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Abstract

Phase Locked Loop (PLL) has many applications such that frequency tracking, clock
generation and frequency synthesis. Analog PLL has the advantages of a very good
performance and high frequency range. The main challenge is the high power
consumption, large area, and scalability.

All digital PLL (ADPLL) is a replacement for the Analog PLL that has advantages such
as the low power consumption, small area and scalability across different technology
nodes. Still the performance of the Analog PLL is superior to the ADPLL in terms of
frequency range, jitter and lock time.

An all-digital phase locked loop (ADPLL) is presented to achieve both low phase noise
and low power simultaneously. Targeted specifications to be reached: 2psec peak-to-
peak jitter with RMS value of 0.5psec covering frequency range from 415MHz to

1GHz, 1v operating voltage and the total area is 0.1mm?.

The proposed ADPLL is fabricated in 65nm CMOS technology, its power consumption
is 80mW for a supply voltage of 1V. The measured phase noise of the DCO is
-140dBc/Hz at an offset frequency of 1MHz. The integrated root-mean-square jitter is
0.449ps and the peak-to-peak jitter is 2.7ps. Lock time is around 70ns.

This ADPLL uses a bangbang phase and frequency detector to maintain the phase
locking without time-to-digital converter, and the dividers are disabled. The DCO is an

LC oscillator which produces jitter lower than the regular ring oscillator.

Xi



Chapter 1: Introduction

1.1 Whatis PLL?

Phase locked loop (PLL) has been widely used for clock recovery, noise and jitter
suppression in communications, clock synchronization in memory interface and high-
performance microprocessors, and frequency synthesis for instrumentation and RF
receivers. Our basic challenges are power consumption, area, and scalability.

Analog PLLs are widely used, and show high performance characteristics in terms of
jitter and frequency range. However, the high power consumption and large area have
always been disadvantages for this type of PLLs. [1]

The last decade has shown a lot of interest in replacing the analog PLLs with an All
Digital PLL (ADPLL). The main advantages driving this new trend are the fast time to
market, and the small design effort required to migrate between different technology

nodes.

The simple diagram of PLL in the figure below, its function is to keep the reference
frequency and the DCO frequency in phase by locking on it. The voltage controlled
Oscillator is used to generate an output clock with frequency proportional to the input
actuation voltage VA. This output clock is fed back through a frequency divider to get
the divided frequency. A Phase Detector (PD) is used to compare the phase of the
divided clock with the phase of the reference clock and generate a voltage proportional
to the phase error. The loop filter is used to stabilize the system and achieve the desired
response. This control loop makes the divided clock have the same frequency and phase
as the reference clock. Hence, the output clock will have a frequency that is N times the

reference clock. [2]



Rw Voltage
Phase .
Detector Loop Filter Con_trolled
Oscillator

N-Divider

Figure 1: Simple Architecture of PLL

In this work, the target is to design an ADPLL that is suitable for an embedded system.
The ADPLL is required to have extremely low jitter, small area and small lock time.

The requirements on the power and frequency range are relaxed.

1.2 AAPLL vs. ADPLL

Advantages of ADPLL are low power, small area and scalability across different
technology nodes also the disadvantages are frequency range, jitter and lock time, VCO
in AAPLL is converted to DCO, which dominates the major performance measures of

the ADPLL, such as power consumption and jitter.

Advantages of Analog PLLs are high performance characteristics in terms of jitter and
frequency range and they are widely used. However, the high power consumption and
large area have always been disadvantages for this type. In addition, when we go down
into deep submicron, the design of these analog circuits becomes very sensitive and

increases the design cycle time and time to market.

1.3 Issues faces PLL

From the problems faced us from using phase locked-loop are: Acquisition, Jitter and

Frequency Range.

1.3.1 Acquisition
Acquisition is a nonlinear process. It is a phase acquisition since a PLL locks up with
just a phase transient if the frequency difference is small and the loop can acquire lock

without the cycle in PLLs. But if the reference frequency is initially far away from
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the VCO free-running frequency, it is the frequency acquisition. A coarse and a fine
bit by phase and frequency detector (PFD) and time-to-digital converter (TDC) when
the frequency acquisition with no phase difference is done under the lock condition in
PLLs. The accumulated bits and all zero bits continuously are injected into digitally
controlled oscillator (DCO). The constant bits generates a constant frequency from
DCO. [3]

1.3.2 Frequency Range

The reference frequency multiplied by N factor of the PLL determine the output
frequencies of ADPLL, and N factor depends on the application's specification. The
factors are categorized by the characteristics of ADPLLSs. It may have mixed factors
or programmable ones.

Since the ranges of output frequencies are dictated by the target application, the DCO
produces the proper frequencies in ranges of the applications. The output frequencies
should be considered with unpredictable effects on target applications such as

temperature variation, supply voltage fluctuation.

1.3.3 Jitter

Jitter is defined as the short-term variations of a signal with respect to its ideal position
in time. As shown in the figure, the original signal (unit interval) is expected to be in
certain position (ideal edge location) but it appears shifted (edge location shifted), then

the difference between the original signal and the shifted version is the jitter.

Unit Edge location
Interval shifted
Reference
Edge

N i ]
X | | | X
o 1]

Edge location ldeal edge

shifted location

Figure 2: Jitter Effect



There are two kinds of jitter, Deterministic jitter (DJ) and Random jitter (RJ). The
predictable component of jitter in the circuit is called deterministic jitter and the

remaining components of jitter are called random jitter.

Deterministic Jitter: Jitter with non-Gaussian probability density function. It is always
bounded in amplitude and has specific causes. Four kinds of deterministic jitter are
identified: duty cycle distortion, data dependent, sinusoidal, and uncorrelated (to the

data) bounded. DJ is characterized by its bounded, peak-to-peak value. [4]

To measure the deterministic jitter on a clock (or data) waveform you must trigger your
oscilloscope at a rate commensurate with the source of the deterministic jitter.
Deterministic jitter comes from many sources, including duty-cycle distortion (DCD)

and intersymbol interference (1SI). [5]

Random Jitter: It is a Gaussian jitter that is unbounded which comes from thermal
vibrations of semiconductor crystal structure which causes mobility to vary depending
on instantaneous temperature of material, also from material boundaries have less
than perfect valence electron mapping, and Imperfections due to semi regular doping

density through semiconductor substrate, well and transistor elements. [4]

Deterministic
Jitter (DJ)

Random
Jitter (RI)

u i ‘LII- timg (ps or UT)
Figure 3: Deterministic and Random Jitter [4]

The main difference between random and deterministic jitter is the components, as the
deterministic components have a lower ratio of peak value to standard deviation than
do the random components. Generally, a certain amount of deterministic jitter does not

hurt your system nearly as much as a similar quantity of random jitter.



