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Abstract

To accomplish the design chip of an integrated circuit, the first step is to know the

design specification. The next step is to make a behavioral model of that design and

then this behavioral design is converted to a RTL description with the help of syn-

thesis tools. This is the basic building block of any RTL to GDS flow. There are

some designs which are not synthesizable. These designs are basically analog mod-

els. Therefore there is no RTL description written for these designs. Transistor level

netlist is provided for the complete verification of any SoC. The accuracy of the veri-

fication from SPICE tools is very high but with that the time requirement is also huge.

Therefore only behavioral models are made for analog designs so that the verification

for SoC can be done with a less amount of time. When the behavioral description is

written in a HDL language then the equivalence checking is done between behavioral

description and transistor level netlist.

Phase Locked Loops (PLLs) are electronic circuits used for frequency control. For

every SoC, basic clock generation circuit is required. PLL is an analog IP which is

not synthesizable. Modeling and verifying analog designs in behavioral way such that

the time requirements for making the design and also to verify that can be reduced.

There are different types of PLL designed but the basic functionality is same for all.

Making of a generic test bench for all the types or PLL can reduce a huge time also

with all the tests applied to the PLL. This technique can be used effectively by the help

of scripts.
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Chapter 1

Introduction

Timing signals are essential for the proper operation of digital circuits and communi-

cation networks to synchronize the operations of circuits. These signals synchronize

the flow of digital signals among various synchronous circuits. These timing signals

manage the data signals which sent out to govern interconnected digital blocks.

A simple approach for the generation of such a signal is to have an oscillator,

which originate the clock. Now a days, complex systems require a diverse clock

frequencies with high accuracy and less disturbance. A designer may have to put as

many oscillators as the different number of frequencies required on the system. This

process takes most of the design area, increases complexity of the design and design

cost.

Phase locked loops are widely used to generate on-chip clocks in high-frequency

digital systems. This clock generators are incorporated into almost every large-scale

analog and mixed-signal system-on-chip (SoC). A PLL based clock distribution system

can take any clock source as input and generate multiple numbers of clock outputs

with a frequency that is lower or greater compared to the input clock.

This clock distribution system has an additional functionality that all the outputs

clock have a fixed phase relationship to each other. This functionality is required in

the systems where it is mandatory to deliver varying frequency signals to different

digital blocks while keeping their operation in synchronization.[1]

1
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There are several common applications of PLL:

• Noise and jitter reduction

• Zero delay buffer

• Clock de-skew application

• Frequency synthesis

• Spread spectrum clock

• Clock and data recovery

Figure 1.1: Basic operation of PLL
[2]

PLL incorporates of a phase/frequency detector, a charge pump, a low-pass filter

and a voltage-controlled oscillator . An input reference frequency is sent to one of

the phase/frequency detector inputs. The other input of phase/frequency detector

is driven by a feedback divided version of voltage controlled oscillator output signal

to provide a negative feedback. The phase/frequency detector detects differences in

phase and frequency between two inputs i.e. reference and feedback inputs to generate

compensating up or down signals.
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If reference input occurs before the feedback input, indicating that the VCO is

running too slowly, the PFD produces an up signal that lasts until the rising edge

of the feedback input. If the feedback input occurs before reference input, the PFD

produces a down signal that is triggered on the rising edge of the feedback input and

lasts until the rising edge of reference input. If the feedback frequency is less than

that of reference, the pulse-width of the up signal is greater than the width of down

signal and vice versa. In this way, the PFD produces a control signal which is unique

for any phase and frequency relationship between reference and feedback signal.

This control signal is then passes through charge pump and loop filter. The output

of the loop filter generates a control voltage for voltage controlled oscillator. This volt-

age is used to control the frequency of the voltage controlled oscillator. The frequency

of voltage controlled oscillator can be forced to run faster and slower according to the

input controlled voltage. As a result voltage controlled oscillator frequency locks to

oscillate a fixed frequency when two of its inputs at phase/frequency detector are

phase and frequency aligned. The output of the voltage controlled oscillator is an

internally generated oscillator waveform.

The PLL is designed to operate within a limited band of input frequencies. If

reference frequency is outside the from a predefined range then there will be no lock

and frequency of voltage controlled oscillator will be different from the expected one.

