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Overview	  



A PLL is a particular feedback circuit used to synchronize, both in frequency 
and in phase, the output signal (usually produced by an oscillator) with an input 
signal (reference). 

PLL	  devices	  
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A PLL is a particular feedback circuit used to synchronize, both in frequency 
and in phase, the output signal (usually produced by an oscillator) with an input 
signal (reference). 

PLL	  devices	  

Fundamental elements : 
 

 - a Phase Detector, responsible of comparing the reference signal and the PLL output 
signal 
 

 - a Loop Filter, used to filter the high-frequency components of the Phase Detector, 
which can be due to fast variations of the input signal 
 

 - a VCO (Voltage Controlled Oscillator), producing a periodic signal as a function of its 
input voltage 
 

 - a (optional) divider-by-N, used for frequency synthesis 
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Why	  the	  Loop	  Filter?	  

VIDEO 



PLL applications: 
  - frequency synthesis 
  - phase shifter  
  - clock/data recovery 
  - modulation and demodulation (FM: frequency, PM: phase) 
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PLL applications: 
  - frequency synthesis 
  - phase shifter  
  - clock/data recovery 
  - modulation and demodulation (FM: frequency, PM: phase) 
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Satellite communications 
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Mobile phones 
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Mobile phones, real things: (A) TX section, (B) RX section, (C) demodulation, 
(D) Transmission synthesis, (E) Clock multiplication 
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TV or Radio receiver 
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PC motherboard 
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PC motherboard 
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Physics experiments (LHC) 
The TTC system distributes different signals, related to the LHC collisions, to 
thousands of destinations over optical fiber 
Signals are produced at a 40.08 MHz frequency and a PLL is used at every 
destination in order to regenerate the signals and synchronize the receivers to 
the LHC machine, with 10 ps RMS noise 

PLL	  Applica0ons	  



Ingredients	  



	  
 

FPGAs and ASICs 
 
 











ASICs	  and	  FPGAs	  



	  
 

ASICs 
 
 



QIE (FNAL): receives charge input 
from a PMT, provides a digital output. 
Process: Orbit 2.0µ BiCMOS, May 
1995 

ASIC	  Design	  Methodologies	  

SVX2 (D0 @ FNAL): a 128 channel 
silicon strip readout chip. 
Process: UTMC 1.2µ CMOS, 1996 



ASIC	  Design	  Methodologies	  

FPIX0 (FNAL R&D): a prototype 
pixel readout device for pixels. 
Process: HP 0.8µ CMOS, 1997 

TXM(CDF @ FNAL): transmits 10 bit 
bi-directional data and commands for 
radiation hard applications. 
Process: Honeywell 0.8µ(rad hard) 
CMOS, 1998 
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ASIC	  Design	  Methodologies	  

CCA (CMS): interface chip used for 
synchronization of data, clock and data 
generation 
Process: Agilent 0.5µ CMOS, 2002 

Top: 12-bit ADC (CERN) 
Bottom: 128ch pre-amp  with 
integrated memory (CERN) 
Process: 0.13µ CMOS8RF, 2005-2008 
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Implementation details 
 
 



 
 
Full Custom Layout 

 Design Logic at the Transistor Level 
 Hierarchical Design (Build Design from Bottom Up) 
 Connect Components Manually  
 Implement in Silicon  

 
 
Gate Level Design 

 Implement Logic at Gate Level 
 Schematic Editor OR Hardware Description Language (Gates) 
 Logic Synthesis to Netlist  
 Implement in Silicon  

 
Netlist: a description file of the connectivity of a design (.EDIF format is 
probably the most known). It is usually a simple list made of component 
instances, nets, attributes and their connections.  
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RTL Design  

 Describe Behavior  
 Synthesizable Subset of Hardware Description Language  
 Use RTL Synthesis tools for Gate-level Netlist  
 Implement in Silicon 

 
 
Behavioral Design  

 Describe Algorithm Behavior (C like code) 
 Use Behavioral Synthesis tools 
 Result is RTL-HDL or Gate-level Netlist 
 Implement in Silicon  

 

ASIC	  Design	  Methodologies	  (2)	  



ASIC	  Implementa0on	  Techniques	  



 
 
I’ve got a Gate-Level Netlist, now what?  
 

 Most Common Implementation Technique is to use Standard Cells  
 Commercial CAD tools map the Netlist to the particular technology  
 A die size is created based on the logic required from the netlist  
 Cells are placed on the die using CAD Placement Algorithms 
 Wiring between the cells also uses CAD routing algorithms 

ASIC	  Implementa0on	  Techniques	  



Standard Cells  
 Ok great, but what’s a Standard Cell?  
 Standard Cells are custom physical layouts of basic logic building blocks 
 Ex: basic gates, RAM blocks, I/O devices  

 
There are restrictions on cell design  

 Fixed Height, based on technology feature size or λ design rule  
 Variable width (based on logic complexity) 
 Fixed locations for logic inputs, outputs, Vdd, Vss  
 Standard Cells are kept in libraries tied to a particular technology process  
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Standard Cells  
 
During Placement: Cells are placed in rows on the die  

 Horizontal routing channels between rows  
 Vertical routing around outside  
 Vertical routing can also use “filler” cells  
 Placement algorithms attempt to minimize the distance between cells 

connected in the netlist  
 

 During Routing: Cells are connected using wires  
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FPGAs 
 
 



A field-programmable gate array (FPGA) is an integrated circuit designed to be 
configured by a customer or a designer after manufacturing – hence “field-
programmable”. 
 
The architecture consists of elements organized as a matrix, such as configurable 
logic blocks, configurable I/O blocks, and programmable interconnect. Also, 
clock circuitry is used for driving the clock signals to each logic block. 
Additional logic resources such as ALUs, memory, and decoders may also be 
available. 

FPGA	  devices	  
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Configurable Logic Blocks (CLBs): contain the logic for the FPGA. Today, 
the CLBs contain enough logic to create a small state machine. 
The block contains RAM for creating arbitrary combinatorial logic functions, 
also known as lookup tables (LUTs). It also contains flip-flops for clocked 
storage elements, along with multiplexers in order to route the logic within the 
block and to and from external resources. 

FPGA	  devices	  

Courtesy of Xilinx 



Configurable input/output (I/O) Blocks: is used to bring signals onto the chip 
and send them back off again. 
The polarity of the output can usually be programmed (active high or active 
low output), and there are typically flip-flops on inputs and outputs. 

FPGA	  devices	  

Courtesy of Xilinx 



Programmable Interconnect: long lines that can be used to connect critical 
CLBs, physically far from each other, without inducing much delay. 
Short lines are used to connect individual CLBs that are located physically 
close to each other. 
Transistors are used to turn on or off connections between different lines. 
Several programmable switch matrices in the FPGA connect these long and 
short lines together in specific, flexible combinations.  

FPGA	  devices	  

Courtesy of Xilinx 



	  
 

Brief FPGA history 
 



In 1970,Texas Instrument produced the first PLA (Programmable Logic Array) integrated 
circuit: the TMS2000 device, with 17 inputs, 18 outputs and 8 Flip-Flop (memory 
elements). 

 

In 1973, National Semiconductor produced a simplified version of PLA components, 
DM7575/DM8575, which had only 14 inputs and 8 outputs, without integrated memory 
elements 

 

FPGA	  devices	  history	  



The general schema is SOP (sum of products) widely used in electronics designs 
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In 1970,Texas Instrument produced the first PLA (Programmable Logic Array) integrated 
circuit: the TMS2000 device, with 17 inputs, 18 outputs and 8 Flip-Flop (memory 
elements). 

 

In 1973, National Semiconductor produced a simplified version of PLA components, 
DM7575/DM8575, which had only 14 inputs and 8 outputs, without integrated memory 
elements 

 

A different approach was used by Signetics, with its 82S100 FPLA devices, which used 
the “old” fuse interconnections technology and were integrated in a 15 cm(!!!) package 

 

However, like every FPLA device, they had limited performances wrt processing speed 
and they were very expensive and relatively difficult to be used 
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The first FPGA device: 

Xilinx XC2064, 8x8 CLB grid, 1200 equivalent gates. Other FPGAs were produced, with 
a different number of components in the array (XC2018, 10x10 CLB, 1800 g.e.) 