After we have discussed the meaning of phase locked loop (PLL) and mentioned the
difference between analog phase-locked loop and digital phase-locked loop, it was clear
that analog is better from the jitter point of view, which is the core of our project.
Hence, there are specifications which we target to reach in our work to say that digital
phase-locked loop is better than one. These specifications are: first, to get peak-to-peak
jitter lower than 2psec, second the root-mean-square of jitter to be lower than 0.5psec,
third the frequency range must be between 400MHZ and 1GHZ, fourth the power
consumption to be less than 10mW, fifth and finally to get an area less than 0.1mm?.
To achieve such specification we did searched and worked on different kind of papers
as going to be shown in Chapter 3.

In addition, we are going to show basic block diagrams of PLL and their types in
Chapter 2. In Chapter 4, blocks of the proposed architecture are discussed from its
internal structure. The whole system is connected in Chapter 5 and the results are shown

before layout and after it. Finally, we conclude our work in Chapter 6.



Chapter 2: Basic Blocks of PLL

In this chapter, we are going to discuss the main blocks of the PLL and its different

structures.

2.1 Phase Detector (PD)

It has two input signals: the reference input signal and the feedback from the DCO.

cos(B)— PD — W.=K (B, -8,
=k H
T d

sin(B,)

=

Figure 4: Phase Detector [6]

An ideal phase detector (PD) produces an output signal whose DC value is linearly
proportional to the difference between the phases of the two periodic inputs. The
output pulse will have a width which is equal to the time difference between
consecutive zero crossings of the two inputs.

Phase detectors consist of many types in the two main categories of analog and digital
environment, depending on the kind of application. Most of the analog phase
detectors are just analog multipliers: their output voltage is proportional to the
multiplication of the two input voltages. And their main advantage is that they can be
used in a large frequency range. In the other hand the digital phase detectors consists
of two categories of linear phase detectors and bangbang phase detectors.

These two categories are detailed now.

2.1.1 Linear Phase Detectors
The first implementation of this type of detectors is an XOR digital gate; whose inputs

are the reference signal and the DCO output.



Exclusive-OR gate

A| B | Output
0|0 0
Input
i Output o[1[ 1
Inputg 1o l
1|1 0

Figure 5: Left XOR gate, right Truth table [6]

The XOR gate is perfectly linear; its output voltage is exactly proportional to the
phase error. However, it would have a problem, if the phase error is greater than 180°
that the characteristic loses its linearity and the output voltage is not proportional to

this error anymore as shown below. [6]

Figure 6: XOR phase detector characteristics [6]

The second type is phase and frequency detector (PFD), it is shown in figure 7 with its
timing diagram.

It is linear and its output is always proportional to the phase difference between the
two input signals and have another advantage that it is used also as a frequency
detector. [6]



ONE

DFF,
D
Q o Qg
Ao—D CK A I I I I |—| I I
A B
Fleset'——c - I_ l r—l__l'
Y Q, .
J1 I
Bo—PpCK Q
g, el L L1
L ‘
DFF
ONE 5
Figure 7: Left: PFD, Right: Timing diagram [6]
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Figure 8: PFD characteristics [6]

Third type is Hogge phase detector, which consists of two D flip-flops and two XOR

gates as below.

FF;

D|n°-J'-I-|D CJI

CK »

-"lﬂ‘ Q
B

A

)
D—’ Th/2

b )
D—c Late

ref

Figure 9: Hogge phase detector [7]
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Figure 10: Timing Diagram [7]

The late signal produces a signal whose pulse width is proportional to the phase

difference between the incoming data and the sampling clock. A Tb/2 reference signal
is produced with a Th/2 delay.

If the clock is sampling early, the late signal will be shorter than Tb/2 and vice-versa.

2.1.2 Bangbang Phase Detectors

We only have one type, which is Alexander Bangbang phase detector.

— T
NRE incoming data *

— —F

=
=]
=
=]

Sampled NRE data

| — e ]

A S s s

= =

Local
Clock

Figure 11: Alexander Bangbang phase detector [8]

Non-linear binary Alexander phase detector only provides information on the phase error
not on magnitude. Its characteristics are not linear as shown below.



T

Figure 12: Alexander phase detector characteristics [8]

After analysis of the categories of phase detectors, we can check this table.

Table 1: Comparison between Linear and Bangbang PDs

Linear PD BangBang PD
Advantages Small output jitter Less sensitive to data
patterns
Disadvantages Nonlinearity for non- High output jitter
uniform data

We made our choice to linear PD (PFD); as it has great advantage of small jitter, which is

critical for ADPLL. In addition, detects frequency and phase.

2.2 Loop Filter

There are two types of filters, FIR and IIR filters. The design of both filters is not
important, what really makes the main difference between them is the way where each

filter is implemented.
2.2.1 FIR Filter

Because of the way FIR filters can be synthesized, virtually the response of any filter

you can imagine can be implemented in an FIR structure as long as tap count is not an
issue. For example, Butterworth and Chebyshev filters can be implemented in FIR, in
order to get the desired response you need large number of taps. That is the reason

why we generally use prototypes other than the S domain polynomials as prototypes

10




for FIR filters. As another example, if it is required to get a band pass filter with two
pass bands, or a band pass filter with specific phase properties, FIR will be the best
solution as it can do the job with no problem.

The beauty of FIR filters and which is the most important feature is that they can be
implemented with integer math. As it is known, the most required features are low
power, low cost, portable devices.