Two main parameters of a phase locked loop system are... Capture Range: The

time taken by the PLL to capture the lock is called capture range. It is smaller than

the lock range. Capture range is mainly related to the bandwidth of low-pass filter.

Lock Range: The range in which PLL can withstand its lock functionality with its

reference frequency. It is also known as the holding range.

1.1 Behavioural Model of PLL

The functional behavior of a PLL is to generate a frequency, which is multiple of

input frequency with same phase. Input frequency is divided through IDF and that
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is INFIN compared with the FBCLK for generating a Lock Signal. This lock signal

will go high when input frequency INFIN and output frequency FVCO will have same

frequency and zero or constant phase. FVCO output frequency is a multiplied version

of INFIN input frequency where multiplication factor is LDF.

Figure 1.2: Behavioural Model of PLL

1.1.1 Input Divider Bits

Input frequency divider is present within the PLL for dividing the input frequency

by a factor called the Input Division Factor (IDF). The output of this block is input

of phase/frequency detector.

INFIN or INFOUT = INFF/IDF
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1.1.2 Phase/Frequency Detector

This block compares the phase difference between the corresponding rising edges of

Reference frequency and feedback clock by generating voltage pulses with widths

proportional to the input phase error.

1.1.3 Charge Pump and Loop Filter

This block converts the voltage pulses from the Phase/Frequency Detector to current

pulses, which charge the Loop Filter and generate the Control Voltage for the Voltage

Controlled Oscillator.

1.1.4 Voltage Controlled Oscillator

This is the oscillator inside the PLL, which produces an output frequency proportional

to the Input Control Voltage.

1.1.5 Loop Frequency Divider

Frequency Divider is present within the PLL for dividing the VCO frequency by a

factor called the Loop Division Factor (LDF). The output of this block is the feedback

clock.

1.1.6 Output Frequency Divider

Output Frequency Divider is present within the PLL for dividing the VCO frequency

by a factor called the Output Division Factor (ODF). The output of this block is the

output clock PHI. This is the primary output of PLL.

PHI = FVCO/ODF
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1.1.7 Lock Detector

Input frequency INFIN and feedback frequency FBCLK is compared and if they both

are in phase and frequency is same then this signal generates a signal high that is

LOCKP.
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Modes of PLL

There are total 7 modes of PLL as described below

2.1 Integer PLL

This type of PLL generates the output frequency which is an integer multiplication

of input frequency.The input and output frequency of the PLL is same and the phase

difference between input and output frequency is same or constant.

Figure 2.1: Integer Mode PLL

7
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2.2 Fractional PLL

In this type of PLL the output frequency can be a fractional multiplication of input

frequency. The LDF bits changes its division to the FVCO output frequency such that

the average output frequency is the fractional multiplication of input frequency.[4]

Figure 2.2: Fractional Mode PLL

2.3 Spread Spectrum Clock Generation PLL

Spread spectrum clock generator (SSCG) PLL is used to reduce electro-magnetic

induction caused by the high frequency output of the PLL. This electro-magntic radi-

ation can be reduced by modulating the output clock frequency. Thereby spreading

the radiative energy over a wide frequency range wider than the bandwidth of the

receiver used to measure emissions. The technique of spreading energy is done by

modulating the feedback loop division factor at a very fast speed.

The fundamental clock oscillator signal and often its harmonics produce peak ra-

diation that exceeds regulations, but spread spectrum clocking spreads the overall

energy in many cases below the maximum.
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There are two profiles of SSCG mode. First one is center spread, in which the

frequency is modulated above and lowers over the output frequency in a triangu-

lar manner and second one is down spread, in which the frequency is modulated

lower over the output frequency in a triangular manner as shown in figure 2.5. One

triangular period is called modulation period and the depth at which frequency can

modulate is called modulation depth.

Figure 2.3: SSCG Mode PLL

Figure 2.4: Spread frequency over a wide range
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Figure 2.5: SSCG PLL Output in the centre and Down Spread Modes

2.4 Clock Insertion PLL

Reference clock enters the chip and drives a phase locked loop, which then drives the

system’s clock distribution. The clock insertion is usually balanced so that the clock

arrives at every endpoint simultaneously. One of those endpoints is the PLLs feed-

back input. The function of the PLL is to detect the comparison between distributed

clock and incoming reference clock and vary the phase and frequency of its output

until the reference and feedback clocks are phase and frequency matched.

