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Performance ofKu-Band On-Chip Matched
Si Monolithic Amplifiers Using
0.18-�m-Gatelength MOSFETs

Hitoshi Yano, Yasushi Nakahara, Tomohisa Hirayama, Noriaki Matsuno, Yasuyuki Suzuki, and Akio Furukawa

Abstract—We demonstrated -band (12–20 GHz) Si
MOSFET monolithic amplifiers with on-chip matching networks.
In these amplifiers, we used 3- m-thick Al–metal transmission
lines on 8- m-thick polyimide–SiON–SiO2 isolation layers for the
matching networks. The amplifier showed a gain of 6–10 dB and
a noise figure (NF) of 3.5–4 dB up to about 20 GHz, the highest
gain and lowest NF yet reported for MOSFET amplifiers at this
frequency. We also clarified the lossy on-chip inductor effect on
the gain and noise performance of the amplifiers.

Index Terms—Amplifier, CMOS LSI, dielectric quasi-TEM
mode, -band, MMIC, on-chip matching, Si MOSFET.

I. INTRODUCTION

SUB-QUARTER-MICROMETER-GATELENGTH Si
MOSFETs developed for digital large-scale integrated

circuits (LSIs) offer high performance characteristics, such
as a high cutoff frequency ( ) and a maximum oscillation
frequency ( ) of over 40 GHz [1]. They also offer a
2.4-Gb/s transmission rate as optical receiver integrated circuits
(ICs) [2]. These MOSFETs now have potential for use in RF
applications, such as amplifiers that operate in the microwave
frequency range.

To apply such Si MOSFETs in gigahertz RF monolithic mi-
crowave integrated circuits (MMICs), optimum matching net-
works are necessary to overcome the limit of the gain–band-
width (GB) product of the amplifier [3]. Unfortunately, net-
works on low-resistivity Si substrates have been reported to be
lossy [4]. Thus, GaAs-based MMICs on semiinsulating highly
resistive substrates have generally been developed instead [7].

However, Si MOSFETs RF ICs are still attractive both
because they cost less than GaAs ICs, due to the more mature
digital IC process, and also because they can be merged with
Si–MOSFET baseband circuits. Several approaches have been
taken to avoid the loss due to substrate conductivity: e.g., using
a high-resistivity Si substrate [5], a silicon-on-insulator (SOI)
substrate [6], coplanar inductors [4], and three-dimensional
(3-D) masterslice MMIC technology [3].

We applied inductors on thick polyimide–SiN–SiOisolation
layers for on-chip matched Si MOSFET amplifiers and obtained
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good-performance MMICs in the 4-, 6-, and 12–20-GHz re-
gions [8], [9]. In this paper, we describe how high-performance
Si–MOSFET monolithic amplifiers can be achieved, even with
matching networks on a low-resistivity lossy Si substrate.

First, we describe the fabrication process for the thick
polyimide–SiON–SiO layers on which the matching net-
works are constructed. We also examine the performance of
a sub-quarter-micrometer-gatelength Si MOSFET, its noise
parameters, and its small-signal equivalent circuit.

Second, we discuss the transmission-line properties on a lossy
Si substrate. We demonstrate that the parameters of equivalent
circuits for the transmission lines can be calculated from the
usual microstrip-line model with a small modification. We also
show that the equivalent circuits can predict the noise properties
of the transmission lines.

Third, we demonstrate single-gate MOSFET and cas-
code-connected MOSFET amplifiers with on-chip matching
networks for the -band (10–20 GHz) and compare the
measured performance of these amplifiers to results from
a simulation based on the transmission-line and MOSFET
models.

II. FABRICATION PROCESS

The resistivity of the 640-m-thick Si substrate used for our
IC was about 5 cm, which is typical for CMOS LSI de-
vices. A standard CMOS LSI fabrication process was used up to
the formation of second-level interconnections. At that point, a
1- m-thick SiON layer was deposited, and then a 4.6-m-thick
polyimide layer, as is generally used for IC passivation, was
formed by spin coating. Next, Ti–TiN–Al–TiN layers were de-
posited by sputtering; the total thickness of the four layers was
3 m, which was four times the thickness of the second-level
metal layer. Third-level interconnections were then formed by
dry etching.