These types of processors work great and very common and available in the industry,
but seldom have a floating point math core, while integer math is the standard as it is
easy, cheap, fast, and low power. So, FIR is used to implement a digital filter.
Therefore, the characteristics of the filter not determines whether FIR or 1IR will be
used. [9]

2.2.2 1IR Filter

IIR filters are essentially restricted to the well-defined responses that can be achieved
from the S domain polynomials such as the Butterworth. However, it is quite difficult
to synthesize filter in an IIR structure as required. From the disadvantages of IR filters,
that it cannot be implemented in integer math; as the IR coefficients cannot be scaled
to integer values without having the filter's math calculations explode. For example,
scaling the coefficients by 16, which will not create nearly enough significant digits for

filtering, will cause the calculations to go exponential. [9]

2.3 DCO

A VCO, or DCO in digital PLLs, is one of the key components in a PLL, and it has a
great impact on the PLL’s overall performance. It has two types, LC Oscillator and

Ring based DCO. These types differ in performance, power, area and applications. [10]

2.3.1 LC Oscillator

There are many advantages for LC VCO. For example, it has a superior phase noise
performance. On the other side, LC VCO has a small tuning range, large layout area
and possibly higher power, which consider as disadvantages.

The design of LC is shown in figure below, the frequency control for an LC VCO is
through an NMOS based varactor, assuming that a diode varactor is unavailable in a
standard digital CMOS process. [10]

11



CLKQ)

CLK(T) CLKQ) vV V CLKi)
Figure 13: LC VCO [10]

CLK(T)

2.3.2 Ring-based VCO

Ring based DCO is often considered to be the first choice; as it is good in simplicity
and cost effectiveness. A Ring VCO uses a voltage controlled current sink in parallel
with a constant current sink, which keeps the VCO running at a minimum required

clock frequency.

o

VDD

>(>CLK(I) CILK(Q)
>OCLK(I) CLK(Q)

VCNT >

Figure 14: Ring VCO [10]
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We have presented a comparison of LC and Ring VCO based PLL designs. The power,
layout area, frequency operation and optimization of loop bandwidth to minimize phase
noise are all considered in order to obtain a fair comparison. The results show that a
Ring VCO based PLL design can meet the performance requirements of a certain high-
speed clock synthesizer application if the PLL loop bandwidth is properly optimized.
Also, a Ring VCO based PLL has the advantages of larger tuning range and smaller
layout area compared with an LC VCO based PLL. Of course, an LC VCO based PLL
design exhibits a superior phase noise performance but this advantage is mitigated to

some extent by short channel effects. [10]

Table 2: Trade-off between Ring and LC VCO based PLL designs [10]

Advantages Disadvantages
Ring- Common approach for digital chips. | High phase noise — widen loop
based Many ways to control frequency. bandwidth to reduce.
VCO Multi-phase clock generation. High VCO gain — sensitive to
Wide frequency tuning range. disturbance.

Poor stability at high frequency.

LC Common approach for RF design. Large layout area — large area
Oscillator | Good stability. for inductor.

Low-term and period jitter filtering. | Narrow tuning frequency range.
Low long-term and period jitter. Require a lot of characterization.
Low phase noise. Poor integration and more

complicated design.

13




Chapter 3: ADPLL Architectures

In order to reach our specifications, we did many researches on many papers till we get

these 4 papers to operate on.

3.1 First Paper

It is ISSCC conference paper titled “A 2.9-t0-4.0GHz Fractional-N Digital PLL with
Bang-Bang Phase Detector and 560fsrms Integrated Jitter at 4.5mW Power”. Its design
is as shown. Figure 4 shows the PLL block diagram, where the standard cell based
digital blocks are filled in grey. The TDC is a single D flip flop, which in the following
will be referred to as the bangbang phase detector (BBPD). Bangbang PDs are never
used in AX fractional-N PLLs for wireless systems, because they act as hard limiters on
the timing error between reference and divider output and their nonlinearity would be
responsible for the huge undesirable spurs and noise at the output. In an attempt to
resolve this issue, the synthesizer in includes the BBPD in a loop with the
AY modulator, but this results into a type-1 PLL with poor phase noise. Moreover, the
coarse quantization of the time error provided by a BBPD does not allow canceling the
AX noise at the TDC output.

In order to design a low noise bangbang fractional-N PLL, the divider has been
implemented as the cascade of an integer-N divider and a 10b controllable delay stage.
In this way, the deterministic quantization error of the AX modulator is reduced below

random noise [11]
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Figure 15: First Architecture of ADPLL [11]

To meet the stringent integral phase noise requirements make use of high resolution and
high linearity time-to-digital converters (TDCs). On the other side the disadvantages
of those high performance TDCs are the synthesizer design became complicated and
dissipate large part of the power budget, which leads to poor jitter power compromise.
This paper introduces a fractional-N PLL based on a 1b TDC, achieving jitter of 560fs
RMS from 3kHz to 30MHz at 4.5mW power consumption, even in the worst case of
fractional spur falling within the PLL bandwidth. The circuit synthesizes frequencies

between 2.92 and 4.05GHz with 70Hz resolution. [11]

However, it did not satisfy our needs, as it does not contain enough information.
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3.2 Second Paper

It is titled: “A 2.2GHz Sub-Sampling PLL with 0.16psrms Jitter and -125dBc/Hz In-

band Phase Noise at 700uW Loop-Components Power”. Its hierarchy is as follows.

SSPD | v
T . ecp @ 1co
.~ |Low Power|Ref i E \/
X0— -
Buffer

I

= Pulser

| PFDICP
— with dead zone

+ N[

Frequency locked loop

Figure 16: Second Architecture of ADPLL [12]

A dividerless PLL exploits a phase detector that directly samples the VCO with a
reference clock. No VCO sampling buffer is used while dummy samplers keep the VCO
spur smaller than -56dBc. A modified inverter with low short circuit current acts as a
power efficient reference clock buffer. The 2.2GHz PLL in 0.18um CMOQOS achieves
-125dBc/Hz in band phase noise with only 700uW loop components power.

