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Abstract- An increase of 50% in the peak Q- grounded. Differential circuit topologies are common in
factor and a wider operating bandwidth for integrated circuits, and consequently an alternative
monolithic inductors is achieved by exciting a method that is practical for integrated circuits is to
microstrip structure differentially. Conventional excite the spiral inductor differentially, using a source
excitation of a 8 nH spiral inductor fabricated in a  connected between the two ends of the microstrip spiral.
production silicon IC technology resulted in a peak  The peak Q-factor shows a significant increase under
(measured) Q-factor of 6.6 at 1.6 GHz, while the differential excitation, and this high Q value is
differential connection showed a maximum Q-factor maintained over a broader bandwidth.
of 9.7 at 2.5 GHz. These experimental results
compared favorably with the behaviour predicted Il. T HEORY

from simulation. A transmission line can be approximated over a

range of frequencies by a lumped element equivalent
| INTRODUCTION circuit model. For a microstrip line fabricated in silicon
Microstrip inductors have been used extensively intechnology, an appropriate equivalent circuit is shown in
radio frequency (RF) and monolithic microwave Fig. 1, where L is the total inductance of the line and r is
integrated circuits (MMIC). The quality factor (Q) of the series resistance due to conductor losses and
microstrip structures is limited by the series resistancalissipation arising from current flowing in the silicon
of the metallization and, in the case of silicon substrate. The shunt parasitics result from a combination
technology, losses in the conductive substrate (typicallyof capacitances, due to an insulating layer of silicon
1 to 10Q-cm). The Q-factor is typically less than 10 for dioxide (G,) and the underlying substrate {; and
a metal-insulator-semiconductor (MIS)  structure substrate dissipation (R [7]. For the spiral inductor,
fabricated in a production silicon IC technology [1, 2]. It additional components are required to represent mutual
has been demonstrated that the quality factor can beagnetic and electric coupling between adjacent lines
improved by optimizing both the physical layout and [1].
structure of the inductor. Thicker metallization and
stacking of metal layers reduces the conductor pqgrt1 h» ZE;+ _________ lo  Port2
dissipation, thereby improving the Q [3]. Design o - —
guidelines have been proposed to optimize the +
geometric parameters of microstrip spiral inductors,
such as strip width, spacing between the strips, and the,
gap between groups of coupled lines on opposing sides
[1]. Losses in the semiconducting substrate may be
reduced through the use of higher resistivity material
[4], however, this is incompatible with current silicon
device technology (e.g., CMOS). An alternative is to
remove the underlying silicon by selective etching of the
substrate or by applying a thin membrane beneath the i o o )
inductor [5, 6], but this requires additional processing For single-ended excitation, Port 2 in Fig. 1 is
steps and there is a loss of mechanical strength when ttfgrounded and the inductor is connected as a one-port.

underlying silicon is removed. The input impedance at Port 1 (in this casggl
becomes a parallel combination of two components: one

. Microstrip spiral inductors are normally driven e {4 the inductance and series dissipation (L and r in
single-ended", that is, the driving source is connecte ig. 1), the other due to the shunt R-C parasitic

to one terminal of the spiral while the other end is glements, as illustrated in Fig. 2. For a differential

Fig. 1. Microstrip line equivalent circuit.
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excitation, where the signal is applied between the twa8 pm wide and the spacing between conductors is
ports (i.e., between Portl and Port2), the input2.8 um (w and s in Fig. 4, respectively). The relatively
impedance (g) is due to the parallel combination of narrow conductor width and spacing results in higher
2Z, and Zg, where impedancesyZand Zz are defined magnetic coupling between microstrip lines and lower
in Fig. 1. Since the substrate parasitics are connectedapacitive parasitics to the substrate. The inner gap
together via the ground plane, the two shunt elementd)etween groups of coupled lines, G, is approximately
are now in series (i.e., g&#Zp), resulting in the 150pum, which minimizes negative mutual coupling on
equivalent circuit shown in Fig. 3. opposite sides of the spiral.
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Fig. 2. Single-ended excitation model.
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Fig. 3. Differential excitation model. Port 1

The quality factor of the inductor below the first
resonant frequency is defined by
21l

= 1
© Re[zinput] ( )

where Z,, ;is the series equivalent input impedance. At
lower frequencies, the input impedance in either the Port2
shunt or differential connections is approximately the
same, but as the frequency increases, the substrate
parasitics, C and R, come into play. For the case of
differential excitation, these parasitics have a higher
impedance at a given frequency than in the single-ended L =
connection, as seen from comparison of Figs. 2 and 3.
This reduces the real part and increases the reactive
component of the input impedance. Therefore, the
inductor Q-factor (from eq. 1) is improved when driven

Ground

/ M2

M3 crossover

Fig. 5. Spiral inductor test structure layout.

differentially, and moreover, a wider operating Table 1. Substrate and metal parameters.
bandwidth can be achieved. Parameter Value
Oxide relative permittivity =39
Ill. A NALYSIS Oxide thickness over M2 h3 - h6 = Jugh

