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Over the past decade, advancements in areas of semiconductor device physics, IC 

manufacturing and integration technologies on silicon have considerably increased the operating 

frequencies (ft) of transistors in the deep sub-micron regime. This enabled design engineers to 

design circuits that operate at high frequencies and use high-speed clock signals, both leading to 

increased signal-integrity problems for test engineers responsible for testing and validating 

integrated circuits. While the design community is able to push the design envelope far into the 

future, production IC test equipment has not kept pace with test requirements of high-speed, 

integrated wireless and wired communications designs. This explosive improvement of design 

performance has made testing of high-speed analog/mixed-signal circuits very challenging, 

particularly under the constraints of high quality and low price. In order to perform effective 

signal analysis and tests on such high frequency on-chip signals, one should be able to export 

those signals off-chip. However, exporting high-frequency on-chip signals off-chip without 

degrading the signal quality of the signals is not easy. A less attractive solution to this problem is 

to replace low cost testers with very expensive Automatic Test Equipment (ATE) systems and 

measurement equipment such as pico-probes and E-beam probes. The electronics industry is 
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ready to welcome any solution that can substantially reduce the cost and time involved in testing 

its integrated circuits.  

Embedded test or Built-in-Test is a potential solution to face the challenges posed to the 

test community in the high-frequency domain. This method helps to keep up with the pace of the 

growing complexity of tests. Embedded test reduces the time to production without increasing 

the test cost and enables the use of low-cost testers, already on the factory floor, efficiently. 

However, there is some increase in chip die area and production chip cost. The fundamental idea 

in this solution is to move some of the external high-speed and high-bandwidth test functions on 

to the chip. This move, however, is not that simple, and still is in the development stage.  

This work involved development of some efficient test circuitry that could reside along 

with the Device-Under-Test (DUT) on the same die. These embedded test circuits help in 

extracting useful information from high-frequency on-chip signals and converting them to low-

frequency (base-band) signals for easy transfer of information off-chip for post processing on an 

external, low cost, low frequency ATE. On-chip signal shape capturing circuits using high-speed 

samplers and on-chip signal strength measurement circuits were developed that can be used in 

embedded test of mixed-signal integrated circuits.  



 

15 

CHAPTER 1 
INTRODUCTION 

1.1 Background of ATE Based Testing 

Delighting customers by relentlessly delivering efficient products before competitors can 

deliver is the business plan of today’s successful semiconductor companies. This has been the 

driving force and also the reason behind the success of such companies. Not only delivering the 

product on time is important but also equally important is making sure that the delivered product 

is a reliable and a fully functional product that meets the customer’s requirements.  

While the job of a systems engineer is defining and documenting the customer’s 

requirements, a circuit design engineer is responsible for designing and developing the integrated 

circuit that meets the specifications. Unfortunately, after the design process not all manufactured 

designs meet the specifications. Such failures may be caused by design flaws or process errors. A 

test engineer is responsible for identifying design flaws in the design before the product is 

fabricated and shipped to the customer. In addition, the test engineer identifies badly 

manufactured parts after a design is verified as good. The test engineer’s role is to generate 

hardware and software that will be used to guarantee the performance of each device after it is 

fabricated [BR01]. Some of such hardware and software could go into what is called the 

automatic test equipment (ATE) or in the future reside on the same silicon as the device-under-

test (DUT) commonly known as embedded test or built-in-test. Automatic Test Equipment ATE 

is any automatic device that is used in the IC manufacturing industry to test electronic 

components ranging from simple components such as resistors, capacitors, and inductors to a 

more complex printed circuit boards and ICs after they are fabricated. While computer 

simulation tools are used as pre-silicon validation tools, ATEs are used for post-silicon validation 

for the circuit designs. A typical test using an ATE is shown in Figure 1-1. It involves applying 
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various inputs, usually known as stimuli generated in the ATE to the device-under-test (DUT) 

and observing the response of the DUT. This response is compared to a predetermined response 

in the ATE based on the specifications documented by the systems engineer to determine if the 

design is good (pass) or bad (fail).  

 

Figure 1-1.  Conventional IC testing using ATE. 

This conventional IC testing works well for simple integrated circuits operating at low 

frequencies. However, this method does not appear to be an attractive solution for today’s 

complex multi-functional high frequency circuits due to the challenges and difficulties in ATE 

based testing described in the next sections.  

1.2 Challenges in High-Speed IC Test 

In the past, the simple ATE testing approach described in the above section has been used 

as a functional verification test for integrated circuits that operate at low frequencies. Extending 

this approach to a more robust testing of today’s complex circuits operating at higher clock 

frequencies than before is not straightforward. Earlier, high-speed IC designers could only 

speculate as to why a particular design worked. The true electrical performance of these tiny 

circuits was impossible to measure at wafer level. With the advancements in high-performance, 

high frequency, on-wafer probes and probe stations, design engineers could test and characterize 
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circuits on-wafer, before the ICs were diced and packaged. In order to make such wafer-level 

testing possible, measurement systems have evolved from the old rack-and-stack systems to 

extremely complex, million dollar systems with high throughput. Today’s advanced 

manufacturing process integrating more system functionality in less silicon area is very common. 

This integration resulted in having analog, digital, RF and microwave circuits on the same die 

(SoC, System-on-a-Chip) instead of having them as discrete circuits in a system: This led to 

difficulties and expense in testing the analog, digital, RF and microwave circuits.  

1.2.1 Cost Involved in IC Test 

The key challenge in the way ICs are tested today is the cost involved in the test. The cost 

of testing an IC has not been scaling at the same rate as the cost of manufacturing the IC.  

Packaged dice are mostly tested in a two-fold manner: wafer-level testing and post-packaging 

testing while known-good-die, KGD are used in flip chip applications. Wafer-level testing helps 

to eliminate catastrophically defective dice before packaging. The dice that pass this wafer-level 

testing are again tested thoroughly for defects after they are packaged. Today, high-speed testers 

above 1~2 GHz are prohibitively expensive for low cost IC production parts. As an example, the 

Teradyne Catalyst tester can test up to 3 GHz but costs more than $1million dollars. This has 

made the testing of high-speed analog/mixed-signal circuits very challenging, particularly under 

the constraints of high quality and low price. In the past, despite the high production cost, high 

market prices of the products could still provide adequate profits. However, with increasing 

competition in the electronics industry such as in the markets of cellular phones, portable music 

players, portable computers, gaming consoles, profit margins are decreasing. Before, design and 

manufacturing were the major components of the total cost, thus drawing little attention to 

testing. But with recent improvements in manufacturing and fabrication of circuits, the 

manufacturing cost has dramatically reduced thus making the cost to test the circuit a major 
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component of the total cost. Unless fundamental changes are made to the way testing is done in 

the high-frequency regime, it might cost more to test complicated and high performance chips 

than to manufacture them in the future. Figure 1-2 shows the cost of silicon manufacturing 

versus the cost of testing, normalized per transistor as projected by 2001 technology roadmap for 

semiconductors [ITR01]. The top curve shows the manufacturing capital per transistor and the 

bottom curve shows the test capital per transistor.  

 

Figure 1-2.  Moore’s law for test: fabrication vs. test costs. 

It is clearly seen that there is a consistent reduction in chip fabrication cost per transistor 

that in turn drives the continued expansion and evolution of the semiconductor business. It is also 

observed from the graph that the capital expenses for IC test have been essentially flat per 

transistor and is projected to reach the projected manufacturing costs per transistor by year 2012. 

This challenge posed by the cost involved in the testing of ICs should properly be addressed 

today to avoid any unexpected surprises to the electronics industry tomorrow. 
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1.2.2 Increased Integration of System Functionality 

Semiconductor transistors are becoming so cheap and commonly available that whole 

industries now live on continuously integrating more and more functions into smaller and 

smaller packages, hence creating system-on-chips.  The trend toward more system functionality 

on a single die (SOC) or in a single package (SIP) will increasingly blur the lines between 

traditional digital, analog, RF/microwave and mixed signal devices. This trend will drive test 

equipment toward a single platform solution that can test any application. Being able to rapidly 

test, diagnose and verify complex new chips and products using such chips is crucial for the 

continued success of our economy. This growth is expected to continue full force at least for the 

next decade, while making possible the production of billion transistor chips. Figure 1-3 shows 

the drastic increase in the number of transistors integrated on a microprocessor over the past 

three decades [Rus04]. 

 

Figure 1-3.  CPU transistor count trend – Moore’s law. 

 According to Moore’s law, the number of transistors on a chip doubles every 18 months. 

For the discussion here, this trend can be understood in a different way. The functionality that is 

achieved on a certain area of silicon is doubled every 18 months. If this trend is followed by the 
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industry, which is expected to be the case for at least the next decade, everything that performs 

signal processing and data processing on the printed circuit board may be moved on to the same 

chip. For a test engineer, unlike in the past, instead of testing limited functionality on a discrete 

integrated circuit, the challenge is to perform more robust tests that validate the full multi-

functionality of the chip. More and more SoCs are being able to be realized by the unprecedented 

reduction in the feature size. As shown in Figure 1-4, a new technology is introduced every two 

years [Boh03].  

 

Figure 1-4.  Feature size trend in IC manufacturing. 

Another challenge with this decreasing feature size coupled with complex integration is the 

inaccessibility of test points on the wafer in testing ICs. This makes certain characteristics of the 

DUTs immeasurable using existing testing methods. At the same time, as the density and 

complexity of circuits increases, the number if input/output pins increases much more slowly, 

thus the need for added testing pads and increased placement precision of testing probes is more 

and more demanding and expensive. 
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1.2.3 Increased Speeds of Operation 

MOS transistors in the deep sub-micron regime have unity gain frequencies in the range of 

one hundred gigahertz, indicating a capability for creating signals with high bandwidth internally 

on a chip. Also, penetration of high-speed interfaces (Gigabit-per-second I/O) into new designs 

is increasing dramatically. The trend toward faster high-speed serial interfaces and an increased 

port count will continuously drive the need for efficient methods of high-speed analog/digital 

testing. Figure 1-5 shows the current microprocessor’s clock frequency trend [Rus04]. 

 

Figure 1-5.  CPU clock frequency trend – Moore’s law. 

Current test methodologies are challenged by the number of high clock speed nodes in the 

circuits. Testing is usually done at less than the circuit’s targeted operating speed but a circuit 

that passed a low-speed test may fail when operated at full speed. With the advent of SoCs, this 

problem is greater than before. High-speed domain testing can be done by resorting to the use of 

very expensive high-frequency testers that include specialized membrane probes, picoprobes and 

E-beam probers. The usage and in-lab maintenance of this expensive equipment to perform at-
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speed tests on the ICs adds enormously to the overall test cost involved and leads to the case 

where test cost exceeds manufacturing cost. In brief, it is vital to perform low cost but at-speed 

chip/package/board observation of high-speed circuit’s performance prior to IC prototyping. 

1.2.4 Time Involved in IC Test 

Time to market is a pressing issue because profit margins for a new product are highest 

shortly after it has been released to the market. Margins begin to shrink as competitors introduce 

similar products at lower prices. The lack of a complete, cost-effective test methodology is often 

a bottleneck preventing the release of a new product for profitable volume production. In the 

case of I/O verification experiments which are limited and under extreme time pressure, 

unexpected loading parasitics, mismatches and coupling in the packages and boards add weeks 

or months and can make a new digital IC miss its profitable market window. Mainframe ATE 

systems are designed to minimize test time and maximize overall product throughput. Figure 1-6 

shows the relationships between test cost and test time; the information source is from IBM test 

development group [IBM02]. The comparison is made between a $2M tester and a $100K tester. 

The plots show that the test cost/part is entirely a function of time. Total test time includes tester 

capability/speed (electrical test time), handler/tester/controller communications time, handler 

capability and index time of handler. One second of test time can cost three to ten cents. This 

may not seem expensive at first glance, but when test costs are multiplied by millions of devices 

a year the numbers add up quickly. For example from the available data in Figure 1-6, a four-

second test program costing approximately sixteen cents per part on a $2M tester and nine cents 

per part on a $100K tester times one million devices per quarter costs a company $640,000 and 

$360,000 respectively per year in bottom-line profit. 

As a result, the test community is not able to keep pace with the test requirements of high-

speed, integrated wireless and wired communication designs. It is time to look for innovative 
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methods to circumvent these challenges, methods that offer the possibility of low cost test 

methodologies, at-speed testing techniques and quicker time to market that help to maximize the 

profit margins. Only then can the test techniques catch up to the pace of the design techniques.  

 

Figure 1-6.  Cost contributors to testing a part for various test times. 

1.3 Potential Solution to the Challenges 

For speeds beyond a gigahertz, built-in-test (BIT) of high-speed systems is a very 

attractive solution. Built-In-Test involves designing and integrating test hardware on-chip, 

supporting the test hardware with design-for-testability features and designing in standard 

communication protocols that allow an external tester to control the test procedure with low 

bandwidth access and hence, lower cost external testers. In the past, design engineers were 

sometimes reluctant to add testability features to a device, since BIT added design cycle time, die 

area, and/or power consumption. Fortunately, the attitude has changed in recent years from 

reluctance to acceptance as design engineers have seen the competitive advantages of BIT. Now 

some companies see BIT as a major technological differentiator that can reduce production costs, 

enhance quality control, and even provide customers with value-added testability features for use 

in their system-level products. 
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Design-for-test (DfT) is a major topic of interest in the testing field. Any circuit design that 

results in a more easily or thoroughly testable product can be categorized as DfT. There are 

many types of DfT. Some DfT concepts are based on built-in circuits that allow easier or more 

complete testing. The choice of DfT approach depends very much on the specifics of the device 

under test (DUT) and the demands placed on it by its system-level application. Built in self-test 

(BIST) or embedded test circuits allow the device-under-test (DUT) to self-evaluate quality 

without elaborate automated test equipment (ATE) support. With BIST, low cost testers can be 

used to perform high-speed IC testing. The limited tester resources required by BIST and the 

ability to perform parallel testing of multiple circuits on the DUT are key advantages of BIST-

based testing methodologies. The fundamental approach in embedded test or BIST is to move 

very high-speed test functions on-chip, thus reducing the requirement of and the cost of the 

external test. This move, however, is not straightforward, and still in the development stage. 

