
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 43, NO. 3, MARCH 1995

Small-Sized MMIC Amplifiers
Using Thin Dielectric Layers
Seiichi Banba, Member, IEEE, and Hiroyo Ogawa, Member, IEEE

Abstract-Miniaturized MMIC amplifiers utilizing a multilayer
structure composed of thh film transmission lines are presented.
The fundamental characteristics of the thin film transmission
lines for use in microwave active circuits are discussed through
calculations by numerical analysis. A two-stage low-noise ampli-
fier, a single-stage wideband amplifier, and a balanced amplifier
are designed within very small areas, while good performance
is maintained. The results include that a Ka-band single-stage
amplifier is fabricated in a 0.8 mm x 0.6 mm areas with a
gain of 8.0-9.5 dB in the frequency range of 16-26.5 GHz and
input/output return losses of better than 8 dB at 26.5 GHz. The
proposed amplifier configurations can be applied to high density
integration of one-chip MMIC modules.

I. INTRODUCTION

M ONOLITHIC microwave integrated circuits (MMIC’ s),
which will be essential components in future communi-

cation systems, must be miniaturized. Large-scale complicated
MMIC’S are also required [1]. Fortunately, a thin film trans-
mission line structure, which utilizes narrow-width microstrip
conductors on thin (several-~m-thick) dielectric materials fab-
ricated over a ground plane metal on a GRAS wafer surface,
was recently reported [2]–[6]. Thin film transmission lines

allow for high density circuit integrations due to reduced trans-
mission line widths and their ready application to mtdtilayer

configurations. For example, thin film transmission lines such
as microstrip, inverted microstrip, and triplate lines can be
applied to a multilayered transmission line structure using a
ground plane metal, which serves to separate the transmission
lines [7]. In addition, meander-like and cross-over transmission
line structures are easily fabricated in a small area. Therefore,
a highly flexible circuit design is achieved for a 3-dimensional
structure, and this configuration can be used for high density
integration of MMIC’s. Thin film transmission lines can

also be integrated within uniplanar microwave circuits [8].
Monolithic microwave integrated circuits using thin film trans-
mission lines are usually called multilayer MMIC’s. Several
microwave passive circuits using thin film transmission lines
have been reported [2]-[4], [7].
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However, design methods and applications for active cir-
cuits such as amplifiers and mixers have not been suffi-
ciently discussed. Although thin film transmission lines can
substantially reduce the circuit area, they show relatively
high insertion losses compared to conventional microwave

transmission lines such as microstrip and coplanar waveguide
lines, and degrade circuit performance [4]. It is therefore
important to optimize the structure of the transmission lines
in the MMIC design.

In this paper. the fundamental characteristics of thin film
transmission lines are calculated by the quasi-static and full-
wave finite-element method (FEM), and their suitability for

use in microwave active circuits is demonstrated. A design
method that allows reducing the circuit area and obtaining
good performance is presented using numerical results and

an equation. Thin film transmission line structures, that is,
microstrip line, inverted microstrip line, and triplate line
structures using polyimide films as thin dielectric substrates
are successfully utilized to realize miniaturized MMIC am-
plifiers. An X-band two-stage low-noise amplifier, a Ka-band
single-stage wideband amplifier, and a balanced amplifier are
fabricated utilizing these transmission line structures, and their

performance is also demonstrated. The intrinsic circuit area
of the amplifiers is about one-fourth that of conventional

MMIC’ S.

