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Abstract—This work presents a study on the substrate noise 
coupling between two interconnects. A highly, a lightly and a 
uniformly doped substrate, approximating most modern 
technologies, are described. The three different doping profiles 
are simulated for various interconnect distances and different 
metal layers assuming a 65 nm bulk CMOS technology. A proper 
data analysis methodology is presented, including z and s 
parameters extraction and de-embedding procedure. 

Index Terms—Substrate noise; Interconnect coupling; 
Substrate doping; s parameters; z parameters. 

I.  INTRODUCTION 

UBSTRATE noise issues have become more concerning 
as the CMOS technology increases its scaling. The need of 

studying  them up to 100 GHz has become really important 
due to the fact that  practical applications like, for example, 
automotive radar or backhaul radio links are implemented at 
these extremely high frequencies [1].  

Although the substrate coupling effect has been studied, 
less attention has been given to the effect of the process 
doping profile to the noise levels. Moreover, simulation data 
from some commercial simulators need to be de-embedded 
due to the auxiliary connecting structures required for the 
simulation. For example in this study, a metal path is used to 
connect the ground faces of the two ports. This metal path 
induces extra currents and alters the results. Thus de-
embedding procedure is needed to cancel this intervention.    

In this work, the noise coupling through the substrate with 
a grounded backplane is studied, by means of a commercial 
simulator. Three different doping profiles are examined, which 
correspond to the ones commonly used in modern 
technologies. The impact of the doping profile to the noise 
coupling is considered in each case. Also the impact of using 
different metal layers is studied. The paper is organized as 
follows. In Section II the studied structures are presented. De-
embedding procedure is analyzed in Section III. The 
simulation results of the comparison between the doping 
profiles and between different metal layers are presented in 
Section IV. Finally, section V concludes the work. 

II. SUBSTRATE STRUCTURES 

The basic parameter that defines the noise transmission 
through the substrate is the conductivity. It is determined by 
adjusting the carrier concentration "p" and the hole mobility 
"�p". Therefore, conductivity depends on the doping profile of 
the substrate.  

The modern process technologies are categorized into 
three types. Firstly the memory and RF processes with a high 
resistivity substrate that consist the uniformly doped profiles. 
These profiles are used by all TSMC and UMC processes. 
Secondly the digital layer with a low resistivity substrate and a 
high resistivity epitaxial layer which consist the heavily doped 
profiles. These profiles are used for STMicro and IBM 
processes and optional for some TSMC and UMC processes. 
Lastly the bipolar processes with high resistivity substrate and 
epitaxial layer and low resistivity buried layers called the 
lightly doped profile. The lightly doped profile is used in IBM 
and STMicro technologies [2]. High resistivity substrates 
(HRS) are used for less loss in RF applications. In these 
applications noise isolation and minimization of eddy currents 
in the substrate are important to enhance the quality factor of 
all passive devices built on it that are critical for RF 
applications [3]. 

The three major doping profiles used in modern 
technologies correspond to a highly, a lightly (with a 
qualitatively opposite layer stack up) and a uniformly doped 
substrate [4]. Fig. 1 shows the typical layer stack up for the 
three main processes, along with their typical values in each 
case. In more detail, the lightly doped process includes a 
substrate with a relative high resistivity value of the order of 
20 � cm. A highly conductive epitaxial layer exists above the 
bulk substrate having an average resistivity 10m�·cm.  In a 
highly doped substrate, the doping profile is qualitatively the 
opposite of the lightly doped one. In particular, it consists of a 
highly doped bulk having a resistivity value of about 1 m� 
cm. and a low conductive epitaxial layer above with an 
average resistivity value 20 � cm. The uniformly doped 
structure consists of a bulk and an epi layer of the same 
resistivity in the range of 10 � cm. The height of the 
corresponding layers in each process is roughly the same. 
Specifically, the height of the epi layer is about  2�meh = and 

that of the bulk substrate ranges around  300�m.bh = [5]. The 

difference in doping profiles between the two main processes 
affects the coupling mechanism and eventually the noise 
propagating through the substrate.  
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Figure 1.  Doping profile of the layer stack-up of a (a) heavily doped process 
(b) lightly doped process and (c) uniformly doped process. 

