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Abstract 

Noise such as voltage drop and temperature in integrated circuits can cause significant 

performance variation and even functional failure in lower technology nodes. In this paper, we 

propose an on-chip structure that measures the timing uncertainty induced by noise during 

functional and test operations. The proposed on-chip structure facilitates the speed 

characterization under various workloads and test conditions. The basic structure is highly 

scalable and can be tailored for various applications such as silicon validation, monitoring 

operation condition and validating logic built-in-self-test conditions. Simulation results show that 

it offers very high measurement resolution in a highly efficient manner. 
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INTRODUCTION 

During the past, technology scaling has 

greatly improved performance and circuit 

integration density. Integrated circuits 

(ICs) performance has, however, become 

less predictable by simulations at design 

stage because of process and 

environmental (temperature, crosstalk and 

supply voltage noise) variations. Actual 

circuit timing on silicon was prone to have 

larger variation and less predictability 

from design stage [1, 2]. Therefore, 

performance limiters, such as noise in the 

circuit, need to be identified as early as 

possible during first silicon test and debug 

and when performing speed 

characterization. Power supply noise 

(PSN) and temperature’s impact on 

functional operation of the chip as well as 

test was extensively investigated in the 

past several years. Power consumption and 

voltage drop during test is significantly 

higher than that of functional mode mainly 

because of the excessive switching 
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generated in the circuit by scan patterns. 

The excessive switching may due to the 

transitions from zero to one and viz. also it 

causes the temperature rise, which resulted 

in hot spots in the chip impacting circuit 

reliability. PSN and temperature shows 

both local and global effects on circuit 

timing, it can cause several impacts. 

 

A chip will have so many layouts each 

consists of different path 

resistance. Higher path resistance cause 

temporary malfunction to the circuit. The 

amount of noise induced into the circuit is 

dependent on many parameters including 

test patterns, test environment and the 

system in which the chip is operating. In 

addition, customer test environment and 

production test environment can very well 

be different when measuring the noise. In 

addition, the excessive noise could result 

in miss-binning of the chip under test. 

Supply voltage noise induced by: 1) circuit 

switching during both functional and test 

modes (IR-drop) and 2) package lead 

(Ldi/dt) cannot be easily measured by 

external equipments [3–5]. The parasitics 

introduced by the equipments make them 

also unreliable to precisely measure circuit 

timing in presence of the noise and 

variations. 

 

On-chip measurement architectures gained 

significant attention in recent years and to 

be embedded in the chip for rapid first 

silicon test, debug, speed characterization, 

timing margining, IR-drop and 

temperature measurement and wear-out 

mechanism analysis, for which all cause 

timing uncertainty in the device under test. 

This is possible mainly because of the 

much smaller/no parasitics, low cost and 

the high accuracy that the on-chip test and 

characterization architectures provide. 

Such architectures can help to record the 

operation condition in the test mode as 

well as in the field and help to perform 

post-silicon calibration. For instance, 

proposed matter SKITTER, an on-chip 

measurement circuit, to measure timing 

uncertainty from combined sources in the 

circuit. Although, very effective in 

capturing the noise effects, it requires 

large area overhead. The on-chip droop 

detector system designed in enabled 

voltage transient detection as well as a 

capability to induce voltage transients in a 

controlled manner to test and debug IC. 

The architecture was capable of measuring 

low-frequency noise very accurately in the 

circuit, however, it will not be able to 

measure high frequency voltage noise as 

effectively, e.g., during launch-to-capture 

cycle in delay test schemes [6, 7]. 
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In this, we proposed a low-cost and light-

weight on-chip structure called supply 

noise-and temperature-aware timing 

measurement instrument (TSUNAMI), 

considering combined effect of supply 

noise and temperature on clock and on a 

reconfigurable delay line to accurately 

measure the induced timing uncertainty 

even under process variations. TSUNAMI 

requires very low area overhead but 

provides high resolution and sensitivity to 

voltage noise, especially as technology 

scales. 

 

The structure of TSUNAMI consists of 

two major parts namely: 1) a noise capture 

(NC) sensor that is based on a 

reconfigurable delay line (RDL) to capture 

various noise effects (supply noise, 

temperature, clock skew and clock jitter) 

and 2) a control vector (CV) unit that 

configures the NC sensor and controls the 

measurement process. Both require 

negligible area on the chip. TSUNAMI 

can operate in different 

applications/modes for various purposes. 