A 5-turn square spiral inductor was fabricated and| Oxide thickness below M2 h2 = 3.¢in
tested in order to verify these predictions. A cross-| Silicon relative permittivity g =117
sectional view of a portion of the structure is illustrated [ Silicon resistivity p=15Q-cm
in Fig. 4, and the substrate and metal properties for theé Sjlicon thickness h1 = 200m
fabrication process are listed in Table 1. The outer| Topmetal M3 resistivity p = 0.031Q-pm
dimension, A, as shown in Fig. 5, is 25Qm. M3 thickness h5 = 2.0fm
The inductor consists mainly of topmetal (M3) which is [ M2 thickness h6 = 0.84m
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IV. RESULTS AND DISCUSSION At frequencies beyond the peak, an increase of greater
Three-dimensional  electromagnetic  simulation 1@" 0% can be achieved. It should be noted that Q
(using HP-EEsof's Momentum) and experimental values for the differential case, because they are greater
measurements were obtained for the 2-port spiral?arigﬁ)gnns'tu?ﬁ' t%ree mgggurggreorsegisrgmiltgg ?:1'93;[
inductor. The results for the single-ended configuration ; 1np
were derived by grounding one of the ports (either Port impedance. Thus, the _relatlv_e effect of an error in either
or Port2) since the structure is symmetric. The responslg‘.‘e measurement or simulation near the peak Q for the
due to a differential excitation can be derived from 2- ifferential case is more pronounced. A slight increase

. - - _in the topmetal thickness could account for part of the
port S-parameter measurements using the rela“onSh'pdiscrepaE\cy between the measured andp simulated

S = S-Sy (2) performance. This would be consistent with the lower
] ] ] series resistance and inductance observed from the
The inputimpedances are determined from the 1-port Smeasurements when compared to the simulated values.

parameters or the 2-port impedance matrix, as: The measured data shown is from a representative
7 =7 Zip*Zy 2 i+ Sug 3) sample; several measurements were performed which
SET Tz, T Tohi-s 0 gave the same results withirt5% variation.
and 120Q | | |
+Sp
Zp = Zyy+tZyp=Zyp=Zy = 2¢ Zo%_SDB (4) —— Measurement]
1004 .- - . Simulation

whereZ; is the system impedance (&).

Comparisons between experimental measurements
and simulations for the input impedance and Q-factorg &° /

(as defined by eq. 1) are shown in Figs. 6, 7 and 8. The—

series resistance at low frequencies (ifes 0.5 GHz), ™35 !
as defined by r from the lumped element model of Figs._. 60 Zgg | 2
2 and 3, was measured to be 23 while the simulation
predicts 7.2 . Measured and simulated low frequency o

€ [anu

inductances are 7.7 nH and 8.3 nH, respectively. At 400 /
lower frequencies, the difference in Q between /’ ~ /
differential and single-ended excitations is not 200 /17D
significant (<1%). This is because the shunt capacitive / )26
parasitic components do not affect the low frequency =2 .
input impedance and hence, the two cases can be O—é—‘y‘/
represented by a series L-r model. However, as the 0 1 2 3 4 5 6
frequency increases, the difference between the input Frequency (GHz)
impedances becomes substantig;i& much lower than Fig. 6. Resistive Zzand Z,.

Zgg by an increasingly greater factor. This is caused by

the lower substrate parasitics present in the differentially 30

excited case, as previously described. The difference

between Q-factors in the differential and single-ended Zp /l
cases, as shown in Fig. 8, illustrates this point. The peak—~ 25 A
in the Q-factor is a result of the shunt parasitics% .
resonating with the inductance. Lower parasitics for e

differential excitation result in a higher peak Q-factor E 20
and broadening of the Q peak, when compared to the~

conventional single-ended connection. 5

For the single-ended excitation, the peak Q-factor_g'
is 6.6 at 1.6 GHz from both measurement andL
simulation. However, for a differential excitation, the £
resulting peak Q occurs at a higher frequency
(2.5 GHz), with a value of 9.7 from measurement and 10
10.3 from simulation. This is a 47% increase in the
measured peak Q between the differential and single-
ended cases that can be realized without modification to 5

15

the fabrication process. Achieving a comparable Q value 0 L %:reque%cy (Glil|z) 5 6
in the single-ended connection would require an . _
increase of approximately twice the top-metal thickness. Fig. 7. Inductive g and 2.
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12 V. CONCLUSION

Higher peak Q-factor values and a wider operating
oo, bandwidth for monolithic inductors can be achieved by
Differential exciting a microstrip structure differentially. This could

10 v,
R M s“ . . ( . ' .
. @ be exploited in many MMIC circuit applications, such

as oscillators, mixers and amplifiers, where high-quality
. components are required. Measured and simulated
\‘ results presented in this paper have validated the
* prediction of lower substrate parasitics that were made
*e * from a simplified lumped element model. The
S . improvement in performance has been demonstrated for
N\ \ an inductor fabricated in a production silicon IC
technology, however, these same results would apply to
microstrip inductors fabricated on other substrates, such
as GaAs.
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