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Abstract: 

 

Jitter is generally defined as a time deviation of the clock waveform from its desired position. 

The deviation which occurs can be on the leading or lagging side and it can be bounded 

(deterministic) or unbounded (random). Jitter is a critical specification in the digital system 

design. There are various techniques to measure the jitter. The straightforward approach is 

based on spectrum analyzer or oscilloscope measurements. In this thesis an on-chip jitter 

measurement technique is investigated and the respective circuit is designed using 65 nm 

CMOS technology. The work presents the high level model and transistor level model, both 

implemented using Cadence software. Based on the Vernier concept the circuit is composed 

of an edge detector, two oscillators, and a phase detector followed by a binary counter, which 

provides the measurement result. 

The designed circuit attains resolution of 10ps and can operate in the range of 100 - 500 MHz 

Compared to other measurement techniques this design features low power consumption and 

low chip area overhead that is essential for built-in self-test (BIST) applications. 
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1. Introduction 
In the present days manufacturers of portable electronic devices stimulates the need of more 
power and area efficient ICs. But there are also some limitations on the attainable 
performance, dynamic range etc. Nowadays, an extra challenging factor in an analog design is 
low voltage. 
In today’s electronic technology the analog circuits are considered as past or you can say not 
preferable so they are being replaced by digital circuits in order to have control on the device 
and make it fast with the help of digital environment. In general they cannot be eliminated 
unless the electronic technology interacts with real life in order to measure the physical 
quantities, where the signals with continuous amplitude are under consideration. 
In the past, CMOS transistors channel length was in micro meters and was considered as great 
achievement to have such a small transistor, but in today’s technology it reduced to the tenths 
of nanometers (90nm, 65nm, 45nm, 32nm) and so on. This Nano-scale technology makes that 
designing task very challenging for analog blocks. So due to this risk in transistors designing the 
short channel effect occurs which creates a lot of difficulties for designers. These difficulties are 
velocity saturation, sub threshold conduction etc. As in terms of power, if we reduce the power 
it will create the voltage swing to get to the lower values. On the other hand if the channel 
length is reduced the output resistance of transistors will decrease. In general it is more and 
more difficult for a designer to design high performance circuits. 
In case of jitter it appears in tens of picoseconds in sub-micron technologies. The jitter could 
degrade the performance of a circuit operating at a high frequency, so careful observation is 
required to handle the deviation of the signal from its ideal position which is a jitter. This effect 
could be Gaussian or bounded (Deterministic). This bounded jitter could be of various types like 
Cycle-to-Cycle Jitter, Periodic jitter, Time interval jitter etc. Random Jitter which is also known 
as unbounded has very bad effect on circuit performance. It degrades the circuit output and the 
original information could not be retrieved with its presence. 
There are several methods to measure the Jitter in a digital circuit; some are on chip and some 
off chip methods. Here the task is to investigate an on-chip jitter measurement method. There 
are several on-chip methods for that but the real task to find the methods with less power 
consumption and less chip area. 
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1.1 Motivation: 
 

In the digital world the testing of the IC is a hard as well as an interesting task for a designer. A 
lot of problems occurs during that testing phase but the main and most important is that the 
circuits are tested for functionality, testing for functionality can be quite costly due to the usage 
of expensive equipment like oscilloscope, spectrum analyzer etc. Also it can be quite time 
consuming. Now this problem has to be resolved and the solution for that is on chip testing of 
the circuit e.g., Built-in-self-testing (BIST), where stimuli generation and the measurement of 
test response is done on the same board or chip. 
This On-chip testing makes the overall IC testing problem easier and cheaper, because it’s less 
time consuming and avoids external test equipment. In jitter measurement the On-chip testing 
is very useful. In practice, the task is to find an adequate test circuit which is chip area efficient 
and also does not consume much power. The circuit designed in this project is based on BIST 
and Vernier oscillators to make it less power and area consuming. On the other hand there are 
many other techniques but this one was chosen in the project for its overall good performance. 
There are some difficulties in implementing this due to more setup and hold time of DFF’s. This 
problem could be solved by using SAFF (Sense Amplifier based Flip Flops). The resolution could 
be as small as possible in order to detect low jitter and that was achieved by oscillators working 
on Vernier concept. In this design the jitter measuring resolution is assumed to be 10 ps. The 
intended design specification are shown in Table 1.1. 

 
 

Process Technology 65 nm 

Power Supply 1.2 V 

Input Frequency 100-500 MHz 

Timing Resolution 10ps 

 

Table 1.1 Specifications. 
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1.2 Thesis Flow 
 

This thesis is composed of six chapters. Each chapter is organized in a step by step process to 
design a Jitter Measurement Circuit. The design is verified by simulation using the system level 
and transistor level models. 
Chapter # 1 gives the general introduction of the presented work. 
Chapter # 2explains the jitter phenomenon, its types and the reasons for which jitter takes 
place in the circuit. 
Chapter # 3presentsthe different design topologies and their features in comparison to the 
thesis design. 
Chapter # 4gives an over view of the jitter measurement methods. In this chapter two basic 
methods to measure jitter are explained in detail. 
Chapter # 5describes the main design through which jitter is measured. This chapter explains all 
basic blocks of the jitter measurement circuit and their functionalities.  
Chapter # 6presents design of the jitter measurement circuit by high-level models using the 

"VerilogA" coding in Cadence.  

Chapter # 7presents transistor level implementation of the circuit using Cadence software. 
Physical limitations are analyzed and the realistic performance of the jitter measurement circuit 
is estimated for different operation conditions. 
Chapter #8 provides a summary of the project work. 
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2   Jitter Introduction 
Deviation of the periodic signal from its desired periodicity. This disturbance in the signal refers 
to as Jitter. [1] 
In other words jitter is a kind of uncertainty in timing of events. Jitter characteristics could be 
observed as pulse frequency, the amplitude and phase of the periodic signal. The undesired 
factor in the communication system defines jitter very clearly. Composition of jitter consists of 
Gaussian and Deterministic contents. 
 
 

 

Figure 2.1 Jitter View 

 

2.1 Causes of Jitter 
In many cases, jitter could be introduced by the Electro-Magnetic Interference between the 
signals. Introducing noise can also cause fluctuation in the circuit. Jitter affects the performance 
of the processor and introduces undesired factors in an audio signal. With the presence of the 
jitter in a communication system, causes in loss of useful information. In all digital system, Jitter 
is an undesired factor and it should be eliminated in order to get the desired output from the 
circuit. The complete elimination of the jitter is not possible but it could be eliminated up to the 
level where we can achieve the signal of our choice. 

2.2 Types of Jitter 
Jitter could be of many kinds but the main types in which jitter characterized are as follow. 
 

 Deterministic Jitter (Bounded). 

 Random Jitter (Unbounded). 

 Total Jitter. 
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2.2.1 Deterministic Jitter 
This type of a jitter has the non-Gaussian probability density function. The jitter is bounded in 
amplitude that is readily predictable. The Inter symbol interference is the main cause of it. This 
is sometimes correlated and sometimes uncorrelated, means data dependent but not for all 
cases. [4] 
 

 

Figure 2.2  Deterministic Jitter Histogram 

Deterministic jitter also has some types of its own as mentioned below. 



o Duty cycle distortion.  
o Data dependent  
o Sinusoidal  
o Correlated  
 

2.2.2 Random Jitter 
Random jitter is an unbounded jitter also known as Gaussian Jitter and characterized by 
Gaussian distribution. Electronic noise exists in that Kind of jitter which is unpredictable. That 
jitter interacts with the signal slew rate and due to this interaction timing error occurs. 
In Electrical circuits, jitter come from thermal noise that usually has the Gaussian distribution 
that is why by following that distribution Random jitter could be analyzed.  
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Figure 2.3 Gaussian Distribution 

 

2.2.3 Total Jitter 
This kind of jitter is the combination of both the Deterministic and Random jitter. This type of 
jitter should be eliminated from the circuit to have desired information. Its combination of both 
deterministic and random jitter makes it more severe for a digital circuit and it degrades the 
system performance at the higher level. 
 
T = D peak to peak + 2 * n * R rms                                                                                              (2.1) 

Value of n is based on bit error rate (BER). 
T= Total Jitter. 
D=Deterministic Jitter. 
 
 
Bit Error Rate is critical to get the real picture of the jitter as shown below,  

BER = NEr /NBits                                                                                                                                                                                              (2.2) 

NEr= Number of error bits. 
NBits=Total number of compared bits. 
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Figure 2.4 Jitter Types in Flow [2] 

 

 

 

2.3 General Types of Jitter in Communication System 
Jitter could be of any type and a lot of causes for that as explained before but some of the 
common types of jitter that often occurs in the communication system. [3] 
 



 Phase Jitter  

 Cycle-To-Cycle Jitter  

 Period (RMS or Peak-to-Peak) Jitter  

 Long Term Jitter 
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2.3.1 Phase Jitter 
This refers to the difference between rising and falling edges of data clock with compared to 
referenced clock as shown in fig below. 
 

 

 

Figure 2.5 Phase Jitter [3] 

It is the measure of the phase offset. It defined as,  
 
𝑃𝑗(𝑁𝑇) = ∅𝟏 − ∅𝒎𝒆𝒂𝒏                                                                                                                (2.3) 

 
𝑃𝑗(𝑁 + 1) = ∅2 − ∅𝒎𝒆𝒂𝒏                                                                                                           (2.4)  

𝑃𝑗= Phase Jitter. 

Ø1= First phase deviation. 
            Ø2= Second phase deviation. 
 
 It is significant to find that jitter to have a reliable information; otherwise information got lost if 
not handle correctly. 

2.3.2 Cycle-to-Cycle Jitter 
It is defined as the difference in the period of adjacent cycles of any digital signal of a system. 
As shown in fig below. 
 

 
 

Figure 2.6 Cycle-to-cycle Jitter [3] 
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Equation as follow,  
 
𝐶𝐶𝑗 = 𝑃(𝑁) − 𝑃(𝑁 − 1)                                                                                                             (2.5) 

Here N is the number of the cycles and we can see that at every clock cycle there is different 
time period which is representing cycle-to-cycle jitter. [3] 
 

 

2.3.3 Period (RMS or Peak to Peak) Jitter 
It is defined as the difference in each period as compare with the ideal period. As shown below. 
[3] 
 

 
 

Figure 2.7 Period Jitter [3] 

On the average curve, the distance from the minimum value to the Maximum value is known as 
Peak to Peak Jitter. By increasing the number of samples taken, it creases directly up to the 
infinity. 

RMS jitter is the typical value for single standard deviation in the normal distribution. It is 
opposite to the Peak-to-Peak as it does not change much with increasing the number of 
samples. 
 
Equation as follow,  
 
𝑃𝑗(𝑁) = 𝑃(𝑁) − 𝑃(𝐼𝑑𝑒𝑎𝑙)                                                                                                          (2.6) 

 
With the help of large number of cycles, this jitter could easily be determined. RMS and Peak-
to-Peak jitter are also extractable from that data. 
 



