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Abstract 

 

Driven by IoT, automotive and even networking applications, the amount of mixed-signal 

content on ICs are increasing dramatically. Designers are driven to use advanced process 

technologies to integrate more and more capabilities and yet create smaller and cheaper 

ICs – competing requirements! Common techniques used for cost reduction can lead to 

significant performance degradation with intensified coupling of substrate noise. The 

paper illustrates a case of a chip failure due to coupling noise caused by by ground merge 

on the package for cost reduction. Included in this illustration is a system aware substrate 

noise analysis which can reproduce and detect the root cause for the chip failure. Lastly, 

the paper proposes performance improvement methods designed to also reduce cost. 
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Introduction 

In the highly competitive IoT(Internet of Things) and Automotive markets force Mixed-

signal IC developers to make a chip with the highest performance at the lowest voltage 

level, be strong in reliability, maximize battery life while maintaining  the smallest 

footprint and cost  to secure a dominant position in the market. Through a deep sub-micron 

process technology, IC designers can create a smaller chip working at lower voltage level. 

However, as Figure 1 shows, the smaller the chip, the greater the coupling effect due to 

the shorter distance between aggressor and victim blocks. Higher peak current of faster 

transistor will dampen a benefit from lower voltage level. Consequently, the amount of 

power will be kept at the same level by trading-off performance or increased due driven 

by the need for higher performance and more complicated design spec in spite of lower 

voltage level. In other words, IC designers have to find a more effective coupling noise 

suppression method to protect victim blocks from the closer and stronger aggressors with 

a shrunk chip.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the design of mixed-signal ICs that go into a system, the most effective way for cost 

saving is to reduce the number of or amount of materials like balls, layers and decoupling 

capacitors used on package and board. Hence many package designers have been trying 

to optimize the elements keeping the target performance. However, this kind of cost 

reduction activity is commonly done without taking the chip into consideration, and it 

often causes significant performance problems. In this paper, we introduce a real product 

case confronted with a major functional failure due to what was thought of as a cost-

effective package design to combat coupling noise from a chip with built-in protection 

against coupling noise. And we will show a whole process to find root cause of the chip 

failure using package aware substrate noise analysis, and correlation of the simulation 

results with measured data at silicon level. Lastly, the paper proposes a substrate noise 

suppression solution for both at chip and system levels and cost-effective package design 

for a mixed-signal ICs.   

Figure 1: Chip size vs. distance between aggressor and victim inside Mixed IC[1] 

Aggressor and victim getting closer  



Root Cause Diagnosis of a Real Mixed-Signal IC 

In this session, we do a case study of a mixed-signal IC with a real functional failure due 

to switching noise. The chip in this case was a NFC (Near Field Communication) design 

targeting Smartphone application. The requirements for the chip were to be smaller than 

its previous version and support advanced features for high performance.  

To minimize the potentially increased coupling caused by the shorter distance between 

aggressor and victim due to shrinking of the chip while increasing the amount of current 

to support advanced functions, the chip designer had applied a strong guard ring, shielding 

around aggressor and victim, and even customized an existing process technology. In 

addition, to guarantee chip level performance, the designer performed a power noise 

analysis with substrate noise and made sure that the substrate noise reflected voltage drop 

satisfied a target specification. Yet, a significant chip failure was detected on a system 

level performance validation after tape-out.  

At the system level, when the designer tested advanced features of the chip using two 

parallel NFC based data exchanges to Blocks A and V, the Block V exchange did not 

work as per the target specification. To find the root cause of the chip failure, the designer 

measured a time-domain voltage drop at power and ground pads related to Block A and 

Block V. As shown in Figure 2, an unexpected large ripple voltage - about 140mV which 

is greater than the expected value was detected on the ground pad of Block V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Blocks A and V (shown in Figure 3), which are different from each other are fully 

separated by connecting them to completely different power and ground nets with 

different power routing and pad locations inside the chip. In addition, the measurement 

point of Block V is also further from Block A (see Figure 3). However, the ripple voltage 

on the ground pad of Block V occurred only when Block A was working with a specific 

scenario that requires simultaneous data exchanges from Blocks A and Block V. Even the 

shape of ripple voltage on the ground pad of Block V followed Block A’s voltage pattern 

on power pad. The large ripple voltage did not occur in Block V’s standalone mode, or 

other modes of Block A that are not relevant with Block V.  

