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Performance of{«-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 Ku-band (12-20 GHz) Si good-performance MMICs in the 4-, 6-, and 12—-20-GHz re-
MOSFET mon_o_lithic amplifiers with On-Chip matching netvx_/or|_<s. gions [8], [9]. In this paper, we describe how high-performance
In these amplifiers, we used 3um-thick Al-metal transmission  g; MOSFET monolithic amplifiers can be achieved, even with

lines on 8xtm-thick polyimide—SiON-SIiQ, isolation layers for the . L .
matching networks. The amplifier showed a gain of 6-10 dB and matching networks on a low-resistivity lossy Si substrate.

a noise figure (NF) of 3.5-4 dB up to about 20 GHz, the highest  First, we describe the fabrication process for the thick
gain and lowest NF yet reported for MOSFET amplifiers at this polyimide—SiON-Si@ layers on which the matching net-

frequency. We also clarified the lossy on-chip inductor effect on works are constructed. We also examine the performance of
the gain and noise performance of the amplifiers. a sub-quarter-micrometer-gatelength Si MOSFET, its noise
Index Terms—Amplifier, CMOS LSI, dielectric quasi-TEM  parameters, and its small-signal equivalent circuit.

mode, K'u-band, MMIC, on-chip matching, Si MOSFET. Second, we discuss the transmission-line properties on a lossy
Si substrate. We demonstrate that the parameters of equivalent
l. INTRODUCTION circuits for the transmission lines can be calculated from the

. usual microstrip-line model with a small modification. We also
UB-QUARTER-MICROMETER-GATELENGTH  Si g0 that the equivalent circuits can predict the noise properties
. MOSFETS develo_ped for digital Iarge—scale. mtegrate%‘the transmission lines.
cwcwts_ (LSIs) offer high performance characterlstl_cs,_suc Third, we demonstrate single-gate MOSFET and cas-
as a high cutoff frequencyff) and a maximum oscillation code-connected MOSFET amplifiers with on-chip matching
frequency {max) Of over 40 GHz [1]. They also offer @ networks for the Ku-band (10-20 GHz) and compare the

2.4-Gb/s transmission rate as optical receiver integrated Circ‘iﬁ@asured performance of these amplifiers to results from
(ICS? [2].' These MOSFETS. now have potenngl for use in RE simulation based on the transmission-line and MOSFET
applications, such as amplifiers that operate in the microwaye j|s

frequency range.

To apply such Si MOSFETSs in gigahertz RF monolithic mi-
crowave integrated circuits (MMICs), optimum matching net-
works are necessary to overcome the limit of the gain—band-The resistivity of the 64Qsm-thick Si substrate used for our
width (GB) product of the amplifier [3]. Unfortunately, net-IC was about 52 - cm, which is typical for CMOS LSI de-
works on low-resistivity Si substrates have been reported to Yiees. A standard CMOS LS fabrication process was used up to
lossy [4]. Thus, GaAs-based MMICs on semiinsulating highlihe formation of second-level interconnections. At that point, a
resistive substrates have generally been developed instead [¥Jum-thick SiON layer was deposited, and then a Ar6-thick

However, Si MOSFETs RF ICs are still attractive botipolyimide layer, as is generally used for IC passivation, was
because they cost less than GaAs ICs, due to the more maforened by spin coating. Next, Ti—TiN-AI-TiN layers were de-
digital IC process, and also because they can be merged witisited by sputtering; the total thickness of the four layers was
Si-MOSFET baseband circuits. Several approaches have bgeim, which was four times the thickness of the second-level
taken to avoid the loss due to substrate conductivity: e.g., usimgtal layer. Third-level interconnections were then formed by
a high-resistivity Si substrate [5], a silicon-on-insulator (SOKry etching.
substrate [6], coplanar inductors [4], and three-dimensional
(3-D) masterslice MMIC technology [3]. I1l. DEVICE PERFORMANCE