10 
 

2.3.4 Long Term Jitter 
This kind of a jitter has little similarity with Phase Jitter and defined as finding a difference 
between rising and falling edges of the data clock as compared with its ideal position after the 
long chain of the clock cycles. As shown below, 
 
 
 
 
 

 
 
 

Figure 2.8 Long Term Jitter 

2.4 Summary 
The Basic concept of Jitter is explained in the chapter. There are three basic types of jitter 
Deterministic, Random, and the Total Jitter. These types of jitter cause many problems in the 
system. The noise introduces the jitter in the circuit, and the information got corrupted with 
the presence of the jitter. Further classification of jitter contains many other types like cycle-to-
cycle, periodic, phase, ISI jitter etc. All these jitters degrade the system performance so these 
must be eliminated to have good system performance. 
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3   State Of Art 

3.1 Introduction 
The main idea of this thesis is to find out the phase or jitter of any digital circuit. As in modern 
digital world, jitter is the central issue and it needed to wipe off from the digital circuit. There 
are many reasons of jitter in a digital circuit. Jitter degrades the system performance and due to 
that the real information could not be retrieved. As explained in the previous chapter about 
jitter and its types, random jitter is very dangerous for any circuit. This random jitter is Gaussian 
in nature and has harmful effect on any digital circuit. There are many ways to overcome that 
issue. 
In this thesis, the design is proposed to overcome the problem of random jitter. There are many 
designs related to the topic of Jitter measurement. Some of them have already been done and 
some of them are the future work of this thesis design. The concept of these designs and their 
limitations are presented in this chapter. 
 

3.2 Different jitter measurement designs 
 
 
Designs 

 
Technology 

 
Frequency 

 
Voltage 

 
Power 

 
Resolution 

 
Topology 

 
Application 

 
Self 
Ref 

 
Ref [24] 

 
0.18 um 

 
2 MHz 

 
0.68 – 1.8 

V 

 
2.4 mW 

 
18.9ps 

Vernier 
oscillator 

 
FPGA/ HW 

 
Y 

 
Ref [25] 

 
0.18 um 

 
2.4 GHz 

 
2 V 

 
2.2 mW 

 
10ps 

 
PLL 

 
FPGA/ HW 

 
Y 

 
Ref [26] 

 
90 nm 

 
3 GHz 

 
1.8 V 

 
3 mw 

 
1.8ps 

 
VRO/ TA 

Communication 
System 

 
Y 

 
Ref[27] 

 
65 nm 

100 – 300 
MHz 

 
2 V 

 
1 mW 

 
152ps 

 
TA/ TDC 

 
SATA-II 

 
Y 

 
Ref[28] 

 
0.35 um 

100- 300 
MHz 

 
1V 

 
2  mW 

 
14ps 

 
VDL 

 
EDGE/ LTE 

 
Y 

 
Ref[29] 

 

 
90 nm 

 
1 GHz 

 
1.2 V 

 
10 mW 

 
0.88ps 

 
TDC/ VDL 

 
EDGE/ LTE 

 
N 

 
Table 3.1 Different Jitter Measurement design specification. 
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3.3 Presented Jitter Measurement Designs description 
 

3.3.1 Reference [24] 
In modern world jitter characterization is not negligible for the systems with high frequencies. 
This jitter characterization is done in the time domain as well in the frequency domain. That 
paper explains these characterizations of jitter by performing the jitter measurement in the 
time domain with the maximum timing resolution. It is achievable with the help of VDL which 
uses two delay lines directly given to the clock, but this VDL (Vernier Delay Line) structure is not 
preferable due to its miss matching of delay buffers and large silicon area. In this paper, 
another technique is presented with the implementation of two Vernier oscillators. Due to this 
the chip area and power consumption become less, and design is easy to implement. This 
model acquires the area of 0.12mm2 has the timing resolution of 18.9 ps.  
 

3.3.2 Reference [25] 
This paper presents the 2.4 GHz PLL (Phase Lock Loop) which uses an auto-calibration 
technique. This design is a further step to measure the jitter more accurately and is not affected 
by the process variations. The synthesizer used in that design with auto-calibration technique is 
connected with Jitter measurement circuit. PLL in the design deals with VCO (Voltage 
Controlled Oscillator) to control its voltage. VCO response is crucial in that design which is set 
toward the center frequency to minimize the jitter at the output of high frequency. BIST is also 
preferable to that design using PLL. This model has the standard deviation of 0.86 ps which is 
20% improvement w.r.t PLL without self-calibration. The VCO used in that model has the tuning 
range of 0.6GHz. 
 

3.3.3 Reference [26] 
In that design, BIJM (Built in Jitter Measurement) technique is used at 3 GHz operating 
frequency to measure the clock jitter of different SOC systems. This design has high timing 
resolution around 1.8ps and useful self-calibration technique. The measurement errors are also 
imperative for any design and this design clearly explains all these errors to find exact jitter. In 
that design auto calibration technique eliminates the process variation effects and provides 
proper calibration methods for VRO and TA. These VRO and TA should have high calibration to 
achieve useful timing resolution, and this is the main concept of that design. This BIJM circuit 
measures the Gaussian distribution jitter with very high resolution as mentioned above.  
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3.3.4 Reference [27] 
This design also uses the BIJM technique to measuring the jitter. Timing amplifier holds the 
important role in any jitter measurement circuit. In this model, frequency divider plays a part of 
the TA which amplifies the timing resolution to measure jitter more correctly. TDC is replaced 
by VRO which quantizes the overall jitter into digital codes. The requirement of the reference 
clock is eliminated by that design. So by all these steps the complexity of BIJM circuit is reduced 
by 50%.  
 

3.3.5 Reference [28] 
In today’s world on-chip jitter measurement for fast circuits is very challenging and significant. 
For proper measurement, the circuit resolution should sufficient and consumes less power with 
small chip area. All these factors must be considered before proposing any jitter measurement 
design. To full fill all these requirements, a new model was proposed with self-sampled VDL. In 
typical VDL jitter free clock was an important part which is now eliminated with that design. 
This design holds the timing resolution of 14ps and the chip area of 500 um – 750 um.   
 

3.3.6 Reference [29] 
A traditional VDL has considerable mismatch error and due to this the timing error becomes 

more when used with TDC. To overcome that problem, the new design was introduced which 

utilizes multiple ring oscillators for the measurement of VDL. This model reduces the area cost 

and power consumption of the circuit. It is implemented using on-die Jitter measurement 

circuit. Timing resolution obtained by this design is very high almost 0.88ps, which measures 

the jitter in a very precise way.  

 

3.4 Summary 
There are many designs which measure the phase noise or jitter of any digital circuit. The most 
feasible is Vernier Delay line method. This method performs the on-chip jitter measurement in 
a very efficient way but due to its more area, power consumption and also mismatch error new 
design was proposed. This new design, is also based on Vernier concept but instead of VDL 
Vernier oscillators are used. There are many design approaches have been discussed in that 
chapter. 
 

  



14 
 

4   Jitter Measurement Methods 
 

 Jitter is measurable by two ways. 
 

 Off-chip Measurement Method. 

 On-chip Measurement Method. 
 

4.1 Off-chip Measurement Method 
There are several off-chip methods to measure jitter some of them are given below.  
 

 Real-time Sampling Oscilloscopes.  

 Low-Level Phase noise spectrum analyzer.  

 Digital communication analyzers.  

 Automated Test Equipment.  

 Time Interval Analyzer.  

 Dedicated Hardware.  
 
All of these methods as mentioned above are off –Chip. Although these are the fastest 
techniques to measure a jitter but also have some drawbacks. As with normal signals they 
behave smoothly, but as signal become faster with higher resolution these methods become 
more complicated in term of usage and the measurement. These also increases the cost for 
measurement. Different wires are used in these methods, so noise in the wires degrades the 
signal. If you want to produce high volume testing, then these measurement methods become 
so far costly and complicated to handle them. Due to all these problems nowadays trend is 
moving towards on-chip jitter measurement techniques like Built-in-Self-Test (BIST). The 
circuitry is tremendously close to the under process circuit. It is exceedingly comfortable as 
compared to off-chip methods, and one of the primary advantages is economical cost and less 
time consuming in case of faster signal or any other signal. 
 

4.2 On-chip Measurement Method 

On-chip measurement methods are easy to handle as compared to the off-chip methods. In 
today’s technology on-chip jitter measurement methods are very popular due to their less 
complexity, less time consuming and cheap process. If we compare this with off-chip methods 
as explained above, it is evident that on-chip methods are more convenient. There are a lot of 
on-chip jitter measurement methods some of them are described and stated below. 
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 Time to Digital conversion with Timing Amplifier. [10] 

 Analytic Signal method. [9] 

 Delay Line method. [7] 

 Vernier Delay Line method. [7] 

 Vernier Oscillator Method. [13] 

 Jitter Measurement using Multi phase Sampler. [11] 

 Jitter measuring circuit with Calibration Technique. [12] 
 

4.2.1 Time to Digital conversion with Timing Amplifier 
TDC with TA is the main block of built-in jitter measurement circuit to measure the jitter 
performance in PLL. It is very simple and easy way to measure the jitter it usually consists of a 
“Test-Clk” and “Reference-Clk”. These two clocks are the main inputs for the BIJM circuit to 
perform the measurement. There exits the timing difference between the two clocks which is 
then amplified. The jitter causes this timing difference and after the amplification it is 
converted into digital codes, which is done by TDC. As Timing Amplifier plays a significant role in 
the circuit so it must be linear to get actual jitter values. TDC has the resolution that must be 
large enough to get accurate jitter measurement. [10] 
 

 

 
Figure 4.1 Time to digital conversion with Timing Amplifier [10] 

4.2.2 Analytical Signaling Method 
This design explains the analytic signal theory that is useful in the extraction of RMS and 
Instantaneous Jitter from the output PLL signal. This design uses the Hilbert transform for the 
extension of a real signal into an analytic signal. The Analytic signal theory requires a very small 
number of samples and also requires little cost for implementation. For the extraction of Jitter 
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values from PLL, an analytical signal model for the input and output waveform of the VCO is 
examined. The input to the VCO is real-valued DC signal, and the output will be an analytic 
signal. In that, the real part will be cosine wave and imaginary part will be a sine wave. A 
sinusoidal jitter with a carrier frequency used as test signal to the PLL. In this, the Hilbert pair 
generator transforms the output of PLL into the analytic signal. That analytic signal becomes an 
input to the phase estimator. So the output of that phase estimator will be reconstructed total 
phase function φ (t). This method leads to the high throughput, high accuracy and economic 
implementation in the real ATE systems. [9] 
 
 

 
 

Figure 4.2 Timing Jitter Extraction Algorithm [9]. 

 

4.2.3 Delay Line Method 
A large string of the delay elements are used in this method that are triggered at the starting of 
the time interval. So the primary signal is then passed through that delay string, and the output 
from that is compared with the signal that we set as a reference for our measurement. So at 
the end thermometer code is generated and delays from all elements are calculated. By 
multiplying this thermometer code with the delays we can get correct measurement results. As 
shown in Figure 4.3, this method though gives us fast testing time but the problem comes in the 
precision and also the larger area requirement. 
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Figure 4.3 Delay line Method [7]. 