I/O 

CLB 

FPGA	  devices	  history	  
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Every bit is stored by using a bi-stable 
capture circuit 

 

The typical memory cell is made of 4 
transistors, building two cross-coupled 
inverters. Two more transistors are used for 
controls 

 

The cell has two stable states, used to 
identify 0 and 1 

 

It does NOT need to be periodically 
refreshed, as it happens for the Dynamic 
RAM (DRAM) 

FPGA	  SRAM	  devices	  



In the antifuse FPGA devices, connections and logic gates are made by “burning” small 
antifuses (which don't conduct current initially, but can be “burned” to conduct current) 

 

An antifuse FPGA device is non-volatile, in the sense that the device configuration 
remains stored into it, also when removing the power supply; on the contrary, they are 
not reprogrammable (since there is no way to return a burned antifuse into the initial 
state) 

 

The other main advantages of antifuse FPGA are: a lower power dissipation, a smaller 
silicon area needed and an immediate operation efficiency at the power-up (no need for 
external memory). 

 

Together with the non re-programmability, the other disadvantages are: lower 
performances, a non-standard production process and a lower logic capacity 

A	  different	  op0on:	  FPGA	  An0fuse	  devices	  
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FPGA Design Flow Overview 

FPGA	  devices	  



Packaging	  



Packaging	  
CCGA, Ceramic Column Grid Array 



For the most recent 22 nm 
chips, the first tests gave a 
75% of failure rate 

Packaging	  



	  
 

Devices in the radiation 
 



Devices	  in	  the	  radia0on	  

FPGA technology is largely used in electronics applications, especially for the high 
performances and the flexibility of the most recent devices 





La tecnologia delle FPGA si è via via diffusa sempre più nella applicazioni di elettronica, 
soprattutto per le prestazioni e la flessibilità raggiunte dai più recenti dispositivi 
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SRAM	  Failure	  Mechanism	  

Failures due to Neutrons 

High energy neutrons, which are present both in the high atmosphere and at ground 
level, are originated by the interaction between the atoms of the gases in the 
atmosphere and the subatomic particles coming from the sun or from deep space. 
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A neutron striking a silicon atom in a semiconductor in an integrated circuit produces a 
heavy ion, which can cause temporary current pulses (due to generation of charges in 
the semiconductor) that are responsible of causing variations of data in the memory 
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FPGA technology is largely used in electronics applications, especially for the high 
performances and the flexibility of the most recent devices 
 
However, applications using SRAM-based FPGA are prone to malfunctioning, when used in 
a radiation environment or even with background radiation, as it happens - as an example: 
 - with the atmospheric neutrons 
 - or with the cosmic radiation 
 - or even with the alpha particles of the “molding compounds” used in the FPGA 
packages 
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FPGA technology is largely used in electronics applications, especially for the high 
performances and the flexibility of the most recent devices 
 
However, applications using SRAM-based FPGA are prone to malfunctioning, when used in 
a radiation environment or even with background radiation, as it happens - as an example: 
 - with the atmospheric neutrons 
 - or with the cosmic radiation 
 - or even with the alpha particles of the “molding compounds” used in the FPGA 
packages 
 
 
The term “molding compounds” indicates the material used for encapsulation of the 
semiconductor devices in a package which allows their manipulation 
 
Molding compounds are generally composite materials, like resins, silicate and fiberglass 
(like phospho-silica), or polyester and epoxy resins used for hardening. 
Molding compounds should be chosen according to their characteristics, like as thermal 
expansion coefficient, thermal conductivity, flexibility and mechanical stress resistance 

Devices	  in	  the	  radia0on	  



Alpha Radiation 
 
Alpha particles are emitted by radioactive isotopes that can be found in nature. In our 
particular description, alpha particles are generated by impurities (mainly Uranium and 
Thorium) in the molding compounds in the integrated circuits packages. 
 
Also in the most recent compounds (the so called low-alpha compounds) of the newest 
packages, a sufficient number of alpha particles can be generated so that a significant 
upsets rate in SRAM-based FPGAs can be observed 
 

SRAM	  Failure	  Mechanism	  
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An error on data, which could be the consequence of a change of state of a flip-flop or of 
a memory cell induced by radiation, is usually called “soft error.” 
 
A “soft error” can be considered as a transient and temporary corruption of a single data 
bit, which doesn’t affect the overall functions of the device 
 
As an example, an error on the dataflow of the system can be corrected with techniques 
of detection and correction (parity, CRC, Hamming code) 

Single	  Event	  Effects	  



However, if a memory cell contains information about the SRAM-based FPGA 
configuration, a modification of the state of the cell is a much serious problem, as it 
produces a modification of the FPGA functionality. 
 

Single	  Event	  Effects	  



However, if a memory cell contains information about the SRAM-based FPGA 
configuration, a modification of the state of the cell is a much serious problem, as it 
produces a modification of the FPGA functionality. 
 
This kind of error is called “firm error” and it typically is related to modification of the 
FPGA functionality due to incorrect routing or functions to be implemented 

Single	  Event	  Effects	  
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A “firm error” stays there until it’s discovered and corrected 
 
In the meantime, it can cause malfunctioning of the full system 
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We just recall that, for many applications (military, aerospace, medical, automotive, 
communications, networking) the high reliability of the system is an essential 
requirement. 
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A “firm error” stays there until it’s discovered and corrected 
 
In the meantime, it can cause malfunctioning of the full system 
 
We just recall that, for many applications (military, aerospace, medical, automotive, 
communications, networking) the high reliability of the system is an essential 
requirement. 
 
Thus, systems relying on SRAM-based FPGA should be protected with error mitigation 
techniques in order to guarantee their functional integrity 
 
TMR (Triple Modular Redundancy) is one of the most known error mitigation techniques, 
at the cost of using more logic 
 
Moreover, scrubbing of the configuration memory is one of the most common 
techniques for recovering the FPGAs functioning when a firm error is detected 
 

Single	  Event	  Effects	  



	  
 

Noise problems 
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Every noise source contributes, in a different way, to the so-called “phase 
error”, related via a simple formula to the well known “Jitter”, particularly 
critical for periodic signals, like a clock 
 
We can define Jitter as the instantaneous displacement of the position of a 
digital signal w.r.t. its ideal position in the time domain 

Noise	  problems:	  jiQer	  



Literature proposes a wide number of jitter definitions: 
  
 - period jitter: it simply consists in measuring the period of every clock cycle 
 
It is the simplest and the most immediate measurement to perform 
 
There is NO need to know the ideal position of the clock edge 
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Literature proposes a wide number of jitter definitions: 
  
 - jitter cycle-cycle: it indicates the period variation between two consecutive 
clock cycles 
 
As for the period jitter, there is NO need to know the ideal position of the clock 
edge and it is very important for PLL characterization 
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Literature proposes a wide number of jitter definitions: 
  
 - Time Interval Error (TIE): it indicates the time displacement of a edge from 
its ideal position 
 
There is the need to know (or estimate) the ideal position of the clock edge 
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Literature proposes a wide number of jitter definitions: 
  
 - Time Interval Error (TIE): it indicates the time displacement of a edge from 
its ideal position 



Jitter effects on a synchronous system 
  
The displacement from its ideal position of the critical clock signal can have 
serious consequences on synchronous circuits, i.e. based on the clock signal for 
performing its operations 
 
Specifically, synchronous circuits elaborate input data on the occurrence of an 
active edge of the clock, and they need stable data for a certain time before the 
edge (setup time) and after the edge (hold time) 
 

Noise	  problems:	  jiQer	  



If setup and hold time constraints are violated, the circuit can capture and 
process a wrong data, or can modify its behavior (due to its internal analog 
structure) producing wrong or random data 
 
 

VIDEO 
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Control theory 
 



A PLL is the typical electronics application of the feedback controls.  
 
