
Chin. Phys. B Vol. 23, No. 3 (2014) 038401

Reduction of signal reflection along through silicon via channel in
high-speed three-dimensional integration circuit∗

Liu Xiao-Xian(刘晓贤)†, Zhu Zhang-Ming(朱樟明), Yang Yin-Tang(杨银堂),
Wang Feng-Juan(王凤娟), and Ding Rui-Xue(丁瑞雪)

Microelectronics School, Xidian University, Xi’an 710071, China

(Received 21 May 2013; revised manuscript received 18 July 2013; published online 24 January 2014)

The through silicon via (TSV) technology has proven to be the critical enabler to realize a three-dimensional (3D)
gigscale system with higher performance but shorter interconnect length. However, the received digital signal after trans-
mission through a TSV channel, composed of redistribution layers (RDLs), TSVs, and bumps, is degraded at a high data-rate
due to the non-idealities of the channel. We propose the Chebyshev multisection transformers to reduce the signal reflec-
tion of TSV channel when operating frequency goes up to 20 GHz, by which signal reflection coefficient (S11) and signal
transmission coefficient (S21) are improved remarkably by 150% and 73.3%, respectively. Both the time delay and power
dissipation are also reduced by 4% and 13.3%, respectively. The resistance-inductance-conductance-capacitance (RLGC)
elements of the TSV channel are iterated from scattering (S)-parameters, and the proposed method of weakening the signal
reflection is verified using high frequency simulator structure (HFSS) simulation software by Ansoft.

Keywords: three-dimensional integrated circuit, through silicon via channel, signal reflection, S-parameters

PACS: 84.30.–r, 84.30.Bv DOI: 10.1088/1674-1056/23/3/038401

1. Introduction
Moore’s law and its developments still seem to be evolv-

ing in recent years. However, scaling the minimum feature
size of the transistor has slowed down due to the limitations of
interconnect performance, leakage power consumption, pro-
cess variation, and cost for further advancement.[1–3] Three-
dimensional (3D) interconnect, which allows the basic elec-
tronic components to be stacked in the third dimension, is a
promising alternative solution to overcome those limitations
of the component miniaturization dictated by the traditional
Moore’s law. Through-silicon-via (TSV) is the core technol-
ogy to achieve 3D interconnect, which electrically connects
homogeneous or heterogeneous chips stacked vertically to-
gether. Because of the main distinctive feature, the using of
TSVs has tremendous advantages, such as the realization of
electronic systems with very high packaging efficiency, higher
system bandwidth, and lower power consumption. It also in-
creases the number of I/Os and enables the system to transmit
a large quantity of data simultaneously at a high signal trans-
mission speed.[4–7]

For a practical 3D circuit, the TSV channel includes not
only TSVs, but also bumps and redistribution layers (RDLs).
Bumps provide a joint between stacked chips. The RDL is a
metal interconnect which provides horizontal interconnections
between stacked dies.[8] As the operating frequency goes up
to a gigahertz range, the unique non-ideal properties of the
TSV channel result in various signal integrity (SI) problems,

such as signal reflection, noise, which have an ever-growing
adverse effect on the reliability and performance of the cir-
cuit. There have been various studies on analyzing the signal
performance of a high-speed TSV channel.[1,3,9] However, the
detrimental effect of signal reflection in the TSV channel has
not attracted much attention so far. Scalable electrical models
of TSVs, bumps and RDLs, acting as design parameters such
as geometric and material information, at up to 20 GHz, were
presented in Ref. [1]. However, the analysis of the correspond-
ing relationship between signal reflection and those electrical
models has not been conducted, and no method of reducing
the channel loss has been proposed. Kim et al[3] measured
and analyzed the electrical characteristics of a high-speed TSV
channel, but they believed that the signal reflection in TSV
channel should be ignored. Cui et al[9] used the multilayer
RDLs to offset the extra insertion loss brought by TSV in-
sertion. However, they obtained their results in experiment
but did not perform the numerical analysis correspondingly.
Therefore, there is still room for improving the signal trans-
mission performances along the high-speed TSV channel.

