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Abstract — This paper clarify the state-of-the-art GaAs to lower frequency applications and so can cover all
inductors fabricated using the three-dimensional (3-D)  microwave and millimeter-wave frequencies, from the L-
MMIC technology. A novel 3-D inductor is proposed and  phang to the V-band. This is particularly interesting for

evaluated experimentally. Our 4.9 nH inductance achieves a - . L
peak Q factor of 35.93 with a resonant frequency of 8.07 designing future V-band wireless communication systems

GHz. To the knowledge of the authors, this performance is Which  require  single-chip  transceivers with IF
the highest yet reported for GaAs on-chip inductors. A 0.6-4 components.

GHz band LNA is fabricated using 0.1um GaAs PHEMT

transistors (f =120 GHz) and the 3-D inductors. The

fabricated LNA offers 12.3 dB gain and a noise figure under Il. MODERATE-Q FACTOR 3-D INDUCTORS

1.5 dB with a d.c. power consumption of 27.84 mW.

A. Structure

. INTRODUCTION Fig. 1 shows a typical 3-D GaAs inductor as fabricated.
The GaAs 3-D MMIC technology has already beenThe spiral pattern consists in quh-thick low loss TFMS
demonstrated to be very effective for developing compadin€ formed on the top-level conductor layer of the 3-D
and highly integrated  microwave/millimeter-wave MMIC process. A lum-thick TFMS line located 2.pm
integrated circuits [1], [2]. However, under the C-band under the spiral pattern is L_Jsed for the inductor underpass.
the 3-D MMIC technology is somewhat limited by the "€ Open ground plane is formed on the lower-level
lack of spiral inductors with high quality factors. Indeed,conductor layer of the 3-D MMIC process, in under

at these frequencies, spiral inductors, used either 48€ Spiral pattern. _

matching networks, bias chokes, resonator elements, or | "€ position of the ground plane under the spiral pattern
circuit components, play a major role in the design oftnd the low effective dielectric constant of the polyimide
compact circuits. layer make this 3-D inductor very similar to a coplanar

The aim of the present paper is to overcome the abovdave-guide GaAs inductor formed on a Sl _substrate.
shortcoming and extend the capabilities of the 3-D mMmmicTherefore, the peak Q factor of these inductors is expected

technology to the L and S-bands. Therefore, in order t& P& comparable to that of GaAs coplanar inductors.

clarify the performance of 3-D inductors, we fabricated
several spiral inductors with an open ground plan@rhO
under the spiral. This topology makes the proposed 3-D
inductors very similar to coplanar wave-guide inductors
formed on a semi-insulating substrate, and the same order
of peak Q factor can be achieved. The proposed 3-D
inductors are therefore suited to the realization of, up to
the C-band, broadband LNAs, matching networks, and
noise filters for which a moderate Q factor is adequate.
For applications requiring higher Q factors, we propose a
novel inductor topology that more fully utilizes the
potential of the 3-D MMIC technology. This topology
strongly reduces the series resistance of the inductor
resulting in a high peak-Q factor.

A low noise amplifier fabricated using the 3-D
inductors is also presented. The measured results confirplg. 1. Photograph of a fabricated 6 turn@6-line width, 3-
that the use of the 3-D MMIC technology can be extended inductor with internal diameter D=1Q0n.

w20D100n6
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TABLE |
MODEL PARAMETERS OF THE MODERATE-Q FACTOR 3-D INDUCTORS

Structure # Dimensions ( um) Lumped-element Equivalent Circuit Parameters
w D n L R C, C, C, F.. |PeakQ
(M) | (um) (nH) Q) (pF) (PF) (PF) (GHz)

w20D20n6 20 20 6 5.275 3.802 0.084 0.0605 0.012 7.07 23.71
w20D60Nn6 20 60 6 6.80 4.418 0.094 0.0685 0.01 5.96 22.18
w20D100n6 20 100 6 8.81 5.449 0.105 0.0765 0.01 4.99 19.49
w1l0D20n4 10 20 4 1.106 2.069 0.0343 0.0171 0.000 25.82 33.39
w1l0D60n4 10 60 4 2.016 3.153 0.0375 0.0214 0.003 17.61 27.22
w10D100n4 10 100 4 2.936 4.156 0.0427 0.0298 0.000 14.21 24.27