Analog BIST technology has lagged behind digital BIST because of difficulties in guaranteeing 

accurate signals generated and measured on-chip. However, analog embedded test techniques 

will improve the circuit controllability and circuit observability. 

1.4 Organization of the Dissertation  

This section describes the organization of the dissertation. The work presented here 

concentrates on the solutions to issues arising from the need for developing efficient test methods 

for high-speed digital/analog integrated circuits.  

The current chapter (Chapter 1) introduces the reader to the background of testing 

integrated circuits using ATE systems, and cost involved in such solutions. This is followed by 

the challenges that the test community is facing in the sub-micron regime. Built-in-test (BIT) or 

embedded test is briefly introduced and discussed as a potential solution for such challenges.  
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In Chapter 2, the differences between Digital BIST and analog/mixed-signal BIST are 

discussed before introducing the current approaches in Analog/Mixed-Signal (AMS) embedded 

test and the concept of alternate test using feature-extracting circuits. The importance of area 

efficient signal feature extracting circuits that enable alternate test in the BIT is explained. These 

feature extractors reside on the same die as the device under test (DUT). Motivation and 

contributions of this research work to the areas of integrated circuit testing is described in this 

chapter. On-chip signal waveform shape capturing circuits and on-die signal strength detectors 

are developed as a part of this work. The scope of this research and its goals are discussed. 

Chapter 3 describes novel architectures proposed for capturing on-chip events following a 

triggering event. Complete analysis involving timing issues and the effects of timing errors on 

the performance of specific architectures is described. Mathematical observations and system 

analysis are verified by modeling and simulating the architectures in MATLAB. Prototypes of 

the circuit are designed using AMI 0.6um process and this chapter describes the measurement 

results of the performance of the circuit in capturing an event on the DUT (on-chip interconnect).  

Design of delay generators and reliable high-speed samplers that can be used in the 

architectures presented in Chapter 3 are discussed in detail in Chapter 4. While the prototypes of 

the snapshot architecture are fabricated using AMI 0.6um process, design techniques for the 

circuit in state-of-the-art processes such as 0.18um technology and 65nm technology are also 

discussed in this chapter. Improved switches using bootstrapping technique are introduced in this 

chapter for sampling signals that extend beyond supply range (overshoots and undershoots). As 

an application, the use of such switches in observing on-die signals in high-speed I/O circuits is 

presented. 
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Detectors play an important role in the embedded test of circuits. Accurate measurement of 

signal strength at various places is almost indispensable. Chapter 5 describes in detail about the 

theoretical analysis of signal strength indicators. Complete mathematical analysis of the 

operation followed by error analysis involved in the powerful successive detection architecture 

of logarithmic amplifiers (alternatively called as RSSI) is also provided. The circuit design 

details and the measurement results of a cascaded limiting amplifier based log amplifier using 

triple-well NMOS devices as loads are presented. As an application, the use of such signal 

strength indicators in substrate noise measurement is discussed. 

Finally, Chapter 6 summarizes the dissertation and concludes by discussing about the 

future work involved in the design of proposed signal feature extractors. 
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Figure 1-7.  Organization of dissertation. 
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CHAPTER 2 
EMBEDDED TEST FOR ANALOG/MIXED-SIGNAL IC 

2.1 Introduction 

Challenges and costs posed by the conventional ATE methods discussed in Chapter 1 have 

been driving researchers to create new solutions for testing today’s ICs. Embedded test proves to 

be an attractive solution. This approach involves embedding various power and area efficient test 

circuits on the same silicon as the device-under-test. During the test mode of the IC, these test 

circuits help to diagnose the performance and functionality of the DUT. With a typical ATE, 

high frequency test signals need to be transported across the board-package-chip interface for 

test stimulus excitation or signal measurement. The variations in the load board signal loss, 

package-load board crosstalk, frequency limitations of the encapsulating package, mechanical 

placement in the connections to IC packages and lower speed external I/O channels can create 

large uncertainties in the amount of power delivered in the test signals to the DUT from the ATE. 

This could lead to either rejecting good ICs or accepting bad ICs during the manufacturing test. 

These issues motivate development of new designs for test paradigms for high-speed BIST. An 

alternative to this ATE approach is to limit the high frequency communication to on-chip and 

eliminate high frequency signals between DUT and the external tester. 

The next section in this chapter presents digital BIST versus analog BIST with an 

emphasis on answering the question, “Why is it difficult to port digital test methods to high 

frequency analog/mixed-signal test?” Existing approaches such as direct measurement of circuit 

specifications and alternate test strategies for RF/analog/mixed-signal embedded test are also 

presented in this chapter. Finally, the motivation behind and a brief introduction to the circuits 

developed in this work are presented.  
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2.2 Digital BIST versus Analog BIST 

For quite some time, built-in-self-test techniques have been integrated into digital circuit 

designs so they can be tested. In digital IC test, the terms functionality and performance of a 

circuit have been clearly distinguished in their definitions, which unfortunately is not the case 

with analog/mixed-signal test [Vin98]. Validating the truth table specified by the designer is 

enough to determine if a digital circuit meets the required functionality. Mapping between a set 

of output vectors and a set of input vectors is represented in a truth table. The performance 

specification is defined mostly by the speed of the digital circuit. In most cases, it is specified by 

the delay - an analog quantity of the circuit. On the other hand, in AMS test the circuit properties 

and its behavior is so different from the digital circuits behavior that it blurs the lines between 

the definitions of the terms functionality and performance. These terms are closely knitted in the 

testing of analog circuits. Unlike digital circuits where separate fault models and algorithms can 

be developed for functionality and performance, it is not only difficult but at times it is also 

impossible to develop such models for AMS circuits. In circuits such as data converters, 

structural fault models have been shown to adequately model faults that affect the I/O 

relationship [Vin98]. However, circuit structure alone does not determine performance. Altering 

device sizes while preserving topology can substantially alter performance. Thus, it is harder to 

establish a quantitative relationship between a structural fault model and circuit performance. 

Digital BIST is far more advanced than analog/mixed-signal BIST. The primary reason is the 

absence of a widely accepted common methodology for analog and mixed-signal circuit test.  

Stuck-at fault models and validation of the formulated truth tables have been the primary 

methodology for digital integrated circuits. Researchers in analog test have been strongly 

influenced by the success this methodology and have started to create similar techniques that can 

be applied to analog integrated circuits. However, there is a substantial difference in the way 
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analog ICs need to be tested when compared to digital ICs. Two significant factors that can be 

attributed to this difference are presented.  

First, every analog/mixed-signal circuit has a unique set of specifications. For example, the 

set of performance specifications for a data converter is different from the set of specifications 

for an operational amplifier. Correspondingly, design procedures and design techniques for 

analog circuits tend to be circuit-specific. No general design techniques applicable to all analog 

circuits exist. A complex analog circuit comprising of sub-blocks would need a complex set of 

tests written for each sub block so that the specifications of the circuit are validated exhaustively.   

Second, an analog signal at a node in a circuit can possess infinite number of values where 

as in digital circuits the set of allowed values at a node is clearly defined. It is very easy to 

develop a test or an algorithm or a model to determine a fault at a node whose value is specific 

when compared to developing a test to determine a fault whose value is not uniquely defined. 

Though analog signals can theoretically have any value within a range specified by the 

technology, any particular node in a circuit is allowed to vary around a nominal value defined by 

the specifications. This variation around the nominal value is called tolerance of the node. For a 

node, any value outside its tolerance can be considered as faulty. The accuracy with which 

signals are generated and measured on-chip is one of the reasons why analog BIST technology 

has lagged behind digital BIST technology. 

Also, digital circuits can be separated into sub circuits using a divide-and-conquer 

approach. The properties of these sub circuits are less dependent on each other. As a result, 

testing of blocks individually can almost guarantee a fully operational complete system. 

However, the interdependence among individual circuits that make a whole analog/mixed-signal 

system is very complex. Analog circuits have crosstalk problems and other interactions between 
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circuits. The divide-and-conquer approach is necessary for characterization, but it may not be 

sufficient to guarantee the system-level specifications. These are some of the differences 

between digital and analog/mixed-signal circuits that have made it difficult to use the same 

successful digital DfT techniques in analog circuits. Having said that, the next section details 

about the different existing approaches in analog/mixed-signal/RF circuits in SiPs. 

2.3 Approaches in Analog/Mixed-Signal/RF Test 

In BIT applications, an important test quality metric is the area overhead, the percentage of 

extra area introduced by tester related electronics. Embedded test only is justified if the area is 

relatively small. This is a factor in deciding whether certain test structures should be migrated on 

to the actual die area or to the proximity of the DUT on the load board [CAHK04]. In either case, 

the goal is to improve the test-access speed, minimize signal degradation and increase 

controllability and observability of the signals internal to the DUT. The circuit can have the test 

support functions implemented within the device. This enables to apply test throughout the life 

span of the product as a post-manufacturing test. Alternatively, the circuit under test can be seen 

as an end product without having dedicated test circuitry internal to the device. In this case, the 

test support circuits known as verification structures are built around the device. This is 

commonly known as BoT (Built-off test). This is the common technique used for silicon 

verification and design debugging. These verification structures for high-speed designs are built 

around the prototype devices to ensure the correctness of the design and the viability of the 

process.  If necessary, the design is altered, new prototypes are built and new sets of tests are 

applied until an optimum design is obtained. After validating on-chip signal (e.g. microprocessor 

signal) performance at key inaccessible nodes, these verification structures are removed and the 

devices are produced without built-in verification structures.  
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Shown in the Figure 2-1 are the various load boards that are used in testing [CAHK04]. 

Figure 2-1(A)  is the load board in the conventional ATE measurement setup. It does not have 

either built-off test or built-in test features. Tester electronics reside completely in the ATE. This 

is suitable for low frequency testing. Figure 2-1(B) shows the load board that is commonly used 

for silicon verification or design debugging. These DUTs end up as products without any 

integrated tester capabilities. Area metric or area overhead is not given a high importance in 

these built-off test strategies. Some of the test metrics are compared between BoT and BiT in 

Table 2-1. Figure 2-1(C) shows the true built-in-test strategies where all the high-speed tester 

electronics reside along with the device under test. These DUTs have integrated tester 

capabilities even after production. 

2.3.1 Direct Measurement of Circuit Specifications 

In direct measurement of circuit specifications, appropriate test stimuli are applied and the 

corresponding test response is measured to validate a circuit specification. Each circuit 

specification needs appropriate tester resources. Some examples are multitone signal generators 

for measuring distortion, gain for codec, and so on [CAHK04]. This approach is in complete 

agreement with the traditional production test approach for analog and mixed signal circuits that 

uses similar test stimuli and configuration with respect to which the specification is defined and 

documented by the systems engineer. 

For direct measurement techniques, tests are performed sequentially one by one. Relays are 

used to switch between different test sets and equipment for test when the specifications needed 

to test on a circuit are incompatible in environment. Several BIST techniques in the available 

literature have shown the application of this approach. For instance, different implementations of 

on-chip signal generators and test response data acquisition circuits are reported [CEF03, 

YEF04, ZEF04]. Signal source in [CEF03] demonstrated the capabilities of generating pure 
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A 

 

 

B 

 

Figure 2-1.  Load boards for IC test. A) For conventional ATE test. B) For silicon 
verification/design deugging, built-off test (BoT). C) For general built-in test (BiT) 
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C 

Figure 2-1. Continued. 
 

 

Table 2-1.  Comparison of built-off test and built-in test 

 Built-off Test Built-In Test 

Area Importance Less to Moderate High 

Controllability/Observability Moderate High 

Signal Degradation Moderate to High Less 

Applications Silicon verification and 
Design debugging 

Suitable for all high-speed 
applications 

Tester Electronics in the end-
product No Yes 

 



 

35 

sinusoidal signal thus enabling the self-testing of analog/RF blocks within the package. The 

application of on-chip samplers using sub-sampling technique has been demonstrated in [LS93, 

SZ03]. All these circuits demonstrate the feasibility of in-situ characterization and testing of 

performance of high-speed analog/RF circuits. Direct measurement techniques have certain 

drawbacks. As the tests are performed sequentially with circuit specification specific hardware 

resources, these techniques lack the ability to simultaneous measurement of multiple 

specifications. In the case of evaluating multiple specifications this methodology results in large 

area overhead and longer test times.  

2.3.2 Alternate Test for Circuits 

Integration of more functionality and performance into a single device increases the 

number of specifications that need to be tested. Like discussed in direct measurement of circuit 

specifications, sequential testing of today’s circuits would result longer test times. Also, each test 

would require different equipment or different load board resources. This results in increased test 

cost. The concept of alternate test was proposed [CAHK04, ATRCA06, VC98] to address these 

issues and reduce the cost and time involved in testing analog/RF ICs. In this methodology, a 

complete suite of sequential specification tests is replaced with a single test, consisting of a 

carefully crafted test stimulus applied to the device-under-test. After finding the suitable 

transient test stimulus, this approach relies on the fact that if the response of a circuit-under-test 

to an alternate test stimulus is sensitive to all process variations that also affect its test 

specifications, then it is possible to predict all its test specifications from the test response 

without having to measure the specifications explicitly.  

Figure 2-2 shows the variations in process or circuit parameters and their effect on circuit 

specification and test [CAHK04]. Consider a vector P defined as the process parameter space 

consisting of p process parameters, a vector S defined as the specification space consisting of s  
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Figure 2-2.  Alternate test with response feature extraction 

test specifications and a vector R defined as the response/measurement space corresponding to 

the applied alternate test stimulus. A variation in the process parameter space P may or may not 

cause a variation in the specification space S by a corresponding sensitivity factor. If there is no 

perturbation in S we need not be concerned about the variation in P. Otherwise, the variation in P 

also affects the measurement data in the response space R by a corresponding sensitivity factor. 

So if there is a variation in response space R, then the variation in P can be determined from the 

measurements/responses rather than the specifications. In general, there exists a nonlinear 

mapping function for any point in P onto the specification space S denoted by f: P S. Similarly, 

there also exists a mapping from any point in P onto the response space R denoted by f: P R. 

Therefore, if the measurements are designed in such a way that any arbitrary variation in P that 

causes a variation in S also causes a variation in R, then it follows that the specification tests in S 
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can be replaced by measurements R as all process variations that affect the performance of the 

DUT can be detected by the measurements R. In this case, it follows that there exists a mapping 

f: R S that can be used to compute the valued of all the DUT’s specifications S from the 

transient or AC response measurements R.  