In functional mode, it can measure timing 

uncertainty: 1) during every clock cycle of 

interest and 2) within a particular clock 

cycle when applying the functional 

workload. The change in the timing 

information of the PSN sensor can be 

converted to the actual noise (e.g., power 

supply noise) information [8–10]. This is 

helpful for silicon validation and can be 

employed to monitor the operating 

condition of the chip in the field. In test 

mode, TSUNAMI can help to measure 

voltage noise during scan and launch-to-

capture cycle as well as during logic built-

in-self-test (LBIST).Various analyses can 

then be performed according to the noise 

level measured by TSUNAMI. 

 

The original sensor design was very area 

efficient when compared with existing 

solutions. It, however, leads to longer 

measurement time, as it requires multiple 

measurements on different C values. The 

first version of the sensor worked fine for 

silicon validation, but may be undesirable 

for other applications such as validating 

LBIST conditions or continuous 

monitoring noise in the field. One of the 

unique advantages of this sensor is its 

flexibility and scalability, as it is designed 

based on the RDL. With some 

modifications, the sensor can be applied to 

different applications that have different 

requirements on tradeoffs among 

measurement resolution, measurement 

time and area overhead. Therefore, we 

believe it is valuable to discuss the 

tradeoffs in different applications and how 
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TSUNAMI PSN sensor can adapt to them 

in this paper. This paper has the following 

additional contributions over previous 

paper: 1) various applications that 

TSUNAMI can target are discussed in 

details; 2) variant TSUNAMI structures 

specifically tailored for these applications 

are developed; 3) problem modeling and 

design flow considering a wide range of 

design choices that TSUNAMI offer are 

now included; and 4) new simulation 

results are presented to evaluate the 

variant TSUNAMI sensor and efficiency 

of the proposed structures are shown [11, 

12]. 

 

TSUNAMI ARCHITECTURE 

Today’s modern designs include very 

large power distribution network. The 

voltage noise distribution in the design is 

not uniform as different blocks in the chip 

switch differently. Therefore, to take a 

snapshot of the noise distribution in the 

circuit, we need to insert sensors and 

measure the noise at various locations of 

interest under different workloads and test 

conditions. For instance, one area of 

interest for sensor insertion is near critical 

paths. The information can then be 

analyzed for characterization during post-

silicon test, debug, and calibration. The 

architecture of TSUNAMI, shown in 

Figure 1, consists of PSN sensors, which 

are distributed across the layout to capture 

the noise at different locations and a CV 

unit, which controls all the sensors. 

 

Fig. 1: TSUNAMI  Architecture. 

 

Transitions are generated at the input of 

the PSN sensor and propagated through its 

components. The arrival time and slew of 

the transitions are affected by the noise on 

the power/ground lines generated by 

circuit switching, temperature, clock skew 

and clock jitter. The PSN sensor is 

designed to be sensitive to the noise. For 

the sensor to capture the noise it is 

preferred to be designed as a single macro 

and placed between power and ground 

lines in a standard cell design style. The 

noise on the power/ground lines will 

impact the transition propagation time (as 

it impacts gates’ delay in the sensor). The 

impact of noise can, therefore, be observed 

as an additional delay. Figure 2 shows the 

structure of the PSN sensor that consists of 

the following components: (a) a RDL; (b) 
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a transition generation (TG) cell; and (c) a 

transition capture (TC) cell. 

 