II. THIN FILM TRANSMISSION LINES

The fundamental characteristics of microstrip, inverted mi-
crostrip, and triplate lines using thin dielectric layers are
discussed in this section. A schematic cross-sectional view
of these transmission lines [6] is shown in Fig. 1. Each
transmission line is formed on a GaAs wafer surface. These
structures consist of polyimide films for the thin dielectric
layers and I-Lm-thick gold films for the conductor metals.
A process for polyimide film preparation and subsequent
chemical etching is reported in [9]. This process can generate
cone-shaped via-holes, which connect the microstrip conduc-
tors on the upper dielectric layers with the inputloutput ports
and microstrip conductors on the lower dielectric layers. The
relative dielectric constant and loss tangent of the polyimide
film are 3.7 and 0.01 (10 MHz), respectively. A uniformity
in the film thickness of better than 170 is obtained up to 10
pm. The measured stress of the polyimide film is a constant
value of –2.4 x 108 dyn/cm2, and is one-tenth that of SiqN4
and Si02 films. Furthermore, the surface of the film, which is
formed by spin-coating, is flat due to its high viscosity. These
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Fig. 1. Basic transmission line structures using thin dielectric layers. (a)
A microstrip line structure. (b) An inverted microstrip line structure. (c) A
triplate line structure.

properties show the polyimide film to be a suitable dielectric

material for thin film transmission line fabrication, and the

polyimide film has excellent reliability for GaAs devices [10].

In our fabrication, the multilayer structure consists of two 5.0-

~m-thick polyimide films to construct a three-layer conductor.

The calculated characteristic impedance and normalized

guided wavelength (&/&) of these transmission lines are

shown in Fig. 2. Because these structures are small in com-
parison to their guided wavelength, quasi-TEM approximation

can be used for numerical analysis. For the inverted microstrip
line and triplate line, the polyimide film flatness over the
strip conductor, ti(iV), must be considered, because the film
thickness is somewhat decreased due to the presence of the
lower conductor. The polyimide film flatness is given by the
following equation:

m={l-(fy)xloo ,%1 (1)

where A, II, and N are the ramp height after polyimide

formation, initial conductor thickness, and number of layer

piles, respectively. According to our polyimide preparation

conditions, the flatness of the first and second polyimide layers
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Fig. 2. Calculated characteristic impedance (solid line) and normalized
guided wavelength (dashed line: ~g /& ) of various transmission lines as a
function of conductor width.

is 36~0 and 60Y0, respectively. The conductor widths of these
transmission lines, whose characteristic impedances range
from approximately 100–15 fl, are between 5 and 30 #m,
and are similar to the polyimide film thickness. Furthermore,
the conductor widths of these transmission lines are less
than one-fifth those of the microstrip lines in conventional
MMIC’s. Therefore, a highly flexible circuit design can be

achieved. The conductor widths of the microstrip, inverted
microstrip, and triplate lines, whose characteristic impedance
is approximately 50 Q, are 21, 8, and 5 @m, respectively,
when the total polyimide film thickness is 10 tire. Since the
inverted microstrip line has a relatively high effective dielectric
constant due to the GaAs substrate, the conductor width is 409Z0
less than that of a microstrip line. The triplate line has a low
characteristic impedance with a narrow conductor width. This
result shows the triplate line to be a suitable structure for a
low impedance line in amplifier circuits, compared to the other
two. For example, the conductor width of a 20-0 triplate line
(H= 10 ~m) is only approximately 20 ~m. An application of
low-characteristic impedance lines as impedance transformers
was reported in [11].

III. LOSSESINTHIN FILM TRANSMISSIONLINES

Thin film transmission lines show relatively high insertion
losses, dominated by conductor losses, due to narrow widths
of the microstrip conductors. The conductor losses (at 20
GHz) of these transmission lines are calculated by full-wave
FEM [12]. In the calculation, the skin effect is considered,
because the conductor thickness is approximately two times
greater than the skin depth of the conductor at 20 GHz.
We also assume the surface roughness of the conductor to
be zero, from observations by scanning electron microscopy
(SEM). The calculated conductor losses of 50-!2 microstrip
line structures as a function of the polyimide film thickness
are shown in Fig. 3. The calculated results show that the
conductor losses of the transmission lines decrease rapidly
with increasing polyimide film thickness, and range from
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Fig. 3. Calculated conductor loss and conductor width of 50-0 microstrip
lines as a function of polyimide film thickness at a freqnency of 20 GHz.
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Fig. 4. Calculated conductor loss (per Ag) of various transmission lines as
a function of conductor width at a frequency of 20 GHz.