First, the goal is to find a deterministic or pseudo-random test stimulus input such that the 

response R of the circuit under test to the applied stimulus is sensitive to all process variations in 

P that also affect its specification space S. So, initially conventional tests are run on the DUTs 

from various fabrication runs in order to determine the nonlinear mapping functions between the 

spaces. Several papers in the literature reported the successful application of alternate test 

approach to circuits such as op-amps, filter circuits, and high-frequency RF modules while 

mentioning that response acquisition circuits in alternate testing of analog/RF modules is 

difficult and still in the development stage. 

2.4 Motivation and Contributions of this Work 

The key to success in any of the above-discussed methodologies in analog/mixed-signal 

embedded test lies in creating (Figure 2-3),  

• On-chip high quality test signal generators or stimuli generators, and  
• On-chip test response data acquisition circuits.  

Data acquisition circuits also called as feature extractors [CAHK04] are used in both direct 

measurement of circuit specifications and deriving the nonlinear mapping functions between 

various parameter spaces in the alternate test. This research work addresses two important kinds 

of these circuits, 

• Capturing a snapshot of on-chip signal’s waveform shape 
• Measuring on-chip signal strength 



 

38 

 

Figure 2-3.  Test setup and contributions of this work 

2.5 Capturing Signal’s Waveform Shape 

Increasing unity gain frequencies of today’s transistors enable circuit designers to design 

very high-speed on-chip circuitry [LS93]. To understand various signal integrity problems such 

as crosstalk, supply noise and ground bounce in these high-speed systems it is essential for a test 

engineer responsible for validating and testing the functionality of the chip to be able to look at 

the high-speed real-time behavior of on-chip signals. For example, real-time behavior of the 

signal on a Vdd line in a complex digital circuit contains information about the amount of current 

drawn from the power supply at a clock event triggering the digital gates in the circuit. The 

L(di/dt) noise details of the line can be extracted from this waveform. Similarly, shapes of clock 

signals at the start and at the end of a long on-chip interconnect can be studied to determine the 

delays in this interconnect, and degradation of rise/fall times caused by this interconnect. 
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However, preserving the shape of an on-chip waveform and exporting it off-chip without 

degrading signal quality poses an interesting challenge. 

Capturing techniques of an on-chip signal’s waveform shape can be broadly classified into 

two types, (1) off-chip techniques (2) on-chip techniques.  

2.5.1 Off-Chip Techniques 

Off-chip techniques are usually invasive where as on-chip techniques give less invasive 

time-domain information of waveforms.  

Some of the common off-chip techniques for characterizing on-chip signal integrity 

[CBS01] are 

• Low frequency probing methods 
• E-beam probing 
• S-parameter measurements 
• Time-domain reflectometry 

Probing methods: This method uses high-impedance probe tips to probe a required signal 

node on silicon directly. This eliminates the signal transmission through the package leads and 

board traces, which adds a lot of capacitive and inductive parasitics. However, in order to be 

probed on the silicon, the signal needs to be probed via a metal area where the probe tip is 

landed. This metal adds capacitance and can effect the measurement. The loading of the probes 

also effects the measurement. Effective calibration techniques need to be employed to cancel 

such effects. These drawbacks confine the measurement to few gigahertz ranges.   

E-beam probing: Measurements using E-beam probing are completely non-invasive as it 

is a contact less measurement. There are no loading effects of the measurement equipment 

involved. However, the disadvantages are it requires a very expensive measurement setup and 

requires top-level metal to carry the signal to be measured.  
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S-parameter measurements: At high frequencies, Eo and Eisenstadt [EE93] described a 

technique to determine the characteristic impedance of a transmission line including the 

conductance effect of the line and capacitance variation due to varying permittivity. The s-

parameters of the line under test are measured by a probe-tip calibration with those of an ideal 

transmission line. This technique which has been improved upon is widely used as the preferred 

way to obtain high frequency characterization of interconnects by giving the interconnect s-

parameters. 

Time-domain reflectometry: A time-domain reflectometer is similar to VNA but operates 

in the time domain. It emits a fast rise-time step signal, and measures the reflected transient 

amplitude. Again, using the reflected voltage, the impedance of the line under test can be 

extracted. In the time domain, the impedance measured represents the instantaneous impedance. 

Although this method effectively characterizes the package and PCB trace impedance, the 

crosstalk effects between on-chip interconnects cannot be characterized precisely. Comparison 

between various off-chip methods is shown in Table 2-2 [VB04]. 

Table 2-2.  Comparison between off-chip methods 

 Probing 
techniques E-beam probing S-parameter 

techniques 
Time-domain 
reflectometry 

Bandwidth <1-2GHz 10GHz 70GHz 15GHz 

Cost High Very High Very High High 

Measurements Dynamic Dynamic Impedance Dynamic 

Drawbacks 

invasive, 
loading effects 
of the probe-
tips 

requires 
availability of 
signal on top-
level metal, 
very expensive 

calibration 
needed, 
conversion of 
msmts. to time-
domain 

specific test 
patterns 
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2.5.2 On-Chip Techniques 

On-chip techniques to measure the shape or analog properties of signals rely on sampling 

techniques. The challenge here is to capture the details of a fast changing signal. A sub-sampling 

technique is most commonly used to sample an on-chip signal that is periodic or a signal that is 

made repetitive by having the IC operate in test mode rather than in its normal operation mode. 

The shape of the signal is reconstructed off-chip. In this type of sampling, high-frequency 

information of the signal is converted to low frequency that can be easily transported off-chip 

without degradation. Sampling techniques offer a less invasive time domain measurement of 

waveforms. 

The idea is to deploy on-chip samplers at various places of interest on the chip to sample 

the node information. The information captured by these can be used not only to analyze various 

signal integrity issues in a high-speed system but also to generate models for validation and 

simulations to emulate the electrical behavior of on-chip circuit elements. Some of the causes for 

unwanted effects of parasitics such as delay, crosstalk, supply and ground bounce, and the 

application of samplers to characterize them are briefly discussed here. 

Interconnect delay measurement: Transmission line is the term that is commonly used 

for today’s interconnects. An interconnect can be considered as a lumped element or a 

distributed RLGC model depending on its physical length’s relation to the wavelength 

(frequency) of the signal that it is carrying. As a rule of thumb, if the physical length of an 

interconnect is larger than one-tenth of the wavelength of the signal in the line it should be 

considered as a distributed line. When interconnect response is treated through distributed RLGC 

models, the voltage along the length of interconnect is not constant but is position and time 

dependent. The signal takes a finite time to travel across this interconnect and gets distorted 

because of the line’s lossy circuit elements (R, G) in the model. Therefore, the signal is delayed 
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and attenuated at the other end of this interconnect. Deployment of the samplers at the beginning 

and at the end of such a long interconnect will help in capturing the waveforms at these nodes 

from which the delay can be measured (Figure 2-4). 

 

Figure 2-4.  Application of samplers to measure interconnect delay 

Supply and ground bounce characterization: Simultaneous switching of gates in an IC 

at clock events causes the circuit to draw a huge amount of current from the power supply 

generating current spikes. Power supply lines are resistive and inductive in nature and so these 

current spikes cause the voltage on a power line to bounce from its ideal Vdd or ground levels. 

This noise is commonly referred to as the L(di/dt) noise in digital circuits (Figure 2-5). 

Application of samplers to measure this noise from the shape of waveform is shown in Figure 2-

6. 

Crosstalk characterization: Crosstalk happens when a signal transition on one 

interconnect effects the signal on the nearby interconnects. The former is called the aggressor 

and the later is called the victim. The coupling of energy between the aggressor and the victim as 

a result of mutual capacitance (electric field) and mutual inductance (magnetic field) provides a 

path for unwanted noise from one net to the other. 
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Figure 2-5.  L(di/dt) noise generation in circuits 

 

Figure 2-6.  Application of samplers to characterize supply and ground bounce 

 

Figure 2-7.  Application of samplers to characterize crosstalk effects 
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2.6 Measuring On-Chip Signal Strength 

Signal-strength measurement circuits play an important role in the embedded test of 

circuits. Accurate measurement of signal strengths at various locations on a wireless chip is 

almost indispensable. In addition, in mobile communication systems, knowledge of the strength 

of the received signal by the receiver is essential to monitor and control the signal levels 

transmitted by the base station. Constant monitoring of the transmitted and received signal 

strengths can help in dynamic adjustments of the power transmitted by the base station that 

reduces the power consumption. Built-in-test problem may be broken down into two aspects. 

First, the DUT must be stimulated with the help of high-speed test stimulus generators developed 

on-chip and second, the DUT’s response should be analyzed with the help of high-speed on-chip 

acquisition circuits. Signal strength detectors can be used as part of a data analyzing circuit. 

Typically two types of circuits are being used, peak detectors and rms detectors [YEF04. 

ZEF04]. A limiting amplifier based detector in this work gives an indication of amplitude of the 

envelope of the input signal in the log domain. This is useful in calibrating other test circuits, 

which ensures they work correctly, measuring signals entering the device, which ensures the 

input signal is within the desired specifications. The measurements however depend on the 

accuracy and calibration of the detector. It is desirable that the characteristics of the detector be 

less dependent on process variations and has high accuracy in the detection. Besides accuracy it 

is necessary that the detector have high bandwidth and dynamic range. 
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CHAPTER 3 
CAPTURING ON-CHIP SIGNAL WAVEFORM SHAPE 

3.1 Introduction 

Current test methodologies are challenged in testing circuits that are operated with high 

clock speeds. It should be noted that there is no guarantee that a signal at a node in the circuit 

operated in the test mode is exactly the same as it is when the chip is operated at full speed. For 

example, supply noise is not periodic on a chip during its normal operation. Autocorrelation of 

the supply noise can be used to measure the noise spectrum by treating supply noise as a random 

process [ASH05]. However, an ideal solution is to measure a full time-domain waveform during 

the chip’s at-speed operation. While realizing such a system is difficult, a novel architecture is 

proposed in this chapter that will enable sampling a signal in real time for a certain period of 

time following a triggering event. The sampled values are stored and can be exported off chip 

easily. Real-time behavior of the signal on a Vdd line in a complex digital circuit contains 

information about the variations in the current demands of a circuit from the power supply 

during a clock event triggering the digital gates in the circuit. The L(di/dt) noise details of the 

line can be extracted from this waveform. This noise is seen as voltage transients such as ringing, 

overshoots and undershoots on the signal. Effects of parasitics are more pronounced for signals 

with high frequency content. Amplitudes of these unwanted voltage transients on the supply line 

are highest during and immediately after the clock transition as the frequency content in the 

signal at the transitions is very high. The effects of the parasitics die down gradually when the 

clock signal is stabilized. In today’s microprocessor where the number of transistors is in the 

order of billions, the noise generated can be catastrophic for the functionality of the circuit. This 

problem should be properly addressed by techniques such as sufficient bypass capacitors, voltage 
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regulators etc that keep the voltage transients within the acceptable range in order to deliver as 

much performance as possible while maintaining reliable operation.  

Figure 3-1 shows the fluctuations in the power supply of a microprocessor due to large 

di/dt and IR events [MTRA04]. The fluctuations are a result of the interaction of the parasitics 

with changes in current demand. Clearly, the demands are highest at the clock events. 

 

Figure 3-1.  Microprocessor power supply line fluctuations. 

Preserving the shape of an on-chip waveform and exporting it off-chip without degrading 

signal quality is not easy.  An architecture capable of taking snapshots of signals for a certain 

length of time following a triggering event is demonstrated in this chapter. Timing issues such as 

clock skew, clock jitter and their effects on this architecture are also discussed in detail here. 

While this chapter deals with the system analysis, performance, measurement results of the 

complete architecture of a device-under-test (on-die interconnect), the next chapter deals with the 

circuit design details of individual blocks in the architecture and their stand-alone performances 

and measurement details for system characterization. 
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3.2 Proposed System Architecture 

In order to be able to capture enough details describing the signal at a node on the chip, the 

signal needs to be sampled in real-time at very high-speed. High resolution in the sample points 

is important for an effective characterization of the signal. Sampling at high-speeds requires a 

very high-speed clock. The architecture shown here in Figure 3-2, however, does not require a 

high-speed clock to provide samples of the signal with high resolution. The signals of interest 

here are triggered in the device-under-test by the clock signal and are sampled by a number of 

parallel samplers each using the same low frequency clock (Period = T). Notice that the sampling 

instants of two consecutive parallel samplers are separated by a certain delay, t to achieve the 

resolution in the sample points. This way each sampler captures new information about the 

signal. In essence, the sampling of the input signal is performed in real time unlike a sub-

sampling technique where each sample of the input periodic signal is taken in a different period. 

The parallel outputs are then extracted and the samples are interlaced with the timing information 

of the delay between the parallel samplers to reproduce the original signal. In this case,  

effective sampling rate = 
1
t

; 

length of the snapshot = (K −1)t ; 

K = number of parallel samplers; 

t = delay between sampling instants of two consecutive parallel samplers. 

Increasing the number of input samples can increase the signal to noise ratio of the 

reconstructed signal. Figure 3-5 shows a modified version of this architecture that takes more 

samples of the signal. By making the input signal repetitive and using a Vernier delay line 

(VDL) a fine adjustment of the resolution or time spacing between the samples can be achieved. 
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Also, compared to the earlier architecture, this modified version requires fewer parallel samplers 

to capture the same number of signal sample points. The delay line is used to provide two clock 

 

Figure 3-2.  System Architecture 

signals (CLK1, CLK2). The condition on the select signals for the decoder/multiplexer in the 

delay line determines the delay between the clock edges of the two signals as shown in Figure 3-

3. The minimum delay between CLK1 and CLK2 is the effective resolution (td) between signal 

samples.  
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Figure 3-3.  Vernier delay line (VDL) 

CLK1 is called the event-triggering clock and is connected to the DUT. CLK 2 is called 

the sampling clock that propagates in the parallel samplers. The sampling instants of two 

consecutive parallel samplers are separated by t. Consider, for example, that enough details of 

the shape of one period of the signal are obtained by interlacing 16 samples with a spacing of ‘td’ 

between each sample. Then, the architecture in Figure 3-2 needs 16 parallel samplers with a 

delay ‘td’ between the sampling instants of any two consecutive samplers. However, in the case 

of the modified architecture, if the minimum delay between CLK1 and CLK2 is ‘td’ then 

different delays such as td, 2td, 3td, and 4td can be achieved with a decoder/multiplexer that has 2 

control bits. Effectively, 16 sample points are obtained with just 4 parallel samplers in this case. 

