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Abstract. The paper presents the effect of conductive or lossy silicon (Si)
substrates on the frequency-dependent distributed series impedance transmission
line (TL) parameters, R(ω) and L(ω). The frequency variations of these param-
eters of the microstrip line for four different conductivities of Si substrate are
observed and compared. Keysight Technologies (formerly Agilent’s Electronic
Measurement Group) Advanced Design System is used for the electromagnetic
simulations of the microstrip line structures. Scattering parameters based equa-
tions are used to plot the variations of series impedance parameters as a function
of frequency. Furthermore, this paper explains a complete method to extract var-
ious parameters related to a TL. The work extracts the parameters of a microstrip
TL model provided with the GlobalFoundries 0.13 µm SiGe BiCMOS8HP process
design kit up to 100 GHz.
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1 Introduction
With the extensive scaling of metal oxide semiconductor (MOS) transistors, com-

plementary MOS (CMOS) process technology has had the advantage of the integra-
tion of digital, analog, and multi-gigahertz (GHz) radio frequency (RF) modules to
implement a system on chip (SOC). However, owing to the low resistivity of silicon
(Si) substrate, the on-chip passive components show low quality factors (Q-factors)
in CMOS technology. The performance of RF circuits is mainly limited by the low
quality on-chip passives in typical CMOS technology [1], [2].

With the increase in operating frequency, the electrical property of on-chip inter-
connects has emerged as a dominating factor in the overall performance of Si based
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RF integrated circuits (ICs). In recent years, much research has been done to learn
the frequency-dependent behavior of on-chip interconnects and passive elements fab-
ricated on lossy Si substrates [3], [4]. The transmission characteristics of interconnects
on lossy substrates have been presented by a full-wave electromagnetic (EM) approach
[5], [6] and quasi-static EM methods [7] with equivalent circuit modeling [8], [9]. The
closed-form formulae to determine the frequency dependence of distributed parameters
of IC interconnects on conductive Si substrates are reported in [3], [4].

This paper compares EM simulation results using the Keysight Technologies Ad-
vanced Design System (ADS) for the variations of frequency-dependent impedance pa-
rameters of the microstrip interconnect for four Si substrate conductivities, including
104, 103, 102, and 10 S/m. The paper also discusses a generic equation based method
to extract various parameters associated with a transmission line (TL). The parame-
ters of a microstrip TL model available with the GlobalFoundries (GF) 0.13 µm SiGe
BiCMOS8HP process design kit (PDK) are extracted up to 100 GHz.

The paper is organized as follows: Section 2 depicts the structure of a microstrip
line on a lossy Si substrate and lists the specifications of parameters. This section also
presents the distributed RLGC TL model, scattering parameters (S-parameters) based
equations, and the EM simulation setup. Section 3 explores a method to extract the
TL parameters and exhibits the circuit schematic for EM simulations. The simulation
results are demonstrated and discussed in Section 4, and Section 5 concludes this paper.

2 On-Chip Interconnect

2.1 Structure Specifications
The structure of a microstrip-type on-chip interconnect on a lossy Si substrate is

shown in Figure 1. A microstrip line is the most common TL used in planar circuits at
high frequencies. The cross-section consists of a substrate between a conductor and a
ground plane.

Fig. 1: Microstrip line on a lossy Si substrate.

The specifications of parameters of the on-chip interconnect structure of Figure 1
are tabulated in Table 1.
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Table 1: List of parameters
Substrate (Si) thickness, hSi 450 µm
Substrate dielectric constant 11.9
Oxide (SiO2) thickness, hox 2.5 µm

Oxide dielectric constant 3.9
Metal thickness, hm 1 µm

Metal width, wm 5 µm
Metal length, lm 1 mm

Substrate conductivity, σ 104, 103, 102, 10 S/m
Metal conductivity, σm 5.99 × 107 S/m

2.2 Distributed RLGC Model
Figure 2 illustrates an RLGC section of a distributed TL. A TL can be partitioned

into many similar RLGC sections using the Telegrapher’s equations. The parameters
R(ω), L(ω), G(ω), and C(ω) are the frequency-dependent distributed line resistance,
inductance, conductance, and capacitance per unit length (PUL), respectively. The
length of the section is dx. The series impedance interconnect parameters are R(ω)
and L(ω), while the shunt admittance parameters are G(ω) and C(ω).