4.2.4 Vernier Delay Line Method 
For high and better resolution, this Vernier delay line method is proven to be good way to 
measures the jitter. In this method, the delay difference between two elements minuscule. In 
this two signals are used start and stop. One is lagging from the other and when they meet up 
this then determine by thermometer code. It is also fast testing system. To remove the 
requirement of timing resolution, this is a favorable method. In other words, if you want to 
increase the Timing resolution of the BIJM then it will require the twice the area. It has two 
delay chains feeding into the clock and data lines of series of D-latches. As Shown below. [7] 
 

 

Figure 4.4 Vernier delay line Method [7]. 
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4.2.5 Vernier Oscillator Method 
Vernier delay line method is one of the fast ways to measure the jitter, but the drawback is that 
it is expensive and consumes more space on the chip. So research was done, and a new method 
was proposed based on Vernier concept. This type of method is useful in self-referred jitter 
measurement circuits. In that circuit, two Vernier oscillators work together to measure the 
jitter values. Vernier delay lines are widely helpful in every jitter measurement design due to 
their simple digital structure. Their design is somehow very sensitive, mismatching of the delay 
buffers in the VDL are very harmful to the jitter measurement. Due to this mismatching the 
analysis results could not be accurate. VDL also uses large silicon area that could be reduced by 
using Vernier Oscillator concept. [13] 

4.2.6 Jitter Measurement using Multiphase Sampler 
This method is employed in BIJM circuit utilizing TA and Multiphase Sampler (MPS) to achieve 
1-ps of timing resolution. This MPS used to reduce the area and to increase the timing 
resolution TA is used. Self-refereed circuit using auto calibration techniques can quickly 
eliminate the process variations. By this calibration technique, TA gain variation and MPS timing 
resolution variation could be aligned to get 1-ps timing resolution. As explained in previous 
methods this method also uses TDC, DL, VDL, and VRO their working is similar as described in 
previous sections. This method shows two operating modes. [11] 
 

 Calibration mode.  

 Jitter Measurement Mode.  

Cta controls these both modes to operate in an advised manner. On the other hand, the 
calibration mode works in two ways, first the self-refereed circuit with an auto-calibration 
technique, to make sure of that this circuit can delay 1 period of time. Second, calibrate the 
total timing resolution of BIJM by adjusting the gain of TA. As explained in the Figure 4.5,  
 

 
 

Figure 4.5Multiphase Sampler Method [11] 
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4.2.7 Jitter Measurement circuit with calibration Technique 
This BIJM circuit uses high timing resolution and the self-calibration techniques with an auto 
calibration method for the self-refereed circuit and remaining other calibration procedures for 
Timing Amplifier (TA) and Vernier ring oscillator (VRO). This BIJM circuit at 1.8ps timing 
resolution measures the Gaussian distribution jitter with input clock frequency of 3GHz. In 
general the standard and traditional clock jitter analyzers uses ATE, a real-time sampling 
oscilloscope and some dedicated jitter instruments. Here in that circuit timing resolution is 
crucial to measure. Here are some basic blocks that are going to be used in that process, their 
functionalities according to that method are explained below. [12] 
 
 
PLL (Phase Lock Loop): It is the mixed signal building block. It generates a low jitter clock from a 
noisy clock. It also extracts a data-synchronous clock from serially communicated data. 
 
 
DL (Delay Line): It usually measures the PLL clock jitter, and it also limits the timing resolution 
of the circuit. 
 
VDL (Vernier Delay Line): It is used to remove the requirement of timing resolution. To increase 
the Timing resolution of the BIJM with VDL will require the twice the area. It is basically two 
delay chains feeding into the clock and data lines of series of D-latches. 
 
 
VRO (Vernier Ring Oscillator): In that method the area which will be increased as mentioned in 
VDL, to reduce that area VRO plays an important role. In this technique for quantizing a time 
interval, difference between the periods of two oscillators is used. Ring oscillator is nice option 
for that, which could easily be integrated on a chip. In general placing, these oscillators in 
proximity will attenuate the jitter effect that is induced by the power supply.  
 
 
TDC (Time-To-Digital Converter): It is similar to ADC but instead of quantizing the voltage and 
current it quantizes time interval between two rising edges. BIJM method consists of two 
modes of operation.  
 

 Pre-procedure mode.  

 Jitter measurement mode.  
 

 
That pre-procedure mode consists of the self-refereed circuit with auto calibration techniques 
and TA and VRO with calibration techniques. This self-refereed circuit and TA and VRO generally 
controls the Jitter measurement mode. 
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Figure 4.6 Block Diagram of BIJM Architecture [12]. 

 

 

4.3 Summary 
There are various methods to measure the jitter, which can be grouped into two categories, on-
chip, and off-chip measurement method. Off-chip measurement methods, although fast, are 
quite expensive and require several components to be used. On-chip methods are also fast but 
they are cheap and easier to handle. Various on-chip measurement methods have been 
described in this chapter. 
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5   Jitter Measurement Circuit Design 
 

In this chapter, an on-chip Jitter measurement technique is described. The method is using ring 
oscillators instead of Vernier delay lines. With the help of this method, timing resolution is 
improved. The circuit used is self-referred on-chip Jitter measurement circuit. Vernier 
oscillators are employed to eliminate the issue of mismatching of buffers in Vernier delay line. 
In most of the high-speed digital transmission, system jitter is a major problem that degrades 
the system performance and affects the communication. There are many off-chip jitter 
measurement circuits which can measure jitter, but the problem comes in the complexity of the 
devices as well as in the cost of measuring the jitter. On-chip jitter measurement methods are 
easy and cheap for measuring jitter. 

5.1 Main Idea 
Vernier delay lines are exceedingly useful in jitter measurement circuit and mostly used in BIJM 
(Built in Jitter Measurement) circuit. It has a simple design structure and fully synthesizable. On 
other hands, this technique with Vernier delay line is very sensitive in the case of process 
variations. There exist a mismatching effect in the buffers used in Vernier delay line that makes 
it less accurate. To overcome all these problems a new design is proposed with two Vernier 
oscillators. In which phase error is found at the output of the two oscillators, and it overcomes 
the mismatching problem. A single counter is used instead of many counters like VDL that 
reduces the overall chip area overhead. The block diagram of whole design is shown in Figure 
5.1. 
 
 

 
 

Figure 5.1 Block Diagram of Jitter Measurement system [22]. 
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The main parts are, the edge detector 1, edge detector 2, phase detector and the binary 
counter. The two oscillators are Osc-1 and the Osc-2 with the time period of T1 and T2. The 
time period T1 must be larger than T2. According to the Figure 5.1, edge detectors which detect 
the rising edges of the input signal produces outputs which are A1 and A2. These outputs are 
the inputs to both the oscillators. There is also an input signal “In” which is divided into two 
branches (In1 and In2 (d)). In which one goes directly to the edge detector 1 and the second 
one after passing through some delay buffer “t” enters in the edge detector 2. As it is self-
refereed jitter measurement so the value of t must be in the range of T to 1.5 T. Where ‘T’ is 
the time period of the input “In”.[22] 
 
 
 

 
 

Figure 5.2 Timing Diagram [22]. 

 

Input In1 is the input for the edge detector 1 and input In 2(d) is the input for edge detector 2. 
In the Figure5.2, input In 2(d)’s first rising edge is lagging the input In 1’s second rising edge. So 
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after that “tj” is the time difference when the input is jittery and “ti” is the time difference 
when the input is jitter free. A1 and A2 are the inputs for the oscillators 1 and 2. These two 
oscillators will oscillate by making A1 and A2 logic High. Osc-1 will start oscillating earlier than 
Osc-2. The Osc-1 and Osc-2 outputs are then fed to the phase detector to measure the phase 
difference between the two oscillators. Osc2 time period T2 will be less than Osc-1 time period 
T1. 
The Phase detectors output is the input to a binary counter that counts the number of cycle of 
Osc-2. At some point, there will be phase coincidence of both the oscillators and at that point 
counter will stop counting and will reset its values. N will be the number recorded by the 
counter when it terminates after phase coincidence. So timing jitter with jittery input can be 
calculated as, 
 
𝑡𝑗 = 𝑁 ∗ (𝑇1 − 𝑇2)                                                                                                                        (5.1) 

 
𝑇1 − 𝑇2 is the phase difference between two oscillators. In that case now real timing jitter could 
be found as, [22] 
 
𝑇𝑗 = 𝑡𝑗 − 𝑡𝑖                                                                                                                                                                                                        (5.2) 

Therefore, 𝑡𝑖 = T –t. 
 

5.2 Circuit Explanation 
 

5.2.1 Edge Detectors 

 

 
  

Figure 5.3 Edge Detector [22]. 

According to the Figure 5.3, edge detector 1 used to capture the rising edge of the input signal 
and generates a control signal for the oscillator. This edge detector consists of two D flip-flops 
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that are rising edge triggered. When the reset signal after two cycles switches to high then the 
output A1 is driven from low to high. 
 

 

Figure 5.4 Edge Detector 2 [22]. 

The input to the DFF is delayed to lag it one clock cycle from the input of edge detector 1. It 
works on same principle as above. 
 

5.2.2 Flip Flops 
Flip flops are the transparent or clocked digital circuit. Simply in sequential circuits there are 
some memory elements that are called flip flops. The transparent part is called latch. In today’s 
technology, the clocked digital circuits are preferable known as flip flops. Flip-flop work on the 
binary information in different ways. Binary digits are easily stored in the Flip flops.  Flip flops 
are further divided into some types as follow. [21] 
  

 RS Flip Flop. 

 T Flip Flop. 

 JK Flip Flop. 

 D Flip Flop. 

 SAFF Flip Flop. Etc. 
 
 
Here D and SAFF Flip Flops will be explained below as used in the circuit, 
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5.2.2.1 D FF 
This type of flip flop is very common in the digital world and known as Delay Flip-Flop. This FF 
could be positive edge triggered or negative edge triggered. It has two outputs one is Q, and 
the one is the opposite of that output which is Q’. The main output Q works according to the 
input D and takes its value either on the positive edge or negative edge and delay it by a single 
clock cycle. These FF works as storage devices that hold the previous state until the next edge 
of the clock comes. This could be understandable with the help of a truth table. 
 

 

Clock D Q Q pervious 

Rising Edge 0 0 dc 

Rising Edge 1 1 dc 

Non Rising Edge dc Q previous  

 
Table 5.1 DFF General Table. 

dc = don’t care. 

 

 

Figure 5.5 D Flip Flop. 

 

5.2.2.1.1 Positive edge triggered DFF 
This circuit uses S͞R NAND latches. With the slow clock, it will care for the Data and the output 
will be active for the particular input signal. In this way, the previous stage will be stored by the 
O/P latch. On the other hand with the high CLK signal the output latch is set/Reset by one of the 
low voltage signals. Upper and lower O/P(Output) depends upon the value of the D. CLK signal 
has very important role in that type of FF, O/P will hold the previous state up till CLK is High and 
is independent of the I/P data. So the data will be stored in the O/P latch while CLK is low. 
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Figure 5.6 Positive Edge Triggered DFF. 

 

5.2.2.1.2 Pulse Triggered Flip Flop 
These is remarkably attractive DFF and also known as Master-Slave FF. Connect in series two D 
latches and then invert enable/Reset to any of the input. The second latch utterly depends on 
the first one as the second one will change w.r.t the first latch. Data in the latch depends upon 
the positive edge of the clock that is why it is called pulse triggered FF. 
At the start with the low CLK the enable appears to the first latch will be High (1) so in this way 
the latch will store the input on CLK going from 0 to 1. After that value on the master latch will 
be saved when CLK goes from 0 to 1, as inverted enable of the first latch will go to 1 to 0. In this 
way the input value will be stored at the rising edge of the CLK. 
When the CLK goes from 1 to 0 the second latch’s value will be saved and the value on the 
latest rising edge will be there until the new value will be allowed on next rising edge. As shown 
in a Figure 5.7, 
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Figure 5.7 Master Slave Flip Flop. 