Clock multiplication PLLs with very low jitter have recently been proposed based on
subsampling and injection locking. In a PLL, the VCO dominates the out off-band
phase noise while the loop components dominate the in-band phase noise. The sub
sampling (SS) PLL can achieve very low in-band phase noise due to many reasons, first
the divider noise is eliminated; second the phase detector (PD) and charge pump (CP)
noise is not multiplied by N2,

This paper describes a new SSPLL design aiming to reduce the loop components power

while maintaining its superior in-band phase noise performance. [12]
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3.3 Third Paper

It is titled “A 1.5GHz 0.2psRMS Jitter 1.5mW Divider-less FBAR ADPLL in 65nm
CMOS”.
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Sl Db om0
Late L= al 6= 6 -~ 14
DCO
ReClk
>

Xtal

:@ fres

—|D Q
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Figure 17: Third Architecture of ADPLL [13]

This paper presents a low power, low jitter, PVT stable film-bulk acoustic wave
resonator (FBAR) based all digital phase-locked loop (ADPLL) in a 65nm CMOS
process. A power-efficient integer-N ADPLL architecture is introduced.

This architecture is dividerless, which means there is not a divider block in the
feedback (unity gain) and it can be seen in the figure above.

From this paper’s title, we find that its RMS jitter 0.19ps in frequency range of 10kHz
to 40MHz at 1.5GHz carrier frequency with power 1.5mW. This low power high
performance FBAR ADPLL can be used in low power radios, high performance
ADCs, and high-speed data links. [13]

As shown in the figure above, it consists of three main blocks, TDC, FIR Filter and
FBAR DCO.

3.3.1 TDC Block
We searched for different types of TDC to get the most convenient one to match our

specifications, and we found five architectures as follows:
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3.3.1.1 Digital Delay Line TDC

As shown in Figure 6, its function is to measure the time interval between two events
indicated by the signal edges: start and stop. The earlier pulse, start propagates in a
delay line which consists of a series of buffers. The buffer outputs are the inputs of a
series of D flip-flops.

The rising edge of the second pulse, stop, latches the status of the delay line. The D
flipflop outputs form a thermometer code showing the distance between start and stop
rising edges. The time resolution is limited to the smallest buffer delay obtained in the
technology which is used to implement the delay line. [14]

d d d

Clk Clk Clk Clk —{Clk
wo el el

Figure 18: Digital Delay Line TDC [14]

3.3.1.2 Inverter-based delay line TDC

Since the buffer is composed of two inverters, this is an inverter-based TDC which
can potentially double the buffer-based TDC resolution rather than the first
architecture which its unit delay is limited to a buffer delay. [14]

Start

g D D
o —E QT -0 ap Hp o
—D —D 15
Clk Clk Clk
Q 3, g,
Stop

Figure 19: Inverter-based delay line TDC [14]
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3.3.1.3 Vernier Oscillator TDC

The Vernier Oscillator time-to-digital conversion method is based on two startable
oscillators running at two different frequencies. The difference in the frequencies
defines the time resolution. Start and stop signals trigger the oscillators. Since the
period of the stop oscillator is shorter, the phase of the stop oscillator catches up with

phase of the start oscillator. In addition, it counted by the counter. [14]

Start\
D afl—| Reset
Clk counter
* »| Clk
Stop

Figure 20: Vernier Oscillator TDC [14]

3.3.1.4 Vernier delay line TDC
The resolution in previous architectures is limited to a gate delay either buffer or
inverter-based, which is also limited by the speed of the technology in use. We can
get over this by a delay line consisting of two parallel elements, with different delays
as a Vernier delay line as shown in Figure 10. There are two parallel delay chains.
Our goal is to measure the time interval between start and stop. The first delay of the
buffer is in the upper chain (t1) and is slightly greater than the second delay of the
buffer is in the lower chain (t2). The start and stop travel through the delay chains
until they become aligned. The position ‘n’ in the delay line at which stop catches up
with the start signal, shows the time distance between start and stop as shown in
figure. [14]

d=n.tr , tr=t; -t (1)
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Figure 22: Vernier Delay Line TDC timing diagram [15]

3.3.1.5 Hybrid TDC

Long time interval, the delay line must be very long which degrades the resolution
rather than short time intervals in the delay line TDCs discussed so far that have high
resolution. However, in some applications, there is a need to simultaneously measure
a wide time range with a high resolution. To obtain this goal, a counter is used as a
coarse gquantizer and a delay line TDC is employed as a fine quantizer resolving the

residual error of the counter measurement. [14]
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From these different architectures, Vernier Delay Line TDC is the best to obtain the

same timing diagram of the design below.

f. (Early)
A A
v d i o,
f, B
v v
Late I

Figure 12: Re-timing and re-sampling of FBAR DCO output with an FF [13]

3.3.2 FBARDCO

We use DCO in this design with ring oscillator so as the accumulative error would be
reduced as well as the jitter. As the advantage of FBAR DCO is producing output
frequency which is smooth with very low error. However, the problem here that FBAR
cannot be made using CMOS technology, but it has been made by HP technology and

the solution was to bring it off-chip, which is not applicable especially for fabrication.

3.4 Forth Paper

This is the paper we got our design from which is titled “A 4.8-GHz Dividerless
Subharmonically Injection-Locked All-Digital PLL With a FOM of —252.5 dB”. This
ADPLL is presented to achieve both low power and low phase noise simultaneously.
To achieve phase locking without a time-to-digital converter this architecture uses a
bang-bang phase detector also the power can be reduced by disabling the dividers. In
addition, a subharmonically injection-locked technique is used to achieve a low phase
noise.

It consumes power of 3.661mW for a supply voltage of 1.1V. The measured phase
noise is equal to —122.33dBc/Hz at an offset frequency of LMHz. RMS jitter is
123.4fs for the offset frequency from 1kHz to 100MHz. The calculated figure of merit
(FOM) is equal to —252.5dB. [16]
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Figure 13: Forth Architecture of ADPLL [16]

The imperfections in advanced CMOS technology are leakage current, poor
transconductance of analog devices, area consuming passive devices, and low supply
voltage. These imperfections are solved using ADPLLS. The in-band phase noise of
an ADPLL is highly dependent on the timing resolution of a TDC. For an ADPLL
with a low input frequency, the required area of a high-resolution TDC will be large.
A bangbang phase frequency detector (BBPFD) is widely used to eliminate a large
high resolution TDC, but the limiting cycle jitter of a BBPFD and the jitter of a DCO
are proportional and inversely proportional to the loop bandwidth, respectively.
However, under these process variations it is difficult to have an optimal loop
bandwidth. DCO with a delta sigma modulator (DSM) is widely used to have the fine
frequency resolution and the low phase noise, while the frequency of a DCO is
increased, the embedded DSM and the dividers will consume the power significantly.
A dividerless subharmonically injection locked ADPLL is presented to achieve a low
power and noise clock generator.