III. D EVICE PERFORMANCE

We developed -band amplifiers by applying
0.18- m-gatelength nMOSFETs fabricated by a conven-
tional CMOS LSI process. The gate oxide thickness was
3.7 nm. The transconductance was 450 mS/mm.

The gate metal was CoSi, with a sheet resistance of 9 .
Although this is lower than that for gates made of WSi and
poly-Si, it was still too high because the cross-sectional area of
the gate was not as large as that of the T-shaped gate in a GaAs
microwave FET. Therefore, we reduced the gate resistance by
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Fig. 1. (a) Typical MOSFET layout. (b) Current gainjH21j, MSG, and MAG
plotted versus frequency for an nMOSFET. The gatelength, gate finger length,
and total gatewidth of the MOSFET are 0.18, 10, and 200�m, respectively.
Marks represent the measured data, and the solid lines show the simulation
data for the equivalent circuit shown in (c) with input/output probe-pad parasitic
capacitances. (c) MOSFET equivalent circuit and fitted circuit parameters.

using a gate electrode consisting of 20 10-m-long fingers [see
Fig. 1(a)].

Fig. 1(b) shows the measured gain-frequency characteristics
of an nMOSFET with a 200-m total gatewidth: determined
by extrapolating line is 50 GHz, and (where the
maximum available gain (MAG) became 0 dB) is 45 GHz.
Fig. 1(c) shows an equivalent circuit for the MOSFET and the
extracted parameters. The simulated characteristics in Fig. 1(b)
were calculated based on the equivalent circuit, including
the probe-pad parasitic capacitances. The equivalent gate
resistance is 14.8 , which is higher than that of conventional
GaAs devices, thus, the transition from maximum stable gain
(MSG) to MAG occurred at about 10 GHz. Thus, to apply the
MOSFET for amplifier operation in a frequency range above
10 GHz, the series resistance of the input matching networks
must be lowered to less than 14.8to avoid decreasing the
MAG of amplifiers with matching networks.

The minimum noise figure ( ) for the MOSFET was ob-
tained using an on-wafer noise parameter measurement system.
The measured data up to 6 GHz are shown in Fig. 2.
The was well below 1 dB even at 6 GHz. Since the thick
isolation layer reduced the capacitive coupling of the Si sub-
strate thermal noise through the probe pad of the MOSFET [8],

Fig. 2. Measured and fittedNF for an nMOSFET with a 200-�m total
gatewidth.

Fig. 3. Cross-sectional view of the transmission lines. The SiOlayer was
2.4-�m thick. (a) StructureA. (b) StructureB. (c) Equivalent circuit per unit
length for structureA. (d) Equivalent circuit per unit length for structureB.

the measured very closely represents the intrinsic noise
characteristics of the MOSFET.

The data were fitted to the Pospieszalski model [10],
which is well suited for FETs (MESFET, high electron-mobility
transistor (HEMT), MOSFET) [11], and we included the para-
sitics, such as the gate resistance, shown in the equivalent circuit
of Fig. 1(c). The extracted gate and drain equivalent noise tem-
peratures and of the Pospieszalski model were 300 and
2800 K, respectively. The solid line in Fig. 2 is the fitted result.
The noise parameters extrapolated up to the-band were used
to verify our -band amplifier design.

IV. TRANSMISSION-LINE PROPERTIES

The third-level metal layer was used to provide the transmis-
sion lines for the matching networks because of its low sheet
resistance. We applied two types of cross-sectional structures
[see Fig. 3(a) and (b)] in the matching networks. The ground
plane for structure was the bottom of the Si substrate and the
ground plane for structure was the second-level Al layer.