 

5.2.2.2 SAFF (Sense Amplifier Flip Flop): 
Flip Flops are the necessary and significant block in a digital system and used as a storage 
device as explained before. These have the greater impact on any systems power consumption 
scenario. An ordinary FF consumes more power and gives the high setup time and low hold 
time. As general circuit with clock, power dissipation in a simple clock distribution network 
(CDN) is almost 30% to 60% of the overall power of the system, from which FF consumes the 
90% power of the CDN. Digital systems performance is influenced by the timing elements, FF 
and latches as low power, and strict timing constraints require for these systems. [19] 
SAFF characteristics are entirely differential and due to this their speed is fast as compared to 
the ordinary FF. As mentioned that power consumption should be less in a digital circuit, so 
SAFF is a perfect solution for the low power consumption. The easy way to implement the SAFF 
could be microprocessors, DSP units, etc. 
 
 
Mechanism 
SAFF takes the input that is small or the signal with lower strength and amplify these given 
inputs to produce the shorter rail to rail swing. As they consume less power, so their perfect 
place to be used in memory cores and the small swing bus drivers. [20] 
If we take a simple FF, it consists of a small latch with the pulse generator that is similar to the 
master-slave latch as described before. But the SAFF composed of two stages at the first stage 
SA (Signal Amplifier) is there, and the O/P (output) of that SA fed into the second stage which is 
SR latch. The function of SA is to provide the SR latch a negative pulse on its any one of the 
input “Set” or “Reset” to set the O/P “Q”. Monotonic transitions produced by the SA stage on 
any of the O/P from 1 to 0 at the CLK’s rising edges. In this way the O/P of the SA will not be 
affected by any change in the data. In the second stage SR latch which will hold that state on 
the rising edge and store it until the new rising edge will come. As if clock goes to its inactive 
stage the O/P’s of the SA will automatically assumes logic high, from there it will act as a FF 
(Flip-Flop). 
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Figure 5.8 Block Diagram of SAFF [20]. 

 

There are two possible logical representations that are, 
 
Q = S + R̅Q                                                                                                                                       (5.3) 

Q=R̅ * (S + Q)                                                                                                                                  (5.4) 

The Setup and Hold times are crucial in that circuit and also the clock Q and the input D delay, 
which should be less to get the desire O/P. 
Setup Time:  
It is the time when the given data is stable before the clock’s rising edge. 
 
𝑇𝑠𝑢 ≥ 𝑇𝑐𝑙𝑘 + 𝑇𝑙𝑜𝑔𝑖𝑐 + 𝑇ℎ𝑜𝑙𝑑  

 

Hold Time: 
It is the time of the clock from its rising edge transition to the earliest time where data after 
being sampled may changes.  

. 

𝑇ℎ𝑜𝑙𝑑 ≥ 𝑇𝐶𝐷𝑟𝑒𝑔 + 𝑇𝐶𝐷𝑙𝑜𝑔𝑖𝑐  

 

Clock Q Delay: 
 It is the time of the clock from its half rising edge to the O/P that is delayed more than original.  
 
D-Q Delay:  
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 It is the time when the transition in the input D reaches to 50% of the given supply voltage, to 
the require point where the O/P Q reaches to the half (50%) of the Supply voltage. 
 

5.2.3 Vernier Ring Oscillators (VRO) 
In on-chip jitter measurement method, VDL plays imperative role due to their simplicity and 
performance. VDL structure is quite simple and gives the high resolution. It has D-latches in 
series and two delay buffer lines. It makes measurement easy but there are some draw backs 
for VDL as there could occur a mismatch in the delay buffers that affects the accuracy, [23]. VDL 
uses large number of counters which increases circuit area in board and power consumption as 
well. To solve these problems, Vernier oscillator is used instead of VDL. Two oscillators are used 
in the circuit, [22]. These oscillators have one NAND gate and delay cell. The NAND gate has two 
inputs one for the feedback and another to control the input from previous edge detectors. For 
high resolution exactly same NAND gate are implemented in the two oscillators only change in 
the delay cell for period difference. To replace the delay cell different chain of inverters are 
used to make simple ring oscillator. As shown in Figure 5.9, 
 

 

Figure 5.9 VRO Block Diagram. 

 

NAND gate’s one input is being used for the feedback signal, and another one is for the select 
signal. This control signals controls the oscillation if it is High oscillator will oscillate and if it is 
Low no oscillation will take place. 
 

5.2.4 Phase Detector 
In any differential digital circuit, phase detection is essential to find the maximum deviation of 
the two signals. If the deviation is unknown, then the further process could not be handled in 
the circuit, so phase detector plays an important part in that scenario. The O/P of the phase 
detector is proportional to the two signals phase difference. At the steady phase difference the 
voltage produced will be constant due to that steady effect. On the other hand at different 
frequency, voltage will be different. 
The circuit used in the design is measuring the phase difference between the two oscillators. 
When both the oscillators coincide with each other than the counter will stop and record the 
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value at that point of coincidence. Reset will work when Osc-1 will start lagging Osc-2 which is 
not desirable. As shown in Figure 5.10. 
 
 
 

 
 

Figure 5.10 Phase Detector Block Diagram  [22]. 

To understand the clear picture about the phase detector, its timing diagram is very important 

which tells the whole idea about PD. The general timing diagram for PD is shown in Figure 5.11. 

 

 

Figure 5.11 Timing Diagram of PD. 
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5.3 Summary 
In this chapter, the central design is explained. That on-chip circuitry is used to measure the 
jitter in any digital circuit. It consists of four main parts the edge detector, VRO, phase detector 
with a binary counter. 
The edge detector captures the rising edges of the clock signal. The second edge detector is a 
little bit delayed to get phase difference for measuring process. Outputs of these edge 
detectors are the inputs to the VRO, which then oscillate according to the given input from the 
edge detectors. One oscillator is fast, and another is slow to track the phase dissimilarity. Then 
PD detects their phase difference, and the binary counter counts the number of cycles for one 
oscillator.  
This chapter explains the working of every block used in the main circuit and in further on their 
working will be elaborated in next chapters after their implementation. 
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6   High-Level Design and Simulation 
 

The primary objective of this chapter is a fundamental concept of the jitter measurement circuit 
by implementing it in high-level. All the blocks in the circuit are ideal and implemented in high 
level. This is done through Cadence and are taken from Cadence libraries. 
 

6.1 Block Diagram of Jitter Measurement Circuit 
The block diagram for the circuit that is implemented in High-level to measure the jitter is shown 

in Figure 6.1. 

 

 

Figure 6.1 Jitter Measurement Circuit Block Diagram. 

 

6.2 Fundamental Blocks of the Circuit 
The Jitter measurement circuit consists the following blocks. 
 

 Input Clock with Jitter. 

 Edge Detector. 

 Vernier Ring Oscillator. 

 Phase Detector. 

 Binary Counter. 
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6.2.1 Input Clock with Jitter 
For the design to work properly, this block holds an important part in the circuit. It introduces 

the jitter in the circuit. The code and block diagram with output timing diagram is shown as, 

 

 

Figure 6.2 Clock with Jitter Block Diagram. 

 

 

Timing diagram of the clock with and without Jitter. 

 

Figure 6.3 Timing Diagram of clock with jitter. 
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Code: This code is shown in [31]. 

moduleSyn_Jitt_I(out); 
 
output out; voltage out;    
parameter real freq=1 from (0:inf);   
parameter real vl=-1;    
parameter real vh=1;    
parameter real tt=0.01/freq from (0:inf);  
parameter real jitter=0 from [0:0.1/freq);  
integer n, Seed; 
real next, dT, dt, SD; 
 
analog begin 
@(initial_step) begin 
 Seed = -459; 
 SD = jitter; 
 next = 0.5/freq + $abstime; 
end 
@(timer(next + dt)) begin 
 n = !n; 
 dt = SD*$rdist_normal(Seed,0,1); 
 next = next + 0.5/freq; 
end 
V(out) <+ transition(n ? vh : vl, 0, tt); 
end 
endmodule 
 

6.2.2 Edge Detector 
 

 
 

Figure 6.4 Edge Detector. 
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Edge detector 1 is used to capture the rising edge of the input signal and generates a control 
signal for the oscillator at the output. This edge detector consists of two D flip-flops that are 
rising edge triggered. When the reset signal after two cycles switches to 1, then the output S1 
driven from 0 to 1. The input is given as “Vdc”, which is taken from analog lib. 
 

 
 

 
 

Figure 6.5 Timing Diagram of Edge Detector. 

 

 
The input to the DFF is delayed to lag it by one clock cycle from the input of edge detector 1. 

 
 

Figure 6.6 Edge Detector with Delayed Input. 

 
These circuits are implemented in Cadence using the ideal blocks from the libraries. The DFF are 
implemented in “Veriloga”. The reset terminals of both are connected together. Which are 
synchronous reset. Both of the FF are positive edge triggered FF. The “veriloga” code for DFF is 
as follow and taken from Lab of a Course TSEK06 of Linkoping University. 
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// -  D-type flip flop 
// 
// vin_d:             [V,A] 
// reset:                        [V,A] 
// vclk:               [V,A] 
// vout_q,vout_qbar: [V,A] 
// 
// triggered on the rising edge 
 
 
Moduled_ff(vin_d, vclk, reset, vout_q, vout_qbar); 
 
input vclk, vin_d, reset; 
 
outputvout_q, vout_qbar; 
 
electricalvout_q, vout_qbar, vclk, vin_d, reset; 
 
parameter realvlogic_high = 1.2; 
parameter realvlogic_low = 0; 
parameter realvtrans_clk = 0.6; 
parameter realvtrans = 0.6; 
parameter realtdel = 10n from [0:inf); 
parameter realtrise = 100p from (0:inf); 
parameter realtfall = 100p from (0:inf); 
 
integer x; 
 
analog begin 
      @ (cross (V(vclk) - vtrans_clk, +1 )) 
if(V(reset)== 0) 
           x = 0; 
else 
   x = (V(vin_d) >vtrans); 
 
V(vout_q) <+ transition( vlogic_high*x + vlogic_low*!x, 
    tdel, trise, tfall ); 
 
V(vout_qbar) <+ transition( vlogic_high*!x + vlogic_low*x, 
    tdel, trise, tfall ); 
end 
endmodule 



37 
 

6.2.3 Vernier Ring Oscillator 
Vernier oscillator is used instead of VDL (Vernier Delay Line). Two ring oscillators are used in the 
circuit. These two oscillators have one NAND gate and chain of inverters. Both of the NAND 
gates have two inputs one for the feedback and another one to control the input from edge 
detector. Resolution of the circuit should be high, for that same NAND gates are implemented 
in both the oscillators’ only difference in the delay cell. 
NAND gates with chain of inverters are implemented in high-level design for the oscillators. One 
oscillator is running with high oscillations frequency another is with slow. The delay for 
inverters are adjusted in such a way that their timing difference become small to get the 
desired resolution of 10 ps.  
Oscillator 1 is working at the frequency of 595 MHz, and the oscillator 2 is working at 
598MHz.Osc2with high oscillation frequency is being used as the clock input for the DFF in 
phase detector and binary counter. The frequencies of both the oscillators are high enough to 
measure the required jitter. With low frequencies the jitter measurement will have some 
limitation due to the less bandwidth of the oscillators. The frequency and the time period of the 
oscillator could be calculated as follow. 
 