This paper is a conventional ADPLL using an LC DCO and a BBPFD works first.
This BBPFD is needed first for frequency acquisition second for phase acquisition.
By using the BBPFD and a retimed D flip flop (DFF) following the divider, the
timing error between CKREF and CKOUT is reduced to an intrinsic delay of a DFF,
whereas the conventional ADPLL is locked. This delay is further reduced by using a
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bangbang phase detector (BBPD) to tolerate the process and supply variations. The
BBPFD cannot be reused since it is connected to the retimed DFF. Thus, a BBPD is
needed. In addition, the dividers and a DSM can be turned off to save the power by
using this BBPD. Since the timing error between CKREF and CKOUT is small
enough, the subharmonically injection locked technique can be adopted to lower the
phase noise further. To conclude, this system works in 2 phases: PFD works, PFD
stops and PD works and after some time DCDL works too. [16]

We are showing the details of this paper and its blocks in the next chapters.
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Chapter 4: Blocks of the Proposed ADPLL

As we mentioned in the last section that the conventional architecture works as two
PLLs in one circuit, as PFD works first trying to lock on the phase and frequency of the
reference clock. Then after stabilizing with a certain value of jitter, a pulse of
multiplexer stops the PFD and selects the PD to work as a second PLL to refine the
jitter by locking on the phase difference. After a while the injection pulse makes the
upper path of DCDL and Pulse Generator works producing a delayed pulse by a certain

value which is upper than the half of the period of the reference clock.

In this chapter, we show our modification on the blocks of the chosen design and its
internal structure schematically and by Cadence.

DCDL[6:0] 1 Mode_inj 1
Digitally-Controlled Pulse INJ
| Delay Line Generator
5-bit
Mode
CKRf-i... e .| Binary-to-| DCO CKDU_Tj
DLF 7| Thermo. ]
TP DFFE.
D Q
l— BBPD
s
Mode JF J o
Mode_inj 1F  — t
Figure 23: Proposed Architecture of ADPLL
4.1 DCO

It consists of LC oscillator and two arrays each array has 32 elements. LC oscillator

generate frequency f = ﬁ Hz. Therefore, to change the oscillator output frequency;

there are two ways to generate different frequencies. The first method is by changing
the inductance due to different digital inputs. And the second method is by changing
the capacitance due to different digital inputs. The second method is the one used in our

design. There are 32 elements in each array. Each element consists of one capacitor and
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NMOS transistor in series. NMOS transistor used as a switch to change the oscillator
capacitance to change the output frequency. The oscillator input is 32 bits generated
from binary to thermometer decoder. To decrease the output frequency, increase the
oscillator capacitance by increasing the number of transistors that turned on. There was
a problem in this element design as well as that the total capacitance of each element
not the capacitor value only but also as well the equivalent capacitance, the capacitor
value and the transistor parasitics are in parallel so the dominant capacitance is the
parasitic capacitance of the transistor which is very small and there are not large range

of oscillation also it needs very large inductor to achieve the frequency range needed.

To solve this problem, the size of the transistor must be large enough to increase the
parasitic capacitance of the transistor and it reach the capacitance value. Then the
equivalent capacitance is the capacitance value divided by two. LC oscillator generate
sinusoidal signal so the output must be square wave so to achieve it, the oscillator must
reach saturation at VDD and GND. To decrease the lock time and make the LC
oscillator reach saturation it need large power to generate a square wave with small

power and fast locking time, therefore comparator is used to achieve this.

— ok D I
Varactor |V t
Array m irz:yor
1

Binary-to-
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Converter

Figure 24: Left: LC Oscillator, Right: Array Element
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Figure 27: DCO Layout

Therefore, to test the function of the LC oscillator combined with the comparator, we
enter the input (11111000000000000000000000000000) then we obtain an output
frequency of 636.9MHz, as shown.
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Figure 28: Output Frequency of LC Oscillator at 636.9MHz

Then we input a different one of (11111111110000000000000000000000) to get a
different frequency, and the output frequency is 581.4MHz, as shown.
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Transient Response
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Figure 29: Output Frequency of LC Oscillator at 581.4MHz

Thus, the LC oscillator and comparator are generating the frequencies as needed.

4.2 The Comparator

Used to generate square wave from sinusoidal wave, we also use it to reduce power.

It consists of differential pair where its output connected to a buffer.
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Figure 30: Comparatot Schematic
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4.3 Binary to Thermometer Decoder

Firstly, we made it using Verilog code to check the function of the completely system
then we made it in gate level. It consist of five input bits and 31 output bits where the
bit number 32 always connected to VDD. It consists of three arrays: NAND array,
inverter array and the main array that generates the output. The main array consists of
496 NMOS and 496 PMOS transistors used as switches for VDD if the transistor is
PMOS and for GND if the transistor is NMOS. Each NMOS transistor’s source
connected to the GND and each PMOS transistor’s source connected to the VDD. The
main array has 32 rows each row is the minterm of each input. The NAND array
generates the minterms of the output and the output connected with the input of the
main array to turn only one row at a time. The third array is the inverter array, which

generates the complement of the input and the output of the NAND array.
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Figure 31: Inverter
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Transient Response
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Figure 36: Timing Diagram of Binary to Thermometer Decoder
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Figure 35: Simulation results before and after layout

In the above figure, we compare between the simulation results of Binary to

Thermometer Decoder before layout and after it.
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4.4 Phase and Frequency Detector (PFD)

VDD —

VCDL—

VDD—

Figure 38: State Transition Diagram [18]
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Figure 39: PFD Layout