B. Fabrication and Experimental Results

Several structures of the 3-D GaAs inductors with line
widths, w, of 10um and 20um have been fabricated. The

inductors have a constant line-to-line spacing, s, qfrh0

The ground window surrounds the spiral pattern with a

gap of 20um for w=10pum and 50um for w=20um. The

GaAs substrate is 6Q0n thick.

Measurement w=10, n=4

—e— Measurement w=20, n=6
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The inductors have been characterized on-wafer from §2x0'f S™uer 1
0.5 to 20 GHz. The measurement of open and shorted pac & + w=20,ns5 o w=10,n=2
reference circuits allowed the RF pads of the DUT to be VS
de-embedded. Fig. 2 shows the two-port lumped-element w=20,n=8 W=10,n=5
model of the inductors and Table | summarizes the model PR 2 3 45 g;g"o
1 1

values extracted from the measurements. The Q factor anc
the resonant frequency given in Table | were deduced
from the 1-port S-parameter of the inductor when a

perfect short is placed at output port 2 (see Fig. 2). Fig. 3. Measured and simulated peak Q factor of the 3-D
inductors versus the inductance.

Induct ance (nH)

i A comparison against the state-of-the-art GaAs
| inductors (see Fig. 4) shows that the proposed 3-D

Port 1 A Port 2 inductors exhibit comparable performances to coplanar
© L - GaAs inductors of equivalent size. Therefore, we can
c R c conclude from this first study that the 3-D MMIC
1 2

I I technology is adequate under the C-band, for the design of
= = broadband low noise amplifiers and noise filters whose Q
factor requirements are moderate. For applications where
Lumped-element equivalent circuit model of the 3-Dg high Q factor is required, we propose the novel 3-D
inductor topology described below.

Fig. 2.
inductors.

Fig. 3 shows the peak Q factor of the fabricated
inductors versus the inductance. The peak Q factor of the
3-D inductors simulated with the Sonhesoftware for Structure
different number of turn n is also presented. The measure%'
results are in good agreement with the simulated results. The originality of the proposed 3-D inductor is the
Fig. 3 also shows that in order to achieve the highest pealombination of two superposed lines to form the spiral
Q factor, it is better to choose the {@n-line width  pattern. This configuration appreciably reduces the series
structure for inductance less than 2.3 nH, and thpra0  resistance of the inductor which greatly increases the Q
line width structure for inductance greater than 2.3 nH. factor. This effect is slightly offset by an increase in the

I1l. HIGH-Q FACTOR3-D INDUCTORS
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TABLE 1l

MODEL PARAMETERS OF THE HIGH-Q FACTOR 3-D INDUCTORS

Structure # Dimensions ( um) Lumped-element Equivalent Circuit Parameters
w D n L R C, C, C, F.. |PeakQ
(Hm) | (um) (nH) Q) (PF) (PF) (PF) (GHz)
w20D20n6_56 20 20 6 4.9 2.66 0.0794 0.1356 0.0 8.07 35.93
w20D60n6_56 20 60 6 6.46 3.192 0.0944 0.1506 0.0 6.44 31.53
w20D100n6_56 20 100 6 8.08 3.832 0.1094 0.1656 0.0 5.35 27.28
inductor's parasitic capacitance due to the coupling
between the lines, but the increase in the peak Q factor ‘ Augpm
remains significant. Fig. 5 shows the cross section of the Awdum Ground Plane
proposed high-Q factor inductor fabricated using the 3-D
MMIC process.The inductor is formed by two identical ia Hol
spiral patterns that are stacked on the top-level and t
second-level conductor layers of the 3-D MMIC process.
PR W
Au 1uym
A 20 pm-line width coplanar inductors [3]
variable line width coplanar inductors [3] GaAs Substrate
+ 10 pm-line width coplanar inductors fabricated at NTT