In this paper, a Chebyshev multisection matching trans-
former is proposed to reduce the signal reflection in the TSV
channel when the frequency is 20 GHz. We choose copla-
nar wave guides with finite width (FW-CPW) as the RDL.
Correspondingly, ground-signal-ground (GSG) type TSVs are
needed. The RLGC elements per unit length of RDLs and
TSVs, which are used to calculate the characteristics of
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Chebyshev multisection matching transformers, are acquired
from S-parameters simulated by Ansoft’s HFSS. Reduction of
signal reflection with Chebyshev multisection matching trans-
formers is verified by HFSS. What is more, the time delay and
power dissipation of the TSV channel are calculated, which
identify that the Chebyshev multisection matching transform-
ers are effective to improve the signal performance of TSV
channel.

The rest of the paper is composed of the following sec-
tions. Section 2 identifies the electrical properties of RDLs
and GSG-type TSVs. Calculation of the Chebyshev multisec-
tion matching transformers is given in section 3. Section 4

shows the time delay and power dissipation of the TSV chan-
nel. Conclusions are given in section 5.

2. Electrical properties of RDLs and GSG-type
TSVs

2.1. Electrical properties of RDLs

Depending on the orientations of different stacked cir-
cuits, there are multiple approaches to achieving 3D inter-
connect, including face-to-face (F2F), face-to-back (F2B) or
back-to-face (B2F). In this paper, we have chosen face-to-back
(F2B) 3D technology as shown in Fig. 1.
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Coplanar waveguide (CPW) is a type of planar transmis-

sion line used in microwave integrated circuit (MIC) as well

as in monolithic microwave integrated circuit (MMIC). A con-

ventional FW-CPW on a dielectric substrate consists of a cen-

ter strip conductor with semi-infinite ground planes on either

side as shown in Fig. 2. This structure supports a quasi-TEM

mode of propagation. Compared with micro stripe line (MSL),

CPW fabricated on the lossy low-resistivity silicon (LRS) has

almost the lowest transmission loss at up to about 200 GHz,

for much more electromagnetic field of MSL is trapped within

the silicon substrate and electromagnetic waves suffer higher

dielectric loss contributed by LRS.[10]

The design parameters of RDLs are shown in table 1.

RDL 1 and RDL 2 are located on the top chip and bottom chip

respectively. They are connected by three TSVs. The material

used for the passivation layer, RDL and IMD are FR-4, Cu and

SiO2, respectively.

Table 1. Design parameters of RDL.

Parameter Symbol RDL 1 RDL 2
Signal RDL width s/µm 15 5
Ground RDL width g/µm 20 15
Space between RDL w/µm 10 17.5
RDL thickness tRDL/µm 3 2
Passivation layer thickness h1/µm 5 4
IMD thickness h2/µm 3 2
Silicon substrate thickness h3/µm 25 30
Relative permittivity of Passivation layer ε r,pl 4.4
Relative permittivity of IMD ε r,IMD 4
Relative permittivity of Silicon substrate ε r,Si 11.8
RDL length L/µm 200

With the research of signal reflection along the TSV chan-
nel, a thorough understanding of the electrical properties of
RDLs and TSVs are vitally necessary. In this paper, we em-
ploy a 3D fullwave EM simulator (Ansoft’s HFSS), which
is based on the finite element method (FEM) to differen-
tially solve Maxwell’s equations for arbitrary structures. S-
parameters are obtained by HFSS simulation, and converted
into an ABCD matrix as

(
A B
C D

)
=


(1+S11)(1−S22)+S12S21

2S21
Zn

(1+S11)(1+S22)−S12S21

(1−S11)(1−S22)−S12S21

1
Zn

(1−S11)(1−S22)−S12S21

2S21

(1−S11)(1+S22)+S12S21

2S21

 , (1)

where Zn is the port impedance that is assumed to be 50 Ω.
The ABCD matrix for a lossy transmission line is[11](

