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Abstract 
 

A simple, efficient CAD-oriented equivalent circuit 

modeling approach of frequency-dependent behavior of 

substrate noise coupling is presented.  It is shown that the 

substrate exhibits significant frequency-dependent 

characteristics for high frequency applications using 

epitaxial layers on a highly doped substrate. Using the 

proposed modeling approach, circuit topographies 

consisting of only ideal lumped circuit elements can be 

synthesized to accurately represent the frequency 

response using y-parameters. The proposed model is 

well-suited for use in standard circuit simulators. The 

extracted model is shown to be in good agreement with 

rigorous 3D device simulation results.     

 

1. Introduction 
 

With the continued scaling of CMOS devices, system-

on-a-chip (SoC) is becoming more and more interested 

for integrating analog, RF and digital circuitry on a single 

chip. Due to the conducting nature of the common 

substrate, noise generated by the digital circuitry can be 

easily injected into and propagate through the silicon 

substrate. With smaller and smaller headroom and more 

stringent requirements for analog and RF circuitry, the 

sensitive parts of the circuitry become more vulnerable to 

substrate noise.  As a result, the substrate noise coupling 

can severely degrade the performance of sensitive 

circuitry.  

In order to include substrate noise coupling into the 

design flow of mixed-signal IC’s, there have been many 

studies into modeling of substrate noise coupling. Most 

numerical techniques have been based on solving the 

quasi-static Maxwell equation, i.e., Laplace equation [1]-

[4]. In [5], a combination of finite element method (FEM) 

and boundary element method (BEM) is used in modeling 

the substrate resistance. These methods are based on fine-

grid meshes or Green’s function approaches and therefore 

are computationally intensive. Model order reduction [6] 

can be exploited to reduce the substrate network 

complexity. Scalable macro-modeling is also reported in 

[7]-[8]. However, most of the existing methods are 

developed for low frequency applications; the frequency 

dependence of the substrate is largely ignored. In reality, 

the characteristics of doped silicon substrates exhibit 

frequency-dependent behavior. Detailed full-wave 

electromagnetic or device simulations can be performed 

to obtain those frequency-dependent parameters used to 

characterize the substrate. In [9], high frequency S-

parameters are measured. However, frequency-dependent 

parameters are usually not compatible with standard 

circuit simulators. It is therefore preferable to have a 

CAD-oriented equivalent circuit model consisting of only 

ideal lumped circuit elements, which can be easily 

included in any standard circuit simulator, e.g., HSPICE, 

to facilitate mixed-signal IC design.  

 In this paper, a simple, efficient CAD-oriented 

modeling approach for frequency-dependent behavior of 

substrate noise coupling is proposed and validated.    

First, the frequency-dependent characteristics of the 

silicon substrate are reviewed as a background. Second, 

the modeling approach is formulated. The proposed 

approach is then applied to two substrate noise coupling 

examples, where lightly and heavily doped substrates are 

considered. The extracted circuit models are validated 

with full-chip 3D device simulations. Finally, conclusions 

are presented.      

 

2. Frequency-dependent characteristics of 

silicon substrate   

 
In general the overall frequency-dependent behavior of 

substrate noise coupling results from various layout-

dependent as well as vertical process-dependent factors, 

including: well-capacitances, high-low junction -

capacitances, and the semi-conducting silicon substrates, 

etc. Since the well-capacitances can be extracted 

separately from the silicon bulk, this paper focuses on the 

frequency dependence due to the doped silicon substrate 

itself and high-low junction-capacitances. The resulting 

model can be combined with the well-capacitances to 

completely characterize the frequency-dependent 

behavior of the substrate noise coupling.  

 Since the silicon substrate is doped and thus semi-

conducting, depending on different operating frequencies 
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and doping concentrations, there are three fundamental 

operating modes: dielectric quasi-static mode, skin-effect 

mode, and slow-wave mode, as qualitatively illustrated in 

Fig. 1 [10].   

 

Quasi−static Mode
Dielectric

Skin−Effect 
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σSi

Slow−Wave Mode

ω

 
 

Fig. 1.  Three operating modes for silicon 
substrate in frequency-conductivity domain chart. 

 

When the frequency-conductivity product Si is low 

enough to produce a negligibly small dielectric loss angle, 

the silicon substrate can be treated as a dielectric. In this 

mode, quasi-static characterization is sufficient to model 

the substrate. On the contrary, when the frequency-

conductivity product Si becomes large enough to yield 

field penetration into the silicon substrate, the silicon 

layer becomes lossy. In this mode, the electric fields and 

thus current flow lines tend to crowd in the skin depth 

region in the silicon bulk, where the skin depth is 

determined as 
0/1 Sif . When the frequency-

conductivity product Si stays in an intermediate range, 

for example, when the frequency is not very high and the 

silicon conductivity is moderate, the propagating velocity 

slows down owing to the energy transfer across the 

interface associated with the dielectric dispersion and 

strong interfacial polarization at the silicon substrate, thus 

resulting in a slow-wave propagation mode. For a 

uniformly doped substrate, operating in any of these 

modes, the conductance is related to capacitance by the 

dielectric relaxation time constant // SiSi GC . 