We applied inductors on thick polyimide—SiN-Si@olation We developed Ku-band ampliiers by applying

layers for on-chip matched Si MOSFETamp”ﬁersandObtain%fleﬂm-gatelength NMOSFETs fabricated by a conven-

tional CMOS LSI process. The gate oxide thickness was
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Fig. 1. (a) Typical MOSFET layout. (b) Current gdii21|, MSG, and MAG (c) (d)

plotted versus frequency for an NMOSFET. The gatelength, gate finger length,
and total gatewidth of the MOSFET are 0.18, 10, and 26 respectively. Fig. 3. Cross-sectional view of the transmission lines. The,S&er was
Marks represent the measured data, and the solid lines show the simulaiof,.m thick. (a) Structured. (b) StructureB. (c) Equivalent circuit per unit

data for the equivalent circuit shown in (c) with input/output probe-pad parasitigngth for structured. (d) Equivalent circuit per unit length for structu
capacitances. (c) MOSFET equivalent circuit and fitted circuit parameters.

) o ] the measuretlF,,;,, very closely represents the intrinsic noise
using a gate electrode consisting of 20,4®-long fingers [see haracteristics of the MOSFET.
Fig. 1(a)]. . ~ TheNF,,;, data were fitted to the Pospieszalski model [10],
Fig. 1(b) shows the measured gain-frequency characterisiggich is well suited for FETs (MESFET, high electron-mobility
of an nMOSFET with a 20¢sm total gatewidthf; determined transistor (HEMT), MOSFET) [11], and we included the para-
by extrapolating lingH21| is 50 GHz, andf.... (where the itics, such as the gate resistance, shown in the equivalent circuit
maximum available gain (MAG) became 0 dB) is 45 GHzy Fig. 1(c). The extracted gate and drain equivalent noise tem-
Fig. 1(c) shows an equivalent circuit for the MOSFET and “'\Seraturesrg and7; of the Pospieszalski model were 300 and
extracted parameters. The simulated characteristics in Fig. 1f8ho K, respectively. The solid line in Fig. 2 is the fitted result.
were calculated based on the equivalent circuit, includinghe noise parameters extrapolated up taitheband were used

the probe-pad parasitic capacitances. The equivalent gg&f&erify our Ku-band amplifier design.
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 The third-level metal layer was used to provide the transmis-

10 GHz, the series resistance of the input matching networ®8n lines for the matching networks because of its low sheet

must be lowered to less than 14Bto avoid decreasing the resistance. We applied two types of cross-sectional structures

MAG of amplifiers with matching networks. [see Fig. 3(a) and (b)] in the matching networks. The ground
The minimum noise figureé\F ;) for the MOSFET was ob- plane for structurel was the bottom of the Si substrate and the

tained using an on-wafer noise parameter measurement syst@igund plane for structur8 was the second-level Al layer.

The measuredF,,;, data up to 6 GHz are shown in Fig. 2. ] ] o )

TheNF ., was well below 1 dB even at 6 GHz. Since the thick Small-Signal Equivalent-Circuit Modeling

isolation layer reduced the capacitive coupling of the Si sub-When the cross-sectional dimensions of transmission lines

strate thermal noise through the probe pad of the MOSFET [&Fe much smaller than the signal wavelength, a quasi-static anal-

IV. TRANSMISSION-LINE PROPERTIES
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ysis can be used to obtain a simple description of the line prop- TABLE |

erties. This makes it easy to obtain an equivalent circuit per unit PARAMETERS USED FORCALCULATION
length, as shown in Fig. 3(d) for structufg, by assuming a pal 42x10°° Qlem
quasi-TEM (TEM) field in the cross-sectional area. This quasi- ta 3 pwm

static approach has also been successfully applied for a cross- €1 3.6

sectional structure that includes a low-resistivity Si substrate d 8 um

[12]; we thus obtained the equivalent circuit per unit length €sg 119

shown in Fig. 3(c) for structurel. Gsyp andCsyp represent hsi 640 pm

the conductance and capacitance, respectively, of the Si sub- Psi 5 {lem
strate. ez 34