A B
C D

)
=

(
cosh(γL) Z0 sinh(γL)

sinh(γL)/Z0 cosh(γL)

)
, (2)

where L is the length of transmission line, γ and Z0 are the
propagation constant of signal waveform and the characteris-
tic impedance of the line, respectively, which can be deduced
directly from the ABCD matrix

γ = cosh−1 (A)/L, (3)

Z0 =
√

B/C. (4)

With the definitions of γ and Z0, we can obtain

Ru + jwLu = γZ0, Gu + jwCu = γ/Z0,

where j is the imaginary unit; Ru, Lu, Gu, and Cu are the re-
sistance, inductance, conductance, and capacitance per unit
length of the line. These RLGC elements per unit length are
given as

Ru = Re(γZ0) , (5)

Lu = Im(γZ0)/w, (6)

Gu = Re(γ/Z0), (7)

Cu = Im(γ/Z0)/w. (8)
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Fig. 3. Inductances (a) and capacitances (b) per unit length of RDLs
used in this paper.

Simulation results are shown in Fig. 3, where RDL 3,
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RDL 4, and RDL 5 are FW-CPWs used for Chebyshev mul-
tisection matching transformers. Parasitic extraction of RDLs
should be composed of not only serial inductance and resis-
tance, but also silicon substrate with the effects of capacitance
and conductance. These elements are necessary to calculate
the performances of the TSV channel, including time delay
and power dissipation.

2.2. Properties of GSG-type TSVs

A two- or three-TSV system is the basic unit used in a 3D
IC for signal transmission. It is important to study those basic
units to understand fully the TSV characteristics. The high-
speed single-ended GSG type TSV is analyzed in this paper.
Figure 2 also shows the structures of a signal TSV, two ground
TSVs and bumps with the via-middle process in 45 nm tech-
nologies. Two ground TSVs are used as the returning current
paths. TSVs are surrounded by a thin layer of insulator (SiO2

in this paper) which serves as the isolation layer between the
silicon (Si) substrate and TSV. The isolation dielectric is sur-
rounded by a depletion region when the TSV gate bias voltage
increases. In this paper, we neglect the parasitic effect of the
depletion region. The design parameters of TSV are shown in
table 2.

Table 2. Design parameters of TSV.

Parameter Symbol Value
TSV diameter dTSV/µm 5
TSV height hTSV/µm 25
Underfill height hunderfill/µm 3
Bump diameter dbump/µm 10
Bump height hbump/µm 3
Relative permittivity of underfill ε r,underfill 4.3
TSV-to-TSV pitch pTSV/µm 27.5
Bottom SiO2 thickness tox bottom/µm 0.5
Conductivity of silicon σSi/S·m 10
Insulator thickness tox/µm 0.5
loss tangent of silicon tanδc,Si 0.004

GSG-type TSVs are modeled with the equivalent circuit
with design parameters and material properties in Refs. [12]–
[14]. However, parasitic effects of bumps, underfill and the
IMD layer are missed, of which the influences increase as op-
erating frequency increases. The S-parameters of TSV with
and without bumps are shown in Fig. 4, from which we can
find that the influence of bumps is notable. Therefore, bumps
are essential components that should be considered in the case
with the TSV, and so should the parasitic effect of underfill
which acts as the bonding layer, especially in high-speed cir-
cuits with operating frequencies up to gigascale range. Al-
though the parasitic effects of IMD, bumps and underfill are all
considered in Ref. [1], ground-signal (GS) type TSVs are em-
ployed. There are no accurate electrical models for GSG-type

TSVs yet. In the fast-switching circuits produced by deep-
submicrometer technologies today, the GSG-type TSV pair
had better to be treated as a lossy transmission line.[2] Hence,
the electrical properties of TSV could be deduced by theories
of the transmission line above. The RLGC elements per unit
length of TSVs are shown in Fig. 5.
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3. Chebyshev multisection matching transform-
ers
In order to reduce the insertion loss of the TSV channel,

the Chebyshev multisection matching transformers are em-
ployed. This method is generally referred to as the theory
of small reflections, based on which the Chebyshev multisec-
tion transformers are designed by equating Γ (θ) to a Cheby-
shev polynomial that has the optimum characteristics needed
for this type of transformer. We will first discuss the proper-
ties of a multisection transformer and Chebyshev polynomi-
als. Then, the design procedure for Chebyshev multisection
matching transformers is derived.