A. Small-Signal Equivalent-Circuit Modeling

When the cross-sectional dimensions of transmission lines
are much smaller than the signal wavelength, a quasi-static anal-
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ysis can be used to obtain a simple description of the line prop-
erties. This makes it easy to obtain an equivalent circuit per unit
length, as shown in Fig. 3(d) for structure, by assuming a
quasi-TEM (TEM) field in the cross-sectional area. This quasi-
static approach has also been successfully applied for a cross-
sectional structure that includes a low-resistivity Si substrate
[12]; we thus obtained the equivalent circuit per unit length
shown in Fig. 3(c) for structure . and represent
the conductance and capacitance, respectively, of the Si sub-
strate.

The equivalent-circuit parameters can be expressed using ap-
proximate formulas [14], [15], [17]. We applied these formulas
for the Si microstrip lines as follows.

• No skin effect on the transmission lines was assumed,
thus, the resistance was independent of frequency.

• The inductance was calculated assuming that the
ground plane was the bottom of the Si substrate.

• The insulator capacitance was calculated [16] as

(1)
where is the relative dielectric constant, is the permit-
tivity in a vacuum, and is the thickness of the insulator.
In this formula, the fringing capacitance of the transmis-
sion lines is represented by a circular cylinder with diam-
eter .

• Since , we calculated the Si substrate capaci-
tance assuming the transmission line was on top of
the Si substrate.

• The substrate conductance was calculated from
as follows:

(2)

where is the resistivity of the Si substrate.
• The capacitance of structure was calculated by the

same method as . The inductance was calculated
from .

The -parameters were measured for 1-mm-long transmis-
sion lines with different widths for structuresand . We cal-
culated , , and directly from the measured-parameters
at a low frequency, and the other parameters, , ,
and were fitted using an MDS HP high-frequency circuit
simulator. We also calculated the electrical parameters using the
parameters listed in Table I.

These simple approximations predicted the Si transmission
equivalent-circuit parameters fairly well (Figs. 4 and 5). The Si
transmission-line models can be easily implemented and used
for IC design with the MDS HP circuit simulator.

The transmission-line inductances and were quite dif-
ferent between structuresand . The inductance of structure

was 2.5–9.4 times higher than that of structurebecause the
Si substrate was a poor magnetic conductor [12].

Smith charts for 1-mm-long transmission-line open stubs and
shorted stubs are shown in Fig. 6 for structuresand .

TABLE I
PARAMETERS USED FORCALCULATION

(a)

(b)

Fig. 4. Calculated and extracted equivalent-circuit parameters for the structure
A transmission lines. The solid lines show the calculated parameters, and the
marks show the parameters extracted from the measureds-parameters. (a)L ,
R, andG . (b)C andC .

In the upper part of the Smith chart, the structurereflection
coefficient of the shorted stub, which represents the inductor
characteristics, extended farther out than the structurereflec-
tion coefficient. The structure shorted stub seems not to have
been degraded at high frequencies compared to the structure
shorted stub. Our MOSFETs operate in the MAG region in a
frequency range above 10 GHz, so the series resistance of the
matching network significantly influences an amplifier’s gain.
Since shorter line with structurecan have the same inductance
as a longer lines with structure (thus resulting in a lower total
series resistance), structureis preferable for inductive com-
ponents to achieve low loss. Narrower (higher impedance) lines
are especially desirable.

The structure reflection coefficient of the open stub, which
represents the capacitor characteristics, extended farther out
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Fig. 5. Calculated and extracted equivalent circuit parameters for the structure
B transmission lines. The solid lines show the calculated parameters, and the
marks show the parameters extracted from the measureds-parameters.

Fig. 6. Smith chart showing measured reflection coefficients for shorted
transmission lines with 3-�m-wide structuresA andB, plotted in the upper
part, and for open-circuit transmission lines with 80-�m-wide structuresA and
B, plotted in the lower part.

than the structure reflection coefficient in the upper part of the
Smith chart. Even though 8-m-thick polyimide–SiON–SiO
isolation layers were used, the wide low-impedance structure

lines produced an excessive insulation capacitance. Thus, we
applied wider (lower impedance) lines using structurefor
the capacitive components.

B. Noise Properties

To analyze the noise properties of the transmission lines on
an Si substrate, we treated a transmission line of a certain length
as a -type equivalent circuit [see Fig. 7(a)]. We considered not
only the thermal noise of the transmission-line series resis-
tance , but also the thermal noises and of the sub-
strate spread resistances . Comparing the equivalent circuits
of Fig. 7(a) and (b), we found the following equivalent input
noise–voltage and noise–current generators ofand [13]:

(3)

(4)

where is .