TABLE I.   
GEOMETRY OF THE INTERCONNECT STRUCTURE 

Structure parameters 
Description Value 

Interconnect width 10 �m 

Interconnect length 300 �m 

Interconnect spacing 2, 20, 200 �m 

Substrate width and length 1500 �m 

 

 
(a) 

 
(b) 

Figure 2.  (a) The parallel interconnects (b) The simulated structure with the 
ports and the connection to the ground plane. 

The parameters of the interconnect structure, simulated by  
ANSYS HFSS, are shown in Table I. The two parallel 
interconnect lines, shown in Fig. 2(a), are connected via a 
metal path that leads to the ground and connects to the 
grounded plane of the substrate. This ring is required by the 
simulator in order to connect the excitation ports at the edges 
of the interconnect length, as shown in Fig. 2(b).   

The substrate can be modeled by a two port �-resistance 
network [7]. Furthermore, other models exist, due to exact 
occasion of the modeled structure, such as an RLCG two 
parallel transmission interconnect line model or analytical 
models such as quasi-static (QS) and magnetic potential (MP) 
models [8-9]. In this study the extracted z and s parameters 
will be used for analysis, comparisons and conclusions. 

III. DE-EMBEDING OF SIMULATED DATA 

In several simulators it is required to use a ground plane 
and/or a metal ring connection to the ground plane and 
between the excitation ports of the simulated structure. 
Thorough examination of the results can lead to the conclusion 
that the simulated structure, including the ring and the ground 
plane, alters the desired results of the interconnect 
interactions. A simplified de-embedding method is used in 
order to reduce this influence [10-12] .The formula that is used 
in this study is described in the following simplified 
expression: 

 YDUT =Ymeas-Yopen   (1) 

whereas Ymeas is the matrix of the simulated y parameters of 
the structure in Fig 2(b) and �open is the matrix of the 
simulated structure without the two parallel interconnects. 
Table II shows the average error that occurs for each of the 
simulation results if no de-embedding procedure is applied. 
The maximum error in some cases was about 8% for Z11 and 
about 20% for Z12. 

TABLE II.   
AVERAGE ERROR WITHOUT THE DE-EMBEDDING PROCEDURE  

Average errors for the various structures if no de-embedding 
procedure is applied 

Simulation Z11 error Z12 error 

Heavily doped substrate with 2um distanced 
interconnects  2.84% 5.40% 

Heavily doped substrate with 20um distanced 
interconnects 4.99% 9.44% 

Heavily doped substrate with 200um distanced 
interconnects 5.12% 10.03% 

Lightly doped substrate with 2um distanced 
interconnects  3.49% 6.29% 

Lightly doped substrate with 20um distanced 
interconnects 2.80% 7.60% 

Lightly doped substrate with 200um distanced 
interconnects 2.85% 10.99% 

 
The difference between the de-embedded and the not de-

embedded structure as well as the z parameter of the open 
structure are presented in figure 3. Therefore, in the following 
paragraphs all parameters were de-embedded before 
presented, in order  to avoid unexpected results and faulty 
conclusions. 
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Figure 3.  The de-embedded, the not de-embedded and the open structure 
Z12 parameters of lightly doped substrate structure with 20 um distanced 
interconnections.  

IV. SIMULATION RESULTS 

A. Heavily doped structure 

The s parameters of the heavily doped structure are 
presented in figure 4. The structure with the spacing of 20um 
between interconnections seems to have almost the same 
behavior as the 2um one. The S12 parameter expresses the 
signal that passes from the aggressor interconnect (port 2) to 
the victim (port 1). Thus, if S12 parameter is lower, then the 
impact of substrate noise coupling is lesser. As shown, a pair 
of 200 um interconnections’ spacing seem to have better 
isolation due to the S12 parameter. 