In the behaviour mode of clock insertion PLL, an external divider is added which
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Figure 2.6: Clock Insertion PLL Application
[3]

can be optional as per the requirement. This external divider input is the output

of PLL clock i.e. PHI and the output is delayed or divided version of PHI, which is

given as input feedback clock to the phase frequency detector.

Figure 2.7: Clock insertion PLL by Design

2.5 Free Running PLL

In this type of PLL the input frequency is stuck to 0/1, then the input of control

voltage of VCO becomes zero and VCO generates its own free running frequency.
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PLL can go out of free running mode as the input frequency starts toggling at the

input.

Figure 2.8: Free Running PLL

2.6 Bypass Mode PLL

In this mode, the input frequency is bypassed to the output as there is no role of

PFD, LP and VCO. This technique is used when there is no requirement of PLL

functionality and the input frequency is bypassed to output.
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Generic Test Bench for Behavioural

Models of PLL

There are numbers of steps carried out for development of verification of an IP such as

Phase Locked Loop. The number of tests required for the verification is large and also

not applicable for all the PLL IPâĂŹs. Every model has its own functionality which

is not supported by others. So there is a need to write a test bench which supports

all types of functionality and can be used wherever needed. This chapter includes all

the test cases required for the verification. There are numbers of test cases described

for testing the PLL with different types of modes used simultaneously. Total time

required for testing a PLL depends on the fuctionality supported with that. If PLL

has all modes supported then the total time required for testing is only 2 to 3 hours.

Some of the basic tests done on a PLL which is only integer mode functionality is

decribed below. Total time for testing this integer PLL was 45 minutes.

The verification of a model is done in three parts which includes...

• Frequency Verification Tests

• Regression Tests

• User Defined Tests

13
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3.1 Frequency Verification Tests

In this mode as many as possible frequencies are given as an input with its supported

divider configuration. The primary inputs of this verification are minimum and max-

imum input frequency of the PLL. This frequency verification is further classified into

four parts...

• Random Frequency Verification

• Minimum Frequency Verification

• Maximum Frequency Verification

• Select Bits Frequency Verification

3.1.1 Random Frequency Verification

In this part there is a random frequency is taken from the minimum and maximum

frequency. This random frequency is driven to the PLL with their supported divider

values and expected frequency is compared with the model output frequency. If

there is any discrepancy in the model frequency and the expected frequency then the

verification environment throw an error by displaying a message of frequency error at

a particular time. The number for random frequency verification can be changed by

the user.

3.1.2 Minimum Frequency Verification

In this part the minimum frequency is taken as an input to the test bench and as

many as possible divider values are driven one by one to the model. After every

one test the model frequency is compared with the expected frequency. This fre-

quency verification checks all the supported values of the divider configurations with

a particular minimum frequency.
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3.1.3 Maximum Frequency Verification

In this part maximum frequency is taken as an input to the test bench same as

minimum frequency verification and all possible divider configuration is calculated

from the test bench which are driven by the test bench to the model one by one to

check the frequency.

3.1.4 Select Bits Frequency Verification

Some of the PLL supports different type of divider configuration. In this type of

configuration numbers of input selected for the fix values of divider configuration.

3.2 Regression Tests

In this mode only one particular frequency is driven to the dut and supporting their

input, feedback and output divider configurations are also driven to the dut. Now

using one input at a time, all the input test cases driven one by one and dut result

is compared with the expected result. This regression is further classified into these

parts...

• OKIN Test Cases

• Power Supply Test Cases

• Power Down Test Cases

• Input Clock Test Cases

• Input divider Test Cases

• Loop Divider Test Cases

• Output Divider Test Cases

• Fractional Mode Test Cases
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• SSCG Mode Test Cases

• Test Mode Test Cases

• Clock Insertion Test Cases

• Free Running Test Cases

• Bypass Mode Test Cases

• Toggling Test Cases

3.2.1 OKIN Test Cases

This pin is required for the proper starting functionality of the PLL. When power

supply is stabled then only after some time period this OKIN signal goes to high.

According to the functionality of this pin there are numbers of test cases written to

verify the maximum functionality of the PLL with respect to the OKIN pin.

