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Abstract—This paper introduces a fully analytical and physical
model capable of extracting high-frequency series impedance of
through-silicon vias (TSVs) in 3-D integrated chips with consideration of the eddy currents in the surrounding Si substrate and
coupling with horizontal interconnects. The model employs the
vertical-to-vertical and horizontal-to-vertical 3D vector potential
Green’s function in layered media and is concise and sufficiently
accurate in the entire range of interest for both the frequency
and the center-to-center distance between TSVs. Along with the
series impedances between horizontal wires, which are extracted
from the discrete complex image method, as well as the TSV and
horizontal wire capacitance values, the total loop impedance can
be obtained. Our approach is verified against a full-wave finiteelement-method electromagnetic solver High Frequency Structure
Simulator, and it shows good accuracy (< 7% error) in the entire
frequency range examined (up to 100 GHz). Given the fact that
the formulated TSV series impedance model is purely analytical,
the model could be efficiently used for system-level interconnect
impedance extraction in emerging 3-D integrated systems.
Index Terms—Analytical impedance modeling, eddy currents, Green’s function, high frequency, interconnect, quasimagnetostatic, substrate effects, through-silicon via (TSV), 3-D
integrated circuits.

I. I NTRODUCTION

T

HREE-DIMENSIONAL integrated chips (3-D ICs),
where multiple active layers or substrates are vertically
stacked on top of each other and interconnected using “short”
vertical links, have been shown to reduce on-chip global interconnect lengths and thereby alleviate delay and power consumption problems [1]. Three-dimensional ICs also facilitate
the integration of dissimilar technologies (digital, analog, radio-
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Fig. 1. Schematic view of a 3-D IC.

frequency circuits, etc) or materials (Si, III–V, or graphene) on
different active layers [1], [2]. As shown in Fig. 1, the interconnects in 3-D ICs include horizontal wires, short vias, and
through-silicon vias (TSVs). The TSVs that are high-aspectratio vertical interconnects, providing connectivity between
active layers, constitute a key component for 3-D ICs.
While fabrication technologies for TSVs have progressed
[3]–[6], accurate and efficient TSV impedance evaluation is
required for performance evaluation of circuits and systems
built in 3-D ICs and for design optimization of 3-D IC interconnects, including TSVs. Unfortunately, all published approaches
are either inaccurate, or inefficient, or present poor scalability.
For example, impedance models provided in [7] and [8] do not
even consider the substrate eddy-current effect. Some empirical
models for TSV impedance are provided in [9], and the authors
claim to have taken into account the substrate loss. However,
there is no parameter representing the silicon conductivity in
their model, which implies that their empirical formulas lack
generality. Full-wave finite-element-method (FEM) simulations
[10] are accurate but very slow and memory intensive, and
as such, they are not suitable for large-scale analysis and design optimization. Physical impedance/admittance transmission
line models for the TSVs are developed in [11] and [12]
with consideration of the substrate alternating-current conduction and eddy currents. However, the models assume a 2D
configuration, or in other words, the models, particularly the
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series impedance models, are only accurate when the TSV
height is much larger than the center-to-center (c2c) distance
between TSVs. Finally, similar to the approach taken by researchers for horizontal interconnects [13]–[18], one can also
employ numerical methodologies in computational electromagnetics to analyze TSVs [19]. However, this is still far from
achieving the same efficiency as analytical models.
In this paper, a 3D physical model of TSV series impedance
with the inclusion of substrate eddy-current effects and horizontal interconnects to TSV coupling is obtained step by step. The
model is proved to cause tolerable errors in any practical situation, whereas its tremendous advantage is obvious, i.e., concise
equations for TSV series impedance can be obtained. The loop
impedance is obtained and verified against a full-wave FEM
software (High Frequency Structure Simulator (HFSS) [20]) by
embedding the model into the loop impedance extraction of an
interconnect loop containing both TSVs and horizontal wires.
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II. T HREE -D IMENSIONAL V ECTOR P OTENTIAL
G REEN ’ S F UNCTION
Up to 100 GHz, the electromagnetic (EM) quarter wavelength in SiO2 is greater than 0.37 mm, which is much
greater than the TSV dimension (∼30 μm). Therefore, quasimagnetostatic and quasi-electrostatic approaches can be employed. In 3D quasi-magnetostatic approximation, the vector
potential in layered media at any (x, y, z) due to a monopole
current source at (x , y  , z  ) can be expressed as


−
→
→
−
(1)
A (x, y, z) = μ0 GA (x, y, z; x , y  , z  ); J (x , y  , z  )
where μ0 is the vacuum permeability (the permeability values
in silicon, copper, and SiO2 are almost the same as in vacuum);
“; ” is the space integration operator, which captures the entire
  , y  , z  ) is
space integration of sources at various (x , y  , z  ); J(x
A
  
  
the current density at (x , y , z ); G (x, y, z; x , y , z ) is called
the space-domain vector potential Green’s function, which is a
second-order tensor [21], i.e.,
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domain vector potential Green’s function G̃