(a)

(b)

Fig. 7. (a) Equivalent circuit for a structureA transmission line of a certain
length including thermal noise generated by the series resistance and substrate
spread resistances. (b) To derive the NF of the transmission lines, the noise
equivalent circuit in (a) was changed to an equivalent circuit composed of input
equivalent noise generators and noiseless linear circuit elements.

The noise figure (NF) defined for a 50-input-impedance
signal source was calculated as

dB (5)

where is the signal-source noise current generated by a 50-
input impedance.

We measured the NF of a 10-m-wide and 1-mm-long struc-
ture transmission line (Fig. 8). The NF degraded rapidly as
the frequency increased. The solid line is the calculated NF. The
parameters were extracted data from the-parameter measure-
ment [see Fig. 4(a) and (b)] were used for the calculation. The
frequency dependence of the measured NF agreed well with the
calculated results. The NF degradation in the high-frequency
range was due to noise from the substrate spread resistance
coupling through the isolation capacitance.

Fig. 9 shows the calculated NF relative to inductance for three
types of transmission line at 15 GHz. The 3-m-wide structure

line was better than the 10-m-wide structure line in terms
of the NF because it was narrower and shorter and, thus, had
lower isolation capacitance, even though it had higher resistance
per unit length resistance. The NF for the 3-m-wide structure

transmission line was higher than the NFs for the structure
transmission lines below 0.6 nH because the structuretrans-
mission line was longer and had a higher resistance.

V. AMPLIFIER DESIGN AND PERFORMANCE

We demonstrated single-gate and cascode-connected
-band Si MOSFET amplifiers, both with on-chip matching

networks. The circuit configurations are shown in Fig. 10. Since
the conventional CMOS LSI process used does not include the
metal–insulator–metal (MIM) capacitance process, we could
not use capacitances in the signal paths for impedance matching.
Therefore, we used open-stub configuration (low-pass type)
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Fig. 8. Measured and simulated NF of a 10-�m-wide and 1-mm-long structure
A transmission line.

Fig. 9. Calculated NF versus inductance for 3-�m-wide structureA,
10-�m-wide structureA, and 3-�m-wide structureB transmission lines at 15
GHz.

matching networks. The matching networks were tuned to
50- input and output impedances.

The gatewidths of the MOSFETs were 200m. We used
3- m-wide high-impedance structure inductive lines, where
3 m is the minimum width of our thick Al metal patterning
process, and 80-m-wide low-impedance structure capaci-
tive lines, based on the transmission-line properties discussed
above.

The high-impedance lines used for the input and output
matching were 215–435-m long, and their inductance was
less than 0.6 nH. In particular, the inductance of the line used
for input matching was less than 0.5 nH, thus, structurewas
the better choice for a low-noise design. The low-impedance
open stub lines used for the input and output matching were
456–500- m long.

A chip photograph of the fabricated single-gate MOSFET
MMIC is shown in Fig. 11. The interconnection lines between
the probe pads and matching networks were structurelines
with a 50- characteristic impedance.

A. -Parameter Measurement

Fig. 12(a) shows the -parameters of the single-gate
MOSFET amplifier. It had a gain of 7.5–5 dB in the frequency
range from 12 to 20 GHz at V and V
with a 25-mA drain bias current when current saturation was
achieved. As the return losses were below10 dB from 17
to 21 GHz and at 18 GHz was close to the MAG of the

Fig. 10. (top) Single-gate MOSFET amplifier circuit. (middle)
Cascode-connected MOSFET amplifier circuit. (bottom) Equivalent circuit for
the single-gate MOSFET amplifier. The narrow lines use structureA, and act
as inductors. The wide lines use structureB, and act as capacitors.

Fig. 11. Front view of the fabricated on-chip matched single-gate Si MOSFET
amplifier.

circuit, the on-chip matching networks can provide excellent
amplifier performance.