The equivalent-circuit parameters can be expressed using ap- ds 5.6 A

proximate formulas [14], [15], [17]. We applied these formulas

for the Si microstrip lines as follows. 3
* No skin effect on the transmission lines was assumed, g % ‘
thus, the resistanck was independent of frequency. o 10°¢ A2A A A A a
* The inductanceL; was calculated assuming that the & 1/Gsug
ground plane was the bottom of the Si substrate. I
» The insulator capacitaneg, was calculated [16] as E 1075 R
g
far 9 ook Ly 1
Cl = £1&0 W — L + T E
PR ey ) z
In {1+ 1+4/1+ T gt
tal d 4 =100 20 40 60 80
wherezs, is the relative dielectric constast, is the permit- Hine Wit (um)
tivity in a vacuum, andl; is the thickness of the insulator. @)
In this formula, the fringing capacitance of the transmis- T T
sion lines is represented by a circular cylinder with diam-
etertag. = 3001
» Sinced; < hg;, we calculated the Si substrate capaci- £
tanceCsyp assuming the transmission line was on top of gm 200t
the Si substrate. ?
* The substrate conductan€gsyg was calculated from O_ 100k
Csug as follows: ©
Gsup = 4CSUB (2) 06 ' éO I 4.0 I 6IO I 8‘0

£gi€ i
Si€0PSi Line Width (um)

whereps; is the resistivity of the Si substrate. (b)

* The capacitance’, of Stru_CtureB was calculated by the Fig. 4. Calculated and extracted equivalent-circuit parameters for the structure
same method a€’;. The inductance., was calculated 4 transmission lines. The solid lines show the calculated parameters, and the
from Cs. marks show the parameters extracted from the measupedameters. (al,,

The s-parameters were measured for 1-mm-long transmi&: 3"d¢sus- (b) Cv andCsus.
sion lines with different widths for structuresand B. We cal-
culatedR, L1, andL- directly from the measuregparameters  In the upper part of the Smith chart, the structdreeflection
at a low frequency, and the other paramet&rsCsyp, Gsyp, coefficient of the shorted stub, which represents the inductor
and C, were fitted using an MDS HP high-frequency circuitharacteristics, extended farther out than the struddureflec-
simulator. We also calculated the electrical parameters using tlem coefficient. The structurd shorted stub seems not to have
parameters listed in Table I. been degraded at high frequencies compared to the strugture
These simple approximations predicted the Si transmissishorted stub. Our MOSFETSs operate in the MAG region in a
equivalent-circuit parameters fairly well (Figs. 4 and 5). The Siequency range above 10 GHz, so the series resistance of the
transmission-line models can be easily implemented and usedtching network significantly influences an amplifier’s gain.
for IC design with the MDS HP circuit simulator. Since shorter line with structurécan have the same inductance
The transmission-line inductancés and L, were quite dif- as a longer lines with structure (thus resulting in a lower total
ferent between structuresand B. The inductance of structure series resistance), structuseis preferable for inductive com-
A was 2.5-9.4 times higher than that of structBrbecause the ponents to achieve low loss. Narrower (higher impedance) lines
Si substrate was a poor magnetic conductor [12]. are especially desirable.
Smith charts for 1-mm-long transmission-line open stubs andThe structureB reflection coefficient of the open stub, which
shorted stubs are shown in Fig. 6 for structufeand B. represents the capacitor characteristics, extended farther out
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Fig. 5. Calculated and extracted equivalent circuit parameters for the structure 1 1 1
B transmission lines. The solid lines show the calculated parameters, and the - - -
marks show the parameters extracted from the measupagdameters. (b)

Fig. 7. (a) Equivalent circuit for a structuré transmission line of a certain
Shorted transmission-fines ( W = 3 um) length inclu_ding thermal noise generated by the series re;si;tanc_e and substrate
P spread resistances. (b) To derive the NF of the transmission lines, the noise
o NN equivalent circuit in (a) was changed to an equivalent circuit composed of input
equivalent noise generators and noiseless linear circuit elements.