A feedback control is made of two subsystems, Y1 and Y2, connected with a 
feedback: the output of the first one is connected to the input of the second one 
and the output of the second cam be summed or subtracted to an external input 
in order to produce the input to the first subsystem 

PLL	  theory	  (short)	  

The G1(s) and G2(s) functions are the so-called transfer functions of the direct 
line and the feedback line 



A control problem originates when we want to force an “object” to behave in a 
certain way, by means of adequate actions operating on it 

Control	  theory	  (short)	  



Which are the elements of a control problem? 
 
•  A) The system under control. 
 
It is subject to control variables (u) and some disturbances (d) (independent and 
unpredictable variables) and its outputs are the controlled variables (and we are 
interested to control their evolution in time) 
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A control problem originates when we want to force an “object” to behave in a 
certain way, by means of adequate actions operating on it 



 
 
•  B) The desired behaviour of the controlled variables (y) 
 
It is made by the y° variables (also called references or setpoints), which express 
the behaviour that should be followed by the controlled variables, in order to 
guarantee a correct operation of the system under control 
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certain way, by means of adequate actions operating on it 



The Control Problem: determinate, at any given time, the value of the control 
variables u, such that the controlled variables y can follow an evolution in time 
as close as possible to the one described by y°, whichever disturbance d is 
affecting the system. 
 
Controller: an object which determines and executes the control action 
 
Control Law: criteria to be followed by the controller 

Control	  theory	  (short)	  



Reference (y°): θ° desired value for the temperature, to be set via control knob 
Control variable (u): position of the compressor’s motor switch 
Disturbances (d): θd1 room temperature; θd2 temperature of the objects inserted in the fridge 
Controlled variable (y): θ temperature inside the fridge 

Example: the Refrigerator 
Objective of the control: to keep an approximately constant temperature inside 
the refrigerator 

Control	  theory	  (short)	  



STRATEGY 1: 
We can calculate the amount of heat to be extracted, in order to keep a given 
temperature θ°. By means of a timer, we could turn on and off the motor in 
regular time intervals 

Observations 
- The control law is exclusively based on a model (thermal balance) 
- A thermometer is not needed 
- The possible disturbances (open door of the fridge for a long time, particularly 
hot objects inserted in the fridge) could compromise the efficiency of the 
temperature regulation 

Control	  theory	  (short)	  



STRATEGY 2: 
We can measure θm, i.e. the temperature θ, given by a thermometer. 
The engine is powered-on when the difference θm−θ° overcomes a given 
threshold and it is powered-off when the difference goes below another 
threshold. 

Observations 
 - The control law is not based on a model 
 - A thermometer is needed 
 - The temperature is efficiently regulated even in case of disturbances 

Control	  theory	  (short)	  



A mathematical model describing the time evolution of the system’s variables is 
called dynamic model 
 
A dynamic system is a system which interfaces with the “rest of the world” by 
means of a series of variables, u, which are input to the system, and other 
variables, y, which are output to the system 
 
The study of a PLL response starts from the study of the response of a linear 
dynamic system, as a simpler study of a static system is not sufficient 

Control	  theory	  (short)	  



A PLL perfectly fits in this schema 
 
 - It has a reference input signal 
 
 - It is exposed to many disturbances (different types of noise) 
 
 - Its output must be tuneable in order to follow the reference behaviour 

Control	  theory	  (short)	  



For a dynamic system, given the status variables at a given time, and given the 
input signals from a certain time on, it is possible to determine the behaviour of 
the outputs at any time later 
 
The mathematical formalization of the dynamic system is performed by writing 
differential equations, in which the status variables are the solutions, that can be 
(in principle!) calculated starting from the external inputs and the relationship 
between output variables, status variables and input variables 

Control	  theory	  (short)	  



In the Linear dynamic systems, the status equations and the output equations 
are linear in their variables (input and status variables):  

Control	  theory	  (short)	  
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!x(t) = Ax(t)+Bu(t)
y(t) =Cx(t)+Du(t)

!
"
#

$#

A linear dynamic system can thus be described by using a compact vector form, 
where x(t) represents the status of the system, u(t) is the vector indicating the 
inputs and y(t) is the vector representing the outputs 
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A linear dynamic system can thus be described by using a compact vector form, 
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The solution of this system of differential equation can be usually very 
complicated 
 
However, two options can be used in order to calculate the output of the linear 
dynamic system, given its inputs: 
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1 - Calculation in the “time domain”: with the methods of the mathematical 
analysis, the differential equations system (for the status variables) is 
integrated, forced by the time constraints at the input. Then, the output can be 
derived 
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2 - Calculation in the “transforms domain”: the input function u(t) is associated 
to a new function, U, according to some mathematical methods. 
U is called transform of the input signal. 
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Starting from the equations of the dynamic system, the relationship between the 
U function and the transform Y function of the output signal can be easily 
derived. 
Then, the anti-transform y(t) of the Y function is the response of the system 
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The main benefit of the calculation in the transform domain is that the 
relationship between the input transform and the output transform is algebraic 
and not differential, as it happens in the domain time 
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Given a real function f(t) of the real variable t, defined on t ≥0. The function of 
the complex variable s: 

is called Laplace transform of f(t) and it is usually represented by L[f(t)]. 
 
The F(s) is rational if it can be written as a ratio of two polynomial of s, 

F(s) = f (t)
0

∞

∫ e−stdt

F(s) = N(s)
D(s)

At this point, we can define the poles of the F(s) transform, as the values such 
that |F(s)| = ∞. 
Moreover, the zeroes of the F(s) transform are the values such that F(s) = 0. 
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If the function F(s) has only simple real poles, the denominator can be written 
in factors, like: 
D(s) = (s+p1)(s+p2)⋯(s+pn),  pi ∈R,  pi ≠pj 
 
As a consequence: 

where the coefficients 

F(s) = α1
s+ p1

+
α2

s+ p2
+...+ αn

s+ pn

α1,α2,....αn

can be derived by comparing the original expression of F(s) with the previous 
one 
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Some of the remarkable properties of the Laplace transform are: 
 
Linearity: 
 
  
 
Derivation in the time domain: 
 
  
 
 
Derivation in the domain of the complex variable: 
  

L[α1 f1(t)+α2 f2 (t)]=α1L[ f1(t)]+α2L[ f2 (t)]

se L[ f (t)]= F(s)⇒ L[df (t)
dt

]= sF(s)− f (0+ )

se L[ f (t)]= F(s)⇒ L[t ⋅ f (t)]= − dF(s)
ds
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Laplace transforms for commonly used functions: 
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With the powerful tool of the Laplace transforms, a linear dynamic system – 
like the ones shown before – can be easily solved without having to explicitly 
solve the differential equations.  
 
First of all, we can introduce the vectors X(s), U(s), Y(s) respectively 
containing the Laplace transforms of the components of the vectors x(t), u(t), 
y(t). 
 
By using some of the properties of the Laplace transforms:  

L[x
•

(t)]=

L[ !x1(t)]
L[ !x2 (t)]
...

L[ !xn (t)]

!

"

#
#
#
#
#

$

%

&
&
&
&
&

=

sX1(s)− x1(0)
sX2 (s)− x2 (0)

...
sXn (s)− xn (0)

!