RECONFIGURABLE DELAY LINE 

A RDL is composed of K reconfigurable 

stages in addition to an extra fixed stage of 

m buffers; each reconfigurable stage 

contains a multiplexer choosing from an 

input branch with/without buffer, thereby 

providing different delay values, while the 

fixed stage is a series of buffers providing 

an additional delay that increases beyond 

what the K reconfigurable stages provide 

without introducing an additional 

reconfigurable stage. Thus, by controlling 

the select signals C [0], C [1], . . . , C [K − 

1], the delay of the entire line becomes 

reconfigurable. Furthermore, delay of the 

buffer at each stage of RDL is twice the 

buffer delay in the previous stage. Thus, if 

each MUX has a delay of tx and the 

minimum-sized buffer has a delay of tb, 

the minimum and maximum delay that 

RDL can provide. Different C values 

create different paths between the input 

(In) and output (Out) of the RDL. When C 

= 00 . . . .00 = 0, the path only includes the 

MUXes, making it the shortest path. When 

C = “00 . . . .01
”
= 1, the path, however, 

goes through the first buffer and the 

remaining MUXes. Finally, when C = “11 

. . . .11
”
= 2

K
 − 1, the path goes through all 

buffers and MUXes, making it the longest 

path. The key is to find the C value that 

allows propagation of a transition from 

input-to-output of RDL in just one clock 

cycle in presence of the noise. This C 

value is further analyzed for understanding 

the amount of the noise incurred by the 

applied pattern. Even for the same control 

vector C, the total delay varies at different 

noise levels. When the delay line is always 

reconfigured to be constant (e.g., one 

clock cycle), the variance of the control 

vector C is the fluctuation on the power 

supply, assuming the temperature stays 

about the same. Hence, the magnitude of 

power supply noise can be measured and 

converted to a digital value. The more the 

noise on the RDL, the lower the speed of 

the buffers and MUXes in the sensor. 

Thus, the transition takes more time to go 

through the RDL resulting in an error, 

signaling that a smaller C value is needed. 

 

The sensor can capture both high-

frequency short-duration noise and low-

frequency long-duration noise on a cycle-

by-cycle basis. Specifically, when 

transitions are generated every clock cycle 

and propagated through the delay line, 

high-frequency noise will be captured at a 

specific clock cycle when the transition 

requires a smaller C value to be able to 



 
 
 

 

 

6 Page 1-13 © MAT Journals 2016. All Rights Reserved 
 

Journal of VLSI Design and Signal Processing  
Volume 2 Issue 1  

 

properly propagate t hrough RDL. The 

correct C value will be measured to 

identify the high-frequency noise level 

average over that specific clock cycle. As 

the power supply noise is usually pattern 

dependent for given circuit and packaging, 

the behavior of the noise will repeat when 

the same pattern is applied again. 

Therefore, by applying the same pattern 

several times, the correct C value will be 

identified, which represents the worst case 

noise magnitude during the time when the 

circuit is operating under the pattern. If the 

application requires the measurement time 

to be fast (as low as one clock cycle, e.g., 

for measuring power during launch-to-

capture cycle in delay test), one of the 

variant PSN sensors can be employed so 

that only one run is needed (i.e., the 

pattern is only applied once and the 

measurement can be done on any target 

clock cycle). In very-high speed design, 

the number of stages in the RDL can be 

limited, which affects the noise 

measurement range. One possible solution 

is to eliminate the fixed delay induced by 

fixed stage. Another solution is to design 

the sensor as a multi cycle path, so that it 

captures, for example, noise magnitude in 

every two cycles. Using custom designed 

MUXes with smaller delay would be 

another alternative. 

 

Fig.  2: Variant NC Sensor Structure for 

Condition Monitoring and  BIST 

Validation. 

 

TG CELL 

TG cell is inserted at the input of the RDL 

as shown in Figure 2, which consists of 

two MUXes and a launch scan flip-flop. 

Transitions at the input of the RDL are 

generated depending on the circuit 

operation mode. 

 

Functional and Scan Modes 

In these modes, when a workload or a test 

pattern is applied, the sensor must be able 

to measure the delay of the RDL in every 

clock cycle based on the applied C input. 

Thus, clock signal CLKor the inverted 

clock CLKB can be fed into the RDL 

when a series of rise transitions (transition 

type = 0) or fall transitions (transition type 

= 1) are needed. 

 

Launch-to-Capture Mode 

In this mode, initial values can be shifted 

during scan mode (Scan_en = 1) to the 
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launch SFF generating the desired 

transition at launch cycle. In this mode, 

only one transition is needed when 

Scan_en = 0 in either launch-off-capture or 

launch-off-shift scheme. Figure 2 shows 

the scan path (SI to SO) going through the 

FFs in the NC sensor. Shifting certain 

values into the three scan FFs will ensure 

the following: 

1) generating a rise/fall at TG cell 

during launch cycle in delay test and 

2) 1/0 at the capture SFF and the 

sticky SFF as the initial value. 

 

TC CELL 

TC cell is implemented at the end of the 

RDL to capture transitions. It consists of 

two SFFs, namely capture SFF and sticky 

SFF, and a combinational logic to decide 

whether any of the transitions is not 

captured properly. To better understand 

the process, let us assume the type of 

transition applied to RDL is rise 

(Transition_type = 0), as shown in Figure 

3. 

 

Fig. 3: Explanatory Waveform Example of 

Rise Transitions being Generated and 

Captured. 