in G̃ representing horizontal-to-horizontal (h2h) interaction,
vertical-to-vertical (v2v) interaction, and horizontal-to-vertical
(h2v) interaction, respectively; and J0 and J1 are the zerothand first-order Bessel functions of the first type, respectively.
A
A
The expressions for G̃A
uu , G̃zz , and G̃zu can be obtained from
the transmission line Green’s functions of a layered media [21].
The Green’s function tensor in (2) is not symmetric with respect to the source and observation points, resulting in verticalto-horizontal (v2h) interaction (which is 0) not being equal
to h2v interaction, which violates reciprocity requirements. To
account for reciprocity, one recipe [21] includes a correction
factor C Φ to the second-order Green tensor, making it symmetric with respect to the source and observation points and
satisfying the boundary conditions [13], [22],2 i.e.,
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y  , z  ; x, y, z).
In a typical interconnect structure in 3-D ICs (e.g., a TSVhorizontal wire loop shown in Fig. 2), both the TSVs and horizontal wires are required. However, the complexities involved
in extracting the self and mutual series impedance of h2h, v2v,
and h2v are quite different.
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1 Some terminology definitions used in this paper are different from those in
[21] but are consistent with [14] and/or [16]: λ in this paper is the same as kρ
in [21]; σi in this paper is the same as jωεri ε0 in [21]; and γi in this paper is
the same as jki in [21].
2 The two sets of vector potential Green’s function are not contradictory. GA
is essentially a magnetic dyadic Green’s function (according to [21, eq. (38)],
Φ
whereas GA and C is a mixed potential dyadic Green’s function, in which
the terms related to C Φ arise from part of the electrical scalar potential when
both horizontal and vertical current components are present [21], [22]. GA and
Φ

(3b)

GA and C are equivalent in the sense that the double loop integration of the
source and observation points (or mutual loop impedance divided by jωμ0 ) is
the same.
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B. Dilemma in Extraction of v2v and h2v Components of
Vector Potential Tensor Green’s Functions

Fig. 2.

Cross-sectional view of a TSV horizontal wire loop.

A. Extraction of the h2h Component of Vector Potential
Green’s Functions
A
The space-domain GA
xx and Gyy can be analytically obtained
from the well-known discrete complex image method (DCIM)
approximation of G̃A
uu , when the source and observation points
are in the same layer or in a different layer but with the
same complex effective conductivity σi = σi,DC + jωεi [ω is
the radial frequency; σi,DC and εi are the direct-current (DC)
conductivity and the dielectric permittivity of the layer where
the observation point lies].1 In DCIM, G̃A
uu can be approximated as the sum of several exponentials divided by λ2 + γi2
√
1
[13]–[18], where γi = jωμ0 σi . The space-domain Green’s
function can then be analytically obtained from the integration

∞
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√
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· J0 (λ · Δρ)λ d λ =
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√
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where f (z, z  ) is a function of z and z  , independent of λ. Typical f (z, z  ) includes z + z  + constant, −(z + z  ) + constant,
z − z  + constant, z  − z + constant, and |z − z  |. When γi can
be ignored [14], [16], (5) can be simplified as
∞

1 −λf (z,z )
e
· J0 (λ · Δρ)λ d λ = 1/ Δρ2 + f (z, z  )2 .
λ

0

(6)
Comparing (5) and (6), the exponential term is the only difference. However, this exponential term makes the computation much more expensive when calculating the series mutual
impedance between two horizontal lines, which is the double
integration of (5) or (6) along the source and observation
horizontal lines. The analytical expression of the integration of
(6) can be found, whereas that of (5) cannot be, i.e.,
1/
(Δx0 +y cot(φ))2 +(y−y√ )2 +f (z, z  )2 dy  dy is analytically
−γi

(Δx0 +y cot(φ))2 +(y−y  )2 +f (z,z  )2

solvable, whereas
(e
/
(Δx0 + y cot(φ))2 + (y − y  )2 + f (z, z  )2 )dy  dy is not.
Fortunately, both the source and observation lines of horizontal wires in 3-D ICs lie on dielectric layers, indicating that (6)
instead of (5) can be used (since γi in (5) can be ignored).

The previous subsection illustrates how the DCIM can be efficiently used for h2h series impedance extraction. However, for
v2v and h2v, this approach is neither efficient nor necessary, due
to the following reasons: 1) if extraction of v2v and h2v needs
the same level of accuracy as h2h, the underlying complexity
of v2v and h2v is much higher than h2h, since the expressions
for v2v and h2v are significantly more complicated; 2) the
calculation of the series impedance using the aforementioned
method would not be very efficient, since the line integration of
(5) instead of (6) is required (due to the fact that the TSVs are
embedded within a lossy Si substrate), whereas the analytical
expression of the line integration of (5) does not exist; and
3) unlike horizontal wires, TSV height is much smaller than the
length of long horizontal wires; therefore, the contribution of
TSV series impedance in a circuit is usually not as important
as that of long horizontal wires.3 In other words, TSV is a
rather complicated structure that demands less accuracy level
than that required for horizontal wires. Can we build some
approximate methods, using first-order estimation, to avoid
expensive extraction methodologies of TSV series impedance?
The answer is affirmative as we illustrate, in detail, in the next
few subsections.