 

𝑓 =
1

2𝑁 ∗ 𝑡𝑑
                                                                                                                                           (6. 1) 

 

 
N = No. of delay stages. 
𝑡𝑑 = Propagation delay of inverters and NAND gate. 
 

𝑇 =  
1

𝑓
                                                                                                                                                     (6. 2) 

T = Time Period. 

 
NAND gate works as delay stage in a ring oscillator and it is used to control the oscillation. The 
high-level design for the oscillator is shown in Figure 6.8. 
 

 
 

Figure 6.7VRO High-level Design. 
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The timing diagram for the circuit explains the core idea of the design. It is the design 
requirement that the value of T1 which is the time period of oscillator 1 should be larger than 
time period of oscillator 2 which is T2. Through this assumption phase coincidence will happen; 
otherwise they will not meet up with each other and phase coincidence could not be possible 
according to the design. [22]. 
 
 
 
 
 

 
 

Figure 6.8 Timing Diagram of VRO. 

 

Here it is clearly shown that oscillations are happing, and NAND is controlling the oscillations.  

 

6.2.4 Phase Detector 
This circuit holds the central part in the design. It measures the phase difference between the 
two oscillators. When both oscillators coincide, the reset signal will be sent to the counter that 
is working on the Osc-2 clock and measuring its cycles. The counter will reset the measurement 
and new cycle of measurement will start. Reset will work when Osc-1 will start lagging Osc-2. 
In circuit two DFF and one NAND gate is used which make the decision when the phase will 
coincide. The Q’ output of first DFF and the Q output of the second DFF are the inputs for the 
NAND gate through which phase coincidence happens. 
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This circuit is implemented in high-level, and all the blocks are ideal and are taken from the 
Cadence libraries.  
 
 

 
 

Figure 6.9 Phase Detector. 

The timing diagram for that circuit which shows the coincidence of the oscillators is shown in 
Figure 6.10. 
 

 

Figure 6.10 Phase Detector Timing Diagram. 
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6.2.5 Binary Counter 
The binary counter count the cycles of the Osc-2 which is fast. When Osc-2 starts leading Osc1 
phase coincidence signal will be issued by phase detector and it resets the counter values. The 
counter is the last block in the circuit, and its values are used to measure the jitter.  
The counter is implemented in high level with a “veriloga” code. The counter implementation is 
shown in Figure 6.12. 
 
 

 

Figure 6.11 Binary 4-Bit counter. 

 

The veriloga code for that counter isgiven in [32]. 
 
Code: 
 
VerilogA for jit_work, counter_4bit, veriloga 
 
`include "constants.vams" 
`include "disciplines.vams" 
 
module counter_10bit(b0, b1, b2, b3, cout,clk,enable, reset); 
output b0; 
electrical b0; 
output b1; 
electrical b1; 
output b2; 
electrical b2; 
output b3; 
electrical b3; 
outputcout; 
electricalcout; 
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inputclk; 
electricalclk; 
 
input enable; 
electrical enable; 
 
input reset; 
electrical reset; 
 
// Our own code 
parameter real vlogic_high =1.2; 
parameter real vlogic_low = 0; 
parameter real vtrans_clk = 0.6; 
parameter real vtrans_reset =0.6; 
parameter real vtrans_enable =0.6; 
parameter real tdel = 10n; 
parameter real trise =100p; 
parameter real tfall = 100p; 
 
integerreset_flag; 
integer count; 
integer code; 
integer d[0:4]; 
integeri; 
 
analog begin 
       @ (initial_step) begin 
 for (i=0; i<3; i=i+1)begin 
 d[i]=0; 
 end 
 count=0; 
end 
 
 
 
@ (cross( V(clk) - vtrans_clk, +1 )) begin 
 
//Since this counter is a positive edge triggered one. 
 code=count; 
 
if (V(reset) <vtrans_reset) begin 
 reset_flag = 1; 
 count= 0; 



42 
 

 end 
 
else if (V(enable) >vtrans_enable) begin 
 reset_flag=0; 
 for (i=9;i>=0;i=i-1) begin 
  if(code>19) begin 
  d[i]=1; 
  code=code-20; 
  end else begin 
  d[i]=0; 
  end 
  code=2*code; 
  end 
  if(count==15) begin 
  count=0; 
  end else begin 
  count =count +1; 
  end 
  end 
  end 
 
 V(b0) <+ transition (vlogic_high*d[0]*!reset_flag, tdel, 
 trise, tfall); 
V(b1) <+ transition (vlogic_high*d[1]*!reset_flag, tdel, 
 trise, tfall); 
 V(b2) <+ transition (vlogic_high*d[2]*!reset_flag, tdel, 
 trise, tfall); 
 V(b3) <+ transition (vlogic_high*d[3]*!reset_flag, tdel, 
 trise, tfall); 
 
 V(cout) <+ transition (vlogic_high*d[0]*d[1]*d[2]*d[3], tdel, trise, tfall); 
end 
endmodule……. 
 

Parameters: 
Setting parameters for the counter are as follow, 
 

Parameters Value 

Enable 305n 

Clock 10n 

Reset 265n 
 

Table 6.1Counter Parameters. 
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Timing diagram of the counter output is shown in Figure 6.12. 
 

 
Figure 6.12 Counter Output Waveform. 

 

 

 

Table 6.2 Counter values. 
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6.3 Results 
In this section, a simulation result of the Jitter measurement circuit is presented. The simulation 
is conducted on Cadence Virtuoso Platform. The input of 100 MHz clock and voltage of 1.2 V is 
applied to the edge detectors. The output from these are fed directly to the oscillators. 
Oscillators output then to phase detector and finally its output to the binary counter to record 
the value where the phase coincidence of the oscillator will happen. 
The frequency for both of the VRO’s are adjusted to get resolution of 10 ps. Their time 
difference clearly explains the measurement resolution. Finally, the analysis is performed for 
thousands of Nanoseconds and the value of N is recorded with and without jitter input value. 
As shown in the table, 
Now the average value of N is calculated with different frequencies by taking 35 samples of N 
and the input is set as without any jitter. Standard deviation is also calculated to show the 
spread of N values shown in Table 6.3 

 
Frequency 

MHz 
N (Average) (N) rounded  

Values  
Standard 

Deviation(δ) 

100 30.12 30 1.41 

300 34.88 35 2.33 

500 40.29 40 3.56 

Table 6.3 N value Without Jitter Input. 

Table 6.3 represents the true nature of the circuit as at there is no jitter at the input and the 
average values of N at different frequencies are calculated. Now at the input, jitter will be 
introduced to find the average values of N for different frequencies. N will have different values 
to show the effect of internal jitter in the circuit like in Oscillators.  
Now again Average value of N is calculated with 35 samples of N for different frequencies.  
 

Jitter(ps) N (Average) (N) Rounded 
Values 

Standard 
Deviation(δ) 

10 32.26 32 1.72 

15 35.97 36 1.89 

20 40.15 40 2.12 

25 45.20 45 2.19 

30 54.88 55 2.27 

35 62.18 62 2.39 

40 63.77 64 2.41 

45 72.41 72 2.56 

50 80.06 80 2.64 

55 87.83 88 2.73 

60 96.19 96 2.84 

65 102.11 102 2.89 

70 111.89 112 2.93 

75 120.01 120 2.99 

 
Table 6.4 N (Average) with jitter at 100MHz. 
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Using same setup time we measured for 300 MHz and 500MHz, the values of N are measured in 
the same way by taking their averages with 35 samples. The values will look like as shown in 
and Table 6.5and 6.6. 
 
For 300MHz the values are, 
 

Jitter(ps) N 
(Average) 

(N) Rounded 
Values 

Standard 
Deviation(δ) 

10 35.85 36 3.04 

15 46.03 46 3.12 

20 62.25 62 3.19 

25 75.97 76 3.26 

30 88.09 88 3.31 

35 108.11 108 3.39 

40 117.86 118 3.43 

45 126.18 126 3.47 

50 140.39 140 3.56 

55 160.41 160 3.69 

60 178.34 178 3.73 

65 195.79 196 3.85 

70 205.43 205 3.93 

75 220.31 220 4.03 
 

Table 6.5N (Average) with Jitter at 300MHz. 

For 500MHz the values are, 
 

Jitter(ps) N 
(Average) 

(N) Rounded 
Value 

Standard 
Deviation(δ) 

10 42.22 42 4.11 

15 48.31 48 4.19 

20 61.86 62 4.21 

25 82.76 83 4.29 

30 98.41 98 4.37 

35 110.09 110 4.42 

40 133.33 133 4.48 

45 153.19 153 4.55 

50 167.91 168 4.61 

55 185.36 185 4.73 

60 201.95 202 4.86 

65 218.15 218 4.89 

70 232.34 232 4.93 

75 251.29 251 4.98 
 

Table 6.6 N (Average) with Jitter at 500MHz 
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Now with the increase of the input frequency, values of N changes and their standard deviation 
also increases. As the frequency is high so more jitter effect will be accommodated by the 
circuit and due to internal jitter in the oscillators, the values become more deviated from their 
original point.  
Linearity of the Jitter Measurement characteristics is verified using linear regression as jitter 
measurement is a linear process. This linear regression will show that how much the measured 
values of N are deviated from their true linearity. This happens due to the circuits non 
linearities. 
This Linear regression finds out the exact straight line through all the points in the graph as 
shown. Points that are closer to the line have less error of prediction and those which are far 
have greater error of prediction. The error of prediction is actually the value of the point on the 
line minus the predicted value. The general formula for the regression line is as follow, 
 

𝑌 = 𝛢х + 𝛣 
 
Now the graph of linear regression for 100MHz, 300MHz and 500MHz is shown in Figure 6.13, 

6.14, 6.15. 

 
 

Figure 6.13 Measured Characteristics with 100MHz. 
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Figure 6.14 Measured Characteristics With 300 MHz 

 

 

Figure 6.15 Measured Characteristics with 500MHz. 

 

The line clearly explains the deviation from the true linearity. This is done for the frequency of 
100MHz, 300MHz and 500MHz. The value of R^2 explains the strong correlation between the 
value of N and the Jitter in picoseconds between the axes. 
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6.3.1 Resolution 
Timing resolution is paramount factor in measuring the jitter, and it should be as large as 
possible. In ring oscillator, the timing resolution with highest values could be achievable by 
adjusting the propagation delay of the different stages of the ring oscillator. The output of a 
simple oscillator is shown below, 
 
 
𝑉𝑜𝑢𝑡 = 𝐴(𝑡) ∗ 𝑔[𝑤𝑜𝑡 +  ∅(𝑡)]                                                                                                         (6. 3) 
 

𝑔= Function, periodic in 2π 
𝐴(𝑡), ∅(𝑡) = Fluctuation in phase and amplitude due to external noise source. 
 
The frequency of oscillation mainly depends upon two factors that are propagation delay τp and 
the number of ring oscillator stages. Greater the propagation delay lesser the frequency and 
lower the number of stages greater the oscillation frequency vice versa.  
The resolution in that design is 10ps, which is achieved by adjusting the propagation delays of 
both the oscillators. Like T1 and T2 are time periods of both the oscillators and timing 
resolution is considered as, 

ΔT = T1 – T2 
 
The frequency range of the both oscillators depend on the propagation delay, as it is high-level 
model, so it is easy to tune the oscillators with frequency compatible with the design 
requirement. The frequencies used in high level design are 598 MHz and 595 MHz’s. The range 
of the oscillators will be explained in the next chapter as it will depend upon the transistor 
sizing. 
 