3.1. Multisection transformer

Consider the multisection transformer shown in Fig. 6,
which consists of N equal-length sections of transmission
lines. Partial reflection coefficients can be defined at each
junction as follows:[15]

Γ0 =
Z1−Z0

Z1 +Z0
,

Γn =
Zn+1−Zn

Zn+1 +Zn
,

ΓN =
ZL−ZN

ZL +ZN
.

θ θ θ

ΓNΓΓ

ZZ
ZN ZL

Γ

Fig. 6. Partial reflection coefficients on multisection transformer.

We assume that all Zn increase or decrease monotonically
across the transformer and that ZL is real. We further assume
that the transformer can be made symmetrical, so that Γ0 =ΓN ,
Γ1 = ΓN−1, Γ2 = ΓN−2, etc. The overall reflection coefficient Γ

can be written in the form of a finite Fourier cosine series in
the frequency domain (θ ) as[15]

Γ (θ) = 2e−jNθ [Γ0 cosNθ +Γ1 cos(N−2)θ

+ · · ·+Γn cos(N−2n)θ + · · · ]. (9)

3.2. Chebyshev polynomials

The n-th-order Chebyshev polynomial is a polynomial of
degree n, denoted by Tn(x). The first four Chebyshev polyno-
mials are[15]

T1(x) = x, (10a)

T2(x) = 2x2−1, (10b)

T3(x) = 4x3−3x, (10c)

T4(x) = 8x4−8x2 +1. (10d)

Higher order polynomials can be found using the follow-
ing recurrence formula:[15]

Tn(x) = 2xTn−1(x)−Tn−2(x). (11)

For the first three Chebyshev polynomials, |Tn(x)| ≤ 1
when −1 ≤ x ≤ 1. In this range the Chebyshev polynomials
oscillate between ±1. This is the equal-ripple property, and
this region will be mapped to the passband of the matching
transformer. Let x = cosθ for |x| < 1, then it will be shown
that the Chebyshev polynomials can be expressed as[15]

Tn(cosθ) = cosnθ . (12)

We desire equal ripple for the passband response of the
transformer, so it is necessary to map θ m to x = 1 and π−θm

to x =−1, where θm and π−θm are the lower and upper edges
of the passband, respectively. This can be accomplished by re-
placing cosθ in Eq. (12) with cosθ/cosθm as[15]

Tn

(
cosθ

cosθm

)
= Tn(secθm cosθ)

= cosn
[

cos−1
(

cosθ

cosθm

)]
. (13)

Then |secθm cosθ | ≤ 1 for θm < θ < π − θm, so
|Tn(secθm cosθ)| ≤ 1 over this same range. Because cosn θ

can be expanded into a sum of terms in the form of cos(n−
2m)θ , the Chebyshev polynomials of Eq. (10) can be rewrit-
ten in the following useful form:[15]

T1(secθm cosθ) = secθm cosθ , (14a)

T2(secθm cosθ) = sec2
θm (1+ cos2θ)−1, (14b)

T3(secθm cosθ) = sec3
θm (cos3θ +3cosθ)

−3secθm cosθ , (14c)

T4(secθm cosθ) = sec4
θm (cos4θ +4cos2θ +3)

−4sec2
θm (cos2θ +1)+1. (14d)

These results can be used to design matching transform-
ers with up to four sections.