III. A PPROXIMATION AND E XTRACTION OF v2v AND
h2v S ELF AND M UTUAL S ERIES I MPEDANCE
Section II-B stated that it is not as efficient to extract
the v2v and h2v self and mutual series impedances, if an
accurate methodology similar to that for h2h is employed.
However, if judicious approximations are made, the v2v and
h2v quasi-magnetostatic self and mutual series impedances can
be obtained purely analytically. Here, the approximations are
justified and explained, and the final analytical expression is
obtained.

A. Approximation 1: The Effect of Lower Substrate
Is Neglected
Unlike the upper (thin-Si) substrate that surrounds the TSVs,
the lower substrate has much weaker influence (via eddy currents) on the TSV series impedance, since it is relatively farther
away from the TSVs. For the first-order evaluation of the eddycurrent effect on the TSV series impedance, the lower substrate
can be neglected. Fig. 3 shows a simplified version of the
structure in Fig. 2.

3 The statement that the horizontal wires can have much larger series
impedance than TSVs is relevant to the impedances in real circuits where
the horizontal wires can be much longer than TSVs. In the test cases, to
demonstrate our TSV impedance model, we will use a wide range of length
of the horizontal wires. For example, in Fig. 7, the c2c horizontal wire length
d varies from 14 to 50 μm. When d = 14 μm, the v2v + h2v impedance is
more dominant than the h2h impedance. Therefore, the test cases can capture
the error of our v2v + h2v model pretty well.
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Fig. 3. (a) Cross-sectional view and (b) top view of a TSV horizontal wire
loop (without consideration of the lower substrate).

B. Approximation 2: The Total Series Impedance of TSVs Can
Be Treated as the Sum of Inner and Outer TSV Impedances,
Whereas the Proximity Effect Between Two TSVs Can
Be Neglected
When two cylindrical TSVs are close to each other and
both of them carry high-frequency current, the current density
distribution in one TSV is no longer azimuthal due to the
proximity effect. The side effect of azimuthal symmetry breakup is that the inner and outer impedances cannot be separated.
However, according to [12], when the c2c distance d between
TSVs is six times the TSV radius rTSV , the proximity effect
can be ignored (as confirmed by the 2D model developed in
[11] and [12], which agrees well with a 2D FEM simulator,
i.e., Maxwell Student Version (SV) [23]). Since the proximity
effect becomes even weaker as d further increases, while the
minimum d is around 6rTSV ,4 the proximity effect can be
generally neglected.
The total series impedance of TSVs can be treated as the sum
of inner and outer TSV series impedances,5 i.e.,
ZTSV = Zinner + Zouter .

(1 − j) · J0 ((1 − j)rTSV /δmetal ) · hTSV
σmetal · 2πrTSV δmetal · J1 ((1 − j)rTSV /δmetal )
(8)

where σmetal is the conductivity of TSV metal; hTSV is the
TSV height; J0 and J1 are the zeroth- and first-order Bessel
functions of the first kind, respectively; and δmetal is the skin
depth, i.e.,
δmetal =

2/ωμ0 σmetal .

Fig. 5. Schematic overview of two TSVs showing various geometrical parameters used in (11)–(25): (a) the entire view of the structure and (b) the top
view.

(7)

Given the high aspect ratio of TSVs, the 2D model in [11] and
[12] can be used for the inner series impedance, i.e.,
Zinner =

Fig. 4. (a) From a cylinder carrying a uniform z-directional current Jz at
the outskirt, one can examine the average z-directional vector potential at the
outskirt of a cylinder in free space, the value of which can be obtained either
from an exact method or from an approximate method that treats the current
as a line current at the center of the cylinder. (b) Ratio of the value from the
approximate method to that from the exact method.

(9)

C. Approximation 3: The Vector Potential Outside a TSV Due
to the Current Inside the TSV Can Be Treated as Due to a Line
Current at the Center of the TSV
In 2D modeling, this treatment is exact due to the azimuthal
symmetry and Ampère’s circuital law. To verify the validity of
the approximation in 3D, one can examine the average axial
directional vector potential Az at the outskirt of a cylinder in
free space due to the uniform current (along axial direction) at
the outskirt [see the structure shown in Fig. 4(a)]. The ratio of
approximate to exact treatment can be expressed as
Āapprox
z
Āexact
z
AR·2r0 AR·2r0

On the other hand, the 2D model developed in [11] and [12] for
the outer series impedance is no longer valid if d is not much
smaller than hTSV .

1/
=

0
0
AR·2r0 AR·2r0 π
0

4 The

radius of the TSV pad is greater than the TSV itself. Therefore, the
minimum d is not around 4rTSV , but around 6rTSV .
5 The outer series impedance has two parts, i.e., the one due to the isolation
dielectric and the Si depletion region, and the one due to the Si bulk region. In
the following analysis here, we assume a thin dielectric thickness and a small
depletion width, but we will include the contribution of isolation dielectric and
Si depletion region in Section IV.