"

#
#
#
#
#

$

%

&
&
&
&
&

= sX(s)− x(0)

Laplace	  Transforms	  and	  dynamic	  systems	  (short)	  



and in the same way 
L[Ax(t)]= ... = AX(s)
L[Bu(t)]= ... = BU(s)
L[Cx(t)]= ... =CX(s)
L[Du(t)]= ... = DU(s)

Thus the system, originally written as 

!x(t) = Ax(t)+Bu(t)
!y(t) =Cx(t)+Du(t)

!
"
#

$#

can be written as follows 
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Thus, we derived an algebraic system – and not a system of differential 
equations – dealing with the Laplace transforms and easier to be solved 
 
In the particular case of the initial state x(0) = 0, the solution is: 
 
 
 
where the G(s) matrix is called Transfer function and is explicitly given by: 

sX(s)− x(0) = AX(s)+BU(s)
Y (s) =CX(s)+DU(s)

"
#
$

%$

Y (s) =G(s)U(s)

G(s) = [C(sIn − A)
−1B+D]
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If the transfer function is a rational function, by knowing the poles and the 
zeroes of the function, it can be written as follows 

The transfer function is very important because of the values of its poles and 
zeroes: 
it can be used for determining possible conditions of stability or instability 

G(s) = ρ
(s+ zi )i∏
(s+ pk )k∏
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a: asymptotical stability 
b: simple stability 
c: instability 

G(s) = µ
sg

(1+ sτ i )i∏
(1+ sτ k )k∏



or for the calculation of the frequency response of the system, in the case of a 
periodical stimulus, for example following the formula: 

u(t) = Asin(ωt +ϕ )
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PLL theory 
 



The fundamental elements of a PLL are generally made in a analog way by 
analog components and, for each of them, different implementation options are 
available 
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The classical PLL theory is based on a non linear model, due to the non-linearity 
of the Phase Detector, which has the following output (referred to the diagram 
labels, and where Kd is the Phase Detector gain): 
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Similarly, the LINEAR model of an analog PLL device, in terms of Laplace 
transform is: 

The non-linear model of an analog PLL device, in terms of Laplace transform is: 

We assume N=1 for the divider, for simplicity 
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with their transfer functions: 

Some of the most used linear PLL filters 
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Fa (s) =
1+ sτ 2

1+ s(τ1 +τ 2 )
Fb(s) = Ka

1+ sτ 2
1+ sτ1

F c (s) =
1+ sτ 2
sτ1

τ1 = R1C
τ 2 = R2C

τ1 = R1C1
τ 2 = R2C2

Ka =C1C2
τ1 = R1C
τ 2 = R2C



The transfer function from the input phase (reference) to the output phase 
(produced by the oscillator) is: 
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In this framework, it is also 
possible to model other important 
parameters, as the hold range (the 
frequency range over which the 
PLL keeps tracking the phase) and 
the lock range (the frequency 
range over which the PLL locks) 

)0(FKK doH =Δω

)(∞±≈Δ FKK doLω
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The fully digital approach 



The	  digital	  approach	  

Starting from the ’80s the scientific community began the evaluation of digital 
architectures for the implementation of PLL devices 
 
In literature, many Classical Digital PLL architectures have been proposed, where 
typically the Phase Detector is digital, while the Loop Filter and the VCO are still 
analog 



This approach was made easy because most of the digital Phase Detectors has a 
linear response with respect to the input phase difference, with implementation 
schemes relatively easy 

Only in the last years, the 
research trend turned to 
investigate All Digital PLL, 
architectures, where every 
element is digital 

π
H

d
VK =
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The digital Phase Detector produces the up/
down signals for the counter (acting as a 
filter) which controls the output frequency 
of the “Digitally Controlled Oscillator” 
 
 
 
 
Info about the phase error are produced by 
the digital Phase Detector digitale in n-bit 
words and are given to the digital filter, 
which controls the output frequency of the 
“Digitally Controlled Oscillator” 

Two typical All Digital PLL architectures can be: 
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 - Replace the noise-sensitive analog processes and components with their digital 
equivalent 
 
 - Increase the project portability and its testability (an analog PLL requires a re-
implementation of the device, in case of a technology change) 
 
 - Increase the radiation tolerance with moderation techniques 
 
 - Gain advantage from the area scaling for the ~ 10 nm technologies (the number of 
the gates per mm ~ doubles for each chip generation) 
 
 - Faster behavioral simulations 

Motivations for a fully digital approach 
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 - Many architectures require clock over-sampling at high frequency 
 
 - The DCO frequency resolution is limited (at 10-14 bit values) and a DAC can 
be required 
 
 - The DCO has a deterministic jitter intrinsically higher than the VCO 
 
 - Digital Loop Filters typically introduce a higher jitter and dissipate a higher 
power than the usual analog passive filters 
 
 - The architectures based on a non-linear Phase Detector are not suitable for 
phase-tracking architectures, while the architectures based on a linear one require 
a higher implementation effort and they have a higher power dissipation and 
lower resolution 

Drawbacks for a fully digital approach 

The	  All-‐digital	  approach	  



State-of-art of the most recent proposed architectures: 
the different subsystems 



Phase	  Detectors	  

Typically, Phase Detectors are the starting point of a PLL design, as they define the 
tracking capability of the PLL 
 
The most popular Phase Detectors available in literature are: 
 
 - Linear Phase Detectors : usually they provide info about sign and module of the 
phase error 
 
 - Non-linear Phase Detectors : they provide info only about the sign of the phase 
error 
 
 - TDC based. Some new architectures follow this new approach, where the output 
word is proportional to the phase error 



XOR	  Phase	  Detector	  

The simplest phase detector 
 
Linear only over a phase difference 
from -π/2 to +π/2 
 
Information about phase difference is 
contained in the average value of the 
output signal 
 
The lock value is reached when the 
phase difference is +π/2 
 
It doesn’t give any information 
about the frequency difference 
between the two signals 



Phase	  &	  Frequency	  Detector	  (PFD)	  

 
 
Linear over a phase difference from 
-2π to +2π 
 
Information about phase difference is 
coded in the two bits Lead & Lag (or 
Late & Early) 
 



Bang-‐bang	  Phase	  Detector	  

Bang-Bang or Alexander 
 
Non-linear: provides info about the 
sign of the phase difference (late or 
early) by making multiple samples 
over data and edges 
 
Largely used in digital PLL e DLL, 
especially at high rates, because info 
is synchronous with reference clock 
and it is digital. The most used in the 
CDR devices 
 
Jitter generally produced at every 
phase detection and greater than 
linear Phase Detectors 
 
High gain in the phase detection 



TDC-‐based	  Phase	  Detector	  

TDC based 

For CDR 

http://web.mit.edu/~bdaya/www/All%20Digital%20Phase%20Locked
%20Loop%20Design%20and%20Implementation.pdf 
 
0.25 micron technology. DCO max freq. 320 MHz 

TDC based architectures require a high design 
effort, due to their complexity, the resolution 
depends on the TDC and power dissipation is 
high 
 
Different architectures proposed: delay-line, 
Vernier or even based on multi-phase clock 



Digital	  Loop	  Filters	  

Digital Loop Filter 
 
Generally, simple counters are sufficient, surrounded with ad-hoc combinatorial 
logic: they are typically used in order to “average” the high commutation 
frequency of the pulses produced by the Phase Detector 
 
For most demanding applications, the suggested solution in literature is the use 
of dedicated DSP (Digital Signal Processing) devices 

Es. the counter stores the weighted average of the up pulses (with a +1 weight) and down pulses 
(with a -1 weight) and the filter roughly behaves as an integrator 
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Digitally	  Controlled	  Oscillator	  

DCO 
 
Critical element, as it influences the PLL output noise 
 
It must be able to sustain very high rates (multi-Gbit/s) with a very limited output 
noise (~ 10 ps) 
 
Generally based on Ring Oscillator or high frequency clock to be pre-scaled 
 
Some recent performances (2011): 
 

ASIC with 0.13 micron technology 
Output clock = 4.0 GHz 

Jitterpp = 29,4 ps 
 

…but not fully digital… 



Digitally	  Controlled	  Resistor	  based	  DCO	  

Implementation of a ring oscillator which 
produces a multi-phase clock for the data 
sampling of the CDR 
 
ASIC with 0.13 micron technology 
Output clock = 4.0 GHz 
Jitterpp = 29,4 ps 
 
 
Digitally Controlled Resistor which controls 
the frequency of an external LC oscillator 
 
Full custom CDR design = not portable 



Varactor	  based	  DCO	  

Implementation of a two-stages 
ring oscillator : 
 
 - the first stage performs a coarse 
frequency tuning 
 
 - the second stage performs a fine 
frequency tuning, with a modification 
of the buffer propagation times by 
varying the capacitive load (~ fF) 
 
0.35 micron Technology. Max freq. 214 MHz 
 
Could be designed with standard cells → portable 



PWM	  based	  DCO	  

 
Implementation of a two-stages ring 
oscillator: 
 