3.2.2 Power Supply Test Cases

For any IP , power supply stability is must. When PLL is working into the nor-

mal mode then if power supply is toggled model should corrupt the outputs. This

functionality is checked by the verification environment.

• VDD and GND = L : Supply pins are low at the start of simulation

• VDD = X or Z OR GND = X or Z : Invalid inputs at supply pins at the start

of simulation

• VDD = H/L to X or Z, GND = L : VDD changes state from H/L to X or Z

• VDD = H/L, GND = L to X or Z: GND changes state from L to X or Z
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Figure 3.1: Power pin test case applied to PLL

3.2.3 Power Down Test Cases

This pin is required to disable the PLL functionality. When PLL is in power down

mode, all the outputs of the PLL must go into power down that is the outputs will

be low. For every test case starting minimum time is required by the PLL in which

the controlled voltage of the voltage controlled goes to zero. Now if the power down

width is less then the minimum width of power down then outputs of PLL must be

corrupted. Any change in the inputs of PLL without having any supply does not

change the outputs. As Enable goes from high to low and then again low to high

does not affect the outputs because there is no proper supply is given to PLL. As a

result this test case is passed.

• ENABLE = L/H/X : At the beginning of simulation

• ENABLE = L/H to X: To check the power down mode.
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• ENABLE = H to L: Enable becomes high from low.

• ENABLE = X to H/L: Enable becomes high/low from X.

• ENABLE = X to L: Enable becomes low from X.

Figure 3.2: Power down test case is applied to PLL

When PLL has a proper supply but the enable signal is corrupted then outputs

must be corrupted and can be recovered only when enable signal goes low with proper

supply.

3.2.4 Input Clock Test Cases

These test cases are driven for the verification of input clock cases. For the normal

functionality of the PLL, input clock must have a frequency which ranges between
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minimum and maximum frequency range. Also with that there should not any change

in the frequency of the PLL when PLL is in lock state.

• INFF = X: Invalid input at INFF in power down, capture and normal Mode.

• INFF frequency changes in power down, capture and normal mode.

• INFF frequency is in between 3.96 MHz and 353.3 MHz

• Jitter is greater than specified limits.

• Duty Cycle out of range.

• INFF is stuck at 0/1.

Figure 3.3: INFF test case applied to PLL
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When proper supply is given to PLL and enable signal goes from low to high

then the input clock should not be corrupted. As shown in figure 3.3, when enable

goes from low to high then input signal that is INFF is corrupted, as a result all the

outputs are corrupted. This can be recovered only with proper down pulse.

3.2.5 Input Divider Test Cases

The input divider is required for generating the input for the phase/frequency detec-

tor. The input divider value is taken such that the frequency of INFIN, which is the

input of phase/frequency detector, must be in range. When PLL is in lock state or

in normal mode, input divider bits must not toggled.

• IDF = X: Invalid input at IDF.

• IDF = X to valid input: changes from invalid to valid input when ENABLE =

H.

• IDF min value and max value

• INFF is in range but IDF is such that INFIN is out of range

When PLL goes out from power down mode with proper supply and input fre-

quency is correct then input divider bits divides the input frequency INFF and gives

output INFIN. If IDF is corrupted then all the outputs should be corrupted as shown

in figure 3.4. This can be recovered when IDF bits changes from invalid states to

valid states in power down mode.

3.2.6 Loop Divider Test Cases

The loop divider is used for generating the output frequency which is multiplication

of input frequency. The loop divider value is taken such that the frequency of FVCO,

which is the output of voltage controlled oscillator, must be in range. When PLL is

in lock state or in normal mode, loop divider bits must not toggled.
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Figure 3.4: IDF test cases applied to PLL

• NDIV = X : Invalid input at NDIV

• NDIV changes in power down, normal and capture mode

• NDIV = X to L/H : changes from invalid to valid input when ENABLE = H.

• NDIV = L/H to X: changes from invalid to valid input when ENABLE = H.

• INFIN is in range but NDIV is such that FVCO is out of range

When PLL goes out from power down mode with proper supply and input fre-

quency is correct then input divider bits divides the input frequency INFF and gives

output INFIN. If loop divider bits NDIV are changed in after the lock, when fre-

quency and phase are same, then all the outputs should be corrupted except INFOUT

as shown in figure 3.5. This can be recovered when NDIV bits changes from invalid

states to valid states in power down mode.
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Figure 3.5: NDIV test case applied to PLL

3.2.7 Output Divider Test Cases

The output divider is used for generating the range of output phi frequency which is

division of input fvco frequency. When PLL is in lock state or in normal mode, loop

divider bits can be toggled.

