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Motivations

On-chip passive components are necessary and
imperative adjuncts to most RF electronics. These
components include inductors, capacitors, varactors,
and resistors

For example, the Nokia 6161 cellphone contains 15
IC’s with 232 capacitors, 149 resistors, and 24
inductors

Inductors 1n particular are critical components in
low noise amplifiers, oscillators and other tuned
circuits

The lack of an accurate and scalable model for on-
chip spiral inductors presents a challenging
problem for RF IC’s designers



Challenges

While inductors are simple 1n physical structure, their

design and modeling encounter the following
challenges:

Electromagnetic field effect — nonuniform current
distribution in the metal lines (1.e., skin and proximity
effects)

Model components are bias as well as frequency
dependent

Significant substrate coupling, particularly for coils
placed on a lossy substrate such as silicon

A wide range of dimensions and patterns — complex
mutual inductance and capacitance due to adjacent
metal lines

Different topologies (1.€., coils placed on top, inside, or
bottom of the wafer)



Typical Square Shaped Spiral Inductor
built on Si Substrate
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On-chip spiral inductors are used when a relatively small inductance
(i.e., several nH) is needed. Otherwise off-chip inductors are used

Performance of the spiral inductor depends on the number of turns, line
width, spacing, pattern shape, number of metal layers, oxide thickness
and conductivity of substrate



Conventional Compact Model

 Advantages:

 Compact ﬁ
 Suitable for SPICE simulation v
* Disadvantages: L, R
* Frequency-independent components  © —Yym MN—1 °

(1.e., lumped components) used

* Parameters are normally extracted from
S-parameters at the operating frequency
(no predictability and not scalable)
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 Parasitics associated with the overlaps
and underpasses are not accounted for o 1 .

L consists of the self inductance, positive mutual inductance, and negative mutual
inductance, Cg is the capacitance between metal lines, Rg is the series resistance of
the metal line, C, is the capacitance of oxide layer underneath the spiral, and R
and Cg, are the coupling resistance and capacitance associated with the substrate



Effect of Inductor Q factor on Circuit
Performance
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Inductor (Single-Ended) Structure
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An octagonal, 3-turn, and symmetrical spiral inductor (on Si
substrate)



Nonuniform Current Distribution in
Metal Line

Due to the EM fields, the current in a metal line 1s not uniform, but
is a function of its location and frequency

Outer Diameter

Width

| [ I 0.9 GHz

The current crowding cannot be explained by the conventional skin effect, which
suggests a skin depth of 1.67/1.92/2.72 um for all lines for frequencies of 2.4/1.8/0.9

GHz (the line width is 15 pum and thickness is 2 um). The skin depth is the distance in a

metal where the current is decreased exponentially to one time-constant from its max
Pm
Tty f

value at the line edge: o=



Effective Metal Line Width

Current distribution in a metal line exhibits an exponential decay from the
inner edge (side of metal line closer to the center of spiral) to the outer edge
(side of metal line farther away from the center of spiral). Furthermore, this
exponential-decay distribution is more prominent in the inner turns (1.e.,
segments 2, 3, and 4), and the distribution becomes more uniform in the

outer turns (1.e., segments 1 and 5). This current crowding phenomenon can
be described by the effective line width Weff.
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W 1s the line width, fis frequency, i is the turn index, and c1 = 0.653 and
c2=0.53 are obtained from the following function that produces the
smallest averaged error D:
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Comparison of Modeled and Simulated
Current Distributions in Metal Lines

Normalized Current Density at 0.9GHz
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Model of Single-Ended (Two-Terminal) Inductor

Cron L R,
Il
|| C
CMM2 %
A// GSi 1 CS,- GSI, T CSi
< | |
S 2 3 4

o—{Seg (1) |e{Seg.(2)} {See.(3) | {Seg.(4)|e-{See.(5)—o —L

Width

ox _up?

— CSub7 up?

GSub_upl CSuIL

 There are five segments in the inductor, separated by the overlaps, and each is represented
by the conventional lumped model on the right-hand side

* All other components in the left-hand side equivalent circuit represent the parasitics
associated with the two overlaps (subscripts 1 and 2 denote overlaps 1 and 2, respectively)

* Parastics associated with the Si substrate are modeled with Gs and Cs in the lumped circuit



Modeling the Segment Box
(Inductance)

The metal track in each segment can be further divided into several
straight metal lines (for example, 5 straight metal lines for segment
4), so that the inductance Lg .. of each straight metal line can be
expressed as the self inductance L line seiy P1US the mutual inductance
M from all other metal lines:

LS_line = Lline_self + ZM

Ly wy = 21£ln = —o.sj

Wy + 7

Mutual inductance depends on the relationship of
two metal lines



Modeling the Segment Box
(Mutual inductance)

oM =M ([ +m+8)+M(5)|-[M(1+8)+M(m+5)]



Modeling the Segment Box
(Mutual inductance)
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Modeling the Segment Box
(Other components)

Line resistance:  Oxide capacitance: Substrate conductance:
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Frequency-dependent dielectric permittivity 1s needed:

' 2 1/2
N _CeyZ,e,, 1207 F(w,t,,)
geﬁ(f)_ Eox 14 (f/fc )2 fC _ 2t0xgvl/2 ZO - 811/2
QLIH(QJF%) fort/w>1
F(w,t) A
1 fort/w<1
(W)t +2.42-0.441/ w+(1—t/w)




Modeling the Overlap Components
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Results of Single-Ended Inductor

Proposed Model

— — Yue's Model [6]

- - - Mohan's Model [14]
© Measured Data
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Inductance (nH)
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Results of Single-Ended Inductor
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Model of Differential (Three-Terminal) Inductor

Inductive coupling
to other segments
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Results of Differential Inductor
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Results of Differential Inductor

Differential Resistance (Q)

Differential Inductance (nH)

Quality Factor
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Model of Transformer/Balun (Four Terminals)
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Mag. S,, (dB)

Mag. S,, (dB)

Results of Transformer/Balun
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Port 1 Reisitance (Q)

Port 1 Inductance (nH)
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Conclusions

- Spiral inductors are often the components limiting
the performance of RF ICs

» Concepts for design and modeling of spiral
Inductors have been reviewed

* An improved and scalable inductor model has
been presented. The model is physics-based,
scalable, applicable for different spiral patterns and
geometries, and accounts for the parasitics
associated with the overlaps and underpasses



