1896

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL 36. NO. 12, DECEMBER 1988

Uniplanar MMIC’s. and Their Applications

MASAHIRO MURAGUCHI, MEMBER, 1EEE, TETSUO HIROTA, MEMBER, IEEE, AKIRA MINAKAWA,
KUNIKI OHWADA, anp TAKAYUKI SUGETA, MEMBER, IEEE

Abstract—A new ‘“Uniplanar’” MMIC configuration is proposed. The
uniplanar MMIC consists of coplanar waveguides, slotlines, air
bridges, and lumped circuit elements (GaAs FET’s, capacitors, induc-
tors, resistors, etc.), which are integrated on a single side of the GaAs
substrate. The uniplanar MMIC has no via holes and no thin polished
substrates. As an application of the uniplanar MMIC configuration,
key monolithic circuits for a 26 GHz full MMIC receiver are designed
and fabricated. The developed uniplanar MMIC’s, i.e., a 26 GHz low-
noise amplifier, a 26 GHz medium-power amplifier, a 6.5 GHz dual-
output voltage-controlled oscillator, 6.5/13 GHz and 13/26 GHz fre-
quency doublers, and a 26 GHz /1 GHz FET mixer. provide improved
RF performance with a simplified fabrication process.

I. INTRODUCTION

ESEARCH and development of monolithic micro-

wave integrated circuits (MMIC’s) have advanced
considerably in the last several years [1], [2]. Most of
these MMIC’s have microstrip line configurations. These
configurations required additional processes beyond those
required by GaAs FET’s: via holes to connect the GaAs
FET’s with the ground conductors, and a thin substrate
whose thickness is limited to a certain range. In order to
reduce these additional manufacturing steps and to reduce
MMIC chip size, a ‘‘uniplanar’’ circuit configuration for
MMIC’s has been proposed by the authors [3], [4]. Uni-
planar MMIC’s use only the front side of the substrate,
in contrast to microstrip-line-based MMIC’s with strip-
lines on the front surface, and the ground on the back
surface.

In this paper, a new uniplanar circuit configuration for
MMIC’s is proposed. Then, as an application of the uni-
planar MMIC configuration, the design and fabrication of
key monolithic circuits are described for a 26 GHz full
MMIC receiver. The developed uniplanar MMIC’s will
play an important role in subscriber radio systems and sat-
ellite communication systems, particularly in reducing
size and cost.

II. UNipLANAR MMIC PropPOSAL AND FEATURES

Uniplanar MMIC’s efnploy coplanar waveguides
(CPW’s) and slotlines as fundamental transmission media
instead of commonly used microstrip lines. They also em-
ploy air bridges and lumped circuit elements such as
FET’s, diodes, resistors, capacitors, and inductors.
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CPW’s, slotlines, and lumped element circuits are all in-
tegrated on the front side of the GaAs substrate. Our
uniplanar MMIC proposal and features are illustrated in
Figs. 1 and 2. The uniplanar MMIC’s have the following
advantages [3]-[8]:

a) The fabrication process is the same as that for con-
ventional GaAs FET's.

b) The ground is on the front surface, eliminating the
need for via holes. The coplanar ground offers good
RF and dc grounding for integrated active devices.
This improves the gain performance of common-
source FET amplifiers.

¢) Substrate thinning is not required. Thick substrates
can be used. This provides easy MMIC chip han-
dling.

d) Coupling effects between adjacent lines are very
weak since a ground plane exists between any two
adjacent lines. This allows a very compact layout.

¢) CPW characteristic impedance is defined as the ratio
of the center conductor width to the gap between the
center conductor and the coplanar grounds. This al-
lows a narrow CPW line width to be used, which
also enhances the compact layout.

f) The balun circuit can be constructed with a combi-
nation of CPW's (unbalanced line), slot lines (bal-
anced line), and air bridges.

g) Simple and compact balanced circuits can be de-
signed using slotline T junctions.

h) On-wafer RF measurement of MMIC's is casily per-
formed by using Cascade-Microtech’s probe heads.

Air bridges play a very important role in uniplanar
MMIC’s in that they provide a number of T junctions and
transitions between CPW’s and slotlines [3]. They also
suppress unnecessary propagation modes such as the cou-
pled slotline mode in CPW’s. Air bridges are also re-
quired at CPW bends because these bends cause different
current path lengths between the coplanar grounds on both
sides of the center conductor.

The CPW dimensions should be chosen carefully. The
characteristic impedance of CPW’s suffers only slightly
from back-side ground influences when the gap between
the center conductor and coplanar ground is much smaller
than the substrate thickness. Narrow gaps in the CPW’s
prevent the microstrip mode propagation and offer almost
the same MMIC performance under various back-side
surface conditions. The CPW’s used in our MMIC’s have
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Fig. 1. Unipldnar MMIC proposal.
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Fig. 2. Uniplanar MMIC configuration and features.

gaps narrower than 55 pm on 600-pm-thick GaAs sub-
strates.