Fig. 12(b) shows the -parameters of the cascode-con-
nected MOSFET amplifier. refers to the gate voltage
for the common-source stage and refers to that for the
common-gate stage in the cascode configuration. The supplied
drain voltage was 3 V, and the drain-bias current at V
was 15.5 mA. The amplifier’s gain was over 10 dB at about
23 GHz. However, the return losses were larger than expected.
This is because neither a cascode-connected MOSFET equiv-
alent circuit model, nor a large-signal MOSFET model were
available when the amplifier was designed. A higher gain would
be possible if the matching networks were more precisely tuned
using a better MOSFET model.

The equivalent circuits of the MOSFET [see Fig. 1(a)] and
the transmission lines [see Fig. 3(c) and (d)] on the Si substrate
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(a)

(b)

Fig. 12. (a) Measured and simulated performance of a fabricated on-chip
matched amplifier with a single-gate MOSFET. The marks show the measured
s-parameters, and the solid lines show the simulated results obtained using
the small-signal equivalent circuits of the MOSFET and transmission lines.
The MAG dashed line was calculated from thes-parameters of the measured
amplifier. (b) Measured performance of a fabricated on-chip matched amplifier
with cascoded MOSFETs. Return losses ofjS11j andjS22j were obtained for
V = 1:9 V.

were modeled on the HP MDS high-frequency circuit simu-
lator, and the results were used to calculate the-parameters
for the measured single-gate MOSFET amplifier. The solid
lines inFig. 12(a) show simulated data. The predicted matching
frequencies agreed with the measured values. Slight differences
in may have arisen from differences in the MOSFET
gain between the model and the actual characteristics shown in
Fig. 1(a). To verify our amplifier’s performance improvement,
we simulated the gain of an amplifier with second-level metal
on-chip inductors (conventionally processed amplifier). The
measured gain was 1.5 dB larger than the simulated gain of the
conventionally processed amplifier.

B. NF Measurement

Fig. 13(a) shows the measured NF at 50for the single-gate
MOSFET amplifier. It was 3.5–3.8 dB in the frequency range
from 12 to 19 GHz. We believe this NF is the lowest yet
reported for an Si MOSFET amplifier in the frequency range
above 10 GHz [6].

(a)

(b)

Fig. 13. (a) Measured simulated NFs at 50
 for the single-gate MOSFET
amplifier. (b) Measured NFs at 50
 for the cascoded MOSFET amplifier.

The NF of the cascode-connected MOSFET amplifier is
shown in Fig. 13(b). The NF in the frequency range between
12–20 GHz was 4 dB at a of 1.9 V. The NF of the
cascode-connected MOSFET amplifier was worse than that of
the single-gate MOSFET amplifier, possibly because—judging
from the smaller bias current compared to the single-gate
MOSFET measurement—the common-source stage MOSFET
may not have been biased in the drain current saturation region
[18].

Using the extrapolated FET and transmission-line noise
parameters, we simulated the NF for the single-gate MOSFET
amplifier. The simulated result, shown by the solid line in
Fig. 13(a), agreed with the measured data quite well.

Judging from the simulation, such low-noise character-
istics result from the low capacitance due to the thick
polyimide–SiON–SiO layers and the use of a minimum
linewidth.

VI. CONCLUSIONS

In this paper, we evaluated a 0.18-m-gatelength MOSFET
and demonstrated its suitability for -band applications. The
MOSFET was modeled in terms of amplifier design using the
small-signal model, including the Pospieszalski noise model.
Transmission lines were formed from a 3-m-thick Al metal
layer on 8- m-thick polyimide–SiON–SiO layers on a lossy
Si substrate. The lines were characterized and modeled.

Based on the modeling, we designed on-chip matched
MOSFET amplifiers and demonstrated that they offer excellent
gain and noise performance in the -band. Although two
additional fabrication processes were required, these processes
are established and compatible with standard CMOS very large
scale integration (VLSI) processes. Therefore, lower chip costs
can be achieved by using Si substrates. Merging high-density
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digital LSI circuits with RF analog signal-processing ICs thus
appears to be practical up to the -band.
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