Figure 2: Chip failure phenomenon at measurement Stage 



 

 

 

 

 

 

 

 

 

 

 

 

 

With unexpected power noise at a ground net, we tentatively concluded that the functional 

failure occurred due to a substrate noise and hence tried to reproduce the same 

phenomenon using simulation. The simulation was also going to be the mechanism to 

identify the safe voltage drop tolerance for the next-generation design. Without 

simulation, if the designer encountered a similar problem at a late design stage such as 

system level validation, he/she is immediately pressured both from a time and resource 

point of view to solve a problem. In the simulation, for proper analysis we used the same 

current noise model of Block A and intentionally assigned the same current noise to Block 

V for mimicking the parallel operation mode. The voltage drops were probed from two 

points; at transistor level and on the chip pad. The left side pictures in both Figure 4(a) 

and 4(b) illustrate the transistor or bulk level (in case of including substrate noise) voltage 

drop map, while the right side pictures in both Figure 4(a) and 4(b) show the time-domain 

voltage drop waveform at the ground pad of Block V. Unlike what we expected, voltage 

drops at the bulk shown in Figure 4(b) were small in spite of the existence of substrate 

noise, and voltage ripples at the ground pad of Block V in both the normal and substrate 

noise reflected cases were much smaller compared to that seen in the measurement. 

Substrate noise reflected case in Figure 4(b) shows relatively higher ripple than the normal 

operation Figure4(a), but the voltage level does not explain the severe voltage drop seen 

in the measurement. 
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(a): Chip level voltage drop without substrate noise 

Figure 3: Chip level power noise analysis environment compatible with the measurement 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substrate noise can also be injected from package, and hence we searched for that 

possibility. As shown in Figure 5, we identified a ground on the package module where a 

package designer had merged different ground domains to one common ground just to 

reduce BOM(Bills of Material) cost.  The package design is a type of wire-bond. A chip 

pad is connected to a package module using a long and narrow diameter jump wire and 

completely separating ground domains and ground network routings inside the chip. This 

shows that the package was designed believing that the ground network merge on the 

package module does not bring any significant performance degradation due to substrate 

noise. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To see the effect of power supply noise due to the package PDN (Power Delivery 

Network) with merged ground routing and balls, we extracted the respective parasitic data 

for each power and ground domain of the package. The parasitic data is generally 

(b): chip level voltage drop with substrate noise 

Figure 5: Aggressor and victim inside chip and connectivity info between chip and package 

Figure 4: Chip level voltage drop according to substrate noise 



represented using S-parameter format for AC analysis. The S-parameter is a loop model, 

which means all ground parasitic effects are moved to a power interconnect. But chip’s 

PDN is a partial model with separate power and ground networks, with current sources 

attached to them. Therefore, a chip level transient voltage drop with S-parameter results 

in unbalanced voltage drop between a power and ground interconnect. With the S-

parameter model the power interconnect is expected to have a relatively higher voltage 

drop while ground part has a much smaller voltage drop than the real drops. This is exactly 

what we saw with the S-parameter for the chip level voltage drop analysis, where we 

encountered severe voltage drop at power pads of both Block V and Block A due to the 

mismatch between the loop model of package PDN and partial model of chip PDN. To 

prevent the above behavior, we extracted the parasitics of the package PDN in the format 

of partial model (RLCG netlist) using quasi-static solver, and connected each chip pad to 

the corresponding package ball. As shown in Figure 6(a), when package’s parasitic were 

included for the chip level voltage drop analysis, the voltage drops of the transistor and 

the ground pad increased slightly due to the effect of inductance in the package compared 

to the normal operation without package. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

However, when the package PDN  the substrate noise were included, overall voltage drops 

of the transistor drastically increased from 83mV up to about 332mV compared to the 

normal operation with chip only. The voltage drops at the ground pad of Block V 

increased as well, and as shown in Figure 6 (b), the shape of voltage ripple and a peak-to-

peak voltage level seems to be similar to the measurement. 