Line length =1 mm

Structure A

The noise figure (NF) defined for a 3@-input-impedance
signal source was calculated as

2+ Ji+e/502
i o/ |> )

ol

Open~circuit transmission lines ¢

5

NF(dB) = 10log <

(W =80um) . . .
wherei, is the signal-source noise current generated by & 50-

Fig. 6. Smith chart showing measured reflection coefficients for shortdBput impedance.
transmission lines with Zm-wide structuresd and B, plotted in the upper We measured the NF of a J@m-wide and 1-mm-long struc-
part, and for open-circuit transmission lines with @6+wide structurest and ture A transmission line (Fig. 8). The NE degraded rapidly as

B, plotted in the lower part. ; e
the frequency increased. The solid line is the calculated NF. The
than the structurd reflection coefficient in the upper part of theparameters were extracted data from shgarameter measure-
Smith chart. Even though Bm-thick polyimide—SiON-Si@ ment [see Fig. 4(a) and (b)] were used for the calculation. The
isolation layers were used, the wide low-impedance structrequency dependence of the measured NF agreed well with the
A lines produced an excessive insulation capacitance. Thus,&@culated results. The NF degradation in the high-frequency
applied wider (lower impedance) lines using structéitdor ~ range was due to noise from the substrate spread resistapce

the capacitive components. coupling through the isolation capacitange
Fig. 9 shows the calculated NF relative to inductance for three

B. Noise Properties types of transmission line at 15 GHz. The:8-wide structure

To analyze the noise properties of the transmission lines drline was better than the 10m-wide structured line in terms
an Si substrate, we treated a transmission line of a certain lengtthe NF because it was narrower and shorter and, thus, had
as ar-type equivalent circuit [see Fig. 7(a)]. We considered ndgwer isolation capacitance, even though it had higher resistance
only the thermal noiser of the transmission-line series resisper unit length resistance. The NF for thg:8+wide structure
tancer, but also the thermal noisesubl andesub2 of the sub- B transmission line was higher than the NFs for the structure
strate spread resistanegg,. Comparing the equivalent circuitstransmission lines below 0.6 nH because the structutexns-
of Fig. 7(a) and (b), we found the following equivalent inputnission line was longer and had a higher resistance.
noise—voltage and noise—current generatoksarid: [13]:

. V. AMPLIFIER DESIGN AND PERFORMANCE
we; (r + jwl)

e=er esub2 () We demonstrated single-gate and cascode-connected
‘ JwiEran 1 Ku-band Si MOSFET amplifiers, both with on-chip matching
t=— <# —Jwe — m) e networks. The circuit configurations are shown in Fig. 10. Since
o 1 the conventional CMOS LSI process used does not include the
— —esubl — ———er (4) metal-insulator-metal (MIM) capacitance process, we could
rt jwl not use capacitances in the signal paths forimpedance matching.

wherev is (wrsun(c; + coun) — 7). Therefore, we used open-stub configuration (low-pass type)
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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 structyrand act

as inductors. The wide lines use structéiteand act as capacitors.

o 05 1
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Fig. 9. Calculated NF versus inductance foruB+wide structure A,
10-um-wide structured, and 3gm-wide structureB transmission lines at 15
GHz.

matching networks. The matching networks were tuned to
502 input and output impedances.

The gatewidths of the MOSFETs were 2pén. We used
3-um-wide high-impedance structurkinductive lines, where
3 p#m is the minimum width of our thick Al metal patterning
process, and 8gm-wide low-impedance structutB capaci-
tive lines, based on the transmission-line properties discussed
above.

The high-impedance lines used for the input and outpgly. 11. Frontview of the fabricated on-chip matched single-gate Si MOSFET
matching were 215-43pm long, and their inductance wasamplifier.
less than 0.6 nH. In particular, the inductance of the line used
for input matching was less than 0.5 nH, thus, Struclingas .ot the on-chip matching networks can provide excellent
the better choice for a low-noise design. The |°W"mpecja”ﬁ?nplifier performance.
open stub lines used for the input and output matching Wererijg  12(b) shows thes-parameters of the cascode-con-
456-500xm long. _ _ nected MOSFET amplifievs; refers to the gate voltage