0.84–0. 11 dB/mm for thicknesses of 2–20 #m; they show

smaller improvements above 10 ~m. The conductor losses of

these transmission lines as a function of the conductor width,

assuming polyimide thicknesses of 10 and 5 pm, are shown in

Fig. 4. The calculated current distribution for the symmetrical

half space of a microstrip line is shown in Fig. 5. The current

concentrates near both edges of the microstrip conductor, and

rapidly decreases for distances from the conductor edge up to
2.5 pm (z/n = 0.25). Therefore, the conductor losses of these

transmission lines are slightly reduced for conductor widths

of above 5 Wm (= 17/2). To reduce the transmission line
loss, the thickness of the polyimide film and conductor width

must be greater than 5 ~m, Transmission lines having identical

conductor widths and polyimide thicknesses show almost

the same insertion losses (per ~g) for different chmactefistic

impedances. For example, a 50-Q microstrip line and a 35- Q
inverted microstrip line with the same conductor width (W =

the polyimide film thickness is 5 ~m, as shown in Fig. 4,

Losses in the microstrip line have been discussed in [2],

[13], and [14]. To calculate the circuit performance, we

must simulate the frequency characteristic of the transmission

line attenuation with a commercially available CAD software

package. The surface resistivity R. which is considered as the

skin effect [2] is given by (2)

R,(f) = R.OtK . ~/(1 - e-’~fi) [Q/U] (2)

where t and K are

constant (= -),

proportional to R.

the conductor thickness and material

respectively. The conductor loss a~ is

a.(f) /cY.(F) = R.(f) /R.(F) (3)

where f and F are the operating frequency and defined

frequency, respectively. The dielectric loss ad(~) is estimated

by using the following assumptions [15]: 1) the loss tangent of

the polyimide film is proportional to the operating frequency,

and 2) the value of the loss tangent is 0.020 at 20 GHz:

tan cf(f)/tan 6(F) = f/F (4)

27.3 f
W(j) = ~ tan6(~) = 27.3. ~ . &

9
tan 6(j) [dBlmm]. (5)

Therefore, in the circuit design, the frequency characteristic

of the total attenuation per unit length a(~) is given by the

following equation, rewriting the calculated or evaluated value,

aC (&’) or ad (~), at a design frequency of F (in our case,
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TABLE I
STRUCTURAL PAWMETERS AND CHARACTERISTICS OF THIN FILM TRANSMISSION LINES FOR USE WAMPLIFIERS THE LOSSESARE C.ALCULATEDAT20GHZ

Line width
Polyimide Characteristic Effective

Structure thickness
Conductor loss

[w]
impedance dielectric

ml [Q] constant
[dB/mm]

(a) Microstnp line 10 10 75.0 2.73 0.241

(b) Microstip line 10 5 50.0 2.87 0.398

(c)
Inverted

10 5
micro strip line

35.0 6.04 0.590

(d) Tnplate line 14 10 25.0 3.70 0.559

(e)
Input I output Width I Gap

CPW-port =42129
50.0 6.83 0.093

(f) CPW
Wldtfr I Gap . . .

=12/10
50.0 6.54 0.278
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Fig. 6. Calculated and measured freqnency characteristics of a 50-Cl tu-
crostrip line (ET = 5 pm. It” = 10 pm). Solid lure: measured; dashed line:
calculated.

F = 20 GHz):

[

f 1 _ ~-tKv@
a(f) = at(F) .