In general, for this architecture, 

effective sampling rate = 
1
t ; 

length of the snapshot = (K −1)t + 2m td ; 

K = number of parallel samplers; 

t = delay between sampling instants of two consecutive parallel samplers; 
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td = minimum delay between CLK1 and CLK2; 

m = number of select bits to the decoder/multiplexer in the VDL. 

Figure 3-4 compares the sampling instants of different samples of the signal between the 

two architectures. A large number of samples is obtained from the modified architecture for 

different select conditions on the Vernier delay line. However, the input signal has to be made 

repetitive. 

 

Figure 3-4.  Comparison of sampling instants. A) First architecture. B) Modified architecture. 

Another important advantage of the modified architecture is it has less noise due to timing 

errors in the sampling instants if the Vernier delay line generates exact integral multiples of 

minimum delay (td) for different select conditions. This is explained later in the discussion about 

clock skew. 

3.3 Errors in Timing Instants of the Samplers 

This section discusses the effects on the output signal from the snapshot architecture due to 

errors/offsets in actual timing instants from ideal instants (i.e., clock skew, clock jitter) for the 
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Figure 3-5.  Modified system architecture 

parallel samplers. The occurrence of such deviations in the sampling instants gives rise to a time-

distorted output signal. Clock skew and clock jitter are two different terms that describe different 

effects on the architecture’s performance. While clock skew is defined as a constant timing offset 

in the sampling edge of the clock from the ideal sampling edge, clock jitter is a random 
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distribution of the sampling edge around the actual sampling edge of the clock (Figure 3-6). 

Therefore, clock skew is deterministic and clock jitter is random. While clock jitter error in 

sampling instant gives rise to an increased noise floor, constant clock skew error gives rise to 

unwanted spectral lines in the output spectrum. However, both effects add noise in the spectrum 

and degrade signal to noise ratio of the output signal. 

 

Figure 3-6.  Clock skew and clock jitter 

3.3.1 Effects of Random Clock Jitter 

Consider an input sinusoidal signal Vin (t) = Ao sin(2πfot). When this signal is sampled by a 

jitter-free clock of frequency fs  (period = Ts ), then the output time discrete samples are given by  

Vout [n] = Ao sin(2πf onTs) .        (3-1) 

Now, assuming a random variable for jitter ( t j ) that follows a Gaussian distribution 

N(0,σ j
2) , the actual sampling instant occurs at t = nTs + t j  and the actual output time discrete 

samples are given by Vout[n] = Ao sin(2πfo(nTs + t j )). 

Therefore, Vout[n] = Ao sin(2πfonTs)cos(2πfot j ) + Ao cos(2πfonTs)sin(2πfot j ), 
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If random jitter variable t j  is assumed to be much less than Ts , then 

Vout[n] = Ao sin(2πfonTs) + Ao2πfot j cos(2πfonTs) .      (3-2) 

In Equation 3-2 the jitter term is separated from the signal term. Therefore, from Equations 

3-1 and 3-2, voltage error due to jitter is given by, 

 
V j[n] = Ao2πfot j cos(2πfonTs)

V j[n] =
dVin (t)

dt t= nTs

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ t j

 

This implies that timing error due to jitter would cause large sample error at fast transitions 

of the input signal. The noise power value due to jitter is given by, 

Pj = V 2
j−RMS[n] =

Ao2πfo

2
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

2

σ j
2

= 2π 2 fo
2Ao

2σ j
2

       (3-3) 

This noise power due to jitter is seen as the noise floor in the output spectrum. The 

architecture in this discussion has been modeled behaviorally in MATLAB and the simulation 

results of the output spectrum without and with jitter (MATLAB function: 

normrnd(mean,variance,rows,columns)) are shown in Figure 3-7. Noise floor seen here is the 

effect of random Gaussian jitter in the clock signal for the samplers. Here in the simulation, 8 

parallel samplers are considered and for now clock skew in the delays between parallel samplers 

is assumed to be zero. Hence there are spectral lines only at the input signal frequency. Input 

signal frequency is 25Hz and sampling frequency is 100Hz. 

3.3.2 Effects of Deterministic Clock Skew 

Presence of clock skew, a constant offset in the sampling instant from its ideal sampling 

instant, causes unwanted noise represented as spectral lines in the spectrum of the output 

sampled signal. The following discussion analyses the architecture with and without a Vernier 

delay line. The number of noise spectral lines in the output spectrum is less for the modified 
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A 

B 

Figure 3-7.  MATLAB simulations for jitter. A) Jitter-free sampling. B) Sampling with jitter 

architecture using a Vernier delay line. A mathematical expression is derived to prove this effect 

of the Vernier delay line on the system’s performance. The mathematical observations are then 

verified with modeling and simulating the architecture including clock skew and jitter effects in 

MATLAB. As sinusoidal signals play an important role in signal analysis, the following analysis 

is discussed for a sinusoidal input signal Vin(t) = Ao sin(2πfot). 
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Consider the arrangement of parallel samplers as shown in the Figure 3-8. The total 

number of samplers considered is K and a buffer from its previous sampler delays the sampling 

clock to a sampler by a delay ‘t’. Without the loss of generality, we assume the timing reference 

as zero at the input of the 1st buffer (buffer 0). 

Case i: If the delays of all the buffers are perfectly matched and equal to ‘t’ as shown, then 

the first sample point from the first sampler (O0) is at time ‘t’ with respect to reference time, the 

first sample point from the second sampler (O1) is at time ‘2t’ with respect to reference time and 

so on. Finally, when all the samples are interlaced, the output signal is as shown in the Figure 3-

9. 

 

Figure 3-8.  Parallel samplers with buffers 
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Figure 3-9.  Output signal from uniformly sampled signal 

This corresponds to uniform sampling of the input signal at a sampling rate equal to 
1
t  or 

sampling period equal to t. The spectrum of such an output signal is given by the well-known 

spectrum representation [PL76], 

Xout (ω) =
1
t

X ω − k 2π
Kt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

k=−∞

∞

∑
where,
X(ω) = 2πδ(ω −ω0)

        (3-4) 

It is seen that Xout (ω) is periodic in ω with period 2π. Spectral lines in the output spectrum 

are at ω=ω0. There are no other noise spectral lines as the signal is uniformly sampled with zero 

skew between samplers. 

Case ii: If the delays of the buffers are not matched, the output signal is a result of what is 

called the non-uniform sampling. In the presence of constant skew for each buffer but different 

from other buffers, we can assume the following for the sampling instants of the samplers. 

Unlike case i, where the final interlaced samples are at times t, 2t, 3t … with respect to the 

reference time, we can assume the samples in this case to be at times t0, t1, t2, … with respect to 
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the reference time. Finally, when all the samplers are interlaced, the output signal is as shown in 

the Figure 3-10. The digital spectrum of such a non-uniformly sampled signal has been derived 

in [Jen88], and is given by 

Xout (ω) =
1
t

1
K

e
− j ω−k 2π

Kt
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    (3-5) 

 

For the case of sinusoidal input, X (ω)=2πδ(ω-ω0) the above equation can be written as 

Xout (ω) =
1
t

A(k)( )2πδ ω −ω0 − k 2π
Kt
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      (3-6) 

 

Figure 3-10.  Output signal of a non-uniformly sampled signal 

Here, A (k) is periodic on k with period K, hence the spectrum Xout(ω) is periodic on ω 

with period equal to ωs (sampling frequency). Clearly, one period of the spectrum has noise 
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spectral lines at frequencies equal to ± f0 +
k
K

fs,k =1,2,3... (Figure 3-11). These noise spectral 

lines are due to the clock skews in the buffers between the samplers and degrade the signal to 

noise ratio (SNR) as input frequency increases. 

 

Figure 3-11.  Spectrum of a non-uniformly sampled signal 

Case iii: This case describes about the analysis of the improved architecture using VDL to 

generate fine resolution between samples. If the delay line has ‘m’ control bits, it can generate 

p=2m cases of delays between CLK1 (event triggering clock) and CLK2 (sampling clock). When 

all the samples from this architecture are interlaced, the output signal is as shown in the Figure 3-

12. Figure 3-12(A) shows the samples from the architecture in an ideal case where all the delays 

of the buffers between samplers are matched (t) and Figure 3-12(B) shows the case when the 

delays are irregular between the samplers due to clock skew. Assume that the VDL generates 

exact integral multiples of minimum delay between the two clock edges for different conditions 

on the select signals for the multiplexer. A delay locked loop based Vernier delay line is 

discussed in the next chapter that achieves this assumption. Then, all the samples in the output 

signal that are obtained from the 1st sampler have to be interlaced with the same offset from their 

ideal sampling instants and the samples from 2nd sampler have to be interlaced with the same 

offset from their ideal sampling instants and so on. Thus, let ‘n’ sets of samples are obtained with 
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each set having p=2m samples that are off from their ideal sampling instants by the same amount. 

Here, ‘m’ is the number of control bits to the delay line. 

 

Figure 3-12.  Same ‘t’ between samplers - ideal case and irregular ‘t’ between samplers 

Considering this effect of the Vernier delay line in Equation 3-5, we can derive the 

following for a sinusoidal input whose spectrum is given by X (ω)=2πδ(ω-ω0). For complete 

derivation of (3-7), refer to appendix a. 
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            (3-7) 

where ti, i = 0,1,2,..,(n-1) are the offsets for each one of the ‘n’ sets of samples. 
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Again, the spectrum Xout(ω) in Equation 3-7 is periodic on ω with period equal to ωs 

(sampling frequency). Clearly, one period of the spectrum has noise spectral lines at frequencies 

equal to ± f0 +
k
K

fs,k =1,2,3.... These noise spectral lines are due to the clock skews in the buffers 

between the samplers and degrade the signal to noise ratio (SNR) as input frequency increases. 

Additionally, the summation terms e− jω0ti td e
− jk 2π

np
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⎝ 
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⎠ 
⎟ m

m= ip

( i+1)p−1

∑
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⎞ 

⎠ 
⎟ 
⎟ 
 in Equation 3-7 become zero 

when k is an integral multiple of n. This implies that in this architecture, noise spectral lines due 

to clock skew effects at these values of k become zero (Figure 3-13). Therefore, the snapshot 

architecture with Vernier delay line has (p-1) less noise spectral lines and increased SNR in the 

reconstructed signal when compared to case ii.  

 

Figure 3-13.  Reduction of noise spectral lines with an ideal VDL in the architecture 

3.4 Modeling and Simulating in MATLAB 

Modeling and simulating the architectures in MATLAB has been done to verify the 

observations and mathematical derivations described earlier. The effects of clock jitter and clock 

skew are included in the timing instants generator in the model. In this model 8 parallel samplers 

are considered. Input signal frequency is 25Hz and sampling frequency is 100Hz. The noise floor 
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is due to random Gaussian jitter. Reduction in the number of noise spectral lines can be seen by 

the architecture using ideal Vernier delay line. 

Case i: Simulation of architecture without VDL. Observation: Total number of spectral 

lines [0,fs/2] = 8; 1 signal and 7 noise 

Case ii: Simulation of modified version; n = 4, p = 2. Observation: number of spectral 

lines [0,fs/2] = 7; 1 signal and 6 noise; (p-1) = 1 less from Case i. 

Case iii: Simulation of modified version; n = 2, p = 4. Observation: number of spectral 

lines [0,fs/2] = 5; 1 signal and 4 noise; (p-1) = 3 less from Case i. 

 
 

Figure 3-14.  Spectrum of output signal 

 

Figure 3-15.  Spectrum of output signal (n=4, p=2) 
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Figure 3-16.  Spectrum of output signal (n=2, p=4) 

3.5 Measurement Results 

This section describes about the measurement results from the prototype of the snapshot 

architecture designed in AMI 0.5um process with a 5V power supply. Full system occupies an 

area of 0.329 mm2 excluding bond pads and ESD devices. Figure 3-17 shows the boards and the 

measurement apparatus. 

 

Figure 3-17.  Measurement board and setup 

The goal of this architecture is to be able to reproduce the shape of an on-chip signal 

waveform off-chip. Figure 4-18 shows the measurement strategy. In the layout, a 8mm long 

interconnect in this 3-metal layer process is considered as the device-under-test (DUT). The 
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clock signal degradation after transmission through this long interconnect is reproduced by the 

snapshot architecture. The loading of the measurement circuit at the end of the interconnect was 

not a problem as the input capacitance of the circuit was a lot lower than the capacitance of the 

8mm long interconnect. The samples obtained from the parallel architecture are interlaced based 

on the timing information obtained by characterizing each sub-block used in the architecture. 

These characterization results are shown in the next chapter when the design of each sub block is 

considered individually. After interlacing the samples, the shape of the signal reproduced from 

the measurement circuit is then compared with the shape displayed on a real-time oscilloscope 

using a high-impedance probing method. 

 

Figure 3-18.  Strategy of waveform comparison (DUT – 8mm long interconenct) 

Figure 3-19 (A) shows the clock signal at the end of the DUT captured on a real-time 

oscilloscope with a high-impedance probe. The part of the signal of interest here is enlarged in 

Figure 3-19 (B). The length of the signal of interest here is approximately 15ns, which was 

compared to the signal obtained from the measurement circuit. 
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Figure 3-19.  Clock signal at the end of DUT. A) From a real time oscilloscope. B) Part of signal 
zoomed for comparison. 

Figure 3-20 shows this signal reproduced by the samples from the architecture. The total 

number of samples is 40 for a length of approximately 15ns of the signal. These sample values 

are an average of a large number of measurements. Finally, Figure 3-21 compares the signals 

obtained from the measurement circuit and the oscilloscope on a same graph. 