Fig. 2: Distributed RLGC section.

The characteristic impedanceZc and the propagation constant γ are associated with
these frequency-dependent line parameters [10]. The relations are given by (1) and (2),
respectively.

Zc =

√
R(ω) + jωL(ω)

G(ω) + jωC(ω)
(1)

γ =
√

[R(ω) + jωL(ω)][G(ω) + jωC(ω)] (2)

The expressions of Zc and γ are represented in terms of the S-parameters [10] as:

Zc =

√
Z2
0
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where
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K =

√
(S2

11 − S2
21 + 1)2 − (2S11)2

(2S21)2
. (5)

The distributed parameters of a TL are determined by using (6)-(9) [10]:

R(ω) = Re(γZc) (6)

L(ω) =
Im(γZc)

ω
(7)

and

G(ω) = Re

(
γ

Zc

)
(8)

C(ω) =

Im

(
γ
Zc

)
ω

. (9)

2.3 Simulation Setup
The layouts of microstrip interconnect structures for different conductivities (104,

103, 102, and 10 S/m) of Si substrate are drawn in the ADS layout editor, and the S-
parameters based EM simulations are performed using Momentum simulator. Figure
3 shows the layout of the microstrip line structure. The schematic representation is
demonstrated in Figure 4. The structures are simulated for the frequency range of 0.1
GHz to 20 GHz [11]. The variations of distributed impedance parameters R(ω) and
L(ω) as a function of frequency are plotted in ADS by using (3)-(7).

Fig. 3: Microstrip line layout.
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Fig. 4: Schematic diagram.

3 Extraction of Millimeter-Wave Transmission Line Pa-
rameters

In Section 2, the parameter extraction has been limited to the series impedance TL
parameters and up to 20 GHz. Section 3 expands on the discussion by introducing
a method to extract various parameters associated with a TL up to millimeter-wave
(mm-wave) frequencies. The parameters of a microstrip TL model provided with the
GF 0.13 µm SiGe BiCMOS8HP PDK are extracted. In the BiCMOS8HP PDK, the
model singlewire is a microstrip TL structure that incorporates one signal line, a metal
ground plane, and optional side shields. The back end of line metal levels for the signal
line and ground plane are chosen by the designer. In this work, the metal layers, AM
and M1, are used as signal line and ground plane, respectively. The resistivity of the
Si substrate in this process technology is less than 20 Ω-cm [12]. A non-disclosure
agreement with GF is applicable, therefore, other process parameters are not given in
this paper.

3.1 Parameter Extraction Method
The parameters of the singlewire microstrip TL model are extracted by using the

set of equations [13] given in Figure 5, where equations are written in the format and
syntax that ADS uses. In this method, first of all, the S-parameters are obtained by
ADS EM simulations, and then the S-parameters are converted into the Z- and Y -
parameters.

Therefore, this line parameters extraction method can be classified as Z- and Y -
parameters based method. After the simulation, these equations are written in the ADS
Data Display window to plot the parameters as a function of frequency.
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Fig. 5: Equations for parameter extraction.

3.2 Simulation Setup
Figure 6 shows the ADS schematic for EM simulations. The width and length of the

signal line are chosen as 5 µm and 180 µm, respectively. The schematic is simulated
for the frequency range of 1 GHz to 100 GHz.

Fig. 6: Schematic diagram.
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4 Results and Discussion

4.1 Results for the Transmission Line of Section 2
The ADS frequency response graphs of distributed resistance and distributed induc-

tance PUL of the microstrip line for a Si substrate with the conductivity of 104 S/m are
presented in Figure 7 and Figure 8, respectively. The units of resistance and inductance
PUL are Ω/m and H/m, respectively.

Fig. 7: Frequency variation of distributed resistance PUL (Ω/m).