Wide gaps or thin substrates introduce the microstrip
mode propagation, which degrades CPW transmission and
return loss characteristics. In particular, CPW transmis-
sion and return loss characteristics have ripples when a
horizontal CPW discontinuity interval coincides with a
quarter wavelength in the microstrip mode. In order to
avoid this effect, the coplanar ground should be connected
with the back-side ground by via holes or bond wires.
Here, the connection interval should be much shorter than
a quarter wavelength.

The CPW’s have higher conductive losses than micro-
strip lines of the same conductor width, and thick sub-
strates limit handling power. Although these problems are
not serious for K-band receiver applications, they are not
good for high-power applications.

II. AppLicaTION TO KEY MMIC’S FOR A 26 GHz
RECEIVER

Key MMIC’s for a 26 GHz receiver were designed and

fabricated as an application of the uniplanar MMIC con-
figuration. A system block diagram of the receiver using
a phase locked loop (PLL) local oscillator is shown in
Fig. 3. With the PLL configuration, the local oscillator’s
frequency is electrically stabilized. In this conﬁguratlon
6.5 GHz voltage-controlled oscillator (VCO) power is
supplied to a frequency doubler and a frequency divider.
The PLL controller consists of a prescaler, programmable
counters, a phase comparator, a crystal oscillator, a loop
filter, and a dc amplifier.
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Fig. 3. Block diagram of a 26 GHz fully MMIC receiver. * indicates newly
developed uniplanar MMIC.

The following GaAs monolithic circuits, which are-in-
dispensable for a 26 GHz full MMIC receiver, were de-
signed and fabricated: a 26 GHz low-noise amplifier
(LNA), a 26 GHz medium-power amplifier, a 6.5 GHz
dual-output voltage-cont rolled oscillator (VCO), a 6.5 /13
GHz frequency doubler, a 13 /26 GHz frequency doubler,
and a 26 GHz /1 GHz FET mixer.

A. Fabrication Process

All uniplanar MMIC’s were fabricated on a 3-in LE‘C
wafer using an advanced self-aligned implantation for n
layer technology (Advanced SAINT) [9]. The n and n*
layers for FET’s were formed by selective Si" implanta-
tion at 30 keV and 200 keV, respectwely The p layer was
selectively buried under the active layers by Be™ implan-
tation at. 70 keV. All layers, including the gate layer, were
fabricated by optical lithography using a stepper, and the
channel under the gate was not recessed at all. This pro-
cess provided excellent uniformity and reproducibility.
For example, the standard threshold-voltage deviation of
process monitor FET’s with gate lengths of 0.3 pum was
only 70 mV over the entire area of a 3-in wafer. Advanced
SAINT FET’s have a maximum oscillation frequency of
more than 70 GHz and a cutoff frequency of more than 24
GHz. The measured noise figure for this kind of FET with
gate dimensions of 0.3 pm X 80 um was lower than 2.0
dB with an associated galn 0f 6.0 dB at 20 GHZ as shown
in Fig. 4.

B. 26 GHz LNA and 26 GHz Medium-Power Amplifier
A photograph of a two-stage monolithic LNA using

- CPW’s is shown in Fig. 5. The LNA uses two 0.3 pm X

80 um FET's. The optimum circuit element values for a
noise match at 26 GHz were determined on the basis of
measured § parameters and four noise parameters of the
FET’s by using theé Super Compact program. The mea-
sured and calculated gains are shown in Fig. 6. Here, Ls
denotes FET source inductances due to the connection of
the source and ground. Ls degrades the gain performance
in common-source FET amplifiers, especially at high fre-
quency. As Ls in a CPW amplifier is smaller than that in
a microstrip-line-based amplifier, the CPW amplifier- is
expected to have better RF performance. The gain per-
formance was not optimized at 26 GHz since an optimized
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Fig. 4. Measured noise figiire and associated gain of an advanced SAINT-
FET with gate dimensions of 0.3 um X 80 pm.

Fig. 5. Photograph of 26 GHz two-stage monolithic low-noise ampliﬁer
using CPW’s (chip size: 1.28 mm X 1.55 mm).
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Fig. 6. Measured and calculated gain of the CPW monolithic LNA. Cal-
~ culated gain is shown with a parameter of FET source ground inductance
(Ls). )

routine was used to provide a noise figure match at 26
GHz. The measured and calculated noise figures are
shown in Fig. 7. The CPW LNA had a measured noise
figure of 3.6 dB with a gain of 7.3 dB at 26 GHz. This is
the best noise figure value for K-band monolithic LNA’s
ever reported. Fig. 8 shows the measured and calculated
input and output VSWR for the LNA.

A 26 GHz CPW two-stage medium-power amplifier was
also developed. The chip size was only 1.14 X 1.28 mm.
The measured gain was 6.7 dB with an output power of
14 dBm at 26 GHz.
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Fig. 7. Measured and calculated noise figure for the CPW monolithic LNA.
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Fig. 8. Measured and calculated input (S11) and output ($22) VSWR of
the CPW monolithic LNA.