 

 

 

 

 

 

 

(a). Chip level voltage drop with package design only 



 

 

 

 

 

 

 

 

                                   

 

 

 

 

 

As shown in Figure 7, about 10% of error rate exists in voltage ripple between simulation 

and measurement. Hence, we found that only chip level voltage drop analysis taking into 

consideration substrate noise and package PDN’s parasitic can enable designers to predict 

performance degradation due to a coupling noise between aggressor and victim, as well 

as the effect of substrate noise injection through merged ground net on a package – 

typically done for cost saving. 

The drastic voltage ripple was detected at the package level measurement because that is 

chip and package only connected module, however, if voltage ripple over a target spec is 

found from a system level measurement composed of chip, package and board, a chip 

designer may reproduce the same phenomenon by considering substrate part of chip, 

package and board PDN as well as chip PDN. 

 

 

 

 

 

 

 

 

 

 

 

 

For the simulation, we used ANSYS Totem-substrate for chip level transient voltage drop 

analysis with substrate noise and package PDN. The package PDN in the form of RLCG 

was extracted from ANSYS SIwave-CPA which is based on 3D FEM (Finite Element 

Method) and solver compatible with Q3D but much faster and can handle high capacity.  

(b). Chip level voltage drop with substrate noise and with package 

Figure 7: Comparison power noise at ground pad of Block V between simulation and measurement 

Figure 6: Chip level voltage drop according to package and substrate noise 



Why Package Design should be included with Substrate 

Noise Analysis for Mixed-Signal IC’s  

 

In the previous section, we showed that the root cause of the irrational voltage ripple at 

the victim ground part was only detected by a substrate noise analysis with package 

design. Including the substrate noise of chip PDN increased chip level voltage drop, but 

it could not represent the real power noise as seen by the measurement. For accurate 

mixed-signal chip level analysis, why do we need to take into consideration a package 

design or even a system like a board design? In this section, we will discuss how a package 

PDN affects Mixed-Signal IC’s power noise, and suggest using an appropriate package 

PDN inductance for suppressing power noise due to substrate noise.   

Digital circuits and analog/RF circuits in Mixed-Signal ICs typically have dedicated 

power/ground networks. They interact through a monolithic conductive substrate shared 

by both digital and analog/RF circuits forming a medium for noise propagation as 

depicted in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A total ground noise is composed of two different noise voltages. The first noise voltage 

is caused by the source current of the transistor, and the second noise voltage is caused 

by the bulk current of the substrate. The individual contributions of the source and bulk 

currents to the overall ground noise are summed up based on the following superposition 

principle. The total current that flows through the ground network is 

 

Ὥὸ ὭÓÏÕÒÃÅὸ  ὭÂÕÌËὸ  
 

The bulk current is generally neglected due to its relatively small magnitude as compared 

to the source current. The assumption is ideally acceptable under the condition that the 

ground network has only resistive term. However, in reality, all power and ground 

networks are composed of passive components of R, L, C, and hence the real total ground 

noise is being represented by 

 

Figure 8: Interactions among the digital, analog/RF circuits in Mixed ICs [2] 
 



All electric system’s PDN are connected from chip, package to board, therefore all 

resistances, capacitances and inductances of full PDN compassing chip, package and 

board should be included for the real ground noise calculation. In other words, to represent 

a real ground noise of Mixed ICs should include all current of both transistor and 

substrate, all parasistics of PDN of package and board(if it is involved: isource(t)R + 
ίέόὶὧὩ

ὒ) as well as chip’ PDN with bulk (isource(t)R + ibulk(t)R). We identified thelevel of 

ground noise versus package PDN parasitics, and the amount of inductance to see the 

impact package PDN has on performance.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, we clarified how the proper inductance decreases the peak-to-peak voltage 

drop at the ground pad to the level at power pad of Block V. The inductance value 

determined is about 31% of the original one (see Figure 9). The voltage drop map of the 

original package design and 69% of reduced inductance case are shown in Figure 10. The 

voltage drop range per color map also shows how a 69% reduction brings at least 83mV 

decrement in chip level voltage drop compared to the original package. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Voltage ripple at the ground pad of Block V according to package inductance 
 

(a). Time-domain voltage drop (b). Peak-to-peak voltage drop  
    (X denotes inductance of original package) 

(a). Original Package PDN (b). 69% reduced case 

Figure 10: Voltage drop at the ground pad of Block V according to package inductance 
 