0

−π

(z − z  )2 + r02 dz  dz
(10)
1/2π

(z−z  )2 +4r02 sin2

 ϕ−ϕ 

d ϕ dz  dz

2

where AR and r0 are the aspect ratio and the radius of the
cylinder, respectively, and ϕ and ϕ are the angular coordinates of the source and observation points in the cylindrical
coordinate system, respectively. The result [shown in Fig. 4(b)]
indicates that as long as AR is not too small (AR > 1.65), this
approximation only induces < 5% error.
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Φ

D. Derivation of the TSV Impedances
Given the results in previous subsections, the v2v outer
impedance of Fig. 3(a) is approximately the double integral of
the source (see lines A B and C D in Fig. 5) and observation
points (see lines AB and CD in Fig. 5)

Therefore, LC
v2v and Mv2h always cancel out, and they are
consequently not considered in the following paragraphs.
By changing the integration order, (3b) and (11) give
jωμ0
≈
π

jωLA
v2v

Φ

≈ 2jωμ0

[J0 (λr0 ) − J0 (λ d)] λ
0

C
jωLv2v = jωLA
v2v +jωLv2v

h/2 h/2

∞

h/2 h/2

 A
 

Gzz (r0 , z, z  )−GA
zz (d, z, z ) dz dz

·

Φ

+ jωLC
v2v

(11)6

where h is the thickness of the upper substrate surrounding
the TSVs;7 r0 is the outer radius of the Si depletion region
or the isolation dielectric region if the Si depletion region
can be neglected (|A A| = |B B| = |C C| = |D D| = r0 )7 ; d is
the c2c distance between the two TSVs (|A D | = |B C | = d
Φ
and set |AD | = |BC | = |A D| = |B C| = d); and LC
v2v is the
Φ
component due to the C term.
Similarly, the h2v impedance of Fig. 3(a) is approximately
the double integral of the source (see lines B C and D A in
Fig. 5) and observation points (see lines AB and CD in Fig. 5)
jωMh2v ≈ 2jωμ0



(15)

−h/2 −h/2

−h/2 −h/2

h/2 d



G̃A
zz (λ, z, z )dz dzd λ.

GA
zy (Δρ, φ, z, h/2)

Similarly, (3d) and (13) give
jωMh2v

ωμ0
≈
π

[J0 (λr0 ) − J0 (λ d)]
0

h

2
·

A
G̃A
zu (λ, z, −h/2) − G̃zu (λ, z, h/2) dzd λ.

The spectral-domain vector potential Green’s function G̃A
zz
and G̃A
zu can be obtained from the transmission line Green’s
functions of layered media [21],8 and the dz  dz integral in (15)
can be expressed as
h/2 h/2

(12)

(16)

−h/2

−h/2 0

 
− GA
zy (Δρ, φ, z, −h/2) dy dz

∞

G̃A
zz,int

=



G̃A
zz (λ, z, z )dz dz

−h/2 −h/2

where Δρ = r02 + y 2 − r02 y  /d, and sin(φ) = (r02 /2d −
y  )/Δρ, which gives sin(φ)dy  = −d Δρ and
h/2

d

jωMh2v ≈ 2jωμ0

−

−h/2 r0

1  A
G (Δρ, φ, z, h/2)
sin(φ) zy


−GA
zy (Δρ, φ, z, −h/2) d Δρ dz.

(13)

It is easy to prove the following relationship among the outer
series impedances of v2v (due to C Φ ), h2v, and v2h, i.e.,
Φ

−LC
v2v = Mh2v = Mv2h .

6 The

(14)

entire equation of (11) represents the total v2v outer impedance be
tween two TSVs, i.e., the integration of GA
zz (r0 , z, z ) represents the self term,

A

whereas that of GA
zz (d, z, z ) represents the mutual term. The Gzz (r0 , z, z )
related term (self-term) originates from the vector potential at the cylindrical
TSV shell due to a unit current inside TSV, which is approximately independent
of the current distribution inside TSV, as long as the approximations in
Sections III-B and III-C are valid. Therefore, we can use the integration of

GA
zz (r0 , z, z ), which is the vector potential due to a unit current source at the
TSV center line, to represent the vector potential due to a unit current with
distribution inside TSV. A similar expression can be found in [8]: if a TSV is in
the free space (no substrate surrounding it), the self-inductance is reduced to (8)
in [8]; if excluding the h/4 term, (8) in [8] represents the self-outer inductance.
7 Here, we assume that both the horizontal wires are very close to the upper
substrate, implying that hTSV ≈ h; we also assume that the TSV radius
rTSV ≈ r0 . In real situations, hTSV is slightly greater than h, whereas r0 >
rTSV . These effects will be considered in (34)–(37) in the Appendix and in
Section IV.

=

e−m0 h − 1 + m0 h
(1 − e−m0 h )2
−
3
m0
(1 + e−m0 h )m30

(17)

and the dz integral in (16) can be expressed in (18), shown at
the bottom of the next page, where m0 (λ) = λ2 + jωμ0 σSi ,
and σSi is the complex effective conductivity of Si. In (17),
the first term on the right-hand side is due to the “source,”
which represents the value if the TSVs are surrounded by a
homogeneous Si substrate
sub
= G̃A,homogeneous
= (e−m0 h − 1 + m0 h)/m30
G̃A,source
zz,int
zz,int
(19)

while the second term is due to the “images,” i.e., the reflections
at the boundaries of layered media.
It should be noted that when ω → 0, G̃A
zz,int itself does not
A,free space
reduce to the free-space value (G̃zz,int
), where
space
G̃A,free
= (e−λh − 1 + λh)/λ3 .
zz,int

(20)