 - the first stage performs a coarse frequency 
tuning 
 
 - the second stage performs a fine frequency 
tuning, by adding or subtracting a buffer in the 
loop 
 
Fout generally always higher or lower than Fin 
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The	  ALLDIGITALL	  experiment	  

The review of the state-of-art shows very promising architectures for fully 
digital implementations, but they 
 
 
 - are not fully digital → not portable, no TMR 
 - reach unsatisfactory clock frequencies (~ 200 MHz) 
 - have high output jitter (~ 500 ps) 
 
The ALLDIGITALL activity aimed to build up a fully digital architecture, 
which has enhanced clock frequency performances (~ 1 GHz) and a low 
output jitter, while keeping a good tolerance to the input jitter 
 



Objective of the project: 
Analysis, feasibility study and implementation of a all-digital PLL device, 
designed on a FPGA (prototype) and its following implementation on a ASIC 
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Objective of the project: 
Analysis, feasibility study and implementation of a all-digital PLL device, 
designed on a FPGA (prototype) and its following implementation on a ASIC 
 
Consequences: 
Possibility to design devices which are robust by design (TMR) w.r.t. Single 
Event Upset (SEU) events and, thus, reliable for applications in a radiation 
environment. 
 
The “natural” technology scaling drives the design of devices which have an 
increased tolerance to total ionizing dose (TID).  
 
Moreover, all-digital PLL advance the design of Gb/s links based on FPGA, 
which are (relatively) cheap and potentially radiation-tolerant. 
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Our experiment foresees the implementation of an all-digital PLL device, 
without any analog component exposed to parasitical elements problems or 
more sensitive to variations due to radiation (SEE) 
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Our experiment foresees the implementation of an all-digital PLL device, 
without any analog component exposed to parasitical elements problems or 
more sensitive to variations due to radiation (SEE) 
 
Together with a lower cost and smaller silicon area required, the all-digital 
PLL has a lower sensitivity to noise sources wrt the analog counterparts 
(temperature, ageing, process and power supply variations, so-called PVT 
parameters: Process, Voltage and Temperature)  
 
Moreover, digital circuits have a better portability, as their fundamental 
blocks are digital circuits that can be synthesized with Hardware Description 
Languages (HDL). 
 
The main challenge is to reproduce the same ports and the same delay lines, 
which is best achieved in VLSI ASIC design 
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Objectives of the experiment: 
 
 - PLL output clock ~ 400 MHz in FPGA, 1.2 GHz in ASIC 
 
 - Output Jitter minimization to about ~ 50 ps, around 10% of the U.I. 
 
 - Fully digital design → Noise Tolerance, low sensitivity to PVT variations 
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 - Radiation Tolerant Design, via SEU moderation techniques (or TMR) 
 
 - Portability, using synthesizable code for FPGA, in order to keep 
compatibility also for rad-tolerant FPGA (es. Actel RT), and using only 
standard cells for ASIC implementation 
 
 - Possibility to build up custom serial links @ Gbit/s, with a data rate 
between 500 Mbit/s and 2 Gbit/s, with a 10-12 BER (Bit Error Ratio) and with 
a fixed phase clock lock, for fixed latency applications 

 
 - INFN applications: Radiation Tolerant Serial Link @ Gbit/s, DAQ systems 
in particle physics, astroparticle or biomedical experiments 
 

 - general applications: communication and data transmission systems, local 
oscillators in mobile applications, any other activity requiring synchronization 
of clock signals or frequency synthesis 



Original	  architectures,	  prototypes	  and	  
experimental	  results	  



Choosing	  a	  reliable	  and	  flexible	  PD	  architecture	  
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difference is coded in the two bits 
Lead & Lag (or Late & Early) 
 



Phase	  &	  Frequency	  Detector	  (PFD)	  2/4	  

 
 
Linear over a phase difference 
from -2π to +2π 
 
I n f o r m a t i o n a b o u t p h a s e 
difference is coded in the two bits 
Lead & Lag (or Late & Early) 
 
Important to have a digital 
circuitry informing which of the 
two pulses raised first 



Phase	  &	  Frequency	  Detector	  (PFD)	  3/4	  

A preliminary case study giving encouraging results: 
 
Simulation of the PFD in combination with: 
 
 - LOOP FILTER made of a complex Finite State Machine (FSM) which increments 
or decrements the control word 
 
 - DCO , very preliminary (i.e. not optimized, as the following ones) 

FSM	   Counter	   DCO	  



Phase	  &	  Frequency	  Detector	  (PFD)	  4/4	  



Phase	  &	  Frequency	  Detector	  (PFD)	  4/4	  



Phase	  &	  Frequency	  Detector	  (PFD)	  4/4	  



Studies	  about	  different	  DCO	  architectures	  



FPGA	  tests	  



n Based	  on	  ring	  
oscillator	  

n  tpd=tpd(P,Vcc,T,	  Cload)	  

189 

n  P	  and	  T	  are	  assigned	  parameters	  and	  the	  DCO	  should	  be	  
robust	  against	  them	  

n  Variable	  Vcc	  =>	  Digitally	  Controlled	  Resistors	  	  
n  Variable	  Cload	  =>	  Digitally	  Controlled	  Varactors	  
n  Based	  on	  analog	  effects,	  so	  that	  the	  delay	  variaFons	  can	  not	  

be	  described	  with	  HDL	  code	  
n  Huge	  design	  effort,	  in	  order	  to	  bring	  the	  DCO	  on	  different	  

(newer)	  technologies	  

Cload Cload Cload 
tpd tpd tpd 

Vcc Vcc Vcc 

«classic»	  DCO	  



Mul0-‐stage	  mux-‐based	  DCO	  

n  Divided	  in	  4-‐stages,	  each	  with	  2	  
control	  bits	  
q  SuperFine,	  Tpd	  step,	  from	  0	  to	  

3tpd	  
q  Fine,	  4Tpd	  step,	  from	  0	  to	  

12tpd	  
q  Coarse,	  16Tpd	  step,	  from	  0	  to	  

48tpd	  
q  SuperCoarse,	  64Tpd	  step,	  from	  

0	  to	  192tpd	  
n  Buffers	  implemented	  with	  LUT	  
n  LUT	  placement	  drives	  rouFng	  
n  Truly	  all-‐digital,	  but	  placement	  

and	  rouFng	  must	  be	  manually	  
opFmized,	  in	  order	  to	  
guarantee	  (n	  delay)	  =	  4	  *	  (n-‐1	  
delay)	  

n  Portable	  in	  ASIC	  standard-‐cell	  tpd tpd tpd 

4tpd 4tpd 4tpd 

16tpd 16tpd 16tpd 

64tpd 64tpd 64tpd 

Carry  
chain 

k(7:6) 

k(3:2) 

k(5:4) 

k(1:0) 

2 

2 

2 

2 

fout 



 
 
 

 uP 
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Ctrl 
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FPGA Kintex-7 

•  We prepared a test-bench 
system, in order to perform 
automated linearity 
measurements, scan all the 
control words and perform a 
test by changing T and Vcc 

•  An embedded 
microprocessor configures 
the DCO, controls the test-
bench and sends data on a 
PC via RS232 serial 
interface 

•  Simple control menu, for 
the management of 
different test modes: 

–  Different steps of the control 
word 

–  Fine control of the DCO 
–  Acquisition time (it has an 

impact on the error of the 
measurement) 

Ctrl 
Clock out 

Frequency 

Automa0c	  linearity	  measurements	  



Automa0c	  linearity	  measurements	  



•  Existing dependency on 
temperature (3ps/°C) and Vcc 
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•  Range of frequency: 100-150 
MHz, <LSB>=9 ps 

•  Period Jitter: 12ps rms on 
KC705 demo board, 
independently on f 

•  Possible enhancement of 
frequency Range 

•  F monotonic wrt control word 
guaranteed by measuring the 
various frequency and sorting 
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•  Existing dependency on 
temperature (3ps/°C) and Vcc 