 

Figure 3-20.  Signal reproduced by the snapshot architecture 



 

65 

 

Figure 3-21.  Waveform comparison between measurement circuit and oscilloscope 

It can be seen from the Figure 3-21 that the shape of the on-chip signal has been closely 

reproduced from the samples obtained by the parallel samplers in the architecture. The difference 

between the shapes obtained from the real-time oscilloscope and the snapshot architecture is due 

to the inability of the samplers to sample signal levels that are beyond the provided supply 

voltage. This can be verified by slowing the rise-time of the clock signal so that the overshoots 

due to on-chip inductive effects are suppressed. However, the problem is that the on-chip buffers 

providing the clock signal to the DUT (8mm interconnect) reshape the clock signal and rebuild 

the rise-time. Therefore, instead of slowing down the rise-time of the input clock signal, external 

sinusoidal signal is given as input to sample for the spare architecture. This bypasses the DUT in 

the system and the goal here is to see the performance of the architecture in reproducing signals 

that extend beyond the supply. Figure 3-22 (A) shows the sinusoidal signal of frequency 15MHz. 

Snapshot window of approximately 15ns is plotted from the 10 parallel samplers. It is observed 

that for a signal extending beyond supply voltage, the samplers maxed out in their held voltages 
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and cannot track the input signal. In this case, the supply voltage is 5V. The parallel line in the 

figure shows the maximum voltage from the samplers. On the other hand, for signals that are 

below Vdd, the reproduced signal is a close match to the input signal (Figure 3-22 (B)). This 

inability of the samplers to sample reliably the voltages that extend beyond supply voltage is 

addressed in the next chapter and an improved switch based on bootstrapping techniques is 

proposed. The results from the switch are discussed there. 

A 

B 

Figure 3-22.  System performance. A) For signals beyond Vdd (=5V). B) For signals below Vdd 
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Table 3-1 compares various on-chip measurement circuits to capture on-chip signal details 

in the available literature with this architecture. 

Table 3-1.  Comparison of On-chip measurement circuits 
This Work Reference [HAMWMH98] [TMN02] Prototype Simulations

Process 0.25um 0.13um 0.5um 65nm 

Sampling 
Technique Sub-sampling Sub-sampling

Real time 
or Sub-
sampling 

Real time 
or Sub-
sampling 

Design 
Complexity Simple Complex Simple Moderate 

Sampling Rate 35GHz 100GHz 4GHz 70GHz 

Target 
Measurement 

High-Speed 
signals 

Substrate 
noise 

High-
Speed 
signals 

High-Speed 
Signals 

Input Range Full Swing Beyond 
Supply 

Full 
Swing 

Beyond 
Supply 

 

In summary, the architectures discussed in this chapter can be used as on-chip 

measurement circuits. They have been verified behaviorally in MATLAB and the system 

performance is demonstrated for a device-under-test (8mm long interconnect). The degradation 

of a signal transmitted along the DUT is reproduced by the architecture and compared with the 

measurement from a real time oscilloscope. The next chapter presents the circuit designs and 

measurement results of individual blocks in the architecture. The characterization of timing 

information of these sub-blocks is essential for reconstructing the signal from the input signal 

samples obtained by the snapshot architecture. 
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CHAPTER 4 
DELAY GENERATORS AND HIGH-SPEED SAMPLERS 

4.1 Introduction 

This chapter details the circuit design issues of the sub-blocks used in the architectures 

proposed in Chapter 3 for capturing snapshots of events on the die. The discussion here mainly 

deals with the design of on-chip samplers, delay generators between parallel samplers, the design 

of a Vernier delay line for precise skew generation between the event triggering clock for the 

device-under-test and the sampling clock used in the architectures. The prototype demonstrated 

in the previous chapter used the AMI 0.5um process technology with a power supply voltage of 

5V. As previously discussed, jitter and clock skew in the sampling clock signal gives rise to a 

proportional amount of noise in the output spectrum. Gaussian random jitter increases the noise 

floor and constant clock skews inject noise spectral powers in the output spectrum along with the 

signal power thus reducing the overall signal to noise ratio of the snapshot architecture. These 

jitter and clock skew tolerances of the architecture become very stringent and important in deep 

sub-micron processes. Therefore, the design of these circuits in state-of-the-art processes 

involves the implementation of more robust design techniques.  

While measurements are made on the delay elements in AMI 0.5um process designed for 

the prototype, circuit design and simulation results of a delay-locked loop based Vernier delay 

line and delay chain are presented for a TI 65nm process with a 1.2V power supply. Also, 

master-slave type samplers are built and measured in AMI 0.5um process. These circuits are 

used as sampling switches in oscilloscope architectures. However, unless an elaborate calibration 

method is used, conventional transistor sampling switches cannot be used in testing circuits in 

today’s low Vdd designs because such switches do not offer constant conductance in the entire 

signal range. Also, in low Vdd processes, such switches do not conduct for certain voltages in 
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the signal range. These problems with the conventional sampling switches can be eliminated by 

using bootstrapping techniques. An improved bootstrap switch that can reliably sample signals 

beyond the supply voltage is designed in IBM7WL 0.18um process with a 1.8V power supply 

and TI 65nm process with a 1.2V power supply. This chapter also reviews the sub-sampling 

technique commonly used in on-die oscilloscopes and used to validate the performance of switch 

circuits. 

4.2 Delay Generators and Vernier Delay Line 

A simple delay element is a buffer consisting of two CMOS inverters as shown in the 

Figure 4-1. However, this delay element does not provide any controllability on the delay of the 

circuit after fabrication.  

 

Figure 4-1.  Simple delay cell 

The current starved inverter style delay element shown in Figure 4-2 on the other hand 

provides the user with the capability to adjust the delay of the circuit [LCMK94]. This is most 

essential in achieving desired timing between two nodes in a circuit.  
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Figure 4-2.  Current starved delay cell 

Control of the delay is provided through current starving by transistors N3 and N5. 

Transistors N4 and N6 act as weak shunt devices that limit the delay when the control voltage for 

N3 and N5 is below the threshold voltage. Proper sizing of transistors is essential to make sure 

the rise times and fall times of the transitions at the output are approximately equal. Figure 4-3 

shows the delay versus control voltage in AMI 0.5um process with a 5V power supply. 

 

Figure 4-3.  Delay versus control voltage (AMI 0.5um process – Vdd = 5V) 
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 In the architecture discussed in Chapter 3 for taking snapshots of events on a die following 

a triggering event, two clocks need to be generated: an event triggering clock and a sampling 

clock that propagates across the parallel samplers. The time delay between the transition edges of 

these two samplers can be generated by a Vernier delay line [DSH00]. This time delay is related 

to the resolution of the information captured by the architecture. As shown in the Figure 4-4, a 

decoder/multiplexer can be used to adjust this time delay in multiples of the minimum delay 

equal to (tp1-tp2).  

 
Figure 4-4.  Vernier delay line. A) System. B) Current starved inverters in the top delay chain 

(buffer delay = tp1). C) NOR gate based inverters in the bottom delay chain (tp2) 
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Table 4-1.  Separation between CLK1 and CLK2 edges for select signals 

A0 A1 Separation between 
clk1 and clk2 edges 

0 0 (tp1-tp2) 
0 Vdd 2(tp1-tp2) 

Vdd 0 3(tp1-tp2) 
Vdd Vdd 4(tp1-tp2) 

 

4.2.1 Measurement Results 

Vernier delay line discussed in the previous section has been designed in AMI 0.5um 

process with a 5V supply for the snapshot architecture discussed in the previous chapter. The 

timing delay information of each block used in the architecture is very important for accurate 

interlacing of the samples obtained from the parallel samplers. Different sub-blocks of the 

architecture are designed and laid out as stand-alone circuits for evaluating the performance in 

the overall system design. The layout in Figure 4-5 is repeated from previous chapter here. It 

highlights the stand-alone circuits used for the characterization of the system. The following 

measurements are performed for an input full-swing (0-Vdd) clock signal of frequency 10MHz. 

 
Figure 4-5.  Layout of sub-blocks in the system 
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Table 4-2 shows the measured separation between the two clock edges for different control 

signals in the multiplexer. Figure 4-6 shows the measurements from a real-time oscilloscope. 

Table 4-2.  Measurements of Vernier delay line (average time separation = 397ps) 

A0 A1 
Measured 

separation between 
clk1 and clk2 edges 

0 0 375ps 
0 Vdd 770ps 

Vdd 0 1193ps 
Vdd Vdd 1591ps 

 

 
 
Figure 4-6.  Average time separation increments of 397ps between clock1 and clock2 
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Skew-less clock signals are important for the master-slave type sampling switches in the 

samplers. This is important so that the charge is not inadvertently lost. The trick to obtain skew-

less design is described here. Figure 4-7 shows the circuit consisting of CMOS inverters. 

 

Figure 4-7.  Skew-less clock generator 

To provide skew-less clock generation, it is important that devices are sized such that the 

sum of pull-up delays in path 1 is equal to the sum of pull-up delays in path 2. Similarly, pull-

down delays in path 1 must be equal to pull-down delays in path 2. Such a design is made in 

AMI 0.5um process for use in the architecture. Table 4-3 shows the measured crossover points 

for clock and inverted clock for an input full swing clock signals of frequencies 1MHz and 

10MHz. 

Table 4-3.  Measured crossover voltage values 

Input clock frequency Measured cross-over 
voltage Ideal cross-over voltage 

1MHz 2.43V 2.5V 
10MHz 2.33V 2.5V 

 
4.2.2 Delay Locked Loop Based Vernier Delay Line in 65nm 

As discussed in Chapter 3, jitter and clock skew causes non-uniform sampling of the input 

signal. This results in a proportional amount of noise in the output spectrum. Gaussian random 

jitter increases the noise floor and constant clock skews inject noise spectral powers in the output 
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spectrum along with the signal power, thus reducing the overall signal to noise ratio of the 

snapshot architecture. These jitter and clock skew tolerances of the architecture become very 

 

Figure 4-8.  Measurements of a skew-less clock generator on a real-time oscilloscope 

stringent and important in deep sub-micron processes. Therefore, the design of these circuits in 

the state-of-the-art process involves the implementation of more robust design techniques. 

Besides the timing errors in the parallel samplers, the timing errors from the Vernier delay line 

propagate into the parallel sampling system. We have already seen from the mathematical 

derivation that the number of noise spectral lines in the output signal spectrum can be reduced if 

the delay line generates precise integral multiples of minimum delay (tp1-tp2) between the event 

triggering clock (CLK1) and the sampling clock (CLK2) for different conditions on the select 

signals to the multiplexer. Therefore, it is necessary to be able to generate the clock signals that 

are stable against temperature and process variations. 

Multiple phases of clocks with low jitter can be generated by using a delay locked loop 

(DLL). DLL design takes a considerably long design time. For this work, the most commonly 

used and previously reported [MH93, Man96] DLL circuit is designed in a 65nm process. This 
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section shows the simulation results of a delay locked loop based Vernier delay line. The basic 

blocks of a DLL are shown in Figure 4-9. 

 
Figure 4-9.  Delay locked loop 

The phase of the reference clock is compared to the phase of the output clock from the 

voltage-controlled delay line. Any phase error between the two clock signals is detected in the 

phase-frequency detector (PFD) and generates an appropriate voltage on the loop filter via a 

charge pump circuit. This voltage on the loop filter adjusts the delay in each stage of the voltage 

controlled delay line until the phase error between the reference clock and output clock is zero. 

The negative feedback in the loop reduces the phase error gradually to zero. When the phase of 

the output clock from delay line is aligned with the phase of the reference clock, the DLL has 

achieved its locked state. At this point, the different outputs of the voltage controlled delay lines 

have stable clock signals with equal phase shifts between them. For a reference clock period 

equal to T, the delay in each stage of the VCDL in an N-stage delay line is given by T/N in the 

locked state. 

In order to generate two clock signals, two delay locked loops can be used as shown in 

Figure 4-10. The number of stages in each delay locked loop is different. Assume that DLL 1 has 
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N stages in its voltage controlled delay line and DLL 2 has M stages in its voltage controlled 

delay line. When the DLLs are in locked state, the delay from each stage in DLL 1 is equal to 

T/N and delay from each stage in DLL 2 is equal to T/M. 

 

Figure 4-10.  Delay locked loop based Vernier delay line 

Therefore, the time delay between the event-triggering clock and sampling clock is given 

by (T/N-T/M). Simulations have been performed on such a Vernier delay line with DLL 1 

having 14 stages and DLL 2 having 16 stages. Simulation results for an input clock signal of 

frequency 625MHz show a minimum separation of 14.3ps as shown in Figure 4-11. Figure 4-

11(A) shows the control voltage of the DLL and the CLK1 and CLK2. Figure 4-11(B) zooms the 

time difference between them. 

4.3 High-Speed Samplers 

The following subsection briefly reviews the sub-sampling technique commonly used in 

sampling oscilloscopes and testing sampling switches. Designs of high-speed samplers to 

reliably sample signals that extend beyond supply are discussed following this subsection. 
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4.3.1 The Sub-Sampling Technique 

Exporting on-chip high-speed signals off-chip without degrading the signal quality poses 

an interesting challenge in today’s design environments. Measuring high-speed waveforms is 

A 

B 

Figure 4-11.  Simulations of DLL based VDL. A) Vctrl, CLK1, and CLK2 signals. B) Time 
separation between CLK1 and CLK2 
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made possible by the use of sub-sampling technique [LS93, HAMWMH98, TMN02, CBS01]. 

This technique relies on the concept that any periodic signal can be reconstructed from samples 

of the signal sampled once in every period, but at different time instants with respect to previous 

periods. Figure 4-12 shows time domain description of the sub-sampling technique. 

If the signal to be measured is periodic with period T then let the period of the sampling 

clock be (T + Δt) where Δt is a small fraction of T. Thus, every sample of the signal sampled by 

the clock in the next period is delayed so that each sample has new information about the 

original signal. If n cycles of sampling clock are required to sample the information contained in 

one period of the input signal, then the time period of the resulting sampled signal is, n(T + Δt), 

where n = T
Δt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ .  

Therefore, the period of the sampled signal = T
Δt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ (T + Δt).  

This implies that the frequency of the sampled signal = 1
T
Δt

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ (T + Δt)

=
Δt

T(T + Δt)
, which is 

exactly the beat frequency of the input signal and the sampling clock = 1
T

−
1

T + Δt
⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ . Therefore, 

fout = finput − fsamplingclock .  