The PFD is a state machine with 3 states. Where both UP and DN outputs are assumed
to be initially low. When input A leads B, the UP output is asserted on the rising edge
of input A. While the UP signal remain in this state until a low to high transition occurs
on input B. At that time, the DN output is asserted, which cause both flip flops to reset
through the asynchronous reset signal. Notice that a short pulse proportional to the
phase error is generated on the DN signal, and that there is a small pulse on the DN
output, whose duration is equal to the delay through the NOR gate and register reset
delay. The pulse width of the UP pulse is equal to the phase error between the
twosignals. For the case when input B lags A the roles are reversed, and a pulse
proportional to the phase error is generated on the DN output. If the loop is in lock,

short pulses will be generated on the UP and DN outputs.
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Figure 40: Phase Acquisition
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This circuit also consider as a frequency detector, as it is measure the frequency error.
There are two cases ,The first case when A has higher frequency than B, the PFD
generates a lot more UP pulses where the average is proportional to the frequency
difference, while the DN pulses average close to zero. The second case exactly the
opposite when B has a frequency larger than A where many more pulses are generated
on the DN output than the UP output.

Transient Response
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Figure 41: Frequency acquisition, the reference clock is 500MHz and DCO clock is 1GHz

The phase characteristics of the phase detector is shown in this figure. Notice that the
linear range has been expanded to 4x.

Average (UP-DN)

=

2T phase error (deg)

Figure 42: Phase Characteristics [18]
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4.5 Bangbang Phase Detector (BBPD)

It has two inputs and one output. The two inputs are the reference clock and the output
of the comparator, which is connected to the DCO. Its output is the phase difference

between the two signals. Maximum frequency is 10GHz, and its resolution is 20 psec.
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Figure 44: Timing diagram of BBPD
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Transient Response
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Figure 45: Zoom-in version of Fig. 37

4.6 Digital Loop Filter (DLF)

Firstly, we made it with a Verilog code to check the functionality of the whole
system. Then we made it in gate level in which we choose a 5-bit synchronous binary
up/down presettable counter.

The advantage of this counter is the preset to any desired starting value, which will
improve the lock time of our ADPLL by selecting the starting value to be half of the
range (10000). This is done either asynchronously or synchronously. This presetting
operation is also known as loading; hence, its name is loadable counter. The figure

below shows a 3-bit of the 5-bits asynchronously presettable synchronous up/down

counter. [19]
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Figure 46: Up/Down Counter
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Figure 47: DLF Layout

By using the speed up technique, we overcome the problem of additive propagation
delay. From the figure above, we can see that the third flip-flop gets its J-K input from
the output of a 2-input AND gate and the fourth flip-flop gets its input from a 3-input
AND gate and so on. Therefore, for our 5-bit counter, we are going to need:

e One 4-input AND gate,

e One 3-input AND gate,

e One 2-input AND gate,

e One 1-input AND gate,

e and one 0-input AND gate.

In the diagram above for the completely 5-bit counter, the asynchronous PRESET and
CLEAR inputs are used to perform the asynchronous presetting. The counter is loaded
by applying the desired binary number to the inputs P4, P3, P2, P1 and PO and a LOW
pulse is applied to the PARALLEL LOAD input, not (PL). This will asynchronously
transfer P4, P3, P2, P1 and PO into the flip-flops. This transfer occurs independently
of the J, K, and CLK inputs. As long as not (PL) remains in the LOW state, the CLK
input has no effect on the flip-flop. After not (PL) returns to high, the counter resumes

counting, starting from the number that was loaded into the counter.
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For the example above, say that P4 =1, P3 =0, P2 =0, P1 =0, and PO = 0. When
(PL)is low, these inputs have no effect. The counter will perform normal count-up or
downoperations if there are clock pulses. Now let us say that (PL) goes HIGH at Q2 =
0, Q1 =1and QO = 0. This will produce LOW states at the CLEAR input of QO0, Q1,
Q2,Q3 and the PRESET inputs of Q4. This will make the counter go to state 10000
regardless of what is occurring at the CLK input. The counter will remain at state 101

until (PL) goes back to LOW. The counter will then continue counting from 10000.
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Figure 49: Simulation results before and after layout

Last figure represent the comparison between the simulation results of the Loop Filter

performing counting up, before and after layout.
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4.7 DCDL and Pulse Generator

There are many types of DCDL, like NAND-based and Mux DCDL. In our design, we

chose Mux DCDL as shown.

ﬁ Delay l)u.li\ I)le\ o0 O —
Delay taps
o o

Input \\'oxd

MUX

Output tap
Figure 50: DCDL based on Mux [20]

It consists of 64 delay cells each of resolution 44ps to cover the range needed, which is
from 2ns (half the period of the maximum frequency 1Ghz) to 4.8ns (half the period of
the minimum frequency 415Mhz). We select the delay needed simply by 6-bit control
word of a 64 Mux, but the problem here is that the Mux produces considerable delay
by itself which did not harm us as the minimum delay needed is high. Therefore, we
made a delay cell, which produced with the Mux delay of 2ns, as shown in the figure
below. [20]
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Figure 52: Timing diagram showing the maximum delay

The Pulse Generator produce a pulse after specific delay of the DCDL with width
equals delay of the inverter. Its structure is as shown.

Mode inj
Cieer D-D»(MNJ

DCOLI6:0]

Figure 53: Pulse Generator [16]
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Chapter 5: Simulation Results

The proposed ADPLL structure is designed and simulated using 65nm CMOS
technology. Phase noise of the DCO is extremely reduced to -140dBc/Hz at offset
frequency 1MHz, which is a remarkable achievement and greatly pushed at reaching
our core target (jitter). This proposed ADPLL works at a frequency range from
415MHz to 1GHz, while the PLL tries to lock the reference frequency around 70ns.
The power consumption is 80mW at 1v supply with area less than 0.1mm?. Our core
target is 2ps peak-to-peak jitter with 0.5ps RMS jitter, which we have reached.

In this work, we moved from the upper level of VLSI (RTL) till we reached the
lowest level (Layout) following full custom technique. But first for checking the
functionality of our design, we made some of its blocks using Verilog and get these

results.