•  Range of frequency: 100-150 
MHz, <LSB>=9 ps 

•  Period Jitter: 12ps rms on 
KC705 demo board, 
independently on f 

•  Possible enhancement of 
frequency Range 

•  F monotonic wrt control word 
guaranteed by measuring the 
various frequency and sorting 
the codes (via calibration or in 
real-time) 

•  ASIC implementation with more 
encouraging results 
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•  Enhanced architecture with frequency range 300-600 MHz, 
<LSB>=11ps 

•  Existing dependency on temperature (1.4 ps/°C) and Vcc 

Mul0-‐Stage	  Mux-‐based	  DCO	  in	  FPGA	  

•  By increasing the temperature the response keeps its linear shape 
but it shifts toward higher delays (@Vcore=1.0V) 



Mul0-‐Stage	  Mux-‐based	  DCO	  in	  FPGA	  

•  By increasing the Vcore, in the range from 0.92V to 1.09V, the 
response keeps its linear shape but it shifts toward lower delays 
(@T=40°C) 

•  Enhanced architecture with frequency range 300-600 MHz, 
<LSB>=11ps 

•  Existing dependency on temperature (1.4 ps/°C) and Vcc 



•  At any given time, 
in each stage 
there are 4 
propagating 
edges 

•  By modifying the 
control word, a 
propagating edge 
can be promoted 
to the next stage 
=> glitch 

•  The glitch can 
indefinitely 
recirculate in the 
oscillator 
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1 edge 
propagating 
(old ctrl word) 

1 edge 
propagating 
(new ctrl 
word) => 
glitch 

Code-‐Switch	  Glitches	  



•  Based on two identical 
DCOs, one active 
(oscillating) and the 
other in stand-by (no 
propagating internal 
edges) 

•  At a code change (k) an 
FSM controller 
exchanges the DCO 
role 

•  The DCO which exits 
the stand-by mode, 
entering the active 
mode, starts with a 
single propagating edge 

•  => No glitch 
•  Commutation in phase 

with the previous DCO 
(except for the latency 
of the FSM, i.e. a FF 
tco, + tAND) 

•  Used logic resources 
almost doubled 
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enable 

Ctrl.	  FSM	  

RST 

EN1 
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k1 

DCO	  1	  

clk_sel 

en clk 

k 

en clk 

k 

Independent	  on	  the	  
DCO	  internal	  
architecture	  

Glitch-‐free	  Double	  DCO	  



•  Pros 
–  <LSB> small, up to 9ps in K7 FPGA 
–  Good linearity 

•  Cons 
–  Manually optimized placement => requires huge design 

effort 
–  Code switch glitches (found a solution) 

Mul0-‐stage	  Mux-‐based	  DCO	  



n  ImplementaFon	  and	  test	  of	  a	  Truly	  All	  Digital	  PLL	  in	  a	  Xilinx	  Kintex-‐7	  FPGA,	  based	  on	  
Mux	  DCO	  

n  Fast	  frequency	  lock	  (Loop	  Filter	  uses	  a	  bisecFon	  method),	  then	  phase	  lock	  algorithm	  
enabled	  

n  Phase	  lock	  based	  on	  up/down	  feedback	  
n  Tested	  at	  60	  MHz	  (DCO	  clock	  at	  240	  MHz)	  
n  PFD	  sensiFvity	  and	  loop	  filter	  have	  considerable	  impact	  on	  jider	  (to	  be	  reduced)	  

but...	  
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Phase and  
Frequency Detector enable 

DCO Clock 

Freq Ctrl 

correction 

Reference  
Clock 

Prescaler /4 

up 

down 

Loop filter 

Closing	  The	  Loop	  



•  Functionality is there, but jitter to be reduced 

PLL	  in	  Locked	  state	  

•  Output period ≈ 18 ns 
•  Internal frequency ≈ 220 MHz 



ASIC	  implementa0on	  



Mul0-‐stage	  mux-‐based	  DCO	  

n  Divided	  in	  4-‐stages,	  each	  with	  2	  
control	  bits	  
q  SuperFine,	  Tpd	  step,	  from	  0	  to	  

3tpd	  
q  Fine,	  4Tpd	  step,	  from	  0	  to	  

12tpd	  
q  Coarse,	  16Tpd	  step,	  from	  0	  to	  

48tpd	  
q  SuperCoarse,	  64Tpd	  step,	  from	  

0	  to	  192tpd	  
n  Buffers	  implemented	  with	  LUT	  
n  LUT	  placement	  drives	  rouFng	  
n  Truly	  all-‐digitall,	  but	  placement	  

and	  rouFng	  must	  be	  manually	  
opFmized,	  in	  order	  to	  
guarantee	  (n	  delay)	  =	  4	  *	  (n-‐1	  
delay)	  

n  Portable	  in	  ASIC	  standard-‐cell	  tpd tpd tpd 

4tpd 4tpd 4tpd 

16tpd 16tpd 16tpd 

64tpd 64tpd 64tpd 
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•  Tpd	  delay	  made	  by	  using	  bufck	  
•  Fine	  tuning	  of	  delay	  value	  is	  achieved	  by:	  

–  AdjusFng	  the	  buffer	  size	  	  
–  Moving	  up/down	  of	  one	  row	  the	  delay	  chain	  wrt	  muxs	  
–  Adding	  some	  “extra”	  buffers	  

•  Above	  the	  DCO,	  a	  programmable	  prescaler	  is	  implemented	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  



•  All	  results	  come	  from	  post-‐layout	  simulaFon	  
•  SimulaFons	  are	  performed	  @	  min-‐typ-‐max	  

condiFons	  
•  During	  the	  simulaFons,	  results	  were	  checked	  

before	  and	  aier	  the	  prescaler.	  
•  Duty	  cycle	  measurements	  are	  done	  before	  

the	  prescaler	  (which	  divides	  the	  frequency	  
and	  thus	  fixes	  duty-‐cycle	  issues)	  

•  From	  period	  measurement	  a	  best	  fit	  line	  is	  
calculated	  

MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.34	  –	  25.5)	  ns	  
(746	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐15.5	  –	  8.5)	  ps	   (-‐10.8	  –	  16.1)	  ps	   (-‐15.4	  –	  94.6)	  ps	  
Absolute	  Error	   (-‐9.9	  –	  12.7)	  ps	   (-‐11.5	  –	  14.3)	  ps	   (-‐54.3	  –	  42.5)	  ps	  
Duty	  cycle	   (50.4	  –	  52.8)	  %	   (50.3	  –	  51.6)	  %	   (50.3	  –	  51.2)	  %	  
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•  All	  results	  come	  from	  post-‐layout	  simulaFon	  
•  SimulaFons	  are	  performed	  @	  min-‐typ-‐max	  

condiFons	  
•  During	  the	  simulaFons,	  results	  were	  checked	  

before	  and	  aier	  the	  prescaler.	  
•  Duty	  cycle	  measurements	  are	  done	  before	  

the	  prescaler	  (which	  divides	  the	  frequency	  
and	  thus	  fixes	  duty-‐cycle	  issues)	  

•  From	  period	  measurement	  a	  best	  fit	  line	  is	  
calculated	  

MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.34	  –	  25.5)	  ns	  
(746	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐15.5	  –	  8.5)	  ps	   (-‐10.8	  –	  16.1)	  ps	   (-‐15.4	  –	  94.6)	  ps	  
Absolute	  Error	   (-‐9.9	  –	  12.7)	  ps	   (-‐11.5	  –	  14.3)	  ps	   (-‐54.3	  –	  42.5)	  ps	  
Duty	  cycle	   (50.4	  –	  52.8)	  %	   (50.3	  –	  51.6)	  %	   (50.3	  –	  51.2)	  %	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  



•  All	  results	  come	  from	  post-‐layout	  simulaFon	  
•  SimulaFons	  are	  performed	  @	  min-‐typ-‐max	  

condiFons	  
•  During	  the	  simulaFons,	  results	  were	  checked	  

before	  and	  aier	  the	  prescaler.	  
•  Duty	  cycle	  measurements	  are	  done	  before	  

the	  prescaler	  (which	  divides	  the	  frequency	  
and	  thus	  fixes	  duty-‐cycle	  issues)	  