The sub-sampling technique provides a magnification in the time domain and a reduction 

in frequency of the output signal. This helps to export information stored in the samples easily 

off-chip with a low cost test equipment without degrading the signal quality. Low frequency 

circuits or software can be used for analyzing the information of the signal from the stored 

samples. 
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Figure 4-12.  Sub-sampling technique in time-domain 

4.3.2 Master-Slave Type Sampling Switches 

Figure 4-13 shows the master-slave type sample-and-hold switches commonly used in sub-

sampling oscilloscopes [HAMWMH98]. Dummy transistors are inserted to reduce the channel 

charge injection and clock feed-through. Assuming that exactly half of the channel charge is 

injected onto the hold capacitor at the output of the sampling switch when it is turned off, the 

dummy transistor is designed to be half the size of the sampling transistor [Raz01]. A separate 

non-overlapping clock generator is used to generate the clock phases phi1, phi2 and their 

complementary signals. It is essential to have non-overlapping clocks in order to guarantee 

charge is not inadvertently lost.  
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Figure 4-13.  Master-Slave type Sample-and-Hold circuitt 

However, the problem with this type of sample-and-hold circuit is that the sampling 

transistor’s conductance is not constant over the entire supply range. Figure 4-14(A) shows the 

variation of the resistance of NMOS and PMOS transistors with supply voltage. Figure 4-14(A) 

also shows the resistance variation of a transmission gate. Though transmission gates appear to 

have constant resistance for a certain signal range and can potentially replace the MOS 

transistors in the switch circuits, they have a non-conducting region in low-Vdd technologies. 

The threshold voltages of the devices have not scaled down at the same rate as the supply voltage 

because low threshold voltage devices are susceptible to more leakage problems. In technologies 

where Vdd is less than the sum of the threshold voltages, a transmission gate has a region of non-

conductance as shown in Figure 4-14(B).  

For accurate measurements, switches with constant impedance over the entire signal range 

and that can be operated in low-Vdd technologies are needed. The second-generation sampling 

switches designed here use TI 65nm technology with a 1.2V power supply. For the reasons 

described above, alternate design techniques had to be used for reliable signal measurements. 
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4.3.3 Low-Voltage Bootstrapped Switches 

Problems with the conventional sample-and-hold switches discussed previously can be 

eliminated with the use of bootstrapped switches [Ste99, AG99, DK01]. Figure 4-15 describes 

 

Figure 4-14.  Resistance variation of NMOS, PMOS, and a TG. A) Vdd > |Vtn| + |Vtp|. B) Vdd < 
|Vtn| + |Vtp|. 

the bootstrapping concept that helps in keeping the gate-to-source voltage of the sampling switch 

constant when the switch is conducting. The on-resistance of the switch is given by, 

Ron =
1

μ ∗ Cox ∗
W
L

Vgs − Vth( )
       (4-1) 

If the variation in threshold voltage due to bulk effect is neglected then Ron of a 

bootstrapped switch is nearly constant. The operation of a bootstrapped switch is described here. 

During the off state (phibar), the sampling switch is cut off by connecting its gate to ground 

while the capacitor (Cb) is pre-charged to approximately Vdd in this off state. During the on state 

(phi), the signal to be measured is applied to the sampling switch and the gate voltage is boosted 
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by the capacitor (Cb) to approximately (Vdd + Vin). This implies, Vgs = Vg-Vs = (Vdd + Vin) – Vin 

= Vdd 

 

Figure 4-15.  Conceptual diagram for bootstrapping technique 

Certain node voltages in the bootstrapped switch exceed the supply voltage. Care should 

be taken while designing such switches so that the device reliability rules are not violated 

[AG99]. The limitations on the terminal voltages set by the device breakdown mechanisms in an 

MOS transistor are briefly described here.  

Oxide breakdown sets a limit on the Vgs and Vgd that can be applied to a transistor for 

reliable operation. Hot electron effects limit the Vgs and Vds that can be applied. Gate-induced 

drain leakage currents also limit the voltage that can be applied across the gate oxide. Finally, 

punch-through determines the Vds that can be applied when the device is off. A more detailed 

discussion of the breakdown mechanisms can be found in [AG99, MH90, Hu94]. For reliable 

operation, the terminal voltages in a MOS transistor with respect to each other should not exceed 

the Vdd provided by the technology [(Vgs, Vgd, Vds) < Vdd]. The absolute terminal voltages, 

however, can be larger than Vdd. 
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Constraints for different voltages in an MOS transistor [AG99]: 

Oxide breakdown: Vox < Ebd ∗ tox  

Gate-Induced drain leakage: Vgd < Egidl ∗ tox + 1.2V − VFB  

Hot electron effects: 
Vds < Vdsat(L) + Ec ∗ (l2 + lLDD)

l2 = 0.2tox
1

3 Xj
1

2
 

Punch-through mechanism: Vds < Vp ∝
NsubL3

Xj + 3tox
 

where, tox is thickness of gate oxide, Ebd is typically 5mV/cm, Egidl is the electric field in 

the oxide that induces GIDL currents, VFB is transistor’s flat-band voltage, Xj is the drain/source 

junction depth, lLDD is the effective length of the lightly doped drain. 

4.3.3 Improved Bootstrapped Switch 

Figure 4-16 shows the conventional bootstrap switch. Transistor N1 performs the actual 

sampling and the rest of the circuit is used to boost the gate voltage of N1 to keep its gate to 

source voltage constant and to keep the relative terminal voltages of the transistors small enough 

for reliable operation. However, the circuit described in Figure 4-16 cannot be used for sampling 

input voltages larger than the supply voltage. During the on state (phi) input voltage is applied to 

the drain of the PMOS transistor P2. If this input voltage is larger than the bulk potential of P2 

(equal to Vdd in this design) it can forward bias the p-n diode at the junction between the 

source/drain and the well of the transistor P2 [AASM05]. Such a forward bias could damage the 

circuit permanently. This problem can be avoided by exploiting the ability to connect the well 

potential of a PMOS to any appropriate voltage in an n-well process. A voltage larger than Vdd 

has to be generated on the chip to which the bulk of this PMOS (P2) can be connected. 

A charge pump circuit shown in Figure 4-17 can be used to achieve this requirement. The 

operation of this circuit can be explained as follows. When phibar changes from low to high 
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Figure 4-16.  Conventional bootstrap switch 

 (0 Vdd), node A changes from 0 Vdd. This turns on the transistor whose gate is connected to 

node A pulling node B to approximately (Vdd-Vt). When phibar changes from high to low 

(Vdd 0) and phi from low to high (0 Vdd), node B is boosted from (Vdd-Vt) to (2Vdd-Vt). 

This in turn pulls node A to Vdd. In the next iteration, node A boosted to 2Vdd and node B is 

pulled to Vdd. From here on, nodes A and B switch between Vdd and 2Vdd. 

The improved Bootstrapped circuit is shown in Figure 4-18. A separate charge pump is 

used to generate a voltage 2Vdd when the main switch is on. In this circuit, the bulk of PMOS 

transistor P2 switches between 2Vdd and Vdd when the sampling switch is on and off 

respectively. This avoids the forward biasing of the p-n diode for input voltages larger than 

supply and the switch can be used reliably for sampling signals beyond Vdd. The inset in this 

figure shows how this switch will be represented in the rest of this chapter. A separate non-

overlapping clock generator generates the clock signals phi and phibar in the circuit. In this 
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circuit the source/drain to well potential of P2 can reach a voltage as high as 2Vdd depending on 

the input signal of the switch. However, the reverse breakdown voltage of this p/n junction in 

modern technologies is much larger than the supply voltage [FSR06].  

 

Figure 4-17.  Charge-pump circuit 

 

Figure 4-18.  Improved bootstrap switch 
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Figure 4-19 shows the transient plot of Vgs of the main transistor (N1) in the improved 

switch. From the figure, it can be seen that when the switch is on (phi) Vgs is nearly constant 

irrespective of input signal. Figure 4-20 shows the transient plot of the bulk voltage of the PMOS 

transistor (P2). The bulk voltage of this PMOS switches between Vdd and 2Vdd depending on 

whether the switch is off and on, respectively. Simulation results showing the complete switch 

behavior are shown in Figure 4-21. The plot shows the clock signal (phi), boosted gate voltage of 

N1, input sinusoidal signal and the output signal. The switch transistor N1 together with the load 

capacitance will form an RC circuit. The sampler’s front end RC bandwidth of N1 and load 

capacitance is ~ 6 Ghz. 

 
Figure 4-19.  Clock (phi) and Vgs of the main switch transistor (N1) 
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Figure 4-20.  Clock (phi) and the bulk voltage of the PMOS transistor (P2) 

 
Figure 4-21.  Simulated proposed bootstrap switch behavior (Clock (phi), gate voltage (Vg) of 

N1, input and output signals) 
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4.3.4 Measurement Results 

In this work, different switch circuits have been designed using IBM7WL 180nm 

technology with 1.8V power supply. Figure 4-22 shows the boards with the circuits. The chips 

on the boards also contain high-speed I/O drivers designed to create test signals for the 

characterization of the package. Switching of these drivers generates ground bounce and power 

supply fluctuations. Samplers are deployed at various places on the chip to measure these critical 

signals. These samplers not only help measuring signals but also help in debugging a packaged 

chip for functionality where the internal nodes are inaccessible for probing. Figure 4-23 shows 

the chip microphotograph.  

 

Figure 4-22.  Board with the conventional sample-and-hold circuit 

 

Figure 4-23.  Chip microphotograph 
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Figure 4-24 shows the layout of the entire chip. A stand-alone sampler is used for 

calibration purposes. Measurement results from this stand-alone sampler are explained here. 

Measurements have been recorded for an input sinusoidal signal of frequency 155MHz and a 

sampling clock frequency of 150MHz. Therefore, the output signal from the sampling switches 

should be a 5MHz signal corresponding to the beat frequency of the input signal and the 

sampling clock (Figure 4-25). 

 

Figure 4-24.  Layout of the chip (IBM7WL 0.18um process) 

 

Figure 4-25.  Output sub-sampled signal (frequency = 5MHz) 
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The frequency spectrum of the output signal captured on a spectrum analyzer for a 

different measurement condition is shown in the Figure 4-26. For an input 110 MHz sinusoidal 

signal and 100 MHz sampling clock, the highest frequency component is at 10MHz 

corresponding to the output signal. The second highest peak is approximately 24.76dB lower 

than the peak at 10MHz. This number is the figure of merit for the nonlinearity of the circuit. 

 
Figure 4-26.  Frequency spectrum of the output signal 

Another set of measurements has been recorded for an input clock signal of frequency 

208MHz and a sampling clock of frequency 200MHz. The waveforms are captured using an 

external oscilloscope. Figure 4-27(a) shows the signals from the sampler in time domain. The 

frequency of the output signal from the external oscilloscope is observed to be 7.67MHz, which 

is approximately the beat frequency between the input and the sampling clock. Figure 4-27(b) 

shows the switching of the I/O drivers.  

In summary, this chapter presented the circuit designs of the sub-blocks in the snapshot 

architecture. The prototype circuits are fabricated in a 0.5um process with a 5V power supply. In 
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order for this system to be fabricated in a state of the art CMOS process, more robust design 

techniques have to be employed for better performance. Such circuit design suggestions are also 

made in this chapter. The next chapter presents another important on-chip test circuit, a signal 

strength measurement circuit that can be used as a signal feature extractor in embedded test.  

A 

B 

Figure 4-27.  Measurement results. A) From conventional sampling switches. B) Switching at the 
I/O drivers. 
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CHAPTER 5 
LOG AMPLIFIER: LIMITING AMPLIFIER BASED SIGNAL-STRENGTH INDICATOR 

Logarithmic amplifiers can be used in determining on-chip signal amplitudes because of 

their capability of handling a larger dynamic range while consuming less power with simple 

circuitry. As discussed in Chapter 2 a built-in-test problem can be broken down into two aspects. 

First, the DUT must be stimulated with the help of high-speed test stimulus generators developed 

on-chip and second, the DUT response should be analyzed with the help of high-speed on-chip 

acquisition circuits. Signal strength detectors discussed in this chapter can be used as an 

analyzing circuit. This chapter talks about the design of limiting amplifier based signal-strength 

indicators and their usefulness in embedded test of circuits. 

5.1 Introduction 

Detectors play an important role in the embedded test of circuits. Accurate measurement of 

signal strengths at various places on a wireless chip is almost indispensable. In addition, in 

mobile communication systems, knowledge of the strength of the received signal by the receiver 

is essential to monitor and control the signal levels transmitted by the base station. Constant 

monitoring of the transmitted and received signal strengths can help in dynamic adjustments of 

the power transmitted by the base station that reduces the power consumption. A logarithmic 

amplifier is a limiting amplifier based signal-strength indicator and is widely used in cellular 

phones that require an on-chip circuit to measure the received signal strength. A typical front-end 

circuitry in a wireless receiver and a typical application of logarithmic amplifiers is shown in 

Figure 5-1 [HCW00]. 

Organization of this chapter is as follows.  First, a brief overview of logarithmic amplifier 

techniques is discussed followed by a complete mathematical analysis of logarithmic amplifiers, 

which describes the operation of the circuit quantitatively. Error involved in realizing a 
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Figure 5-1.  Typical front-end of a wireless receiver 

logarithmic amplifying function in circuits is described in the error analysis of log amplifiers. 

Next, circuit design of limiting amplifiers, rectifiers and dc offset cancellation circuits is 

discussed. Finally, the layout of the chip, results from the simulation and measurements are 

presented to verify the functionality of the overall circuit. This chapter is concluded with a case 

study of an application of logarithmic amplifier based signal strength detectors in substrate noise 

measurement. 

5.2 Logarithmic Amplifiers 

Logarithmic amplifier is an indispensable tool in many measurement circuits where a 

precise knowledge of the signal amplitude is necessary. This magnitude control of the signals 

can be achieved by using an automatic gain control (AGC) circuit but an AGC system has a 

limited useful instantaneous input dynamic range before saturation occurs. A logarithmic 

amplifier helps in compressing and mapping a wide dynamic range at the input to a small range 

at the output. Logarithmic amplifiers are able to replace AGC circuits, as an input dynamic range 

in excess of 80dB is not uncommon with log amps [Hug86]. 
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Exact logarithmic response can be obtained by using the logarithmic I-V characteristics of 

an inverting operational amplifier with a diode or a transconductance feedback (Figure 5-2).  