F “ ~ _ ~.th-fi
+ W(F)

.~ [dB/mm]. (6)

The transmission lines, whose structural parameters are sum-
marized in Table I, are tested using on-wafer probes and
an HP8510 network analyzer. The length of the measured
transmission lines with coplanar waveguide (CPW) ports is
1.3 mm (intrinsic line length: 1.0 mm). Each transmission line
is connected to the CPW-ports through via-holes (15 pm x
15 pm) on the GaAs wafer surface, and the transition Ioss
between every CPW-port and transmission line is less than
0.075 dB at 20 GHz. Fig. 6 shows the calculated and measured
characteristics of a micro strip line (type (b) in the Table I).
A good agreement between these values is obtained in the
frequency range of 040 GHz using (6).

IV. AMPLIFIER DESIGN AND PERFORMANCE

An AIGaAs/InGaAs pseudomorphic HEMT with a T-shaped
0.25-~m gate is applied to the amplifier circuits. The gate

+-ti-.J
Gate ~g~L

Rds
1

Drain

gm + Cds

Ri

Source

gm = 49.4 mS Rds = 407 Q

Cgs = 110.6 fF Rs+Ri+Rg=3.76C2

Cgd = 34.3 fF Rd = 3.85 Q

Cds = 22.5 fF taw = 1.32 psec

Lg = Ld = 0.021 nH

Fig. 7. Small-signal equivalent circuit of a HEMT with a 100pm width and
2-finger gate (I’r d. = 3 V, I dss = 20 mA).

width and gate finger number of the HEMT are 100 ~m and

2, respectively. The HEMT has a calculated cutoff frequency

of 45 GHz, and its small-signal equivalent circuit is determined
from S-pmuneter measurements up to 40 GHz as shown in

Fig. 7. The noise parameters are characterized by using an on-
wafer noise measurement system up to 18 GHz. The values of
the noise figure, rOPt and Rn are 1.05 dB, 0.571 L43.2”, and
19.1 Q, respectively. at 12 GHz.

In the circuit design, we adopt a commercially available

CAD software package, which includes a user defined func-
tion routine (Touchstone), to optimize circuit parameters by
using (6) for the frequency characteristics of the transmission
lines. Each transmission line has a meander-like configura-

tion, and short-stub lines are arranged over MIM (metal-
insulator-metal) bypass capacitors to reduce the circuit area;
each line is connected to the upper metal of the capac-
itors through via-holes. Table I summarizes the structural

parameters and calculated performance of the transmission
lines in the fabricated amplifiers. For reference, values from
conventional CPW structures are also shown. The conductor

widths of these transmission lines are less than 14 ~m,
and the gap of the strip conductors is about four times the

conductor width and the dielectric thickness; therefore, the
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Fig. 9. Characteristics of fabricated X-band LNA. (V ds = 3 V,Idss =
20 mA). Solid line: measured; dashed line: predicted.

coupling effect of the transmission lines is almost elimi-
nated.

An X-band two-stage LNA, integrated with two HEMT’s,
four 10-pF capacitors, and a 2-pF capacitor as lumped el-
ements, is fabricated using a microstrip line structure. The
circuit diagram and a photograph of the LNA are shown in
Fig. 8. The intrinsic circuit area is 0.80 mm x 0.78 mm, and

is one-fourth that of conventional MMIC’s [16]. The first-

stage HEMT has a source feedback inductance to achieve
the optimum noise matching [17]. The matching network
is designed employing six 75-Q microstrip lines and a 70-

.

-60 -50 -40 -30 -20 -10 0 10

Input power (dBm)

Fig. 10. Output power of the fundamental and third-order intermodulation
products as a function of input power.