It is quite manageable to control the 4-bit 

C value during calibration and 

measurement. The scan chain is controlled 

by the external tester. The C value is 

shifted into the scan chain that goes to all 

sensors. Depending on the design 

requirement, different C values can be 

applied to each individual sensor for finer 

control. Then, the workload is applied to 

the chip and the NC sensors start capturing 

transitions generated by the TG cells. After 

the workload application is over, results in 

terms of whether the transitions are 

captured at each sensor are shifted out for 

analysis. If a new round of measurement is 

needed, a new control vector (C) is 

generated and the same procedure is 

repeated. The collected data is then 

analyzed for each sensor to measure the 

amount of noise that each sensor 

experiences. 

 

CALIBRATION 

The initial values Q1 and Q2 at capture 

SFF and sticky SFF, respectively, are both 

set to 1 during scan mode. During the 

measurement, if a rise transition is not 

captured, Q1 becomes 0 and so does Q2 

after one cycle. Then, Q2 at the sticky SFF 

stays low even if later Q 1 becomes 1 again 

after a successful capture of rise transition. 

Later, when Q2 is shifted out for analysis, 
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it is certain that there is at least a transition 

fail to be captured during measurement. In 

other words, there is a large noise that 

made the transition so slow that failed to 

be captured on-time by the TC cell. C 

value is then reduced further to make the 

path shorter; the pattern application is 

repeated to see if the sensor fails to capture 

the transition again under the same test 

environment. This process continues until 

the path passes the test. A binary search 

method can be employed to find the proper 

C value quickly. The C value that makes 

the path passes the test shows that the path 

is short enough that propagates the 

transition on time to the TC cell in one 

clock cycle. That C value is the amount of 

noise that the NC sensor experienced. 

Without loss of generality, the smaller the 

C value is, the more noise (higher 

amplitude or longer duration of the power 

supply noise or higher temperature 

gradients or both) appear on the PSN 

sensor. Control vector (CV) unit is the 

second main component in the TSUNAMI 

architecture, as shown in Figure 1. CV unit 

applies C values to the PSN sensors. It is 

flexible: it can be designed to provide one 

universal C value to all the sensors, or it 

can be designed to provide different C 

values to each individual sensor for finer 

control. The area overhead is extremely 

small either way. Hereafter, we use C 

value and control vector interchangeably 

as both show the select signals for the PSN 

sensors. In the CV unit, control vectors are 

applied to all PSN sensors from the scan 

chain, which includes K -bit control vector 

C and 1-bit “transition_type.” 

 

Calibration is required before the noise 

measurement to establish a mapping 

relationship between C value and supply 

voltage. This process begins under no or 

little background noise condition to 

identify the C value that makes the path 

delay one clock cycle. To achieve this, a 

stable Vdd must be applied to the sensor. 

As temperature also plays a role in circuit 

delay, the calibration process should be 

performed at fairly similar temperature so 

that during the noise measurement the 

impact of temperature on delay can be 

excluded. This can be achieved by 

warming up the circuit under test before 

we actually perform calibration. We also 

assume there are certain on-chip methods 

in place to measure temperature to verify 

that temperature during calibration is 

indeed close to that during measurement. 

IR drop because of leakage will make the 

voltages at sensors different from the 

external supply voltage. This leakage 

component is, however, relatively 
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constant, almost independent of workload 

and activities of the chip. When comparing 

the C values during the noise measurement 

and the mapping relationship established 

during calibration, the sensors capture the 

dynamic behavior of the noise during 

functional and test operations. 

 

 To analyze the impact of the noise on the 

sensor, new supply voltage Vdd is 

generated and adjusted at a fine granularity 

and applied to the entire circuit. 

Measurements are performed for each 

selected Vdd = vi. The measurement results 

(i.e., control vectors) serve as calibration 

values for given Vdd. In other words, a 

mapping relationship between control 

vector C and supply voltage Vdd is 

established. 

 

 

Fig. 4: Relationship between Vdd and 

Control Vector C Value (Obtained using 

Rise Transitions). 

  

USING TSUNAMI IN DIFFERENT 

APPLICATIONS 

Applications 

TSUNAMI can operate in different 

applications/modes for various purposes. 

Three potential applications that 

TSUNAMI can target include, but not 

limited to, are as follows: 1) silicon 

validation; 2) operating condition 

monitoring; and 3) validating built-in self 

test (BIST) conditions. 

 

Silicon Validation  

 Silicon validation is a necessary process 

performed after fabrication to examine the 

functionality and speed of a chip under 

different operating conditions. Upon a 

malfunction, silicon validation and debug 

will identify the root cause of it. Unlike 

pre-silicon verification where simulation 

tools provide a full capacity of 

controllability and observability, silicon 

validation is extremely difficult. 