• ODF = X : Invalid input at NDIV

• ODF changes in power down, normal and capture mode

• ODF = X to L/H: changes from invalid to valid input when ENABLE = H.

• ODF = valid input to X: changes from invalid to valid input when ENABLE =

H if Settling time is given then after that PHI should be FVCO/ODF else dont
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wait FVCO/ODF.

Figure 3.6: ODF test case applied to PLL

PLL is in normal mode where phase and frequency of the output are same as the

input phase and frequency. Now if output divider bits corrupts then only PHI output

should be corrupted because there is no role of ODF bits in the feedback loop. As

long as ODF bits are corrupted, PHI should be corrupted and if ODF changed to a

valid state then PHI output will start to give an output frequency after some settling

time.
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3.2.8 Fractional Mode Test Cases

This mode is generally supported for generating the large no of frequency ranges.

When this mode is on then the loop divider bits toggles after a fix numbers of cycles

such that it does not change the lock state of PLL. This test case is driven to check

that proper toggling of loop divider bits is performing or not. The output of pll is

then compared with the expected behaviour of pll.

3.2.9 SSCG Mode Test Cases

When this SSCG mode is active then the output frequency changes according to the

control bits of sscg mode. test bench driver drives the sscg control bits to dut and

verify that spreading is proper or not. When PLL is in normal mode then no input

is allowed to toggling, if any of the input is toggled, outuputs should be corrupted.

3.2.10 Clock Insertion Test Cases

Clock insertion mode is not supported by all the PLL’s. Verification of this mode is a

complex task because generation of an external divider is dependent on user that how

it is implemented. When this mode is active, there is a delay in the input frequency

and output frequency. If this delay is out of range then PLL should corrupt all of its

outputs. This mode is used for reduction in clock tree sythesis at the later part.

3.2.11 Free Running Test Cases

When the input clock is stuck to 0/1, then the controlled voltage of voltage controlled

oscillator should go down to 0 as per the design but there will be a constant voltage of

voltage controlled oscillator which generates a random output frequency. Test bench

drives an input clock which is stuck to 0/1 in normal mode, then output frequency is

compared with the expected behaviour of the PLL.
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3.3 Verification Checkers

For every IP verification, checkers are the most important parts. In this test bench

total 5 checkers are used which checks the outputs continuously.

• Frequency Check

• Duty Cycle Check

• Status check

• Stuck Check

• Lock Protocol Check

3.3.1 Frequency Check

At every edge of the output clock for everyone INFOUT, REFOUT, FVCO, PHI, it

calculates the time period and check the period is in range. This frequency is changed

according to the running mode that can be Integer, Fractional, SSCG, Clock insertion

or Free Running.

3.3.2 Duty Cycle Check

It will also checks the duty cycle at the very edge of the clock. Duty cycle can be

changed according to the output divider bits.

3.3.3 Status Check

At every 100 ps it will check the output status that 0, 1 or X. when driver drive the

values such that expected should be corrupted it will toggle a flag and according to

that the status is checked. Expected status is changed through a flag.
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3.3.4 Stuck Check

At every posedge and negedge of the output clock is checked that the output is stuck

or not. It will wait the next edge of clock and also wait for the time period of clock, if

the edge is not available till the time period of clock it will give an error that output

is stuck at this particular time.

3.3.5 Lock Protocol Check

It will check the continuous checking of the status of the lock when lock is high. after

maximum lock time lock is H or not if not test bench will through an error. There

can be maximum three lock in a PLL. This lock protocol checks the status of each

lock at every 10 ps.

Figure 3.7: Lock protocol for dual lock
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3.4 Final Report

When all the test cases are driven to the dut and verification process is done, then a

final reprot is generated by the script which is shown below..

Figure 3.8: Final Report
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Verification Environment for PLL

This chapter includes the information about verification environment for PLL, which

will test PLL with all the test cases in one click. Flow diagram of verification envi-

ronment for PLL is shown below.