Q microstrip line for the source feedback inductance. Both

transmission lines are formed on different dielectric layers

to obtain a flexible layout. The measured and calculated

characteristics of the two-stage amplifier are shown in Fig. 9.
The noise performance of the fabricated amplifier is measured
using an on-wafer probe station and an HP8970 noise fig-
ure meter. The amplifier shows a noise figure of 2.6–2.65
dB and a gain of 19. 1–20.3 dB in the frequency range of
11.7–12.2 GHz, and its input/output VSWR’S are better than
1.6 and 1.4, respectively. To obtain approximately 20-dB

gain, a current dissipation of 20 mA is required for each

HEMT. (In high-power applications, a process for removing

the polyimide films over the transistors or an additional

thermal treatment (more than 185°C or up to 350”C) is needed

to maintain the thermal stability of the polyimide films.) The
noise performance is slightly deteriorated in comparison to
the conventional MMIC’S, Excess value of the noise figure
caused by transmission line losses is approximately 0.95 dB
at 12 GHz. Fig. 10 shows the output power of the fundamental
and third-order intermodulation products as a function of

the input power. The frequencies of the input signals are

12.00 and 12.04 GHz. The l-dB compression point (Pl ~B)

and third-order intercept point (1P3) are 6 and 16 dBm,
respectively.

A Ka-band single-stage wideband amplifier is designed
for a center frequency of 20 GHz. The circuit diagram and
a photograph of the amplifier are shown in Fig. 11. The
impedance of the transmission lines is constrained to be within
the range of 20-80 fl, for the purposes of a reduced size
and an acceptable transmission line loss, Low impedance, less
than 30 Q, transmission lines, which are difficult to utilize
in conventional MMIC’s, are chosen to achieve amplifier

gain flatness in a wide band. In this case, a triplate line is

used as the 25-Q transmission line, and a microstrip line
is used as the 75-0 transmission line. Fig. 12 shows the
calculated and measured amplifier performance. The ampli-
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Fig. 11. (a) Circuit diagram and (b) photograph of a single-stage wideband
amplifier (chip size: 1.2 mm x 0.9 mm). The electrical lengths of the
transmission lines are given at 20 GHz.
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Fig. 12. Characteristics of fabricated wideband amplifiers (Vds = 3 V,
Idss = 20mA). Solid line: measnre& dashed line: predicted.

fier shows a gain of 8.0–9.5 dB in the frequency range of
16.0–26.5 GHz, and its input/output return losses are better

than 8 dB at 26.5 GHz. The amplifier also shows a noise
figure of 4.6-5.2 dB, and its noise characteristics are slightly

deteriorated due to lossy transmission lines. However, the
chip size is 1.2 mm x 0.9 mm, while the intrinsic circuit
area is only 0.8 mm x 0.6 mm. This amplifier circuit is
applied to a unit-amplifier of a balanced amplifier as described
below.

To demonstrate the ability of the multilayer structure, we

designed a balanced amplifier [18] at a center frequency of 20

GHz using branch-line hybrids, as 90-degree couplers, com-

posed of a multilayer structure. A schematic cross-sectional
view of the multilayer structure and SEM photographs of a

fabricated hybrid, similar to [7], are shown in Fig. 13. The

hybrid shows coupling losses of 5.4 dB ~ 0.3 dB, and return

losses and isolation of better than 15 dB in the frequency

range of 18–22 GHz. The circuit diagram and a photograph

of a balanced amplifier MMIC are shown in Fig. 14. The

intrinsic circuit area is 1.09 mm x 1.54 mm, although

the balanced amplifier is constructed with two branch-line

hybrids and two amplifiers. Fig. 15 shows the measured

and calculated characteristics of the balanced amplifier. The
fabricated balanced amplifier shows a gain of 5.5 dB with a

3 dB-bandwidth of 4 GHz, and its inputioutput return losses
are better than 20 dB at a center frequency of 20 GHz. To

obtain improved performance without increasing the circuit

area, it is necessary to reduce the excess coupling loss of the
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performance was demonstrated. The transmission line struc-
tures can be effectively combined with microwave active
circuits. An X-band two-stage LNA, a Ka-band single-stage
wideband amplifier, and a balanced amplifier have been de-

signed within very small areas, e.g., 0.63 mm2, 0.48 mm2,
and 1.68 mm2, respectively, while good performance has
been maintained. The proposed amplifier configurations can

be applied to high-density and multifunctional
MMIC modules.
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