A chip photograph of the fabricated single-gate MOSFER, yhe common-source stage af@- refers to that for the
MMIC is shown in Fig. 11. The interconnection lines betweeg,ymon_gate stage in the cascode configuration. The supplied
the probe pads and matching networks were struckitmes drain voltage was 3V, and the drain-bias curreftat — 1.9V

with a 5042 characteristic impedance. was 15.5 mA. The amplifier's gain was over 10 dB at about
23 GHz. However, the return losses were larger than expected.
A. s-Parameter Measurement This is because neither a cascode-connected MOSFET equiv-

Fig. 12(a) shows thes-parameters of the single-gatealent circuit model, nor a large-signal MOSFET model were
MOSFET amplifier. It had a gain of 7.5-5 dB in the frequencgvailable when the amplifier was designed. A higher gain would
range from 12 to 20 GHz &tpp = 2V andVy = 1V, bepossible if the matching networks were more precisely tuned
with a 25-mA drain bias current when current saturation wassing a better MOSFET model.
achieved. As the return losses were beledO dB from 17 The equivalent circuits of the MOSFET [see Fig. 1(a)] and
to 21 GHz andS,; at 18 GHz was close to the MAG of thethe transmission lines [see Fig. 3(c) and (d)] on the Si substrate
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Fig. 13. (a) Measured simulated NFs at G@0for the single-gate MOSFET

o amplifier. (b) Measured NFs at 30 for the cascoded MOSFET amplifier.
k=)
3
28 The NF of the cascode-connected MOSFET amplifier is
f shown in Fig. 13(b). The NF in the frequency range between
\\811 s @ 12-20 GHz was 4 dB at &g. of 1.9 V. The NF of the
e 10 cascode-connected MOSFET amplifier was worse than that of

15 20 25

Frequency (GHz) 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

Fig. 12. (a) Measured and simulated performance of a fabricated on-ciiyay not have been biased in the drain current saturation region
matched amplifier with a single-gate MOSFET. The marks show the measu;g%]
n

s-parameters, and the solid lines show the simulated results obtained u %J . - . .
the small-signal equivalent circuits of the MOSFET and transmission lines. USINg the extrapolated FET and transmission-line noise

The MAG dashed line was calculated from tharameters of the measuredparameters, we simulated the NF for the single-gate MOSFET
amplifier. (b) Measured performance of a fabricated on-chip matched amplif s ; [RENE ;
with cascoded MOSFETS. Return losse$Si1| and|S22| were obtained for 'éllf‘npllfler. The SImU|,ated result, shown by the solid line in
Vs = 1.9V, Fig. 13(a), agreed with the measured data quite well.
Judging from the simulation, such low-noise character-

) .. . stics result from the low capacitancg due to the thick
were modeled on the HP MDS high-frequency circuit S'meonimide—SiON—SiQ layers and the use of a minimum
lator, and the results were used to calculate siparameters |inawidth

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 |S21| may have arisen from differences in the MOSFET
gain between the model and the actual characteristics shown ify, thjs paper, we evaluated a 0.L8-gatelength MOSFET
Fig. 1(a). To verify our amplifier's performance improvementand demonstrated its suitability féfu-band applications. The
we simulated the gain of an amplifier with second-level metghosSFET was modeled in terms of amplifier design using the
on-chip inductors (conventionally processed amplifier). Themajl-signal model, including the Pospieszalski noise model.
measured gain was 1.5 dB larger than the simulated gain of #1@nsmission lines were formed from a.@a-thick Al metal
conventionally processed amplifier. layer on 8um-thick polyimide—SiON-Si@ 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
Fig. 13(a) shows the measured NF at%€br the single-gate gain and noise performance in théu-band. Although two
MOSFET amplifier. It was 3.5-3.8 dB in the frequency rangadditional fabrication processes were required, these processes
from 12 to 19 GHz. We believe this NF is the lowest yeare established and compatible with standard CMOS very large
reported for an Si MOSFET amplifier in the frequency rangscale integration (VLSI) processes. Therefore, lower chip costs
above 10 GHz [6]. can be achieved by using Si substrates. Merging high-density

VI. CONCLUSIONS

B. NF Measurement
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