       

Figure 5-2.  Transconductance feedback logarithmic amplifiers. A) Diode. B) Transistor 

I = Is e
Vout

ηVT −1
⎛ 

⎝ 

⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ ⎟ 
;   (Or) Vout =

kT
q

ln Vin

Rs * Is

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟    (5-1) 

However, these structures have strong temperature dependence as shown in Equation 5-1 

and need elaborate compensation techniques. Also, since these techniques rely on the logarithmic 

characteristic of a physical electronic device in their feedback loops, they become less practical 

at higher frequencies where the device response is degraded [Gre92]. A more powerful 

logarithmic technique is the approximation of a logarithmic function by the summation of 

straight-line segments. This method relies on the circuit architecture known as the successive 

detection architecture (Figure 5-3) to produce a pseudo-logarithmic transfer function rather than 

a particular device’s V-I characteristics. The transfer function is called pseudo-logarithmic for 

the reason that it is an approximation to an ideal logarithmic curve. The degree of this 

approximation to the ideal logarithmic curve depends on certain design parameters, which will 

be discussed later in the chapter. 
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Successive detection architecture also known as piece-wise linear model is shown in 

Figure 5-3 and consists of a cascade of limiting amplifiers with full-wave rectifiers at the outputs 

of each amplifier to implement the logarithmic amplification [Hug86]. Full-wave rectifiers are 

shown as detectors (Det) in the figure. The outputs of the detectors are summed and passed to a 

low pass filter. A low-pass RC circuit is used to remove the ripple of the full-wave rectified 

signal. This architecture produces two outputs: first, the clipped output from the limiting chain 

and the rectified DC output from the low pass filter that gives the information about the 

logarithm of the signal’s envelope amplitude. The dynamic range of a log amplifier is limited on 

the upper end when the first stage in the amplifier chain starts to clip and limited on the lower 

end when all the gain cells are amplifying the input signal linearly. However, in practice, if the 

noise floor of the equipment at the input of the log amplifier or the amplifier’s noise causes the 

last stage to clip, it will determine the lower end of the dynamic range. A complete mathematical 

analysis of how this architecture operates as a logarithmic amplifier is explained in the next 

section. 

 
 

Figure 5-3.  Successive detection architecture of logarithmic amplifiers 
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5.3 Mathematics of Logarithmic Amplifiers 

Two key parameters that need to be decided before designing a log amplifier are the 

number of stages (N) in the successive detection architecture and the log-error of the 

architecture. The piece-wise linear approximation to a log curve is shown in Figure 5-4. Log-

error analysis gives a measure to the degree the piece-wise linear approximation of the 

architecture conforms to the ideal log curve. Factors and analysis involved in deciding the 

number of stages and a complete mathematical derivation of log amplifiers is described in this 

section. 

 

Figure 5-4.  Piece-wise linear approximation to a log curve 

5.3.1 Operation Analysis Including Error Analysis of Log Amplifiers 

Consider a limiting amplifier with N identical gain cells (Figure 5-3). Let each gain cell be 

characterized by a gain A and a 3-dB frequency f. And, let the output of the mth stage be just 

limiting and subsequent stages outputs clipped. Let VL be the limiting voltage of the gain cells.  

The output of the mth stage = VL (limiting voltage). Therefore, the input of the mth stage is 

equal to VL

A
= Am−1Vin  where Vin is the input voltage to the first stage. Thus, 
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m log A = log VL

Vin

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⇒ m =
log VL

Vin

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

log A

        (5-2) 

When the circuit sums the outputs of the gain cells, the output of the summer is, 

Vin + AVin + A2Vin + A3Vin + ......+ Am−1Vin + N − m −1( )( )VL

= 1+ A + A2 + A3 + ......+ Am−1( )Vin + N − m −1( )( )VL

if ,A >>1

≈
Am

A −1
Vin + N − m −1( )( )VL

=
VL

A −1
+ N +1−

log VL

Vin
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log A
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log A
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⎟ logVin + N +1+

1
A −1

−
logVL

log A
⎛ 
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⎞ 

⎠ 
⎟ VL      (5-3) 

Equation 5-3 represents the equation of a straight line, y = mx + c, with a linear 

relationship between the output and the log of the input. The slope m = VL

log A
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ , and intercept c 

= N +1+
1

A −1
−

logVL

log A
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ . Once the limiting voltage (VL) and the small-signal voltage gain (A) 

are known, the signal strength of any input signal can be predicted using Equation 5-3. 
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The number of stages (N) mainly determines the precision of the signal strength of the 

input signal detected by the successive detection architecture. The maximum error of Equation 5-

3 compared with an ideal logarithmic curve is derived as [HCW00], 

Errormax(dB) = 

10 −1+ A + A( )log A − A −1( )log A
3A−1( )
2A−2( )

⎛ 

⎝ 
⎜ 
⎜ 

⎞ 

⎠ 
⎟ 
⎟ 

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 

A −1
   (5-4) 

 

Figure 5-5.  Maximum error (dB) versus number of gain cells (N) 

This maximum error in dB plotted against the number of stages in the limiting amplifier of 

a total gain of 90dB is shown in Figure 5-5. Clearly, the maximum error in the detection 

decreases with increasing number of stages. However, increasing the number of stages increases 

the chip area. Embedded test circuits should be area efficient and consume low power. Power 

consumption of a log amplifier is discussed here. Since, the gain of a single cell is assumed to be 

A and the 3-dB frequency to be f, the total gain of the limiting amplifier is Atot = AN, and the total 

3-dB frequency is given by 
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1+
ftot
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N

= 2

⇒ f tot = f 2
1
N −1

        (5-5) 

Normalizing each gain cell’s parameters with the total gain and 3-dB frequency, we get 

Normalized gain of single stage = Anorm =
A

Atot

=
Atot

1
N

Atot

= Atot

1
N

−1  (5-6) 

Normalized 3-dB frequency of single stage = fnorm =
f

f tot

=
1

2
1
N −1

  (5-7) 

Total power consumption (Pt) can be calculated using single stage gain-bandwidth product 

[HCW00] and is given by Pt ∝ N *(GBW )2 . Implies,  

Pt = N * Atot
1/ N . 1

21/ N −1
f tot

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

2

.       (5-8) 

The plots showing the normalized values of gain and bandwidth versus number of gain 

cells is shown in Figure 5-6. Also shown in the figure is the total power consumption of the 

limiting amplifier versus number of stages. For a total gain of 90dB, from Figure 5-6, the 

optimum value for the number of gain cells in the limiting amplifier is 7 or 9. However, when the 

number of stages is 7, from Figure 5-5, the maximum error in dB slightly exceeds ±1dB. Hence, 

in this design, nine stages have been chosen with a slight penalty of area. The total gain of the 

limiter is 90dB and the total bandwidth is approximately 100Mhz. Simulation results of this 

circuit are shown in the later sections of this chapter. 

5.4 Circuit Design 

There are three main circuit components in a logarithmic amplifier. They are the gain stage 

that is used in the limiting amplifier chain, the full-wave rectifier used as a detector at the outputs 
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Figure 5-6.  Gain, bandwidth and total power consumption versus number of stages 

of each gain stage and the DC offset cancellation circuit. Since the limiting amplifier has a large 

gain, a DC offset cancellation is required to suppress any offsets due to device mismatches, 

which may otherwise cause the amplifier to saturate and smear off any small input signal coming 

from the RF front-end. This section describes the circuit design techniques used in the design of 

the log amplifier. 

5.4.1 Limiting Amplifier Design 

Each gain stage in the limiting amplifier chain can be a conventional simple differential 

pair with a diode load. A differential pair has been chosen in this design because of its two 

important advantages. First, it is primarily sensitive to the difference between two input voltages, 

allowing a high degree of rejection of signals common to both inputs. Second, cascades of 

differential pairs can be directly connected to one another without interstage coupling capacitors, 

which is essential for the limiting amplifier chain. A NMOS differential pair with NMOS diode-
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connected loads is shown in Figure 5-7(a). Assuming a perfectly balanced source-coupled pair, 

the small-signal differential gain of this topology can be derived using the half-circuit concept as 

1 1

3 3

( / )
( / )

gm W LA
gm W L

= =           (5-9) 

Clearly, the gain is a function of the aspect ratios (device dimensions) of the transistors and 

first-order independent from process parameters. However, in deriving Equation 5-9, the body 

effect of the load devices is neglected. It is important to note that neglecting gmb of the input 

transistors (M1 and M2) from this analysis has no effect on the small-signal gain because the 

voltage across the tail current source is constant for a pure differential input and there is no 

small-signal change in the voltage from the source to the body of these input transistors. Where 

as, the load devices do suffer body effect and causes the small-signal gain of the circuit to 

depend not only on gm but also gmb of the NMOS loads. Using a PMOS load would eliminate this 

body effect but then the gain would depend on the ratio of mobility, a process parameter of both 

NMOS input transistor and PMOS load device.  When using a logarithmic amplifier as a detector 

of signal strengths in the embedded test of wireless circuits, it is essential that the gain of each 

gain cell is independent of process variations and variations in the temperature. This ensures high 

accuracy in the detection of the signal strength. This problem is eliminated in the topology 

shown in Figure 5-7(b). Though the NMOS loads in this circuit do not suffer body effect, the 

gain of such circuit depends on the accuracy of the current mirrors. Other drawbacks include 

more area, extra power consumption and degraded frequency response. 

A triple-well NMOS transistor used as a load device in a differential pair can eliminate the 

body effect and the need for a current mirror. The small-signal gain of such a differential pair is 

then a function of device sizes only.  Another important advantage of this topology is by using 

mainly NMOS devices the temperature dependency cancels out in a first order approximation. 
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However, the drawback of this topology is the triple-well transistors occupy slightly more area 

when compared to regular NMOS loads but the gain is more predictable. Figure 5-8 shows the 

circuit connections of a discrete NMOS triple-well transistor and the gain cell employing these 

transistors as load devices. For this current design, such transistors are provided by IBM SiGe 

process that enables the tying of the source terminal to the bulk of the transistor. Also, the input 

and output common-mode levels are designed to be the same so that the gain stages that form the 

limiting amplifier chain can be cascaded directly. 

 
 

Figure 5-7.  CMOS limiting amplifiers 

5.4.2 Rectifier Design 

The second main circuit component in the design of logarithmic amplifier is the detector 

cell. The detector cell provides a current proportional to the rectified input voltage of the cell. A 

full-wave rectifier that rectifies the balanced signal at each tap in the cascade can be used as a 

detector cell. A low-pass filter that ties all the full-wave rectifiers outputs is required to remove 

the ripple of the AC value of the summed outputs and produce a DC-like indicating voltage 

proportional to the logarithm of the amplitude of the input signal. A four-quadrant MOS 
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Figure 5-8.  Amplifier circuit. A) A discrete triple-well transistor. B) Gain cell in limiting 

amplifier. 

multiplier, shown in Figure 5-9, based on the widely used ‘Gilbert Cell’ in many analog and 

communication systems can be used as a rectifier [KRA95].  This circuit obtains the rectification 

of the signals by multiplying the signal by itself, exploiting the fact that a negative half-wave 

multiplied by a negative half-wave gives a positive half-wave again. The Gilbert cell based MOS 

multiplier has four transistors stacked in it making it inappropriate for the designs in low power 

applications. 

An MOS full-wave rectifier that can be operated with low supply voltages is shown in 

Figure 5-10. The rectifier is realized by using two identical unbalanced source-coupled pairs with 

different aspect ratios [Kim93]. The inputs of the differential pairs are cross-coupled and the 

outputs are connected in parallel. The DC transfer characteristics of a single unbalanced 

differential pair approximate the characteristics of a half-wave rectifier and when two such pairs 

are used, it approximates the characteristics of a full-wave rectifier. In the circuit, the transistors 

M1, M2 and M3, M4 are the input transistors of two differential pairs. The widths of the devices 

M1 and M4 are a factor K times more than the widths of the devices M2 and M3. This unbalance 
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in the input transistors of the differential pair helps in steering and sharing the current between 

the larger and smaller transistors depending on the input voltage.  

 

Figure 5-9.  CMOS multiplier based on Gilbert cell. 

 

Figure 5-10.  CMOS full-wave rectifier with unbalanced source-coupled pairs 
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Let Vi=V+-V-. The simulated DC transfer characteristic or the input-output characteristics 

of the CMOS full-wave rectifier with unbalanced source-coupled pairs is shown in Figure 5-11. 

The three plots in the figure are the output current from the rectifier (ΔI = (ID1+ID4) – (ID2+ID3)), 

the sum of currents in the larger transistors M1, M4 (xK currents), and the sum of currents in the 

smaller transistors M2, M3 (x1 currents) plotted against the input voltage Vi. When the input 

voltage is small, most of the current flows through the larger transistors M1 and M4. However, 

as the input voltage increases, the smaller transistors M2 and M3 start carrying significant 

currents and the currents through the larger transistors start to decrease. Therefore, the total 

current is shared between the different sized transistors and the effective output current from the 

rectifier depends on the input voltage Vi.  

 

Figure 5-11.  Various currents in the rectifier (Simulated DC transfer curve) 

Assuming matched devices and a square law current equation for the transistors in active 

or saturation region, the differential output current of the rectifier ΔI = (ID1+ID4) – (ID2+ID3) can 
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be mathematically represented by the following equations [Kim93] where β is the 

transconductance parameter with effective surface mobility μ and gate capacitance per unit area 

Cox. 

ΔI = ID1 + ID 4( )− ID2 + ID 3( )

=

2 K −1
K +1

I0 − 2
K K −1( )
(K +1)2 Vi

2 whenVi ≤
2I0

Kβ

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

− K −1( )KβVi
2 − 2Kβ Vi K +1( )2I0

β
− KVi

2

K +1( )2 +
2KI0

K +1
when 2I0

Kβ
≤ Vi ≤

2I0

β

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

0 whenVi ≥
2I0

β

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎧ 

⎨ 

⎪ 
⎪ 
⎪ 
⎪ 
⎪ 

⎩ 

⎪ 
⎪ 
⎪ 
⎪ 
⎪ 

where,β = μCox
W
L

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

 (5-10) 

If ΔI = 0, then Vi ≥ 2I0 β  whereas, the output current ΔI imitates logarithmic function 

when 2I0 Kβ( ) ≤ Vi ≤ 2I0 β . 