However, this is not against physical laws because when ω → 0,
A
−λh
G̃A
− 1 + λh)/λ3 . The implication
zz,int − j G̃zu,int /λ → (e
A
from the asymptotic behavior of G̃A
zz,int and G̃zu,int is that the

8 Due to the limitation of page numbers, detailed derivations of the spectraldomain vector potential Green’s functions are not shown in this paper.
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partial impedances themselves are not physical, but the loop
impedance is physical (physically, in a quasi-magnetostatic
approach, a segment of current cannot exist by itself, but the
current always forms a loop).
E. Approximation 4: First-Order Analytical Model for
TSV Impedances

Rsub ≈

From (15)–(18), the v2v + h2v TSV impedance, i.e.,
jωLA
v2v + jωMh2v , can be obtained. However, the calculation
using these equations is not efficient. This is because the
d λ integrations in (15) and (16) are not analytical, whereas
the numerical d λ integration requires an evaluation of Bessel
functions of a wide range of λ. Fortunately, first-order approximations can be made.
A
The first-order expression of G̃A
zz,int − j G̃zu,int /λ −
A,free space
can be obtained from the following steps: make
G̃zz,int
a Taylor series of (17) − (j/λ) ∗ (18) − (20) at ω = 0 and
ignore O(ω 2 ); apply function “ln” and make a series at
λ = 0 and ignore O(λ2 ); apply function “exp.” The result is
expressed as
G̃A
zz,int −

h4 ω 2 μ20 σSi
12π


r02 +

h4 ω 2 μ20 σSi
−
12π



169 2
h
400

−1/2

169 2
h
d +
400

−1/2

2

(24)

and

jωLouter


jωμ0
· r0 + h arcsinh(h/r0 ) −
≈
π
−

jωμ0
· d + h arcsinh(h/d) −
π


r02

+

h2

d2 + h2 .
(25)

j G̃A
zu,int
space
− G̃A,free
zz,int
λ


13
jh4 ωμ0 σSi 1
exp − λh .
≈−
12
λ
20

(21)

The approximation is valid as long as the frequency is not too
high. A rule of thumb requires that the damping parameter in
silicon δSi satisfies
δSi =

which is a purely analytical expression. The expression implies
that the outer series TSV impedance can be treated as two
separate parts, i.e., Rsub (the resistance due to substrate eddy
currents) and jωLouter (Louter is the outer inductance), where

2/ωμ0 σSi > h/2.

(22)

From (15)–(21) and utilizing the integration of (6)
jωLA
v2v + jωMh2v

jωμ0
· r0 + h arcsinh(h/r0 ) −
≈
π


r02

+

h2

jωμ0
· d + h arcsinh(h/d) − d2 + h2
π
−1/2

h4 ω 2 μ20 σSi
169 2
+
h
r02 +
12π
400
−1/2

h4 ω 2 μ20 σSi
169 2
h
−
d2 +
12π
400

In addition, Louter is independent of frequency in first order.
The accuracy of (23) is verified by comparing its calculation
results with the results from (15)–(18). The results are shown in
Fig. 6, which illustrates the following statements: 1) While the
surrounding substrate greatly reduces the Louter in the 2D case
and in 3D homogeneous case, it does not have much effect on
layered substrate. This is because in layered substrate, the finite
Si thickness makes the impact of substrate eddy currents on
Louter second-order effect; 2) v2v itself does not reduce to the
case for free space, which is in agreement with the discussion
in the previous subsection; 3) The first-order approximation
gives reasonably good result in the frequency range up to
100 GHz with different c2c TSV distances. The small deviation
at high frequencies and large c2c distance is tolerable, since the
significant frequency for large distance signal transport is also
lower.

−

IV. V ERIFICATION AGAINST F ULL -WAVE S IMULATION

(23)

The impedance in a real 3-D structure includes the v2v +
h2v TSV series impedance, which is discussed in Section III;
the h2h horizontal wire series impedance, which is discussed
in Section II-A; and the capacitance values. As an example, the

h/2
G̃A
zu,int

A
G̃A
zu (λ, z, −h/2) − G̃zu (λ, z, h/2) dz

=
−h/2


2

2j (m0 + λ) + (λ − m0 )e−m0 h 1 − e−m0 h
=
m0 · (m0 + λ)2 (1 + e−m0 h ) − m0 · (m0 − λ)2 (1 + e−m0 h )e−2m0 h

(18)
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Fig. 6. TSV outer series impedance from different models: (a) Lout versus
frequency; (b) Rsub /ω versus frequency; (c) Lout versus d; and (d) Rsub /ω
versus d. The data labeled as “3D (v2v + h2v), layered sub” or simply
“v2v + h2v” are obtained from (15)–(18); the data labeled as “3D, 1st order
approximation” or simply “1st order approx.” are obtained from (23); the data
labeled as “3D, v2v, layered sub” are obtained from (15) and (17); the data
labeled as “3D, homogeneous sub” are obtained from (15) and (19); and the
data labeled as “2D model, w/o sub” and “2D model, with sub” are obtained
from the 2D model in [12]. Note that all the labeling of v2v has not considered
the C Φ term. The material and geometrical properties used are σSi = 104 S/m;
h = 25 μm; r0 = 2.4 μm; and for (a) and (b), d = 25 μm.

equivalent circuit of a typical structure (see Fig. 7(a)9 ) is shown
in Fig. 7(b).
In the structure, the h2h series impedance can be obtained
from the quasi-magnetostatic DCIM approximation. Here, an
equivalent rectangular wire with length = d (c2c pad distance)
and effective wire width weﬀ is used so that the DC resistance
of the horizontal wires is maintained

2 −(w
2
rpad
wire /2)

2
rpad
−(wwire /2)2


0

d
d−2

2 −(w
2
rpad
wire /2) +wwire arccos(wwire /2rpad )

.