5.1 Verilog Results

Here, we used binary to thermometer decoder and the filter only in Verilog to test the
system at a reference frequency of 625MHz. And we got these results of frequency

response.
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Figure 54: Frequency Plots

First plot shows the frequency generated from the LC oscillator, second plot shows the
reference frequency at 625MHz. And the third plot shows the output frequency after

the comparator.
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Transient Response
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Figure 57: Filter output

The figure above, we see that the filter stopped at certain value, which is 01000. Which

in frequency is around 625MHz. Therefore, the system is locking well.

5.2 Results of Full Custom System

The response of the frequency under time-domain before layout is presented in figures

below.

Expressions 1
— ADPLL_output_frequency — input_frequency
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Figure 58: Locking around 715MHz
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5.3 Phase Noise and Jitter in Oscillators

Phase noise and jitter are metrics that quantify the frequency stability of a periodic
signal. The noise power spectrum P is defined by the phase noise around the
fundamental frequency as shown in figure 48. In the ideal case at the fundamental
output frequency fo, the spectrum is a Dirac-delta function. However, practically, due
to device noise, the oscillator output spectrum exhibits noise power around the
fundamental frequency.

Jitter metrics quantify the time domain uncertainty in the oscillator period. Ideally,
edges of the oscillator signal occur at identical intervals in time as shown by the
voltage waveform in Fig. 49. In practical circuits, the edges of the signal deviate in
time by certain amount each cycle from this ideal position. [21]
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Figure 62: (a) Ideal Time domain output, (b) with jitter [21]

5.3.1 Phase Noise
Consider the ideal voltage output, vo(t), of an autonomous oscillator as a function of

time, t. This signal can be expressed as,
vo(t) = Vo cos(wot) (2)
Where oo is the fundamental radian frequency, and Vo is the nominal voltage

amplitude, while the output of the same oscillator, under the influence of noise

processes, can be described by,
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vn(t) = (Vo + g(t)) cos(wot + o(t)) 3)
Where ¢(t) and o(t) are in general, zero-mean stochastic processes. Typically,
fluctuations in the amplitude of the oscillator signal are ignored as they can be

eliminated with the introduction of a limiter. [21]

5.3.2 Jitter

The three most commonly employed timing jitter metrics for autonomous oscillators
include long-term, period, and cycle-to-cycle jitter. All three metrics quantify the
uncertainty in the oscillator period. Consider vo(t) again and define the fundamental
oscillation period as T = 2m/wo. Next, consider the noisy signal, vn(t). Define

the absolute instant in time of the k-th positive voltage transition of vn(t) as tk and the
period of the k-th cycle as Tk. The expected value of the discrete random sequence Tk
IS E[TK] =T and Tk = tk+1 - tk.

The long-term, or n-cycle, jitter is defined as,

J,(k) = \Jvar(tyy, — t) 4)

This metric measures the variation of the signal edges across ncycles. The period
jitter, J, is simply a specialized case of the longterm jitter, where n = 1 as given by,

J,() = Jvar(tyyy —t) = (Jvar(Ty) =] (5)

and clearly J is simply the standard deviation of a single period.
Lastly, cycle-to-cycle jitter measures the variation between adjacent periods as given
by, [21]

fcc(k) = Jvar(Tyy — Ty) (6)

5.3.3 Relationship between Phase Noise and Jitter

The period jitter, J, can be expressed as,

J = ~aT (7)
Where a is the constant associated with the Lorentzian function. The single sideband
phase noise spectral density can be related to the period jitter by the following

expression:

J= [22=y., (®)

f3o *P,
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This is the most important equation that links phase noise with jitter and hence we can

calculate both of them. [21]
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Figure 63: Phase Noise

The jitter is measured by the method shown in the appendix-2.

5.4 Jitter Measurement
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Figure 64: Output of ADPLL with jitter calculation
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Figure 65: Zoom-in version of last figure

5.5 Measurement of ADPLL

The overall measurements for the proposed ADPLL are shown in the table below.

Table 3: Overall measurments for the propoesed ADPLL

DCO Frequency Range 415MHz to 1GHz
DCO Area 87109.0892 pm?
LC Oscillator phase noise at 1MHz offset -140.2dBc/Hz
RMS lJitter 0.449ps
Peak-to-peak Jitter 2.7ps
Power consumption 80mw
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5.6 Post Layout Simulation
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First figure shows the layout of the whole system, and the second one shows the
output frequency of the DCO before and after layout when we entered a reference
frequency of 422.2MHz. These results show us the parastics did not affect the locking
much; because we improved them.
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Figure 69: Left: Output frequency at 736MHz, Right: Output clock
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Figure 68: Zoom-in version of the ouptut frequency at 736 MHz

Here, we changed the reference frequency to 736 MHz and simulated the layout to get
these results which shows us that the system is locking at 736 MHz.
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Figure 70: DCO output frequency before and after layout at 525MHz reference frequency
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Figure 71: Zoom-in of last figure

After these results, we conclude that the system is working well before and after
layout and the parasitics did not cause the system to be failed.
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Chapter 6: Conclusion

All Digital Phase-Locked Loop, ADPLL, is presented here all over this work with
different structures of the blocks consisting it. In the shown table, a simple comparison
between analog PLL and digital one to show why we are moving nowadays to digital
PLLs.

Table 4: Comparison between AAPLL and ADPLL

AAPLL ADPLL
Area Large Small
Power High Low
Jitter Better Worse
Ability of change in frequency Continuous Discrete
Scalability Hard Easy
Lock Time Small Large

The table shows that ADPLL is better than AAPLL in many fields except jitter, which
is a big problem. Therefore, this work focuses on the jitter as a main core, with
extremely reduced DCO phase noise and small area. The proposed ADPLL is
implemented on 65nm CMOS technology with a 1V operating voltage operating from
415MHz to 1GHz. The lock time of the PLL is almost 70nsec and the total power is
around 80mW with total area less than 0.1mm?. ADPLL has a peak-to-peak jitter of
2.7ps at 400MHz, and a 0.449ps RMS jitter.