3.3. Design of Chebyshev multisection matching trans-
former

We can now synthesize a Chebyshev equal-ripple pass-
band by making Γ (θ) proportional to TN(secθm cosθ), where
N is the number of sections in the transformer. Thus, using
Eq. (9), we have[15]

Γ (θ) = 2e−jNθ [Γ0 cosNθ +Γ1 cos(N−2)θ

+ · · ·+Γn cos(N−2n)θ + · · · ]

= Ae−jNθ TN(secθm cosθ), (15)
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where the last term in the series of Eq. (15) is (1/2)ΓN/2 for
even N and Γ(N−1)/2cosθ for odd N. We can find the constant
A by letting θ = 0, correspond to zero frequency. Thus[15]

Γ (0) =
ZL−Z0

ZL +Z0
= ATN(secθm), (16)

so we have

A =
ZL−Z0

ZL +Z0

1
TN(secθm)

. (17)

If the maximum allowable reflection coefficient magni-
tude in the passband is Γm, then from Eq. (15) we will have
Γm = |A| since the maximum value of Tn(secθm cosθ) in the
passband is unity. Then Eq. (17) gives[15]

TN(secθm) =
1

Γm

∣∣∣∣ZL−Z0

ZL +Z0

∣∣∣∣≈ 1
Γm

∣∣∣∣ln ZL

Z0

∣∣∣∣ . (18)

In our paper, the GSG-type TSVs and RDL 2 on the bot-
tom chip, which are connected in series, are treated as a load
of RDL 1 on the top chip. Therefore, the load impedance is
ZL = Z0TSV +Z0RDL2, where Z0TSV and Z0RDL2 are the char-
acteristic impedances of TSV and RDL 2 respectively. By
the above theory, a three-section Chebyshev transformer is de-
signed, of which the subject is to match ZL to a transmission
line whose characteristic impedance is Z0RDL1. The maximum
reflection coefficient Γm is assumed to be 0.02 in this paper.

From Eq. (14c) with N = 3

Γ (θ) = 2e−j3θ (Γ0 cos3θ +Γ1 cosθ)

= Ae−j3θ T3 (secθm cosθ) . (19)

Then, A = Γm = 0.02. Using Eq. (14c) for T3 gives

2(Γ0 cos3θ +Γ1 cosθ)

= Asec3
θm (cos3θ +3cosθ)−3Asecθm cosθ . (20)

Equating similar terms in cos(nθ) gives the following results:

cos3θ : 2Γ0 = Asec3
θm, Γ0 = 0.0664;

cosθ : 2Γ1 = 3A(sec3
θm− secθm), Γ1 = 0.1429.

From symmetry, we also have that

Γ3 = Γ0 = 0.0664, Γ2 = Γ1 = 0.1429.

Then the characteristic impedances are

n = 0 : lnZ1 = lnZ0 +2Γ0, Z1 = 66.24 Ω;

n = 1 : lnZ2 = lnZ1 +2Γ1, Z2 = 88.16 Ω;

n = 2 : lnZ3 = lnZ2 +2Γ2, Z3 = 117.33 Ω.

The characteristic impedances of the needed Cheby-
shev sections, RDL 3, RDL 4, RDL 5, are 66.24 Ω,

88.16 Ω, and 117.33 Ω, respectively. Consequently, the
widths of signal lines of RDL3, RDL4, and RDL5 are
11 µm, 4.7 µm, 1.5 µm, respectively. The structure
of the Chebyshev multisection transformer is shown in
Fig. 7(b). Simulation results of S-parameters of the TSV
channel with and without the Chebyshev transformer are
shown in Fig. 8. Unlike the uniform RDL 1 in Fig. 7(a),

RDL 1ground ground

(a)

(b)
RDL 1

RDL3 

RDL4 

RDL5 

ground ground

Fig. 7. Structures of RDLs on top chip (a) uniform RDL 1 before Cheby-
shev matching, (b) Chebyshev multisection matching transformers.
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the Chebyshev multisection matching transformer weakens
the signal reflection (S11) in the TSV channel remarkably, S11

decreases from −10 dB to −25 dB, which shows 150% im-
provement, S21 of the TSV channel increases from −0.75 dB
to −0.2 dB, which displays 73.3% improvement. Compared
with uniform RDL 1 in Fig. 7(a), RDL 3, RDL 4, and RDL
5 in the Chebyshev transformer together constitute a tapered
transmission line, as shown in Fig. 7(b). Therefore, no more
area penalty is needed to achieve the matching.