6.3.2 Non-linearities effect 
In general there are many sources of non-linearities which effect the system performance like 
noise has appalling effect on the oscillator performance and also on overall system 
performance, it degrades performance and also introduces more jitter. The frequency spectrum 
is mainly affected by the noise and also the timing interval of oscillator transition. These noises 
could be of many types like deterministic and random. 
Deterministic includes crosstalk between adjacent signal traces, Noise in different layer 
substrate, Gate switching to the logic state. Random includes flicker noise, shot noise, and 
thermal noise.  
The timing jitter in a system and power consumption are inversely proportional to each other. 
There will be some nonlinearities in the delay stages and some fluctuation in the tail current 
introduced by power supply increase the phase noise at the output of the system. With the rise 
of power supply jitter increase linearly. 
Temperature also affects the output and increases the jitter with an increase in temperature. 
Delay also has a large impact on the overall system performance, it has inverse relation with 
the jitter. If the input has more delay so the system will accommodate more jitter and may 
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affect the jitter measurement. Due to this jitter may occurs outside the boundaries of the 
circuit, so delay must be as less as possible to overcome that issue. 
 

6.4 Summary 
The high-level model of the Jitter measurement circuit is designed using the Cadence library 
built-in blocks. Various components are required for its implementation. An Edge detector 
block is used to capture the rising edges of the input and eliminate the variation in the input 
signal. VRO’s are used to compare the phase differences to measure the value of jitter. A Binary 
Counter block is used to get different values at which the phase coincidence of two oscillators 
happen. The measurement process is repeated for many times to get more values at which 
phase coincidence happens.  
Different values of N are obtained and their average is calculated along with the respective 
standard variations which could be useable to measure the Jitter value. It should be noted that 
the measured N values are also dependent on the input frequency. However, it is not the case 
with the actual values of jitter obtained by calibration that will be discussed in the following 
chapter. 
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7   Transistor level Design 
In this chapter circuit level model of the jitter measurement design is presented. All the blocks 
used in this design like DFF, counter and inverters are modeled at the transistor level. The non-
idealities that affect the blocks are also described in this chapter. 
 

7.1 Circuit Mismatch Errors 
There are a lot of non-idealities that affect the circuit performance and reduces its efficiency. 
Some of them are described below. 
 

 Capacitive Parasitic. 

 Resistive Parasitic. 

 Inductive Parasitic. 

 Thermal noise. 

 Temperature variations. 
 

7.1.1 Capacitive Parasitic 
It refers to the unwanted capacitance in the digital circuit. The transistors in the design have 
their internal capacitance that make them deviate from their desired behavior. The cross-talk 
between the wires is an excellent example of capacitive parasitic. This cause internal 
disturbance between transistors and introduces noise and creates intermittent errors. This 
effect becomes dominant at switching speed of the current.  Crosstalk has proportional relation 
with the noise. There will be some manufacturing device variations in the circuit which 
introduces the capacitive parasitic. 
In the circuit coupling capacitances also degrades the performance by experiencing the double 
voltage swing as compared to the signal swing. Due to this effect overall significant percentage 
of capacitance is expressed by coupling effect, and it degrades the propagation delay for the 
transistors. This happen at the high frequencies. For this special measures should be taken to 
avoid the affect, such as there should be enough separation between the wires and 
components. The input and output must be shielded to minimize the effect of unwanted 
capacitance by using strip lines.  
 

7.1.2 Resistive Parasitic 
This non-ideality also degrades the system performance. An ohmic voltage drop always exists 
when current flows through the resistive wire, it affects the signal and drag it to the low level. 
In on-chip logic, the current pulses over the power distribution network cause the voltage drop 
and due to this on-chip power supply noise arises.  
This problem could be solved by careful placement of the supply pins w.r.t to the power supply 
connections. In the digital circuit, the wire delay increases quadratically w.r.t its length. If we 
double the length of the wire, delay will also increase by the factor of 4 due to its quadratic 
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nature. So RC effect become dominating in the digital circuit. This could be controlled by using 
careful interconnect materials. Using copper and low permittivity dielectrics reduces the 
resistive parasitic and enhance the circuit performance.  
 

7.1.3 Inductive Parasitic 
It is same like the other two parasitic, the process variation is one of the primary cause of this 
kind of non-ideality in the circuit. It exists in the circuit due to the bonding wires and the 
available chip packages. There exists the voltage difference between internal and external 
supply voltages due to the transient current change.  Due to this effects noise margin is 
reduced.  
The inductance problem is solvable by applying some good measures such as isolate the chip 
core to reduce inductance, as there occurs large current changes. Use the multiple ground and 
power pin and position of the supply voltage pins should be done very carefully. Also increase 
the rise and fall time of the blocks in the circuit.  

 

7.1.4 Thermal Noise 
That introduces the unwanted delay in the circuit and reduces the sampling capacitor. There 
exist a noise voltage over the sampling capacitance shown as,  
 

𝑉2 =  √
𝑘𝑇

𝐶
                                                                                                                                       (7. 1) 

Where k is the Boltzmann Constant, T is the absolute temperature in Kelvin and C is the size of 
the sampling capacitor.  

 
This equation explains that the thermal noise is totally depending on the size of sampling 
capacitor. Thermal noise has an inverse relation with capacitor size. So to reduce the noise we 
should adjust the size of a capacitor in such way that noise becomes less and not affect the 
system performance.  
 

7.1.5 Temperature Variations 
This is due to the environmental variations in the circuit that causes the jitter. As the power 
variations, introduces the temperature gradients across the chip that could be large. In circuits 
like clock gating, the temperature variation effect is atrocious because a part of the circuit is 
shut down which causes huge temperature variation. Logic activity in the circuit changes the 
temperature. The temperature variation can affect the power supply voltage as it is a strong 
function of the switching activity. Worst case temperature variation degrade the system 
performance and desired output is not easy to achieve. 
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7.2 Static CMOS Inverter 
The symbol for the inverter is shown in Figure 7.1. 

 

Figure 7.1 Inverter Block Diagram. 

In this design, the inverter has a critical role. Inverters are the nucleus of the digital design. 

CMOS inverter in 65nm technology is shown in the Figure 7.2 with static CMOS logic. CMOS 

transistors are used to make the inverter; the transistor is simply a switch with infinite off 

resistance and with known on resistance.  

 

 

Figure 7.2 CMOS Inverter. 

When the input “In” is 1 and equal to the voltage “vdd”, the PMOS will be off, and NMOS will 
conduct the current. There will be direct path between “Out” and the ground which will result 
in steady state of 0 V. Now when the Input voltage is 0, NMOS will off, and PMOS will conduct 
the current and there will be a direct path between “vdd” and “Out”. This will result in output 
voltage of 1 V. In this way the circuit behaves as inverter.  
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7.3 CMOS NAND Gate 
In simple words NAND gate is the combinational gate, like combination of AND followed by a 
NOT gate in series. As shown in a Figure 7.3. 
 
 

 

Figure 7.3 NAND Block Diagram. 

 

NAND gate has the logic High output with both different inputs and only goes to Low when any 
of the Input become Low. As shown in Table 7.1. 
 
 

A B X 

0 0 1 

0 1 1 

1 0 1 

1 1 0 

 
Table 7.1 NAND Truth Table. 

 

The logical and Boolean expression for the NAND gate is A̅.B̅ = X which is opposite to the AND 
gate and the above Table 7.1 satisfy this equation. Now the transistor level implementation of 
NAND gate in 65nm technology is show in Figure 7.4. 
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Figure 7.4 CMOS NAND Gate. 

 

The transistors M2 and M0 are in series same as inverter circuit. Both transistors are controlled 
by the Input ‘’A”, when the input is high the upper transistor will be turn off, and the lower 
transistor will turn on and vice versa. The transistors M3 and M1 also behaves same and 
controlled by the Input “B”. The transistors M2 and M3 have their sources and drain terminal 
parallel and M0 and M1 have in series. If the upper two transistors will saturate the output will 
go to “1” and if the lower transistors will saturate the output will go to “0”. This is how the 
NAND gate will work.  
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7.4 DFF Circuit Design 
D Flip-Flop works same like a latch it holds the single bit value. The latch is transparent, but DFF 
is not, which is the main difference between these two. In simple DFF, the stored value in the 
register is updated only when rising, or falling edge event of an input clock occurs. DFF could be 
rising edge triggered or falling edge depending upon the need of a circuit. The block diagram of 
DFF is shown in Figure 7.5. 
 

 
Figure 7.5 DFF Block Diagram. 

 
A simple DFF is made up of two D-latches with opposite clock signals. These latches are called 
master and slave latch. At low clock level, changes occur in the Data signal that is detected by 
master latch and after that signal becomes the input to the slave latch. At the High clock level, 
this slave latch transfers the signal to the output Q of the DFF. It explains the fundamental 
principle of DFF. The transistor- level approach of the design is shown in Figure 7.6. 
As it is the positive edge triggered master-slave DFF. When the clock signal is “0” Master D latch 
is set to “1” with the transistors M8 and M9. So it will store the input value as the clock will 
change its transition from “0” to “1”. Because of this significance, Master D latch will be locked. 
Now at Slave D latch, when the clock transition goes from “0” to “1”, the locked value at master 
latch will pass on to the slave latch. As clock will go from “1” to “0” again the value at slave 
latch will be locked like previous one. In this way the value will be available at the last rising 
edge of the clock. At this time Master D latch will continue to store the value at next rising edge 
of the clock with same mechanism. As shown in Figure 7.6. 
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Figure 7.6 DFF Circuit Level Design. 

 

The output wave form in Figure 7.7 explains how the input is stored at the rising edge of the 
clock.  

 
Figure 7.7 DFF Timing Diagram. 
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7.5 SAFF (Sense Amplifier based Flip Flop) Circuit Design 
Flip Flops are the necessary and significant block in the digital system and used as a storage 
device. These have a greater impact on any systems power consumption scenario. An ordinary 
FF consumes more power and gives the high setup and hold time. As general circuit with clock, 
power dissipation in a simple clock distribution network (CDN) is almost 30% to 60% of the 
overall power of the system. In this FF consumes the 90% power of the CDN. This already 
explained in the previous chapter. [19]  
SAFF characteristics are entirely differential and due to this their speed is fast as compared to 
the ordinary FF. As mentioned that power consumption should be less in a digital circuit, so 
SAFF is a perfect solution for the low power consumption. The easy way to implement the SAFF 
could be microprocessors, DSP units etc. 
There are many ways to implement the SAFF, but the most common and easy way to 
implement SAFF is with NAND-based SR latch. The circuit with this technology is dynamic in 
nature with precharge capability. In this way the power consumption of the FF will be less and 
high switching activity problem is solved. This design works on leading edges of clock. During its 
working the output of Sense Amplifier will not be affected by any frequent change of Data 
signal on active clock edge. So the SR latch will capture the transition and the present state will 
be at hold until another positive edge of a clock arrives.  Figure 7.8 shows the block view of 
SAFF. 

 
 

Figure 7.8 SAFF Block Diagram. 

