielectric constant materials
such as alumina are expensive and difficult
to obtain in large sizes. These problems can
be solved using a modified device ,package at
the low frequency and building the circuit at
a frequency of the order of 1 GHz on rough
and inexpensive quartz plates with an rms

meters (8o mlc~olnches~. In order to obtain
surface roughness of a proximately 2 micro-

circuits with similar characteristics at
different frequencies, each with a character-
istic length L, an RF frequency w, a
conductivity o, a permeability V, and a
permittivity c, it is necessary and sufficient
that

ps(uL)2 = K1 (1)

1.icuuL2 = K2 (2)

where K1 and K2 are constants. Equation (1)
can be readily satisfied by using a substrate
which has the same properties at the low
frequency and the high frequency, and by
reducing all circuit dimensions at the high
frequency by the same reduction factor.
Equation (2) cannot be so easily satisfied.
If one uses metal conductors with the same
conductivity at the low frequency and the high
frequency one observes an increased circuit
loss at the high frequency which is given by
the square root of the frequency ratio, It
should also be noted that the substrate may
become 10SSY in the millimeter-wave frequency
range. The intrinsic dielectric quality

factor of the line, QD, is given by

QD= 1q tan d (3)

where q is the filling factor of the strip
transmission line and tan 6’ the dielectric
loss tangent. The loss tangent has to be
determined experimentally and the fillin
factor can be computed from the equation ‘8

& a:
effQ=xr (4)

‘eff r

where Er fs the relative dielectric constant
of the substrate, and Eeff the effective
dielectric constant which can be derived
from available computer programs such as
MSTRIP.5 One finds that the Intrinsic
quality factor of silica substrates in the
mfll%meter-wave region can be as Tow as

3-103 due to the inclusion of OH-radicals and
other contaminants. The quality factor of
the microstrip line conductor is substantially
lower, e.g. the Q at 30 GHz is 600 for a 50
ohm microstrip gold conductor on a 0.5 nun
thick silica substrate, and the Q at 300 GHz
is about 200 for the lineatily scaled strip on
a substrate with a thickness of 0.05 mm,