X 20 pm-line width coplanar inductors fabricated at NTT
Micromachined planar GaAs spiral inductors [4], [5]
—— Proposed 10  pm-line width 3-D inductors
—e— Proposed 20  pm-line width 3-D inductors

—&— Proposed high-Q factor 20 pm-line width 3-D inductors
/’:‘\ T T T T |+ T T T T —rrr |

I

g

(7]

= .o

o

w 10 =
b~ or 1
g8 9 ]
c 7+ i
B o 1
(]

o 5t 1 [

L
4 56789
1

L LI

Q factor

Peak

2x10"f

1 L B R R

2 3 4 5 6789
1 10
Induct ance (nH)

T S N B B
4 56789

Fig. 4. State-of-the-art GaAs
proposed 3-D inductors.

Fig. 5. Cross section of the proposed high-Q factor inductor
fabricated using the 3-D MMIC technology.

The top-level spiral pattern is|#&n thick and the other
is 1 um thick. These two patterns are interconnected at
regular intervals by via-holes through the first dielectric
layer. The underpass of the inductor is aurh-thick
TFMS line formed on the third conductor layer (2%
under the second spiral pattern). The open ground plane is
formed on the lower-level conductor layer of the 3-D
MMIC process, 1@um under the first spiral pattern.

B. Fabrication and Experimental Results

Fig. 6 shows an example of the new 3-D inductors.
Three spiral inductors were fabricated with internal
diameters, D, of 2Qum, 60 um, and 100um. All uses 6
turns of superposed 20n-width TFMS lines. The line-to-
line spacing, s, is 1fim and the gap, G, to the ground
window is 50um. The GaAs substrate thickness is 600
pm.

The inductors were characterized on-wafer from 0.5 to
20 GHz. The two-port lumped-element model of the
inductors is shown in Fig. 2 and Table Il summarizes the
model parameters extracted from the S-parameter
measurements. For a 4.9 nH inductor, a very high peak-Q
factor of 35.93 is achieved at 4.66 GHz. The resonant
frequency of this inductor is 8.07 GHz. Compared to the
state-of-the-art GaAs inductors shown in Fig. 4, the novel

inductors - compared  to thes—D inductors exhibit very high peak-Q factors, the

highest yet reported.
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w20D100n6_56
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Fig. 6. Photograph of a high-Q factor 3-D inductor. 20 ' ' ' 8
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IV. 0.6-4 GHz BAND Low NOISEAMPLIFIER ) %
We designed a 0.6-4 GHz band low noise amplifier to < 5 14 &
confirm the potential of the 3-D inductors presented in & S %
section Il. Fig. 7 (a) shows a photograph of the LNA . N
fabricated using the 3-D MMIC technology. The chip size 10+ ... NF* 128
is 1.5%1.17 mn. The transistors are 0.3185n long, 100 Treeentenees Vd=3v
um wide PHEMTs whose minimum noise figure is 0.36 20 . . MreEmA .
dB at 12 GHz, fis 70 GHz, and {, is 120 GHz. 0 2 4 6 8
The performances of the LNA are shown in Fig. 7 (b). (b) Frequency (GHz)

It exhibits broadband operation, from 0.6 GHz to 4 GHz

with a gain above 12.3 dB and a noise figure under 1.5i9. 7.  (a) Photograph and (b) measured performances of the
dB. The return losses at the input and the output ports afeb-4 GHz band LNA designed using the 3-D inductors.

less than —3.6 dB and -5 dB, respectively. The d.c. power

consumption of the amplifier is 27.84 mW.
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