Substrate Noise Suppression Solution 

The inductance level identified in the previous section for decreasing the ground noise 

down to a level supporting the advanced feature is not realistic because it needs a drastic 

package design change like makeover of a ground network routing to meet such a low level 

inductance. Consequently, the failure was fixed by separating ground networks and balls 

between Block A and Block V on the package design. However, the next generation spec 

of the Mixed-Signal IC required a larger and sharper amount of current for aggressor Block 

A due to more advanced features. Even the size of Block A was about 4X bigger. From a 

package point of view, cost saving by merging ground ball was necessary for a price 

advantage in the market, and finally, substrate noise suppression methods to both chip and 

package design were inevitable. The target goal for the noise suppression methods is to 

make the peak-to-peak voltage drop at all ground pads related to Block V with all of chip, 

package and substrate included to be as same as the voltage drop of the case with chip and 

package PDN without substrate part.  

To simplify key elements in determining a ground noise, we defined the ground noise in 

terms of frequency as shown in the following equation and Figure 11 below.  

 

                     Vdrop = isource(t)R + 
ίέόὶὧὩ

ὒ+ ibulk(t)R + 
ὦόὰὯ

ὒ                 (Time-domain) 

                                = I(f) x Z(f)                                                             (Frequency-domain) 

                    

 

 

 

 

 

 

 

 

 

 

 

 

I(f) is decided by the slew rate, switching and idle period of the chip’s current signature. 

To prevent di/dt max current, chip designers make changes to the architecture by adding  

skew and slew rate control or a clock distribution scheme and use parallel processing within 

timing spec. From the chip physical design point of view, for lowering the current noise at 

the overall frequency, after physical design implementation [3], chip designers added 

normal decoupling capacitors to all the available white space. And to reduce Block A’s 

sharp di/dt A, they added a new customized decoupling capacitor which is larger than a 

normal decap and composed of a minimized ESR (Effective Series Resistance), and 

maximized the amount of capacitance placed close to Block A.  

This contributed to a lowering the value of peak supply current to 78%. In addition, to 

Figure 11: Voltage drop represented by frequency domain 
 



reduce the noise injection trough substrate and the effect due to inductance, chip designers 

divided Block V into three sub-blocks, and enclosed each block with separate guard rings 

and placed shielding between critical signal and other networks. The increased capacitance 

and decreased inductance diminished the overall self-impedance of the chip. On the 

package side, most of the changes have been done for mitigating impedance, Z(f). A 

package designer completely changed the power and ground network routing to reduce 

inductance level down to 69% of the previous version, but 50% reduction was possible by 

keeping smaller design size and by merging the ground ball. Placement info of an aggressor 

and victim blocks of the new chip and package design is depicted in the Figure 12.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The substrate noise suppression methods used the function failure problem seen in the 

previous version and prevented a new iteration of the Mixed-Signal IC. This is despite the 

Block A of the new version being 4X bigger in size and having 1.5X larger di/dt and max 

current than the previous version. The voltage drop of the new one was lowered down to 

87.8% as depicted in Figure 13. The new version was successfully adopted in a brand-new 

smartphone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Voltage drop represented by frequency domain 
 

(a): Ground noise map comparison with package parasitic and substrate noise 
 



 

 
 
 

 

 

 

 

 

 

 

 

 

Summary 

Using dedicated power and ground domain to each digital, analog and RF circuits and 

adding thick guard ring, shielding and substrate contact are still the most effective 

methods for a substrate noise suppression of Mixed-Signal ICs. However, some failures 

due to substrate noise cannot be solved with such a chip level suppression method. All 

circuits inside Mixed-Signal ICs interact through a monolithic conductive substrate. The 

conductive substrate is ultimately connected to a full ground network composed of chip, 

package and board, which can be the origin or source of substrate noise. In this paper, we 

took up a real Mixed-Signal IC’s cost-driven functional failure due to substrate noise 

(through merged ground network on package side), and suggested a system aware 

substrate noise analysis comprised of full ground network of both chip and package as 

well as substrate for reproducing chip failure, and detecting a root cause of the chip failure. 

Lastly, the paper proposed a substrate noise suppression method applied to chip and 

package for performance improvement and cost reduction. 
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(b): Voltage ripple comparison 
 

Figure 13: Voltage drop comparison function failure case vs. substrate noise suppression case 
 