7.5.1 SAFF with NAND-based SR latch 
In this approach, the flip-flop operates at the clock with low voltage swing. With the help of this 
approach, the transistors could operate at minimum sizing and the chip area, and power 
consumption become less. Main working of this type of SAFF is explained below, and the circuit 
level implementation is shown in Figure 7.9. 
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Figure 7.9 SAFF with NAN- based SR latch. [19] 

 

When “clk” will go from “1” to “0” it will allow the precharge phenomena and value of clock will 
set from vdd – Vtp. In this “Vtp” is denoted as threshold potential of precharge for PMOS 
transistors (M0 and M3). As the “S” and “R” nodes of the circuit are at “1” it will not affect the 
feedback output of the coupled NAND. So at some point clock voltage will exceed the threshold 
voltage of M11 and evaluation will occur. During this evaluation, there will occur a small voltage 
difference between the “S” and “R” nodes due to differential inputs across M11 and M7. The 
cross coupled inverters will amplify the low voltage due to this “S” or “R” will go to “0”.Now 
when input “D” is “1” the “S” node will discharge to “0” or ground through transistors (M5, M7 
and M9) .The output “Q” will charge to “1”. Signal “R” is High due to cross-coupled inverters. In 
this way “S/R” latch captures the state transition and retain it up to the occurrence of next 
evaluation. Internal nodes like “S” and “R” always remain in precharge state at the low clock. In 
this way the SAFF’s internal nodes charge/discharge without depending on the input.  
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7.5.1.1  SAFF Advantages 
Sense Amplifier based Flip-Flop has many advantages over the usual FF. The power 
consumption is a very important issue in the digital circuit, and SAFF is the key to solve that 
issue. SAFF reduces the total power consumption of the circuit and chip area. It is differential in 
characteristic and perform its task at high speed.  Setup and hold time of the circuit explains 
different parameters like speed and power consumption. General FF has high setup time and 
small hold time that is overcome by SAFF.  
 
Setup Time:  
It is defined as the time when the given data is stable before the clocks rising edge. 
 
𝑇𝑠𝑢 ≥ 𝑇𝑐𝑙𝑘 + 𝑇𝑙𝑜𝑔𝑖𝑐 + 𝑇ℎ𝑜𝑙𝑑  

 

Hold Time: 
It is the time of the clock rising edge transition to the earliest time where data after being 
sampled may changes.  
 
𝑇ℎ𝑜𝑙𝑑 ≥ 𝑇𝐶𝐷𝑟𝑒𝑔 + 𝑇𝐶𝐷𝑙𝑜𝑔𝑖𝑐  

 

Clock Q Delay: 
 It is the time of the clocks half rising edge to the O/P that is delayed more than original.  
 
D-Q Delay:  
 It is the time when the transition in the input D reaches to 50% of the given supply voltage to 
the require point, where the output Q reaches to the half (50%) of the Supply voltage. 
 

 
 

Figure 7.10 SAFF with NAND based SR latch, Timing Diagram. 
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7.6 Vernier Ring Oscillator Circuit Design 
Oscillators hold a very prominent place in any physical system like electronic and optical, etc. 
Oscillators have different functions for various systems. For the radio frequency systems, 
oscillators are used for frequency translation of the signals under consideration. In digital 
electronic systems, oscillators require a timing reference. Like clock signal for the 
synchronization of different operations. An ideal oscillator always provides a real periodic signal 
but always corrupted with the different type of attenuations.  
There are many varieties of oscillators are available, but all have different working principles as 
well different operating frequencies. Among all the oscillators, Ring oscillator plays a significant 
role due to its simplicity and speed. Ring oscillator consists of a group of delay stages in a 
feedback loop chain. Main features of ring oscillators are, 

 It is easy to design the oscillator with simple state of art design like with CMOS, 

 Oscillations are readily achievable with low voltage.  

 Frequency of oscillation is high with low power dissipation. 

 It is easy to tune it electrically. 

 It has high tuning range and provide multiphase output. 
 
In this thesis, Vernier oscillator is used instead of VDL (Vernier Delay Line). Two oscillators are 
working in the circuit. These two oscillators have one NAND gate and chain of inverters. Both of 
the NAND gates have two inputs one for the feedback and another one to control the input of 
edge detector. Resolution of the circuit should be high for that same NAND gates are 
implemented in both the oscillators’ only difference in the delay cell. 
NAND gates with a chain of inverters are there in the design of the oscillators. One oscillator is 
running with high oscillations frequency another is with slow. That fast and slow mechanism is 
controllable by the propagation delay of the inverters. The propagation delay of the inverters 
are tuned in such a way to get the desired resolution of 10 ps. The design implementation is 
shown in the Figure 7.11. 
 

 
Figure 7.11 VRO block Diagram. 

The frequency of oscillation for the ring oscillator is paramount and entirely depend on the propagation 
delay of the different inverter stages. Self-sustained oscillation is only possible if there exists the phase 
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shift of 2π with a unity voltage gain. The circuit implementation of a both the ring oscillators and their 
timing diagrams are shown in Figure 7.12, 7.13 and 7.14. 

 
Figure 7.12 VRO Circuit Implementation. 

The timing diagram of both fast and slow oscillators are shown in Figures 7.13 and 7.14. 

 

Figure 7.13 Fast Oscillator Simulation. 
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Figure 7.14 Slow Oscillator Simulation. 

 
Now the primary task is to find out the resolution from these two oscillators, and that could be 
achieved by finding the difference between time periods of both the oscillators. Like T1 is the 
time period of slow oscillator and T2 is the time period of the fast oscillator, and timing 
resolution is given by T1 – T2. Propagation delay is critical in terms of finding the time period of 
the oscillators and the oscillation frequency.  
 
 

  𝑓 =  
1

2𝑁𝜏𝑑
                                                                                                                                  (7. 2) 

 
 

𝑇 =
1

𝑓
                                                                                                        (7.3) 

N = Number of inverter stages. 
𝝉𝒅 = Propagation delay. 
To find that 𝜏𝑑 it is important to know the circuit parameters because it totally depends on 
that. Due to circuit nonlinearities it becomes tough task to obtain it. The propagation delay for 
a simple inverter is obtained by integrating the capacitor charge current.  
 

𝑡𝑝 =  ∫
𝐶𝐿(v)

𝑖 (v)

𝑣2

𝑣1

dv                                                                                                                          (7. 4) 
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Where “і” is the discharging current, “v” is the voltage over the capacitor and “v1” and “v2” are 
considered as the initial and final voltages. Both the CL (v) and і (v) are nonlinear function of the 
capacitor voltage “v” from [30]. 
Here the general equation for propagation delay is considered as,  
 

𝑡𝑝 =  
𝑡𝑝𝐻𝐿 +    𝑡𝑝𝐿𝐻

2
                                                                                                                  (7. 5) 

Where "𝑡𝑝𝐻𝐿" is the propagation delay from high to low and “𝑡𝑝𝐿𝐻” is from low to high.  
 

𝑡𝑝𝐻𝐿 = ln(2 )𝑅𝑒𝑞𝑛 𝐶𝐿 = 0.69𝑅𝑒𝑞𝑛𝐶𝐿 

 
Now the propagation delay from low to high is given as,  
 

𝑡𝑝𝐿𝐻 =  0.69𝑅𝑒𝑞𝑝𝐶𝐿 

 

𝑅𝑒𝑞 =  
1

𝑉𝐷𝐷

2

∫
𝑉

𝐼𝐷𝑆𝐴𝑇 ( 1 +  λV)
𝑑𝑉       

𝑉𝐷𝐷

𝑉𝐷𝐷

2

                                                                                (7. 6) 

 

Now the equation for the frequency will become, 
 

𝑓 =  
1

2𝑁𝑡𝑝
 

 
Where 𝜏𝑑 = 𝑡𝑝. 

 

7.7 Binary Counter 
In this design, the counter is made of shift registers and behaves as ring counter. This counter 
works as shift registers to circulate the values and store the previous values. In this, the output 
of the most significant bit (MSB) becomes the input for LSB (Least Significant Bit). When active 
clock edge will come, the outputs from all the stages will be shifted forward to the next stage 
and in this way value will be saved for the next run. If the reset signal will high, this will affect all 
of the shift registers, and their states will be reset. Only the first stage will remain unaffected 
because it enables the counter run. The primary implementation of the ring counter is shown in 
the Figure 7.15. 
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Figure 7.15 Binary Counter Implementation. 

 

The binary counter is used to count the number of cycles of the Osc-2 which is fast. When Osc-2 
starts leading Osc1 phase coincidence signal will be issued by phase detector and it resets the 
counter values. The counter is the last block in the circuit and its values are used to measure 
the jitter. The timing diagram of the counter with shift registers is shown in Figure 7.16. 
 

 
 
 

Figure 7.16 Timing Diagram of counter. 
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7.8 Circuit Calibration 
Calibration is essential for any circuit to deal with many non-idealities. In the path between 
clock and data lines there always exist an intrinsic delay. It also includes the delay between the 
oscillator and the edge detectors and the delay difference between both the DFF in edge 
detector circuit. These kinds of delays are process sensitive and makes the design not fully 
synthesizable. Usually the time difference T1 – T2 that defines the timing resolution is unknown 
after the fabrication of a circuit. In this way, calibration becomes necessary to overcome all the 
uncertainties in the circuit. Calibration circuit is shown in the Figure 7.17. [22] 
 

 
Figure 7.17 Calibration Circuit. [22] 

 

The first input “A” is the single pulse fed to the OR gate and “B” is delayed version of “A”. The 
amount by which “B” is delayed is “ta”. Function of OR gate is to combine both “A” and “B” and 
give it to edge detector 1.  
After the calibration the final equations to measure the jitter are explained in [22] and given as, 
 

∆𝑡𝑗−𝑟𝑚𝑠 =  √
1

𝑁
∑[(𝑁𝑖 − 𝑁𝑟𝑒𝑓) ∗ (𝑇1 − 𝑇2)]2

𝑁

𝑖=1

                                                                            (7. 7) 

 

∆𝑡𝑗−𝑝2𝑝 = [max(𝑁𝑗) − min(𝑁𝑗)] ∗ (𝑇1 − 𝑇2)                                                                              (7. 8) 

  
Where, 

𝑁𝑟𝑒𝑓 = 𝑁2 −
(𝑇 − 𝑡𝑎)

(𝑇1 − 𝑇2)
                                                                                                                      (7. 9) 

 

Here “T” is the time period of input signal and “𝑡𝑎" is the delay of the adjustable delay element 
block. 𝑇1 − 𝑇2 is the timing resolution of the oscillators. 



66 
 

7.9 Simulation and Results 

This section explains the simulation results of the design after implementing at transistor level 
with 65nm technology. First of all the oscillators are tested and their range and phase noise was 
calculated and tested for different non idealities.  
PSS analysis is done according to design specifications. The beat frequency and Oscillator nodes 
and reference is selected. In this analysis beat frequency explains the necessary oscillation 
period to perform analysis. The load cap is set to 50fF and the temperature = 27 Co. 
As the analysis is over, and resulting frequency for the fast oscillator is measured as 598MHz. 
Figure 7.18 represents the output in frequency domain. 
 

 
Figure 7.18 Fast oscillator Frequency response. 

In order to see the effect of different non-idealities on the oscillation frequency, first the 
voltage is incremented with 10 mV, 20 mV and so on. This effects the output frequency and the 
oscillation frequency and magnitude become larger. At 10 and 20 mV the output is not affected 
but as the voltage increase up to 30 mV and 50 mV the oscillation frequency started increasing 
as at 30 mV the f0 =629MHzshown in Figure 7.19. Frequency increases by 31MHz. 