 

3. Modeling approach 
 

3.1. y-parameters based macro-model 

 
A y-parameters based macro-model has been used for 

the 2D substrate noise coupling problem in low frequency 

applications [7]. However, the frequency dependent 

behavior and 3D layout effects were ignored in that work. 

This work investigates the y-parameters based macro-

model extracted from rigorous 3D device simulation.  The 

y-parameters in principle can directly provide the macro-

model for substrate noise coupling analysis. However, 

due to the frequency-dependent characteristics of the 

substrate and high computational cost of performing 

frequency sweeping in 3D device simulation, it is more 

desirable to construct an equivalent circuit comprised of 

only ideal lumped elements, representing the frequency 

response.   

 

 
 

Fig. 2.  Circuit representation of y-parameters. 

 

    The multi-port y-parameters can be reduced to the basic 

two-port y-parameters set. The generic circuit 

representation of two-port y-parameters is shown in Fig. 

2.  In terms of circuit elements, the two-port y parameters 

can be written as 
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where )()()( ijijij cjgy . It should be noted that 

the y-parameters are frequency-dependent.  Moreover, for 

a passive two-port system:  

 

                      )()( 2112 yy                               (2) 

 

3.2. Synthesis of an equivalent circuit model  
 

Once the frequency dependent y-parameters are 

obtained from device simulation, the equivalent circuit 

model can be synthesized in terms of a lumped circuit 

representation by constructing a rational function [11], 

[12]. The rational function has the general form:  
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A robust rational polynomial algorithm is developed to 

guarantee passivity. Typically, the fitting process uses Eq. 

(3) over a wide frequency range and leads to an over- 

constrained linear system of equations. The order of the 

final rational function largely depends on how much the 

data sets to be fitted vary with frequency, i.e., how much 

g( ) and c( ) vary with frequency, which is mainly 

determined by the layout geometry and specific IC 

process. Simulations have shown that for a typical 

substrate using a heavily- or lightly-doped process, 

second order terms of Eq. (3) should be sufficient to 

model the frequency response up to 100 GHz. A 

representative circuit model synthesized using the 

frequency-dependent y-parameters is illustrated in Fig. 3.  

 

 
 

Fig. 3.  Representative circuit topography 
synthesized from frequency-dependent  

y-parameters. 

 

4. Application examples 
 

Two examples using a 3D full-chip model with 

dimension similar to that in [13] are considered here to 

validate the modeling approach. In order to show the 

significance of the frequency-dependent behavior of the 

substrate, the same layout is used but with different 

substrate configurations. Case 1 investigates the heavily 

doped substrate with lightly doped epitaxial layer and 

Case 2 studies the lightly doped substrate. The same 

contact layout is used as shown in Fig. 4. Chip 

dimensions are 3440 µm by 3483 µm by 10 µm. There is 

one aggressor contact and one victim contact, which 

represents a typical digital noise source and a sensitive 

analog or RF circuit, respectively. Also one representative 

intermediate contact is placed to take into account the 

influence of other circuit blocks or IP blocks on the 

aggressor-victim pair. Both the aggressor and victim are 

p+ contacts with doping concentration Na=1×1020 cm-3 

and size 100 µm by 100 µm. The intermediate contact is 

p+ contact with doping concentration Na=1×1020 cm-3, 

depth 0.1µm and surface area 500 µm by 500 µm.  

 

4.1. Case 1: Heavily doped substrate with lightly 

doped epitaxial layer  
 

Fig. 4 shows the substrate configuration of Case 1, 

where the heavily doped substrate is 6um thick with 

doping concentration Na=1×1019 cm-3 and the lightly 

doped epitaxial layer is 4um thick with doping 

concentration Na=1.2×1015 cm-3. 

 

 

 
 

 

Fig. 4.  Case 1: Heavily doped substrate with 
lightly doped epitaxial layer. 

 

 

The aggressor contact is biased at Vdd=1.5V while the 

victim contact is grounded.  The substrate back plane is 

floating.  Note that in Fig. 4 the intermediate contact is 

also grounded. The y-parameters between the aggressor 

and victim can be obtained from 3D device simulation 

over a wide frequency range with the intermediate contact 

present. The mesh used is 63×63×7 and both electron and 

hole carriers are solved for.  

Fig. 5(a) shows the frequency-dependent self and 

mutual conductances and capacitances simulated with the 

3D device simulator. It can be seen from Fig. 5(a) that 

although both the conductances and capacitances remain 

constant for frequencies up to around 10 GHz, they 

exhibit significant frequency dependence beyond 10 GHz. 