•  From	  period	  measurement	  a	  best	  fit	  line	  is	  
calculated	  

MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.34	  –	  25.5)	  ns	  
(746	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐15.5	  –	  8.5)	  ps	   (-‐10.8	  –	  16.1)	  ps	   (-‐15.4	  –	  94.6)	  ps	  
Absolute	  Error	   (-‐9.9	  –	  12.7)	  ps	   (-‐11.5	  –	  14.3)	  ps	   (-‐54.3	  –	  42.5)	  ps	  
Duty	  cycle	   (50.4	  –	  52.8)	  %	   (50.3	  –	  51.6)	  %	   (50.3	  –	  51.2)	  %	  
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•  Differen0al	  Non	  Linearity	  

•  It	  describes	  the	  deviaFon	  between	  two	  output	  values	  corresponding	  to	  adjacent	  
input	  digital	  values	  and	  it	  is	  used	  to	  determine	  the	  accuracy	  of	  a	  code	  conversion	  

•  Ideally,	  any	  two	  adjacent	  digital	  codes	  correspond	  to	  output	  values	  that	  are	  exactly	  
one	  Least	  Significant	  Bit	  (LSB)	  apart	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  

DNL(i) = Y (i+1)−Y (i)
< LSB >

−1

DNL=-‐1	  



ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  

•  Linear	  fit	  uses	  (Xi,	  Yi)	  points,	  with	  i=1…N;	  best	  fit	  line:	  Yi(expected)=mXi+q	  
•  Reported	  DNL	  is	  ΔYi-‐	  ΔYi(expected)=Erri+1-‐Erri	  
•  It	  is	  the	  standard	  DNL	  definiFon	  *	  <LSB>	  

•  DifferenFal	  Non	  Linearity	  



ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  

•  Absolute	  error	  for	  a	  given	  code	  is	  the	  difference	  between	  the	  measured	  period	  values	  
and	  that	  calculated	  from	  the	  fit	  line,	  i.e.	  Yi-‐	  Yi(expected)	  



•  In	  order	  to	  avoid	  glitches	  
during	  code	  changes,	  we	  
duplicated	  the	  DCO	  and	  
added	  a	  FSM	  (as	  
previously	  described	  for	  
FPGA)	  

•  Every	  Fme	  the	  code	  
changes,	  the	  FSM	  takes	  
care	  of	  Fming	  enabling	  
the	  other	  DCO	  with	  the	  
new	  code	  and	  disabling	  
the	  first.	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  



MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.32	  –	  25.5)	  ns	  
(757	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐23.5	  –	  12.5)	  ps	   (-‐12.8	  –	  13.1)	  ps	   (-‐20.4	  –	  77.6)	  ps	  
Absolute	  Error	   (-‐12.1	  –	  14.5)	  ps	   (-‐15.5	  –	  15.7)	  ps	   (-‐48.3	  –	  42.5)	  ps	  
Duty	  cycle	   (49.7	  –	  51.3)	  %	   (49.2	  –	  51.0)	  %	   (48.5	  –	  50.8)	  %	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  Glitch	  Free	  

•  All	  results	  come	  from	  post-‐layout	  simulaFon	  
•  SimulaFons	  are	  performed	  @	  min-‐typ-‐max	  

condiFons	  
•  During	  the	  simulaFons,	  results	  were	  checked	  

before	  and	  aier	  the	  prescaler.	  
•  Duty	  cycle	  measurements	  are	  done	  before	  

the	  prescaler	  
•  From	  period	  measurement	  a	  best	  fit	  line	  is	  

calculated	  



MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.32	  –	  25.5)	  ns	  
(757	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐23.5	  –	  12.5)	  ps	   (-‐12.8	  –	  13.1)	  ps	   (-‐20.4	  –	  77.6)	  ps	  
Absolute	  Error	   (-‐12.1	  –	  14.5)	  ps	   (-‐15.5	  –	  15.7)	  ps	   (-‐48.3	  –	  42.5)	  ps	  
Duty	  cycle	   (49.7	  –	  51.3)	  %	   (49.2	  –	  51.0)	  %	   (48.5	  –	  50.8)	  %	  
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MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.32	  –	  25.5)	  ns	  
(757	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐23.5	  –	  12.5)	  ps	   (-‐12.8	  –	  13.1)	  ps	   (-‐20.4	  –	  77.6)	  ps	  
Absolute	  Error	   (-‐12.1	  –	  14.5)	  ps	   (-‐15.5	  –	  15.7)	  ps	   (-‐48.3	  –	  42.5)	  ps	  
Duty	  cycle	   (49.7	  –	  51.3)	  %	   (49.2	  –	  51.0)	  %	   (48.5	  –	  50.8)	  %	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  Glitch	  Free	  



•  Differen0al	  Non	  Linearity	  

•  It	  describes	  the	  deviaFon	  between	  two	  output	  values	  corresponding	  to	  adjacent	  
input	  digital	  values	  and	  it	  is	  used	  to	  determine	  the	  accuracy	  of	  a	  code	  conversion	  

•  Ideally,	  any	  two	  adjacent	  digital	  codes	  correspond	  to	  output	  values	  that	  are	  exactly	  
one	  Least	  Significant	  Bit	  (LSB)	  apart	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  Glitch	  Free	  

DNL(i) = Y (i+1)−Y (i)
< LSB >

−1

DNL=-‐1	  



•  DifferenFal	  Non	  Linearity	  

ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  Glitch	  Free	  

•  Linear	  fit	  uses	  (Xi,	  Yi)	  points,	  with	  i=1…N;	  best	  fit	  line:	  Yi(expected)=mXi+q	  
•  Reported	  DNL	  is	  ΔYi-‐	  ΔYi(expected)=Erri+1-‐Erri	  
•  It	  is	  the	  standard	  DNL	  definiFon	  *	  <LSB>	  



ADV1	  implementa0on:	  Mux-‐chain	  based	  DCO	  Glitch	  Free	  

•  Absolute	  error	  for	  a	  given	  code	  is	  the	  difference	  between	  the	  period	  values	  measured	  
and	  that	  calculated	  from	  the	  fit	  line,	  i.e.	  Yi-‐	  Yi(expected)	  



DCO_0	   MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.32	  –	  25.5)	  ns	  
(757	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐23.5	  –	  12.5)	  ps	   (-‐12.8	  –	  13.1)	  ps	   (-‐20.4	  –	  77.6)	  ps	  
Absolute	  Error	   (-‐12.1	  –	  14.5)	  ps	   (-‐15.5	  –	  15.7)	  ps	   (-‐48.3	  –	  42.5)	  ps	  
Duty	  cycle	   (49.7	  –	  51.3)	  %	   (49.2	  –	  51.0)	  %	   (48.5	  –	  50.8)	  %	  

ADV	  result	  summary	  

DCO_1	   MIN	   TYP	   MAX	  

Frequency	  Range	  
(0.8	  –	  17.3)	  ns	  
(1250	  -‐	  58)	  MHz	  

(1.34	  –	  25.5)	  ns	  
(746	  –	  39.2)	  MHz	  

(2.4	  –	  42.8)ns	  
(417	  –	  23.4)	  MHz	  

LSB	   65	  ps	   95	  ps	   159	  ps	  
DNL	   (-‐15.5	  –	  8.5)	  ps	   (-‐10.8	  –	  16.1)	  ps	   (-‐15.4	  –	  94.6)	  ps	  
Absolute	  Error	   (-‐9.9	  –	  12.7)	  ps	   (-‐11.5	  –	  14.3)	  ps	   (-‐54.3	  –	  42.5)	  ps	  
Duty	  cycle	   (50.4	  –	  52.8)	  %	   (50.3	  –	  51.6)	  %	   (50.3	  –	  51.2)	  %	  



ADV	  implementa0on	  conclusions	  

A series of positive or negative bumps can be observed in specific points of the 
graph, corresponding to the codes 48, 64, 128, 192, .. 
 