 

 
 

Figure 7.19 Fast oscillator Frequency response with increase voltage of 30mV. 
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Now as voltage is increased by 50 mV the oscillation frequency also increases rapidly as shown 

in Figure 7.20. Frequency of oscillation becomes 695MHz. So to avoid all these uncertainties the 

Vdd should be stabilized to have exact timing resolution. 

 

Figure 7.20 Fast oscillator Frequency response with increase voltage of 50mV. 

Temperature and parasitic also effects the oscillation frequency. Oscillation frequency 
decreases because of these non-idealities and shows the bad effect on the measurement. The 
temperature is increased by 15 Co and it decreases the oscillation frequency from 598MHz to 
575MHz as shown in Figure 7.21. 
 

 
 

Figure 7.21 Fast Oscillator Frequency Response with increased Temperature and Parasitic. 

This change will affect the resolution and hence jitter measurement result is affected. This 
means that unless the oscillators are temperature compensated, calibration should follow any 
significant temperature change. 
Phase noise for the fast oscillator is given as, 
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Figure 7.22 Phase-noise of Fast Oscillator. 

 

In a ring-Oscillator the relation between Jitter and Phase noise is very important to understand. 
“As oscillator is orbiting with normal frequency, there exists a change in the phase which is 
called phase noise and jitter is due to sampling the orbit”, as explained in [33]. This relationship 
is defined by the formula given in [33] as, 
 

ℒ(𝑓) = 𝜎2
𝜏

𝑓ₒ3

𝑓2                                                                                       (7.10) 

𝑓ₒ     = Oscillation frequency. 

ℒ(𝑓) = Phase Noise in
1

Hz
 

𝜎𝜏 = Jitter RMS.  
𝑓 = Offset frequecy. 
 
After measuring the relation, final value for the RMS jitter is calculated as 2.5ps. This RMS value 
comes after taking the averages of the offset frequencies and the phase noise of the points as 
shown in Figure 7.22. 
It should be noted that this jitter value is underestimated since the phase noise at lower offsets 
affected by 1/f noise in not accounted in this calculation. However, its contribution can be 
considered less meaningful. 
Now the PSS analysis is performed for Slow Oscillator, and again all parameters are adjusted 
according to design specifications. Oscillator node, and reference is selected. In this analysis the 
load cap is set to 50fF and the temperature = 27 Co. 
As the analysis is over and resulting frequency for slow oscillator is measured as 595MHz. 
Figure 7.23 represents the output in frequency domain. 
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Figure 7.23 Slow Oscillator Frequency Response. 

Now same as previous oscillator to see the effect of different non-idealities on the oscillation 
frequency voltage is again incremented by 10mV, 20 mV and so on. It will affect the oscillation 
frequency and the magnitude. Same as voltage is incremented up to 30 mV, this will show 
increase in the frequency with fo = 625MHZ as shown in Figure 7.24. 
 
 

 
Figure 7.24 Slow Oscillator Frequency Response with increase voltage of 30mV. 

 

Now same as previous oscillator, voltage is increased by 50 mV, the oscillation frequency also 
increases rapidly as shown in Figure 7.25. Frequency of oscillation becomes 685MHz. So to 
avoid all these uncertainties the Vdd should be stabilized to have exact timing resolution as 
discussed before. 
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Figure 7.25 Slow Oscillator Frequency Response with increase voltage of 50mV. 

 
Now the effect of temperature and parasitic on oscillation frequency is also measured. In this 
oscillation frequency decreases with the increase of temperature. Temperature is increased by 
15 Co which decreases the oscillation frequency from 595MHZ to 565MHZ as shown in Figure 
7.26. 
 

 
 

Figure 7.26 Slow Oscillator Response with increase in Temperature and Parasitic. 

The oscillation frequency has high sensitivity in case of physical parameters of the circuit. 
Parasitics in the circuit also affect the measurement. This change will affect the resolution and 
hence jitter measurement result is affected. This means that unless the oscillators are 
temperature compensated, calibration should follow any significant temperature change. 
Now the phase noise for slow oscillator is shown in Figure 7.27. 
 
 



71 
 

 
 

Figure 7.27 Slow Oscillator Phase Noise. 

In this again the same setup is used to find the relationship between phase noise and jitter. The 
RMS value is calculated with the equation 7.6 and its value is 2.1ps for slow running oscillator. 
This value is calculated with the help of same steps as performed for Fast oscillator before. 
 
Now as done in the high-level again the average values of N are calculated without the jitter 
with different frequencies and with approximately 35 samples of N, and their standard 
deviation is also calculated to check the spread of N values from its mean. As shown in the 
Table 7.2. 
 
 

Frequency 
(MHz) 

N(Average) (N) Rounded 
Value 

Standard 
Deviation(δ) 

100 34.26 34 1.89 

300 37.88 38 2.67 

500 42.35 42 3.81 

 
Table 7.2 N value and STD without Jitter. 

 

Now the average values of N are calculated with the jitter at the input. Jitter is increasing 
gradually at the input to measure the N values and their standard deviations. Tables 7.3 - 7.4 
show measurement values achieved for 100 MHz and 500MHz frequencies. 
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Jitter (ps) N (Average) (N) Rounded 
Value 

Standard 
Deviation(δ) 

10 35.33 35 1.95 

15 37.89 38 1.99 

20 41.79 42 2.16 

25 43.07 43 2.28 

30 57.46 57 2.31 

35 65.13 65 2.38 

40 68.96 69 2.53 

45 70.32 70 2.62 

50 72.26 72 2.69 

55 89.08 89 2.77 

60 94.69 95 2.86 

65 104.17 104 2.91 

70 118.39 118 2.96 

 
Table 7.3 Average and Rounded N values and STD with Input Jitter at 100MHz. 

 
Jitter (ps) N (Average) (N) Rounded 

Value 
Standard 

Deviation(δ) 

10 44.16 44 4.01 

15 48.76 49 4.15 

20 61.33 61 4.22 

25 79.13 79 4.28 

30 95.41 95 4.38 

35 111.39 111 4.45 

40 137.93 138 4.47 

45 151.77 152 4.53 

50 170.35 170 4.66 

55 188.13 188 4.77 

60 203.16 203 4.89 

65 219.39 219 4.91 

70 239.87 240 4.95 

 
Table 7.4 Average N values and STD with Input Jitter at 500 MHz 

There is a little difference in the measured values of N and the standard deviations between the 
circuit level model and the high level model.  These differences can be attributed to the noise in 
the circuit modeled at the transistor level. In particular the phase noise in Osc1 and Osc2 as well 

as noise which affects the threshold voltages of flip-flops should be considered the reason. 

Beside chip area overhead also the power consumption is important and SAFF circuits help to 
reduce it.  
Linearized models attained by linear regression for the both frequencies are shown in Fig. 7.28 
and 7.29. 
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Figure 7.28 Measured Characteristics at 100 MHz. 

 
For 500 MHz the characteristics are, 
 

 
Figure 7.29 Measured Characteristics at 500 MHz. 

 
 
 
The actual jitter values are found by the equation 7.6 and equation 7.7. Both the RMS and Peak-
to-peak values are calculated. Table no 7.5and 7.6 represents the measured results for 100 and 
500MHz input frequency with timing resolution of 10 ps. 
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No. RMS Jitter  PTP Jitter 

1 20.39ps 146.81ps 

2 31.42ps 247.83ps 

3 41.23ps 296.43ps 

4 51.34ps 375.24ps 

 
Table 7.5 RMS and Peak-to-Peak Jitter for 100MHz. 

 

No. RMS Jitter PTP Jitter 

1 21.33ps 151.21ps 

2 32.91ps 258.31ps 

3 41.88ps 299.31ps 

4 52.11ps 384.49ps 

 
Table 7.6 RMS jitter and Peak-to-Peak Jitter at 500MHz. 

Jitter histogram is shown in Figure 7.30. 

 

 
 

Figure 7.30 Jitter Histogram. 

7.10 Design Specifications 
After implementation, this design has some Specifications that limit the overall measurement 
of the jitter. These limitations are shown in Table 7.7. 
 

Frequency 
Range 

Resolution Power Oscillator 1 
Frequency 

(MAX) 

Oscillator 2 
Frequency 

(MAX) 

Self-Referred Technology 

100MHz-
500MHz 

10ps 6.3 – 8.8 mW 598 MHz 595 MHz Y 65 nm 

 
Table 7.7 Circuit Specifications. 
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7.11 Summary 
This chapter covers the overall circuit design at transistor level. There are many building blocks 
that are implemented during jitter measurement design and described in this chapter. SAFF is 
used instead of regular DFF due to its less power consumption and high speed. All the blocks 
are implemented in 65 nm technology. Oscillators are explained in detail with their full analysis. 
PSS analysis has been used to measure the exact oscillation frequencies of the two oscillators 
working on Vernier principle. The difference between their frequencies reflects the resolution 
and because of manufacturing variations a calibration might be necessary in practice. Still 
designing for a very high resolution might be risky. Malfunction will occur if the fast oscillator 
becomes slower than its counterpart which is supposed to the slow one. Compared to the 
measurement resolution the oscillators' jitter is less even though no special effort has been 
taken to reduce it. The measurement results are then only slightly affected by this effect and 
also by noise present in the other building blocks.  
 
The counter used in that design is of 10-bits. For the demonstrated measurement range 8-bit 
counter has proven sufficient. This allows to measure also larger values of jitter at higher 
frequencies. The extra bits also create a reserve for using higher frequency values of Osc1 and 
Osc2.  
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8   Project Conclusion 
In this project an on-chip jitter measurement technique has been investigated and 
implemented using 65 nm CMOS technology. The design is based on the Vernier concept 
described in detail using the high-level Verilog-A model. A modified Vernier architecture is used 
where the delay lines are replaced by oscillators. In this way a better control over the possible 
mismatch in the circuit can be achieved without significant chip area overhead.  
The circuit is composed of an edge detector, two oscillators, and a phase detector followed by a 
binary counter, which provides the measurement result. The measurement resolution is 
decided by the difference between the oscillation periods of the two oscillators that makes this 
specification a design challenge. Importantly, there is a distinction between the “fast” and 
“slow” oscillator and a possible violation results in circuit malfunction. The higher the resolution 
the closer the oscillators should be in frequency that in terms of manufacturing variations 
makes calibration of the chip compulsory. The measurement resolution is easier to control 
when higher oscillation frequencies are used, but this requires a counter with more bits. Hence, 
a tradeoff between the resolution and chip area exists. Higher input frequencies also require a 
larger counter range. 
The circuit has been designed for 10ps timing resolution and verified by transistor level model 

in 65 nm CMOS for frequencies of 100 – 500 MHz using Cadence software. The circuit 
imperfections, in particular the oscillators’ jitter (RMS < 3ps) only slightly affects the 
measurement. More precise measurements are also feasible using this architecture. The 
presented results have been attained with simple inverter-based ring oscillators, which can be 
replaced by more advanced differential circuits with RMS jitter by one order of magnitude less 
for the same technology. However, the circuit calibration is necessary in any case. Finally, one 
should keep in mind that in on-chip test design the silicon area overhead is more important 
than power consumption as the latter only matters during the test time and not during normal 
operation of the chip.  
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