Note that in Case 1 there is actually no well capacitance, 

nonetheless the substrate shows a frequency dependence 

due to its lossy nature as discussed above as well as the 

high-low junction capacitive effects. This latter effect has 

been ignored in the published literature.  
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                                       (a)                                                                                                     (b)                

  

   
                                            (c)                                                                                                    (d)               

 

Fig. 5.  Simulation results for Case 1. (a) Device simulation results showing frequency-dependent self and 
mutual conductance and capacitance. (b), (c) and (d) Comparison between the circuit model and device 
simulations for y11, y12, and y22, respectively. 

 

Table 1. Extracted circuit elements in case 1. 
All resistances in ( ) and capacitances in (F) 

 

R1 R2 R3 

2.568 4.482 3.053 

R4 R5 R6 

7.645 33.072 50.668 

C1 C2 C3 

2.010p 1.193p 0.182p 

 

 The equivalent circuit modeling approach is then 

applied and the extracted circuit is found to be in the 

form shown in Fig. 3. It should be pointed out that in 

fact only a few data points over the entire frequency 

range are needed to extract the circuit model. Therefore, 

the cost of model parameter extraction is low. Table 1 

lists the extracted values of the lumped circuit elements. 

The resulting circuit model is included in HSPICE 

and then used to perform circuit simulation. Fig. 5(b)-

(d) show the comparison between the extracted circuit 

model and rigorous 3D device simulation in terms of the 

real and imaginary parts of the y-parameters. Good 

agreement can be observed between circuit- and device-

level simulations. The extracted lumped circuit model 

can characterize the frequency-dependent behavior of 

the substrate accurately, yet the computational cost is 

very low compared to very timing consuming device 

simulation. It can also be seen from Fig. 5(b)-(d) that 

the purely resistive substrate model is valid only for 

frequencies up to 10 GHz for the heavily doped 
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substrate with an epitaxial layer, primarily due to the 

frequency dependence of the high-low junction.   

 

4.2. Case 2: Lightly doped substrate 
 

The case of using a lightly doped substrate is now 

discussed. The contacts are laid out in the same 

configuration as that used in Case 1 but the substrate is 

p-bulk silicon with doping concentration Na=3.9×1016 

cm-3, as shown in Fig. 6. 

     Fig. 7(a) shows the device simulation results in terms 

of the self and mutual conductances and capacitances. It 

is seen that due to the less lossy nature of the lightly 

doped substrate, the conductance and capacitance are 

nearly constant-valued over a wide frequency range 

with only a slight frequency dependence observed at 

frequencies above 80-90 GHz. Due to the low 

conductivity, the substrate operates in the quasi-static 

mode as depicted in Fig. 1.   

 

 
 

Fig. 6.  Case 2: Lightly doped substrate. 

 

 
                                        (a)                                                                                                     (b)              

  
                                              (c)                                                                                                       (d)       

         

Fig. 7.  Simulation results for Case 2. (a) Device simulation results showing self and mutual conductance and 
capacitance almost constant. (b), (c) and (d) Comparison between the circuit model and device simulations 
for y11, y12, and y22, respectively. 
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      The generated circuit topography again follows the 

form of that depicted in Fig. 3. The extracted circuit 

element values are tabulated in Table 2.    

 

Table 2. Extracted circuit elements in case 2.  
All resistances in ( ) and capacitances in (F). 

 

R1 R2 R3 

5.133 282.544 1.484 

R4 R5 R6 

318.068 77.709 4.052K 

C1 C2 C3 

1.177f 1.033f 0.083f 

   

Fig. 7(b)-(d) show the comparison between the 

circuit and device-level simulations. Again, the 

extracted circuit model agrees well with rigorous device 

simulation results. It is noted from Table 2 that the 

extracted capacitances are very small and as a result the 

displacement current path does not play a significant 

role until very high frequencies. Although the extracted 

circuit topography in Case 2 is the same as that in Case 

1, the small capacitance values automatically capture the 

significant difference in frequency responses for heavily 

doped substrate and the lightly doped substrate. This 

further validates the generic usage of the proposed 

modeling approach.       

 

5. Conclusions 

 
      A CAD-oriented equivalent circuit modeling 

approach for frequency-dependent behavior of substrate 

noise coupling has been developed. The physical origin 

of frequency-dependence of doped silicon substrate is 

discussed. Rigorous 3D device simulations are 

performed to show the frequency-dependent y -

parameters. Heavily doped substrate with an epitaxial 

layer exhibits more significant frequency dependence 

than lightly doped substrate primarily due to the 

frequency dependence of high-low junction. A rational 

function approximation is used to construct the 

equivalent circuit consisting solely of ideal lumped 

elements. The modeling approach has been applied to a 

heavily doped substrate case and a lightly doped 

substrate case. In both cases, good agreement is 

observed between the circuit model and detailed device 

simulations. The proposed model can be readily 

included in any standard circuit simulator and should be 

useful in efficient simulation of frequency-dependent 

characteristics of substrate noise coupling in mixed-

signal IC design.       
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