(27)

σwire wwire twire
2
+
σwire twire

where rpad is the radius of TSV pads; and twire , wwire , and
σwire are the thickness, width, and conductivity of the horizontal wires, respectively. From (26)

·

= RDC,rectangular wire +2RDC,pad
d−2

Fig. 7. (a) A typical structure with two TSVs and two horizontal wires and
(b) its equivalent circuit. Thin Si (upper substrate) thickness is 25 μm; lower
substrate thickness is 500 μm; both Si substrates have resistivity of 0.01 Ω · cm
(depletion region can be neglected in such low resistivity or highly doped Si); a
10-μm SiO2 layer is in between the Si substrates; a 1-μm SiO2 layer is on top
of the upper Si substrate; the c2c distance d between Cu TSVs (2.2 μΩ · cm)
varies 14, 25, and 50 μm; TSV metal has a diameter of 4 μm; TSV isolation
dielectric is 0.4 μm SiO2 ; the Cu horizontal wires (2.2 μΩ · cm) have 1-μm
height and 1.5-μm distance from the wire center to the upper Si substrate
surface (which indicates c2c TSV height of 28 μm), including 3-μm-width
rectangular wires and 7-μm-diameter pads (from (27), weﬀ varies from 3.80,
3.40, and 3.19 μm when d varies from 14, 25, and 50 μm, respectively).

weﬀ = wwire

d
= RDC,horizontal
σwire weﬀ twire

=
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1
2 −y 2
2 rpad

dy

(26)

9 The loop structures that we have studied are just for test purpose, i.e., to
verify our model, whereas our model is valid for any circuit configuration. Our
paper illustrates that the “partial impedance” approach (see the Appendix) is
valid for both TSVs and horizontal wires: one can separate different components of interconnects (including both TSVs and horizontal wires) and build up
the circuit model from the partial impedances. However, to verify our model, a
closed loop must be used because “partial impedance” does not have a physical
meaning itself, unless a loop is formed. In addition, there is always a return
current path for any “signal path.” For example, to transfer the signal from one
chip to another through a TSV, the VDD or Gnd TSVs will serve as the return
path. In other words, a loop is always there.

The v2v + h2v series impedance can be obtained from
the methodology developed in Section III-E. The outer series
impedance of the whole loop (including both v2v and h2v
components) to TSV 1 in Fig. 7(a) can be obtained from (34)
and (35) with n = 1 (see the Appendix). Note that hTSV instead
of h and rTSV instead of r0 should be used in (35) because
of the different boundaries of TSV metal and the Si bulk
region. The inner series impedance of the TSVs can be obtained
from (8).
In addition to the series impedances, the capacitance values are also required for the final loop impedance extraction,
where their contribution becoming important as the frequency
increases. Due to the low resistivity of the Si substrate in the
example in Fig. 7, the Si substrate can be treated as a good
ground conductor for capacitance extraction. In this situation,
2D capacitance models or simulations are good enough, since
all the wires and TSVs are close to the substrate surface. In this
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Fig. 8. Loop impedance Zloop of the structure shown in Fig. 7(a) from both
our approach and HFSS [20] with various c2c distances d between TSVs:
(a) d = 14 μm; (b) d = 25 μm; and (c) d = 50 μm. (d) Relative error of our
approach against the HFSS result with various d’s, where the relative error is
our approach
HFSS |/|Z HFSS |.
defined as |Zloop
− Zloop
loop

paper, Maxwell SV [23] is used to extract the capacitance of
horizontal wires, whereas the 2D cylindrical capacitance model
in [11] and [12] is used to calculate the TSV capacitance.
With the series impedances and capacitance values of each
segments and the equivalent circuit shown in Fig. 7(b), the
loop impedance can be obtained. Our calculation results are
compared with a rigorous FEM-based EM solver HFSS [20]
(see Fig. 8). Within the frequency range, our approach shows
< 7% error as compared to HFSS.
Although a single loop (as in Fig. 5) is assumed when developing the approach, the approach is valid for more complicated
structures like the one in Fig. 9(a)9 . The reason is explained
in the Appendix. The outer series impedance of the whole
loop (including both v2v and h2v components) to TSV 1 in
Fig. 7(a) can be obtained from (34) and (35) with n = 2 (see
the Appendix).
Using the equivalent circuit shown in Fig. 9(b), the loop
impedance can be obtained. Within the frequency range, our
approach shows < 6% error, as compared to HFSS [20] (see
Fig. 10).
The steps for impedance extraction of TSVs and horizontal
interconnects are summarized in Fig. 11. Note that the series
impedances related to TSVs are extracted from purely analytical equations.