C. 6.5 GHz Dual-Output VCO

A photograph of the 6.5 GHz dual-output VCO using
CPW’s is shown in Fig. 9. As explained in Fig. 3, two
output terminals are required for the VCO because output
power must be supplied to the 6.5/13 GHz frequency
doubler and the frequency divider. The VCO is an FET
oscillator with a series feedback configuration. A source-
drain shorted FET was used as a varactor diode. The gate
dimensions of the FET are 0.3 um X 240 pm, and those
of the varactor are 0.5 ym X 240 ym.

In the VCO design, the transmission line approach was
employed since it provided more accuracy than the lumped
element approach. Since the gate circuit required a CPW
lohger than 6 mm, a meandering CPW layout .was em-
ployed to reduce chip size. Chip size is 1.97 mm X 1.60
mm; as shown in Fig. 9. The CPW has a great advantage
in the compactness of its layout because of the low cou-
pling of adjacent lines.

As the control voltage varied from 0 to —7 V, the os-
cillation frequency varied from 5.9 GHz to 6.5 GHz with
a main output power of more than 8 dBm, as shown in
Fig. 10. The suboutput power, which was capacitively
coupled to the main output power by an MIM capacitor,
was more than 0 dBm. Fig. 11 shows the output spectrum
of the VCO. The spectrum is quite typical of low-Q mi-
crowave oscillators because it uses a low-Q diode. The
phase noise can be reduced by a phased lock loop tech-
nique [10].

D. Balanced FET Frequency Doublers

A photograph of a 13 GHz /26 GHz balanced FET fre-
quency doubler using CPW’s and slotlines is shown in
Fig. 12. The uniplanar circuit configuration provides very
compact balanced circuits. Chip size is 1.2 mm X 0.8
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Fig. 9. Photograph of 6.5 GHz dual-output monolithic VCO using CPW’s
(chip size: 1.97 mm X 1.60 mm).
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Fig. 10. Measured oscillation frequency and main output power of the dual-
output monolithic VCO. Suboutput power was about 0 dBm.
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Fig. 11. Main output spectrum for the dual output monolithic VCO (cen-
ter frequency: 6.2 GHz, V:10 dB/div, H: 1 MHz/div).

mm. The 13 GHz input unbalanced signal fed into a co-
planar input terminal was changed to a balanced signal
through a CPW/slot transition. Then the signal was fed to
two FET’s through a lumped element matching network
consisting of spiral inductors and MIM capacitors. Here,
the two FET’s were excited out of phase. The 26 GHz
output signal was combined in phase and obtained from a
CPW output terminal, while the 13 GHz fundamental sig-
nal was canceled at the output terminal because of out-of-
phase combining. The frequency dependence of conver-
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Fxg 12. Photograph of monollthlc 13 /26 GHz balanced frequency dou1b~
ler using a combination of CPW’s and slotlines.
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Fig. 13. Measured conversion loss of the 13 /26 GHz frequency doubler.
Fundamental signal suppression was better than 30 dB.

Fig. 14. Photograph of 26 /1 GHz CPW FET mixer using drain local in-
jection (chip size: 1.0 mm X 1.0 mm).

sion loss is shown in Fig. 13. Measured conversion loss
was lower than 4 dB with a fundamental signal suppres-
sion of more than 30 dB at 26 GHz.

A 6.5 GHz /13 GHz balanced FET frequency, doubler
was also developed. Measured conversion loss was better
than O dB with a fundamental signal suppression of more
than 20 dB.

E. 26 GHz /1 GHz FET mixer

An FET mixer using CPW’s was also developed. Fig.
14 shows a CPW FET mixer using drain local injection.
The mixer consists of an FET, MIM capacitors, CPW’s,
and air bridges. The drain local injection mixer is char-
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Fig. 16. Measured conversion loss and SSB noise figure versus drain dc
voltage (V) of the CPW FET mixer.

acterized by a simple, compact configuration without hy-
brids. Chip size was only 1.0 mm X 1.0 mm. Measured
conversion loss was lower than 5 dB at 26 GHz, as shown
in Fig. 15. Fig. 16 shows measured conversion loss and
an SSB noise figure, both of which have dependence on
drain voltage ( Vp ). The optimal conversion loss and noise
figure were obtained at a drain voltage of 0.25 V. How-
ever, the measurements show good performance at a drain
voltage of zero. This means that this mixer can be used
under zero drain bias conditions. This is a dc power dis-
sipation-free mixer like a diode mixer, although the mix-
ing action is the same as that of FET mixers.

IV. CoNcLUSIONS

Uniplanar MMIC’s provide RF performance improve-
ment with a simplified fabrication process and reduced
chip size, compared with microstrip-line-based MMIC’s
[2]. Key MMIC’s for a 26 GHz full MMIC receiver have
been developed as an application of the uniplanar MMIC
configuration. The 26 GHz monolithic LNA has a noise
figure of 3.6 dB with a gain of 7.3 dB at 26 GHz. This
noise figure is the best value for K-band monolithic LNA’s
ever reported. The total chip area of the uniplanar
MMIC’s for the 26 GHz receiver is predicted to be smaller
than that of a Ka-band microstrip-line-based MMIC re-
ceiver [11]. These small uniplanar MMIC’s fabricated on
a single side of a wafer without via holes and substrate
thinning promise to have a higher yield and to cost less.
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