Fig. 8: Frequency variation of distributed inductance PUL (H/m).

Similarly, the frequency response graphs for other conductivities of Si substrate
are obtained using ADS. Figure 9 and Figure 10 compare the frequency response of
distributed resistance and distributed inductance PUL, respectively, for four different
conductivities of Si substrate.
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Fig. 9: Frequency response of resistance PUL (Ω/cm) for different substrate conduc-
tivities.

Fig. 10: Frequency response of inductance PUL (nH/cm) for different substrate con-
ductivities.

The lossy behavior of Si substrate increases the dependence of on-chip interconnect
parameters on frequency. In Si based technologies, including CMOS and BiCMOS,
owing to the higher conductivity of the substrates, the distributed inductance of an
interconnect shows the frequency-dependent nature, which is because of the substrate
skin effect. Similarly, in addition to the metal skin effect, the substrate skin effect
enhances the frequency dependence of the distributed line resistance. The variations of
distributed impedance parameters with frequency depend mainly on the conductivity
and thickness of the substrate [8].

Figure 7 shows the linear increment of the distributed resistance PUL with fre-
quency, while Figure 8 demonstrates the decrease in the distributed inductance PUL
of the microstrip line for the substrate conductivity of 104 S/m. As displayed in Fig-
ure 9, on decreasing the substrate conductivity, the distributed resistance PUL shows
a relatively slow increment with frequency. Similarly, Figure 10 exhibits that on de-
creasing the substrate conductivity, the decrease in the distributed inductance PUL with
frequency becomes much slower. These EM simulation results support the fact that the
distributed series impedance parameters of the on-chip interconnects are highly depen-
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dent on substrate conductivity. The substrate skin effect becomes more significant with
the increase in substrate conductivity.

The variations in distributed resistance and distributed inductance PUL with sub-
strate conductivity for three frequencies are also shown in Figure 11 and Figure 12,
respectively.

Fig. 11: Change in the distributed resistance PUL (Ω/cm) with substrate conductivity.

Fig. 12: Change in the distributed inductance PUL (nH/cm) with substrate conductivity.

4.2 Results for the Transmission Line of Section 3
The schematic of Figure 6 is simulated and the frequency response plots are ob-

tained up to 100 GHz by using the equations given in Figure 5.

4.2.1 Series Impedance Parameters

Figure 13 and Figure 14 depict the frequency variation of series impedance param-
eters of the TL.

4.2.2 Shunt Admittance Parameters

Figure 15 and Figure 16 present the variation of shunt admittance parameters with
frequency.
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Fig. 13: Resistance PUL (Ω/m) vs frequency plot.

Fig. 14: Inductance PUL (H/m) vs frequency plot.

Fig. 15: Capacitance PUL (F/m) vs frequency plot.

4.2.3 Characteristic Impedance

The magnitude and phase responses of the TL characteristic impedance are illus-
trated in Figures 17 (a, b).
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Fig. 16: Conductance PUL (S/m) vs frequency plot.

Fig. 17: Characteristic impedance vs frequency plots.

4.2.4 Propagation Parameters

The magnitude of the propagation constant as a function of frequency is plotted in
Figure 18 (a). The attenuation constant and phase constant graphs are demonstrated in
Figure 18 (b) and Figure 18 (c), respectively.
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Fig. 18: Propagation parameters vs frequency plots.

4.2.5 Quality Factor

The quality factor variation of the TL with frequency is shown in Figure 19.
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Fig. 19: Quality factor vs frequency plot.

5 Conclusion
In this paper, the frequency responses of distributed series impedance parameters

of the microstrip TL are compared for four different conductivities of Si substrate. The
S-parameters based EM simulation results exhibit the impact of substrate and conduc-
tor losses on the variations of series impedance line parameters with frequency. The
substrate skin effect shows a significant influence on the frequency characteristics of
these parameters. The paper further discusses the Z- and Y -parameters based method
for the extraction of TL parameters and plots the frequency variations of parameters in
the mm-wave regime.
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