This is obviously derived from the architecture: as an example, when going from 
the 63 code to the 64 code, all the tPD of the lower lines are “turned-off” and only 
the upper line is “turned-on”; 
in this specific case, a large number of different lines is involved in the transaction 
and this can dramatically contribute to the DNL or to the Err variations 
 
The whole layout was designed as a compromise between performances and 
balance, trying to keep both DNL and Err at a tolerable level, by slightly changing 
the layout by hands 
 
Even if we used different buffers (larger or smaller), in order to keep as uniform as 
possible tPD values, the layout was also designed by trying to minimize both DNL 
and Err, and keeping both parameters as low as possible also under the variations of 
the conditions 



ADV	  implementa0on	  conclusions	  

Linearity always satisfied in excellent shape 
 
Max frequency exceeds 600 MHz, except in the worst condition (max) and the 
range is higher than the corresponding FPGA design 
 
Obviously, LSB is higher, even if a new version – presently under completion – 
reduces LSB by a factor 2 without losing range capability 
 
Duty cycle always stays around 50% 
 
DNL and Err are kept always at a tolerable level, while the worst case is always 
reached for the max conditions 



ADV1	  Layout	  and	  signals	  
Signals	   Direc0on	   Notes	  
VCC3IO	   Power	   3.3V	  IO	  power	  
GND3IO	   Power	   GND	  IO	  power	  
VCCK	   Power	   1.2V	  core	  power	  
GNDK	   Power	   GND	  core	  power	  
GResB	   Input	   Global	  reset,	  acFve	  low	  
ctrl[7:0]	   Input	   DCO	  Frequency	  Selector.	  It	  is	  common	  to	  all	  DCO’s	  
en[3:0]	   Input	   DCO	  enable.	  Each	  DCO	  has	   its	  own	  enable.	  en[0]	   is	  

the	  dco_0	  enable	  and	  so	  forth	  
sel_fe	   Input	   Select	   the	  edge	  output	   from	  the	  prescaler.	  When	  1	  

the	   prescaler	   output	   is	   driven	   by	   the	   DCO	   clock	  
falling	  edge	  

sel_sc[2:0]	   Input	   Select	  the	  output	  clock	  prescaler	  factor,	  it’s	  
common	  to	  all	  DCO’s:	  
0:	  DCO	  clock	  direct	  out	  
1:	  DCO	  clock	  divided	  by	  2	  
2:	  DCO	  clock	  divided	  by	  4	  
3:	  DCO	  clock	  divided	  by	  8	  
4:	  DCO	  clock	  divided	  by	  16	  
5:	  DCO	  clock	  divided	  by	  32	  
Any	  other	  values:	  DCO	  clock	  divided	  by	  32	  

ck_out0	   Output	   Clock	  output	  from	  DCO_0	  
ck_out1	   Output	   Clock	  output	  from	  DCO_1	  
ck_out2	   Output	   Clock	  output	  from	  DCO_2	  
ck_out3	   Output	   Clock	  output	  from	  DCO_3	  



ALLDIGITALL	  Papers	  and	  presenta0ons	  

 - Presentation: High-Resolution Synthesizable Digitally-Controlled Delay Lines, 
presented at the 19th IEEE Real Time Conference, Nara (Japan) 
 
 - Paper: High-Resolution Synthesizable Digitally-Controlled Delay Lines, 
submitted on Trans. Nucl. Sci. 
 
 - Presentation: Performance of a High-Frequency Synthesizable Digitally 
Controlled Oscillator, to be presented at the IEEE Nuclear Science Symposium, 
Seattle (USA) 
 
 - Master Degree Thesis: “PLL digitali in strumentazione di ricerca: analisi e 
verifica” (P. Bifulco), Università degli Studi di Napoli - Federico II 
 
 - Patent: “Architettura e metodo per la sintesi automatica di oscillatori ad alta 
frequenza digitali e indipendenti dalla tecnologia”, I.N.F.N. Patent to be 
submitted 



Conclusions	  

State-of-art review shows different promising architectures for fully digital 
implementations, but still critical elements are present, particularly about frequency 
performances and output jitter 
 
The All-digitall experiment completed the all-digital PLL design, upgrading the 
state-of-the-art performances in the following fields: 
 
 - PLL output clock ~ 400 MHz in FPGA, 1.2 GHz in ASIC 
 - Fully digital design → Noise tolerant, low sensitivity to PVT variations 
 - Radiation tolerant design, by SEU moderation techniques (or TMR) 
 - Portability 
 - Minimization of the output Jitter to ~ 50 ps (still ongoing) 



References	  

 
 - Phase-Locked Loop Circuit Design, D. H. Wolaver, Publisher: Prentice Hall 
 
 - Phase-Locked Loops, R. Best, Publisher: McGraw-Hill 
 
 - Phase-Locked Loop Engineering Handbook for Integrated Circuits, S. J. 
Goldman, Publisher: Artech House 
 
 - Control Systems Engineering, N. S. Nise, Publisher: Wiley 
 



THANK	  YOU!!!	  



Enjoy	  the	  school!!!!	  



BACKUP	  SLIDES	  



Cri0cal	  elements	  
Alcuni elementi di criticità del progetto: 
  
 - L’oscillatore ad alta frequenza 
Requisiti: funzionamento alla frequenza più elevata, alta stabilità in frequenza, 
basso rumore in uscita e alta immunità al rumore esterno. 
Soluzione alternativa: nel caso in cui le caratteristiche dell’oscillatore non fossero 
soddisfacenti, una ipotesi di lavoro alternativa consiste nell’utilizzo di un oscillatore 
più lento in frequenza, ma multifase. In questo caso, l’architettura seguirebbe un 
paradigma TDC-based 
  
 - Il buffer di I/O 
Criticità: sostenere una elevata frequenza di commutazione (~ GHz), soprattutto per 
i dispositivi FPGA. 
Soluzione alternativa: nel caso in cui le risorse di I/O disponibili non riuscissero a 
soddisfare i requisiti, utilizzo di primitive dedicate, sacrificando, in questo caso, la 
totale portabilità del progetto. 
Per la progettazione di circuiti VLSI, identificazione, sul mercato, di celle standard 
che supportano frequenze dell’ordine del Gigabit o acquisto di un IP dedicato 



Tali elementi costitutivi sono realizzati in generale in maniera analogica e, per 
ciascuno di essi, esistono diverse possibilità implementative 

Cenni	  di	  teoria	  dei	  PLL	  

La teoria classica dei PLL prevede una modellizzazione non lineare, derivante 
dalla non linearità del comparatore di fase, la cui uscita (con i dati della figura e 
con Kd guadagno del Phase Detector) è: 

)cos()sin( ooiidd ttAKv θωθω ++=



Cenni	  di	  teoria	  dei	  PLL	  

La modellizzazione non lineare può essere approssimata con un modello lineare 
 
Partendo dalla relazione trigonometrica 

facendo l’ipotesi che: 
1)  ω0≈ ω1, ossia che il PLL sia vicino alla condizione di lock in frequenza 
2)  che il primo termine sia ad alta frequenza e venga soppresso dal filtro passa 

basso del PLL 

 
e definendo l’errore di fase come  
 

))sin())sin()cos()sin(2 oioioioiooii tttt θθωωθθωωθωθω −+−++++=++
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Cenni	  di	  teoria	  dei	  PLL	  

l’uscita del Phase Detector si può scrivere 
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Per finire, per θd sufficientemente piccolo, si può approssimare 
 
e dunque l’uscita del Phase Detector risulta 
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I	  disposi0vi	  PLL	  –	  funzioni	  di	  trasferimento	  

A partire dalla trasformata di Laplace, è possibile definire la “Funzione di 
Trasferimento” di un qualsiasi elemento del PLL, avente ingresso u1(t) ed 
output u2(t), nel modo seguente: 

In questo modo, il Phase Detector, il Loop Filter ed il VCO potranno essere 
rappresentati dalla loro funzione di trasferimento: 
 
Phase Detector:  
 
 
Loop Filter (es. RC): 
 
 
 
 
VCO: 
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