Fig. 9. (a) Typical structure with four TSVs and four horizontal wires and
(b) its equivalent circuit. The stack information (geometrical and material
information of the substrates) and interconnect information (z-coordinates,
height, width, and pad size of horizontal wires; diameter and isolation dielectric
of TSVs; and metal conductivity) are the same as in Fig. 7. The Cu TSVs form
a square from top view, with a c2c distance between neighbor TSVs of 25 μm;
from (27), the Cu horizontal wires have an effective width of weﬀ = 3.40 μm.

V. S UMMARY
In this paper, the series impedances of both the horizontal
wires and TSVs in 3-D ICs are investigated. A physical model
with analytical expressions with first-order approximation for
the TSV series impedance is developed from v2v and h2v

Fig. 10. (a) Loop impedance Zloop of the structure shown in Fig. 9(a) from
both our approach and HFSS [20]; (b) relative error of our approach against the
HFSS result (the definition of the relative error is the same as in Fig. 8).
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Fig. 11. Flowchart of loop impedance extraction with both TSVs and horizontal interconnects in 3-D IC.

vector potential Green’s functions. The first-order approximation shows good accuracy in the entire range of interest of both
the frequency and the c2c distance between TSVs. Along with
the contribution of horizontal wire series impedances (extracted
from DCIM), as well as the capacitance values of TSVs and
horizontal wires, the total impedance is obtained from an RLC
equivalent circuit. The calculation results of our approach are
contrasted against the full-wave FEM EM solver HFSS, resulting in maximum deviations smaller than 7% in the frequency
range of interest. Our methodology is attractive for system-level
interconnect impedance extraction in 3-D ICs that is critical for
the performance evaluation and design optimization of 3-D ICs.

A PPENDIX
M ATHEMATICAL I NDUCTION P ROOF TO D EMONSTRATE
T HAT O UR A PPROACH (C OMBINING h2v AND v2v
I MPEDANCES ) C AN B E U SED IN
C OMPLICATED W IRE L OOPS
The mathematical induction proof starts from the simplest
wire loop, which contains two TSVs and two horizontal wires,
as shown in Fig. 12(a). In the structure of Fig. 12(a), from (15),
we can define the v2v partial outer series impedance function
partial
(r) so that
Zv2v


partial
partial
jωLA
(r0 ) − Zv2v
(d) .
v2v ≈ 2 Zv2v

(28)

Similarly, from (16), we can define the h2v partial outer series
partial
impedance function Zupper
_h2v (r1 , r2 ) (for upper horizontal

Fig. 12. Schematic figures during the mathematical induction proof; as we
prove (a) the most simple case (wire loop with two TSVs and two horizontal
wires) and the recurrence relation from (b) the case of wire loop with 2n TSVs
and 2n horizontal wires to (c) the case of wire loop with 2n + 2 TSVs and
2n + 2 horizontal wires, we demonstrate that combining v2v and h2v loop
outer series impedances [see (24) and (25)] is valid for any wire loop.
partial
wire to TSV interaction) and Zlower
_h2v (r1 , r2 ) (for lower
horizontal wire to TSV interaction) so that


partial
partial
10
jωMh2v ≈ 2 Zupper
_h2v (r0 , d)−Zlower_h2v (r0 , d) . (29)

In addition, we can define functions fupper_h2v (r) and
flower_h2v (r) so that

partial
Zupper
_h2v (r1 , r2 ) = fupper_h2v (r1 ) − fupper_h2v (r2 ) .
partial
Zlower_h2v (r1 , r2 ) = flower_h2v (r1 ) − flower_h2v (r2 )
(30)
10 Note that (16) is valid for horizontal wires of any arbitrary curve, not
necessarily straight lines. This can be derived by replacing dy  with dl (the
curve integration variable) in the integral of (12) and following the same
derivation steps of (12) → (13) → (16).
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For the simplest wire loop (two TSVs and two horizontal
wires), if we can consider the impact of the entire loop, including the TSVs and horizontal wires on TSV 1 [see Fig. 12(a)],
the total v2v self and mutual outer series impedance can be
expressed as
(31a)
Z all_to_1 ≈ Z partial (r ) − Z partial (d )
0

v2v

v2v

1,2

v2v

where dη,ν is the c2c distance between TSV η and ν. The total
h2v mutual outer series impedance can be expressed as
partial
partial
all_to_1
≈ Zupper
Zh2v
_h2v (r0 , d1,2 ) − Zlower_h2v (r0 , d1,2 )
= fupper_h2v (r0 ) − fupper_h2v (d1,2 )
− (flower_h2v (r0 ) − flower_h2v (d1,2 )) . (31b)
Note the similarity of (31a) and (31b): both of them can
be expressed as func(r0 ) − func(d1,2 ), where func(r) can be
partial
either Zv2v
(r) or fupper_h2v (r) − flower_h2v (r).
Now, if for a wire loop with 2n TSVs and 2n horizontal
wires, the total v2v self and mutual, as well as h2v mutual outer
series impedances, can be expressed as a similar form, i.e.,
partial
all_to_1
Zv2v
≈ Zv2v
(r0 ) +

−

n


n

ν=2

partial
Zv2v
(d1,2ν )