4. Time delay and power dissipation of the TSV
channel

4.1. Time Delay of the TSV channel

For a better illustration of the effect of the Chebyshev
multisection matching transformers on signal timing, a com-
parative analysis of the time delay (TD) for the TSV channel is
conducted. The time delay of a transmission line is the amount
of time it takes for a signal to propagate over the entire length
of the line, which can be determined from the equivalent cir-
cuit model of the transmission line as[16]

TD=
√

LC, (21)

where L is the total series inductance for the length of the line
and C is the total shunt capacitance for the length of the line,
obtained by the EM field simulations. Since the TSV is mod-
eled as a lossy transmission line, the TD of TSV can also be
calculated by Eq. (21).[2] Then the total TD of the TSV chan-
nel can be computed by

TDtotal = TDRDL +TDTSV, (22)

where TDRDL and TDTSV are the total time delay of RDLs and
that of TSV, respectively. The inductances and capacitances
per unit length of RDLs and TSV are obtained from Eqs. (6)
and (8) as shown in Fig. 3. Before Chebyshev multisection
transformer matching, the TD of the TSV channel in Fig. 1
is 5.417 ns, and it is 5.19 ns after matching. There is a 4.2%
improvement of the time delay.

4.2. Power dissipation of the TSV channel

In practical 3D technology, the long interconnect and
TSV channel are always driven by plenty of buffers, which can
reduce the interconnect delay and power dissipation. Hence,
power consumption in the TSV channel usually includes the
power dissipations of interconnect, repeater, TSV, and logic
gate. Considering the design parameters in our paper, we cal-
culate the power consumption of the TSV channel including
the effects of interconnect (RDLs) and TSV, only. The total
power Ptotal is calculated from

Ptotal = PCPW +PTSV, (23)

where PCPW and PTSV are the power consumption of CPWs
and that of TSV, respectively, and calculated as[17]

PTSV =
α

2
CTSV (w)hTSVV 2

dd f , (24)

PCPW =
α

2
CRDL (w)LV 2

dd f , (25)

where Vdd, α , and f are power supply voltage, operating fre-
quency, and switching factor (or activity factor) respectively.
The value of Vdd is 0.6 V in 45-nm CMOS technology.[17] The
value of α can be taken to be 0.15, CRDL(ω) and CTSV(ω)

respectively are the capacitances per unit length of the RDL
and TSV, which vary with operating frequency as shown in
Figs. 3(b) and 5(b), respectively.

For an RLCG line, Chebyshev multisection matching
transformer reduces not only the propagation delay, but also
the total power dissipation compared with for the case of uni-
form wire sizing. Simulation results show that the total power
consumption of the TSV channel decreases from 43.95 µW
to 38.2 µW after the Chebyshev matching. There is a 13.1%
improvement of power dissipation of the TSV channel.

5. Conclusion
At low frequency, the loss for the TSV channel is caused

mainly by the material loss of the silicon (Si) substrate due to
its low resistivity. However, in a millimeter wave (mm-wave)
frequency range, especially above 10 GHz, in addition to the
insertion loss (S21), the return loss (S11) becomes significant
due to impedance matching. These losses become a serious
setback for the Si interposer in mm-wave applications. The
Chebyshev multisection matching transformer is presented to
weaken the signal reflection along the TSV channel which in-
cludes RDLs, TSVs, and bumps when the operating frequency
is 20 GHz in this paper; S11 of the TSV channel decreases
from −10 dB to −25 dB, which shows a 150% improvement
of the signal reflection by exploring the Chebyshev matching.
The RLGC elements of CPWs and TSV are acquired by HFSS
simulation. What is more, there are 4% and 13.3% reductions
of time delay and power dissipation, respectively. It can be
seen that the Chebyshev multisection matching transformer is
an effective way to lessen the signal integrity problems in high
speed 3D ICs, without additional area penalty.
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