TSUNAMI improves observability of the 

noise profile and consequent timing 

uncertainty in the system. Specifically, 

TSUNAMI can measure timing 

uncertainty: 1) during every clock cycle of 

interest; 2) within any particular clock 

cycle when applying the functional 

workload; and 3) during scan and launch-

to-capture cycle. The timing information 
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collected by the NC sensor can be 

converted to the actual noise (e.g., power 

supply noise) information. Thus, the 

measurement in both functional mode and 

test mode can help silicon validation. 

Various analyses can then be performed 

according to the noise level measured by 

the TSUNAMI. For example, during scan 

and launch-to-capture cycle, the noise 

level can be used to analyze the impact of 

Ldi /dt. Meanwhile, the reconfigurability 

of the baseline NC sensor adds 

controllability to the silicon validation 

procedure. This makes it applicable to 

sensors experiencing process variations 

and different noise distributions at 

different locations. 

 

Continuous Monitoring of Operation 

Condition 

TSUNAMI with some modifications can 

be employed to continuously monitor the 

operation condition of the chip in the field. 

This is useful because the noise 

distribution in the system aging effects. 

Once the operating condition worsens to a 

level that could potentially cause timing 

issue or functional failure, TSUNAMI can 

either warn the user about the situation or, 

if the period of time as a result of changes 

in temperature, leakage and this can be 

quite helpful for critical applications such 

as can change when the chip is used in the 

field for an extended automatic, medical, 

military, and space applications. In this 

application, TSUNAMI is required to 

continuously monitor the operation 

condition as the system operates in 

functional mode. Therefore, it is not 

practical to have a back and forth 

procedure that the baseline TSUNAMI 

sensor posses. 

 

Validating LBIST Conditions 

Another potential application for 

TSUNAMI is to serve as a part of the 

BIST procedure to validate the test 

conditions. This is particularly useful in 

the case that the operating conditions in 

the field may be worse than what the chips 

experience during manufacturing test. 

Such situation can make diagnosis 

extremely difficult and the root cause of 

performance issues becomes puzzling. 

TSUNAMI can provide a quick validation 

on the current test condition in the field to 

see whether it meets certain specification 

in terms of a combined effect of power 

supply noise, temperature and clock 

variations. One such example of using 

TSUNAMI in BIST is that, if the chip is 

used in a car, every time when the engine 

starts, BIST patterns are applied to the 

chip, and TSUNAMI sensors can tell 
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whether or not the actual operating 

condition is worse than what is expected. 

When that does happen, it shows a 

potential hazard and can generate an alarm 

signal (e.g., engine check light). This can 

help to diagnose various performance 

issues in the field and improve product 

yield and safety of individuals. In addition, 

TSUNAMI can help to reduce the gap 

between LBIST during manufacturing test 

and LBIST in the system by reporting the 

noise profile on the chip. In this 

application it is only required for 

TSUNAMI to validate a pass/fail and an 

accurate measurement of the specific noise 

level may not be necessary. Similar to 

continuous monitoring of operation 

condition, modifications are needed for the 

sensor to largely reduce measurement 

time. 

 

CONCLUSION 

The proposed TSUNAMI architecture 

provided a low-cost and light-weight 

solution to measure timing uncertainty 

induced by voltage drop and temperature 

in ICs. TSUNAMI can work at different 

applications and operation modes. It can 

be employed for speed characterization 

during silicon validation, operating 

condition monitoring in the field and BIST 

validation for various workloads and test 

conditions. Simulation results showed that 

TSUNAMI offered high resolution at low 

technology nodes at significantly reduced 

area and power overheads compared with 

the existing work. Its variant designs 

offered a wide range of design choices that 

can be tailored for specific applications 

and requirements. Our future work 

includes fabrication of the proposed 

structure on a test chip, silicon data 

collection and analysis and sharing the 

results with the community. In addition, 

we will also be exploring improvements 

on resolution. Possible improvements 

could be replacing the regular buffers with 

low-Vt buffers or even inverters. 

Replacing MUXes with tri-state buffers 

could also improve resolution by allowing 

more stages of buffers inserted. 

 



 
 
 

 

 

12 Page 1-13 © MAT Journals 2016. All Rights Reserved 
 

Journal of VLSI Design and Signal Processing  
Volume 2 Issue 1  

 

 

Fig. 5: Final Output of PSN Sensor 
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