ν=1
all_to_1
≈ fupper_h2v (r0 ) +
Zh2v

−

n


partial
Zv2v
(d1,2ν−1 )

n


(32a)
fupper_h2v (d1,2ν−1 )

ν=2

fupper_h2v (d1,2ν )

ν=1


− flower_h2v (r0 ) +

n

ν=2

−

n


flower_h2v (d1,2ν−1 )


flower_h2v (d1,2ν )

(32b)

ν=1

where we can derive the case of a wire loop with 2n + 2 TSVs
and 2n + 2 horizontal wires, by breaking the last horizontal
wire (from the 2nth TSV to the first TSV) into three horizontal
wires and two TSVs [see Fig. 12(b) and (c)]. Obviously, the
total v2v self and mutual outer series impedance can be expressed as
partial
all_to_1
Zv2v
≈ Zv2v
(r0 ) +

n+1


partial
Zv2v
(d1,2ν−1 )

ν=2

−

n+1


partial
Zv2v
(d1,2ν ).

(33a)

ν=1

The total h2v mutual outer series impedance can be derived as
all_to_1
Zh2v

≈ fupper_h2v (r0 ) +
−

n


n


fupper_h2v (d1,2ν−1 )

−

+
+
−

flower_h2v (d1,2ν )
ν=1
partial
partial
Zlower
_h2v (r0 , d1,2n )−Zlower_h2v (r0 , d1,2n+2 )
partial
Zupper
_h2v (d1,2n+1 , d1,2n+2 )
partial
Zlower_h2v (d1,2n+1 , d1,2n )
n+1


= fupper_h2v (r0 )+
−

n+1


− flower_h2v (r0 ) +

ν=2

fupper_h2v (d1,2ν )



ν=1

− flower_h2v (r0 )+
−

n+1


flower_h2v (d1,2ν−1 )


flower_h2v (d1,2ν ) .

(33b)

ν=1

From (31a) and (31b), which states the validity of the simplest case (two TSVs and two horizontal wires), and the
recurrence relation from (32a) and (32b) (2n TSVs and 2n
horizontal wires) to (33a) and (33b) (2n + 2 TSVs and 2n + 2
horizontal wires), we can state that for any wire loops with
all_to_1
2n TSVs and 2n horizontal wires [see Fig. 12(b)], Zv2v
all_to_1
and
have the
n Zh2v
nsimilar expression of func(r0 ) +
func(d
)
−
1,2ν−1
ν=2
ν=1 func(d1,2ν ).
Therefore, not only v2v but also h2v contributions can be
reduced to the series impedances among TSVs, regardless of
how the loop is formed (i.e., how the horizontal wires are used
to form the loop). The approach developed in Section III-E,
particularly (24) and (25), can be used for v2v + h2v series
impedance extraction for any wire loops with 2n TSVs and
2n horizontal wires [see Fig. 12(b)]. Therefore, the outer series
impedance of the whole loop to TSV 1 can be expressed as


all_to_1
all_to_1
+Zh2v
Re Zv2v
h4 ω 2 μ20 σSi
≈
24π
−1/2 
−1/2
n 
169 2
169 2
· r02 +
h
h
+
d21,2ν−1 +
400
400
ν=2
−1/2 
n 

169 2
h
−
(34)
d21,2ν +
400
ν=1


all_to_1
all_to_1
jIm Zv2v
+Zh2v

≈ jωμ0 /2π· rTSV +hTSV arcsinh(hTSV /rTSV )

2
2
− rTSV +hTSV
+ jωμ0 /2π·

n


d1,2ν−1 +hTSV arcsinh(hTSV /d1,2ν−1 )

ν=2

−
− jωμ0 /2π·
flower_h2v (d1,2ν−1 )

n+1

ν=2

fupper_h2v (d1,2ν )
n


fupper_h2v (d1,2ν−1 )

ν=2

ν=2

ν=1




n


n


d21,2ν−1 +h2TSV

d1,2ν +hTSV arcsinh(hTSV /d1,2ν )

ν=1

−

d21,2ν +h2TSV .

(35)
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Note that hTSV instead of h and rTSV instead of r0 are used
in (35) because of the different boundaries of TSV metal and the
Si bulk region. Equations (34) and (35) can be extended to the
case of mutual v2v + h2v series impedance extraction between
two wire loops, i.e.,


loop_a_to_b
Re Zv2v+h2v

−1/2
2m 2n
h4 ω 2 μ20 σSi  
169 2
ν+η
2
≈
·
h
(−1)
db(η),a(ν) +
24π
400
η=1 ν=1


loop_a_to_b
jIm Zv2v+h2v

≈ jωμ0 /2π ·

(36)



2n
2m 

η=1 ν=1




hTSV
ν+η
(−1)
db(η),a(ν) + hTSV arcsinh
db(η),a(ν)

− d2b(η),a(ν) + h2TSV

(37)

where the two loops are named “a” and “b,” which contain 2n
and 2m TSVs, respectively; and db(η),a(ν) is the c2c distance
between the ηth TSV in loop b and the νth TSV in loop a. Note
that if db(η),a(ν) = 0 exists [if loop a and b share TSV(s)], the
corresponding db(η),a(ν) should be replaced with r0 in (36) and
rTSV in (37), respectively, and TSV inner impedance should be
added.
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