5.4.3 DC Offset Cancellation Techniques 

Reliable offset control is very important in the design of a limiting amplifier. Since a 

logarithmic amplifier consists of a chain of limiting amplifiers, the gain of a logarithmic 

amplifier is large. Any device mismatch will cause significant DC offset and may even saturate 

the output of the amplifier chain smearing any small input signal coming from RF front-end. 

This section discusses about different DC offset cancellation techniques briefly and the one used 

in the current design in detail. A quantitative explanation to how DC offset cancellation is 

achieved when the last stage in the amplifier chain is clipped is also discussed. 

Offset cancellation is realized using resistors and capacitors to obtain a large time-constant 

to extract the DC component at output. The resistors and capacitors used in the RC circuit are 
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large as its frequency is near DC and hence are usually external. One-way of suppressing DC 

offsets is to insert capacitors and resistors as shown in Figure 5-12(A). In this figure, a high pass 

filter is realized in the signal path between the stages. To avoid affecting low frequency signal 

components the high pass filter cutoff frequency is set very low. This results in a long settling 

time when the circuit is activated for normal operation. The coupling capacitors help in blocking 

DC bias of one stage to affect the DC bias of the next stage. However, the resistors provide input 

DC voltage of the next stage. The drawback of this technique is the capacitors have to be on-

chip. Since the high pass filter cut off frequency is set very low, these capacitors are usually very 

large and realizing large passive elements on-chip occupies a large area.  

A 

 

B 

Figure 5-12.  DC offset cancellation techniques. A) High-pass realization. B) Low-pass 
realization 
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In the current logarithmic amplifier design, the approach in Figure 5-12(B) is used to 

suppress the DC offsets. It uses a DC feedback circuit, which is a low pass filter. It filters out the 

DC information at the output and feeds it back to the input. This DC value is then subtracted 

from input to form a closed-loop system. The large DC loop gain from the cascaded chain of 

limiters of the forward path will reduce the output offset. Such a negative feedback type offset 

cancellation mechanism is used because it introduces less chip area overhead.  

Clearly, when all the gain cells in the amplifier chain are linearly amplifying the input 

signal and not clipping, the negative feedback helps suppressing the offsets. However, an 

interesting question that needs to be answered here is how does this circuit suppress DC offsets 

when the last stages in the chain are limiting or clipping.  The offset in an amplifier is usually 

modeled as an input referred offset. A comparison of a limiting amplifier chain with zero DC 

offset and a chain with non-zero DC offset is shown in the Figure 5-13. As shown, the duty-cycle 

of the output from the chain with zero input referred DC offset is not degraded whereas duty-

cycle degradation can be seen in the case where there is a non-zero input referred DC offset.  

Fourier series of a periodic function can be represented by the following equation.  

 f (t) = a0 + (an cosnω0t + bn sin nω0t)
n=1

∞

∑  

where the term ‘a0’ represents the dc information in the signal. For a non-50% duty-cycle 

waveform, a0 =
Aτ
T

, where τ is the pulse width, A is the amplitude of the pulse and T is the 

period of the pulse. In the case of a clipped waveform at the output of the amplifier chain, pulse-

width τ is a function of offset voltage (τ = f (VOS)). Clearly when this signal is filtered using a 

low pass filter, information about the offset in the amplifier chain is being fed back to the input 
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in terms of τ and the negative feedback in the loop still helps to suppress the offsets even when 

the last stage is clipping. 

 
Figure 5-13.  Duty cycle degradation with non-zero input referred offset. 

5.5 Results 

In this work, the logarithmic amplifier or the limiting amplifier based signal strength 

detector discussed in the above sections has been designed, simulated and fabricated in a 0.18um 
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IBM BiCMOS SiGe process. This section discusses mainly about the simulation results of the 

design and the measurement results of the prototype detector. 

5.5.1 Simulation Results 

For the reasons discussed in Section 5.3, a limiting amplifier with nine stages is considered 

for the design of the logarithmic amplifier. The total gain of the limiting amplifier is set to 90dB 

with each stage’s gain equal to 10dB. The input and output common-mode levels are the same so 

that the stages can be cascaded directly. Triple-well NMOS loads are used in each gain cell. The 

frequency responses of a single gain cell and the nine stages are shown in Figure 5-14. The 3-dB 

frequency of a single stage is observed to be 2.47GHz and that of nine stages is observed to be 

390MHz.  

The simulations in the following discussions have been performed at 25°C for an input 

sinusoidal signal of frequency 100Mhz. Figure 5-15(A) compares the RSSI output voltage of a 

log amplifier with regular NMOS loads to a log amplifier with triple-well loads. The input 

dynamic range of the log amplifier with triple-well loads is slightly more than in the case of 

NMOS loads. The effect of the loads on the input dynamic range can also be seen in Figure 5-

15(B) in which the log conformance of the successive detection architecture is plotted as output 

error in dB against input power. 

5.5.2 Measurement Results 

Figure 5-16(A) shows the measurement setup and Figure 5-16(B) shows the chip 

photograph. It occupies an area of 0.96 mm2, including the bond pads in IBM’s 0.18um 

BiCMOS SiGe process. The gain cell in the limiting amplifier is designed as a fully differential 

circuit. A power splitter (Mini-Circuits ZFSCJ-2-4, 50-1000Mhz) has been used to split the input 

power from the signal source for the two inputs of the amplifier. Summed outputs from the full-

wave rectifiers are filtered by an external off-chip resistor (100kohms) and capacitor (1uF) to 
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A 

B 

Figure 5-14.  Frequency response curves. A) From single stage. B) From nine stages 
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A 

B 

Figure 5-15.  Simulation results of the logarithmic amplifier. A) Output voltage versus input 
power. B) Error curve. 

produce a DC-like measurement proportional to the logarithm of the amplitude of the input RF 

signal. Measurement results are shown in Figure 5-17, which show the signal strength indicator 

outputs and the log conformance of the logarithmic amplifier chips. The measurements have 

characterized an input dynamic range of more than 75dB for a 100MHz sinusoidal signal with a 
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1.8V power supply. It can be observed that it conforms to the log curve with an error of ±0.2dB 

over the input dynamic range of 75dB.  

A 

Figure 5-16.  Measurements specifics of a logarithmic amplifier. A) Setup. B) Chip 
microphotograph 

 

B 

Figure 5-16.  Continued. 
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A 

Figure 5-17.  Measurement results. A) Measured RSSI output. B) Output error curve. 

B 

Figure 5-17.  Continued. 
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5.6 Application in Substrate Noise Measurement 

Logarithmic amplifiers can be used in the measurement of substrate noise. As shown in 

Figure 5-18, a broadband embedded measurement technique has been proposed to measure and 

characterize substrate noise in RF/microwave ICs [He06]. Substrate noise is introduced by 

injecting well-defined signal from an external signal source into the substrate. An external LO 

signal is supplied to the on-chip mixer at a frequency slightly offset from the injected signal 

frequency. The detected signal is down-converted to baseband and fed to logarithmic amplifier. 

The logarithmic amplifier works as a signal strength indicator and tells the received signal level. 

By varying input signal frequency and LO signal frequency correspondingly, substrate noise 

coupling over very wide frequency range can be investigated using low-frequency test 

equipment. Comparing to a linear AGC-based measurement method, the advantage of such 

technique is that it can detect broadband signals and compress a much wider input dynamic 

range into a small range at the output. 

 

Figure 5-18.  Down conversion based substrate noise measurement. 

In summary, this chapter presented an important on-chip test circuit that can be embedded 

along with the device under test. The signal strength detector circuit described here is fabricated 

in a 0.18 um process and occupies very small area. This circuit can be used as a part of a data 

analyzing circuit. 
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CHAPTER 6 
SUMMARY AND FUTURE WORK 

6.1 Summary 

Important contributions of this work to the field of analog/mixed-signal test are 

summarized in this chapter. The goal of this research was to develop measurement circuits that 

can be embedded on the chip for both built-in and built-off test strategies. Information extracted 

from signals in the circuit-under-test by these measurement circuits can be analyzed to evaluate 

the circuit’s performance and reliability.  

Existing approaches for analog/mixed-signal test such as direct measurement of circuit 

specification and indirect measurement based on alternate test are described in Chapter 2. 

Architecture for capturing on-die events is proposed in Chapter 3 and is completely analyzed. By 

using a Vernier delay line for fine spacing between the sample points, it is observed that noise 

spectral lines, due to non-uniform sampling, can be reduced. Mathematical derivation of this 

observation is included in the appendix. Measurement results of the architecture are described by 

measuring a part of the clock signal at the end of a long 8mm interconnect. The parasitics of the 

interconnect cause overshoots and undershoots on the signal and the shape of such a signal is 

reconstructed off-chip by the samples from the parallel samplers. The prototype system is built in 

AMI 0.5um process with a power supply of 5V. Circuit design suggestions are made for 

advanced processes such as a 65nm process with a power supply of 1.2V. In these advanced 

processes, jitter and skew tolerances are very important for they have adverse effects on the 

signal to noise ratio of the reconstructed signal. An improved switch based on bootstrapping 

technique is designed to sample signals that extend beyond the supply. 

Finally, on-chip measurement techniques are discussed in Chapter 5. A signal strength 

detector with an input dynamic range of more than 75dB based on successive detection 
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architecture has been reported. Diode connected triple-well NMOS transistors are load devices in 

each gain cell of the cascade of limiting amplifiers to make the gain a function of device sizes 

only. The fabricated chip occupies an area of 0.96mm2 in 0.18um CMOS process with a 1.8V 

power supply. 

6.2 Suggested Future Work 

The goal of this research is to develop on-chip measurement circuits that can exhaustively 

characterize the increasing signal integrity problems in integrated circuits. It has been shown that 

parallel sampling can be applied to measure on-chip signals without sampling the signal at very 

high sampling rates. However, this architecture is in its development stage and many areas 

remain to be studied so that it evolves into a complete system that can be integrated as an 

embedded test circuit. Some simple design changes should allow this architecture to be deployed 

to measure any critical signals. Most important issues that need to be addresses in future 

evolutions are 

• Non-destructive probing 
• Reducing system jitter and skew errors, increasing output SNR 
• Reducing silicon area, most important test metric in embedded test  

Non-destructive probing: Power and ground lines on a chip are designed to drive huge 

loads and so this measurement circuit would not really load these nodes when signals on them 

need to be measured. Similarly, measuring signals at the outputs of the clock buffers in a high-

speed digital circuit would not be a problem. These clock signals are routed to a number of 

sequential logic circuits on the chip, and the buffers are designed to drive large capacitive loads 

in the circuit. However, when measuring critical nodes that are not designed to drive large 

capacitances, this on-chip signal shape capturing circuit should not load the node that is being 

probed. Non-invasive or non-destructive probing is very important. In such cases, there is a need 
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for a buffer design that provides the measurement circuit with the signal without having the 

circuit load the node that is probed. If the signals to be sampled have rail-to-rail swings, then 

techniques such as voltage division, or higher supply for the buffer circuit can be explored. 

Reducing system jitter and increasing output SNR: In Chapter 3, effects of timing 

errors are discussed on the measurement circuit’s output signal-to-noise ratio. In a deep sub-

micron manufacturing processes, tolerances of jitter and clock skew errors are very limited. In 

such tight constraints, delay-locked loop and Vernier delay lines based on DLLs can produce 

delays and clock signals with reduced jitter and skews. A delay-locked loop based Vernier delay 

line has been simulated in 65nm process with a 1.2V power supply. 

Reducing silicon area, most important test metric in embedded test: The prototype 

demonstrated in this work uses 10 parallel samplers, and voltages on each channel are exported 

off-chip via a bond pad. Bond pads occupy a lot of silicon area. This problem can be addressed 

by multiplexing the outputs via n:1 analog multiplexer. The voltages from the channels can be 

converted to corresponding currents using a single gm device in each channel and the currents 

can be multiplexed via analog current mirrors to a single bond pad. This reduces the silicon area 

required by the system by a huge factor. 

All the above discussions regarding future work are shown in Figure 6-1. Exploring and 

addressing these issues in this may allow this to be an inexpensive solution to measuring on-chip 

signals. 
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Figure 6-1.  Addressing loading, jitter and silicon area. 



 

121 

APPENDIX 
SPECTRUM OF OUTPUT SIGNAL FROM THE SNAPSHOT ARCHITECTURE 

If the delays of the buffers are not matched between the parallel samplers, the output signal 

is a result of what is called the non-uniform sampling. In such a case, assuming a constant skew 

for each buffer but different from other buffers, we can assume the following for the sampling 

instants of the samplers. Unlike uniform sampling (Figure A-1), where the final interlaced 

samples are at times t, 2t, 3t … with respect to the reference time, we can assume the samples in 

this case to be at times t0, t1, t2, … with respect to the reference time (Figure A-2). The digital 

spectrum of such a non-uniformly sampled signal has been derived in [Jen88], and is given by 
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Figure A-1.  Uniform sampling 
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Figure A-2.  Non-uniform sampling 

Here, the total number of samples is K. Architecturally if changes are made such that these 

K samples can be divided into ‘n’ sets with ‘p’ samples in each set (Figure A-3) and that all the 

samples in each set are off from their ideal sample instants by the same amount, we can derive 

the following. This change in the architecture can be brought by the addition of a Vernier delay 

line that is discussed in detail earlier. The goal here in this appendix is to derive the equation to 

represent the spectrum of the signal that is obtained from the samples satisfying the condition K 

= np. 

The sample sets are, 

(0,1,2,3,..,p−1)0,(p,p+1,...,2p−1)1,(2p,2p+1,...,3p−1)2,...,((n−1)p,(n−1)p+1,...,np−1)n−1 

For this condition in (A-1), we have, 

r0 = r1 = ...= rp−1 = t0

rp = rp +1 = ... = r2 p−1 = t1
:
r(n−1)p = r(n−1)p +1 = ...= rnp−1 = tn−1
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Figure A-3.  Sampling instants with same ‘t’ between samplers and irregular ‘t’ between 
samplers. 

Therefore, we can write (A-1) as, 
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For the case of sinusoidal input, X (ω)=2πδ(ω-ω0) the above equation can be written as 
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That is the digital spectrum is represented by the following equation. 
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