Dispersion and Higher-Order Modes

Microwave integrated circuits are usually
built on substrates with a thickness of a
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few percent of the vacuum wavelength.
Millimeter-wave integrated circuits, on the
other hand, have to be fabricated on sub-
strates which may be as thick as 10% of the
vacuum wavelength in order to make the cir-
cuit losses as small as possible. The dis-
persive properties of line elements are
therefore more pronounced in the millimeter
range and must be carefully considered in
the circuit design. The dispersion can be
measured on a linearly scaled model at a
lower frequency or it can be calculated

~~~~~~~~e$ form expressions derived by
A complete mode analysis which

gives the dispersion and also the cutoff
frequency for higher-order modes for fully
shielded lines has been made by Mittra and
Itoh.7 For most applications it is suf-
ficient to use a simple approximation for
the first higher-order mode cutoff fre-
quency, fc, of a microstrip, namely

/ h(e -1)
fc=~/l-b:.

2a ~
r

(5)

Here it is assumed that the microstrip Is
enclosed in a rectangular shield of width a
and height b. A channel width a = 4 mm and
a channel height b = 2.5 mm has been used at
30 GHz for microstrip circuits on 0.34 mm
thick silica substrates. The corresponding
cutoff frequency is 35 GHz. A substantially
wider channel could be used if a mode
suppressor is built into the side wall or
the top wall, or if h is substantially
decreased and Er is increased. The first
method is acceptable if the circuit operates
in a frequency region which is limited by
the stopband of the suppressor. The second
technique is usually not desirable because
the higher current density in the microstrip
conductor increases the losses and decreases
the circuit performance.

Performance of Specific Circuits

A downconverter which was built by
following the concepts outlined above is
shown in Fig. 1. The circu t which was
devised by Snell and Glance i consists of an
input RF filter, a pump filter, a 10w-PaSs
IF filter and an IMPATT oscillator with its
biasing circuit. A beam-leaded Schottky
barrier diode is used as a mixer. The signal

frequency is 30 GHz and the IF frequency is
1.6 GHz. The measured single sideband noise
figure including a 0.8 dB contribution of a
low-noise IF parametric amplifier is 5.5 dB,

The same downconverter was also built at
0.8 GHz, 5.3 GHz and 10.8 GHz with noise
figures of 2.1 dB, 3.8 dB and 4.3 dB
respectively as shown in Fig. 2. The noise
figure is found to increase almost linearly
with frequency by about 0.5 dB per octave.
This receiver can be readily scaled to 100
GHz with a projected downconverter noise
figure of about 6 dB.

A stripline injection-locked amplifier
for use in a digital communications trans-
mitter at 30 GHz is shown in Fig. 3. The

circuit, designed by Trambarulo and Glance9,
consists of a stripline circulator and an
IMPATT oscillator in a Y-shaped channel. The

ports of the amplifier are provided with wide
band transitions from stripline to waveguide
for test purposes only. These transitions

are not necessary upon further integration of
the amplifier. The performance of a strip-
line circulator alone including the tran-
sitions to waveguide is shown in Fig. 4. The

circulator has a 15$ bandwidth for 20 dB
isolation and an insertion loss of 0.25 dB.
The to~al insertion loss including two
transitions to RG-96/U waveguide is 0.55 dB.

The locking gain of’ the amplifier is
plotted in Fig. 5 as a function of the lock-
ing bandwidth. The locking bandwidth is 38o
MHz for a gain of 20 dB; the output power of
the amplifier is 50 mW at 29.5 GHz. It should
be possible to achieve higher output power by
using an improved diode in a slightly modified
circuit. In a more recent experiment an
IIvIPATT diode mounted in the side wall of the
channel with a microstrip circuit has given a
CW output power of 250 mW with a correspond-
ing RF efficiency of 5%.

Conclusions

It is shown that microstrip and stripline
circuits have good performance in the milli-
meter range if the circuits are optimized at
a lower frequency and if they are linearly
scaled to the final design frequency. Fre-

quency converters, oscillators, circulators
and amplifiers have been built and tested at
30 GHz. They can be readily scaled to higher
frequencies in the millimeter range.
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FIG. 3 TOP VIEW OF INJECTION-LOCKED AMPLIFIER
BUILT IN STRIPLINE. A Y-SHAPED
CHANNEL IS USED WITH TRANSITIONS TO
RG-96/U WAVEGUIDE. THE IMPATT DIODE
IS SHOWN ON THE FAR RIGHT.

FIG. 1 TOP VIEW OF HYBRID INTEGRATED DOWN-
CONVERTER FROM 30 GHz TO 1.6 GHz IN
A RECTANGULAR CHANNEL WITH A WIDTH OF
4.0 mm AND A DEPTH OF 2.5 mm. THE
SILICA SUBSTRATE THICKNESS IS 0.34 mm,
A PROBE WHICH EXTENDS INTO AN
ADJACENT RG-96/U WAVEGUIDE IS USED
TO COUPLE TO THE SIGNAL,
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FIG. 2 NOISE FIGURE LCNR IN DB OF LINEARLY
SCALED MICROSTRIP DOWNCONVERTERS. Lc
CONVERSION LOSS, NR NOISE-TEMPERATURE
RATIO . THE TOTAL SINGLE SIDEBAND
NOISE FIGURE AT 30 GHz INCLUDING A
0.8 DB CONTRIBUTION OF A LOW-NOISE IF
AMPLIFIER IS 5.5 DB.
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FIG. 4 ISOLATION OF 30 GHz STRIPLINE CIR-
CULATOR. THE BIASING FIELD FOR THE
MAGNESIUM FERRITE WITH A SATURATION
MAGNETIZATION OF 2,8oo GAUSS IS
1,600 OERSTEDS.
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FIG. 5 LOCKING CHARACTERISTICS OF INJECTION-
LOCKED AMPLIFIER AT 30 GHz.
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