B. Lightly doped structure 

The s parameters of the lightly doped structure are 
presented in fig. 5. Two of the three structures have almost the 
same S parameters. Furthermore it is shown that the increase 
of the spacing between the interconnections lowers the S12 
parameter, which indicates the increase of the isolation 
between them, similar to the case of the heavily doped 
procedure. 

C. Uniformly doped structure 

The s parameters of the uniform doped structure are 
presented in fig. 6. The two of the three structures, with 
interconnections’ spacing 2um and 20um have almost the 
same S parameters. Moreover it becomes apparent that the 
increase of the distance between the interconnections lowers 
the S12 parameter, up to approximately 90 GHz. This shows 
the increase of the isolation between them, which is similar to 
the previous cases except for frequencies above 90 GHz. 

 
Figure 4.  S parameters of heavily doped substrate structures of different 
interconnect distances. 

 
Figure 5.  S parameters of various lightly doped substrate structures of 
different interconnect distances. 

 
Figure 6.  S parameters of various uniformly doped substrate structures of 
different interconnect distances. 

 

D. Comparison of heavily, lightly and uniformly doped 
structures 

Figures 7, 8 and 9 present the simulated S11 and S12 
parameters that compare heavily, lightly and uniformly doped 
processes. The important impact of the various kind of doping 
processes can be observed in all three figures. As analyzed 
previously, the S12 parameter expresses the signal that passes 
from the one interconnect to the other. When S12 parameter is 
lower, then the impact of substrate noise coupling is lesser. As 
a result, for all three structures, heavily doped case offers 
better isolation.  
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Figure 7.  Comparison of S parameters of heavily, lightly and uniformly 
doped substrate structures for interconnect distance of 2um 

 

Figure 8.  Comparison of S parameters of heavily and lightly doped substrate 
structures for interconnect distance of 20um 

 
Figure 9.  Comparison of S parameters of heavily and lightly doped substrate 
structures for interconnect distance of 200um     

E. Comparison of Different Metal Layers 

According to approximations regarding a 65nm CMOS 
technology, the parameters shown in Table III could describe 
the metal and oxide (ILD) layer thickness. These parameters 
were used to simulate two different cases, firstly assuming 
interconnect coupling on the first metal layer and secondly on 
the third metal layer. The behavior of the coupling mechanism 
in those structures commonly used in 65 nm CMOS 
technology was studied. The substrate noise coupling was 
examined between two interconnects of several distances. As 
shown in figure 10 when using Metal in layer 3, lower values 
of S12 parameters are achieved, proving better isolation and 
lower noise coupling. This happens in all three structures of 

interconnect distances of 2um, 20um and 200um leading to the 
intuitive conclusion that the upper layers offer better isolation 
and higher tolerance to substrate noise coupling. 

TABLE III.   
THICKNESS OF DIFFERENT LAYERS 

Assumed layer thicknesses parameters 

Description Value 

M1 thickness 0.16 �m 

Oxide1 thickness (M1 to substr.) 0.3 �m 

M3 thickness 0.22 �m 

Oxide3 thickness (M3 to substr.) 1 �m 

Substrate thickness 300 �m 
 

 
(a) 

 
(b) 

 
(c) 

Figure 10.  Comparison of S12 parameters of different metal layers for 
interconnect distance of (a) 2um (b) 20um (c) 200um. 
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V. CONCLUSIONS AND FURTHER WORK 

The substrate noise coupling was studied in this work. 
Three different doping profiles were examined and their 
impact to the coupling level was investigated. Heavily doped 
substrate profile seems to offer better isolation for the 
elements of the structure at most cases. Also two different 
metal layers were utilized for the simulations. The need for de-
embedding of the simulated data was revealed and a simplified 
de-embedding formula was implemented.  Work is under way 
to study more cases and to construct a simple, fast and 
accurate model for describing the coupling in these cases. 
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