Figure 4.1: Flow diagram of verification for PLL
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4.1 Compiler Configuration File/ User Input Con-

figuration File

• This file is used for extracting pin list with sizes.

• This file can be configured in two forms..

– Compiler configuration file or

– User Input configuration file

• It provides the information about the test modes i.e. which test cases have to

run from the generic test bench with the help of script.

4.2 Generation of Configuration File for User Inputs

• A top level script will run on the compiler configuration file or user configuration

file, which will generate a configuration file for user inputs

• Benefits of this file compared to the previous one will be..

– Only those inputs have to write which are supported by DUT functionality.

– No input will be provided for user which is not supported by DUT func-

tionality

4.3 Generation of Test Bench Configuration File +

Test Selection Database

• A script will run on user input config file to generate test bench configuration

file.

• These parameters will be generated with some calculation from user input config

file such that user has to provide minimum number of inputs.
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• The parameters required for Generic test bench will be provided from this file.

4.4 Generic Driver and Checker

• In this file all the test cases will be written which have to run on DUT.

• It will support..

– Only those inputs have to write which are supported by DUT functionality.

– No input will be provided for user which is not supported by DUT func-

tionality

4.5 Regression Script

• This script will be used for running all possible test cases for all supported

modes.

• It will generate a report based on tests which will also compared with the

specifications

4.6 Algorithm for Generic Verification for all types

of PLL

The testing of PLL will be done in verilog language so a TB-TOP module will be the

top of test bench. A parameter file will be included with ‘include in verilog. This

file will contain the information about the PLL minimum input frequency, maximum

input frequency, total time for lock, minimum width of power down pulse, minimum

duty cycle of input frequency, maximum allowable jitter, maximum duty cycle of

input frequency, minimum output frequency, maximum output frequency, minimum
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Figure 4.2: Overview of Generic Test Bench

duty cycle of output frequency, maximum duty cycle of output frequency and settling

time for PHI etc.

Two modules generic driver and checker and PLL DUT will be instantiated. These

two module ports will be connected through wires which are created in TB-TOP

module. Generic driver will have all the test cases written for PLL and these test will

be applied to PLL DUT. The result will be checked in the checker part and compared

with the expected result. If the DUT outputs and expected outputs are matched then

PLL has no error and if they are mismatched then checker will show the errors in the

simulation result file.

Some of the test cases are specific to PLL functionality which can to be generic

for all. These test cases can also be written in TB-TOP module. These test cases are

called user defined test cases. A script will run for all the test cases at once and the

report will be generated from the log files of simulations.



Chapter 5

Result

This behavioural PLL IP is used for complete SoC verification. SPICE manual check-

ing for analog PLL takes huge time for verification and provide higher perfection. The

behavioural verification environment for analog PLL gives reduction in verification

time but also with that degrades accuracy of the verification. The analog functional-

ity verification is not done by the behavioural verification environment. Verification

environment for the behavioural models of PLL provides flexibility in verifying the

PLL. All types of supported functionality can be checked for different modes of all

PLL with this approach. An automated script is used which runs all the test cases

supported by the behavioural PLL. It takes almost 2 to 3 hours which is a huge

reduction compare to the SPICE checking which takes around 6 months to test the

PLL. There is no need of verifying on the waveforms as in SPICE verification. All

the results are provided in the simulation log files. The final report contains the in-

formation about total test cases applied to PLL and the total numbers of tested test

case with the number of failing tests. Two separate columns will be provided for test

passed and test failed. In this way an automated verification environment helps to

reduce the time for verification of any PLL.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

Verification of analog IP is very time taking such that it will create a large time to

market. Use of behavioral models of analog IP is very time consuming. It provides

less time for modeling and testing also the accuracy degrades as compare to analog

simulations. PLL is an IP which is used to generate clock, which is an essential IP

for any type of SoC.

Verification of behavioral model of PLL can be made simpler as the basic function-

ality of any kind of PLL is the multiplication of frequency with the same phase. A

number of test cases are applied to PLL DUT with the help of script reduces very

much amount for testing PLL. Analog testing of PLL for all test cases takes almost

an year. But with the help of this verification environment gives a testing PLL in

only few hours. Also result can also be seen in a simpler way.

6.2 Future Work

• Automation script phase 2 for running all the test cases.
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