In this work, we followed the Gajski chart, as followed.
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The proposed ADPLL can be modified as a future work to minimize the power and

hence the system is enhanced.
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Appendix

1- Post Layout Simulations

First, we need to know, what is the meaning of post layout simulation?
It means that | have achieved required specifications on schematic level, so we need
to make the layout of this circuit and run some physical verification tests to be sure
that my design will approximately work after fabrication.
These physical tests are:
DRC: Design Rule Check on Layout
LVS: Layout vs. Schematic, to check the connections
PEX: Parasitic Extraction for Resistor + Capacitors to get approximate result from
real life.
Now, Let us begin with steps towards tape-out of an IC:
1- In order to create new library in cadence 6.1x:

Library Manager: WorkArea: /root/kits/TSMC_65nm

@ Step 2 New Library :
Ope U0 Cell Vigw... | Library
ity Categary View
Open (Read-0nly Clil+R E
e 4 Name | Tutorial i -
Open With
yad Defau Directory Aroovkits/TSMC_BSnm/ n ) cF B
P RNG6SGP_v1.0c_official_IC61_20101010.; « Do not need process infomation
1.0c_official_ICE1_201010104ar gz €| corcel e |
Clrl+X el \(Help,)|

- Attach Library to Technolqgy Library X

New Library

Technology Library

Messages

Apply. Cancel Help

Cancel , | _Apply | _Help
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2- In order to create new cell view to draw your own schematic:

1z [root/kits/TSMC_65nm

cadence

Load Default Application
e Open wih

Messages

3- Begin by drawing schematic:
Inserting components -  press ‘i’
Change component parameter >  press ‘q’
For wiring between different components -  press ‘w’

For making 1/0 pins >  press ‘p’

Here is an inverter shown as example:

Virtuoso® Schematic Editor L Editing: Tutorial inv schematic
Launch File Edit View Create Check Options Migrate Window Calibre Help cadence

mouse L: schSingleSelectPt) M: schZoomFt(1.0 0.9)
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4- Create symbol from this schematic:

Virtuoso® Schematic Editor L Editing: Tutorial inv schematic ol ] =2 A
& Opfions Migrate \indow Calibre Help cadence cadence

vy B % —

Bowse,

symbol

Tool/ Data Type  schematicSymbo n

Probe »

MultiSheet

Netse! » Display Cellview

L4

Edit Optior v

Cancel Defaults poly | Heip

mouse L schSingleSelectPt) M: schHiViewToView()
g y . Bottom Pir List
9(10)
Exclude Inherited Connection Pins. ~
& None o All o Only these
Load/Save Edit Atinbutes

ancel . Apply , | Help

5- Change symbol block as you like as shown:

ools to change block drawing as you like

Inverter symbol after editing

mouse L.
1001y | =

M: schZoomFit{1.0 0.9)
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R: schHiMousePopUp()

cmd. Sel: 0]



6- After creating symbol to use inverter as building block like any other

component, we need to make layout for this schematic as shown:

Virtuoso® Schematic Editor L Eiiiting: Tutorial inv schematic

cadence

Startup Option X

Physical Implementation Startup Option

Application

Cancel ) _Help

mouse L schSingleSelectPt() M: schZoomFit(1.0 0.9) R: schkiMousePoplip(
112) | > | Cmd: Sel. 0

7- After, Layout extractor appear as shown we need to generate components like
next step:

M LSW - o Virtuoso® Schematic Editor XL Editing: Tutorial ifffjschema - o x
Edit inch File Edit View Creale Check Oplions Migrate Window ,cadence
Launch Eile Edit View
tef Tl
1SMCNGS Q » [ » |worspace: Basi B>
ayer | Object] Grid
Ay A
ref do
Wow dc
& Comrespondence
PV 'L‘
| [T ldz
(1] de
POIPR dc

Woo_e Jd=

33 |
! 0D_DECAP de
| @ Jac

PO ry
(VIH N de
YIH P de
Wy Jaz
VIL P do
NT_ I de

H ORI L N B

M: leHiMousePopllp() R: schZoomFit(1.0 0.9)

M. sch2oomFil(1.0.0.9) R schHiM




8- Now, We will generate our transistors and 1/0 pins

w5 Applications Places System @ o @ = Tuejun24, 7:07AM i) @
r
B LSW . o x |l Virtuoso® Schematic Editor XL Editing: Tutorial inv sche - o X |/root/kits/TSMC_65nm -0x

Edit Help | Launch Eile Edit View Create Check Opfions Migrate »cadence 4 Virtuoso® Layout Suite XL Editing: Tutorial inv layout ZREmK

Launch File Edit View Create Verfy Comnectivity Options Tools Window Place »cadence

i henerale Layout

! M @ % R ik s Qo warkenars Flacr ‘»
Generate Layout

]

Blalelalals

Specify Pins to be Generated

Number Of Matches: 0

Device Correspondence

PDI] f F1et

Connectivity Extraction

 Extract Connectivity Ater Generation

0 4
| K Vidh Hegt Non e wtcaen  enerceis [
Eog Orientation

P0
=

VTH —r=
o @

VTH ura

[y [
Wme [

S h K le(h Winc R: schHiMous - A e B T F bt &
Mrr:u\u e L: schiingleSelectPt()  AbsoluteScalethiGetCurrentWine R: schHitou ePUpUpO‘ :E} & & /(g 0% E@ 3{'; b 2 m Eﬁ
| > Crd: Sel: 0
_J ) | Gt Sl mouse L; mouseSingleSelectPt M: leHiMousePopUp() R: hiZoomAbsoluteScale(hiGetCurrentWindow() 0.9)
46| > | cn

root@localhost:~it... | [c] virtuoso Bl Cadence Library Man... | F Lsw B inv T inv | (% &

9- Label of 1/0O pins still need to be modified as shown:

Edit Label Properties

OK Cancel | Apply Next
t

4 Aftibute v Conne

Virtuoso® Layout Suite XL Editing: Tutorial inv layout r_] L

y v Fareets o Propey v 30D o W it Buies Cammor

Verfy Copnectivty Qpfions Tools Window Place "(aden(e

» M » | Q » |orkspace: Crassic ﬂ»

»
|

e' 0 » || Selects Selihy4 Self0 Seko)8 |

‘axd Vout

{11g o
Helght 0.1 Rotation RO
Fort Sk | ustification Cente
Dratting . Overbar

Change label type of pins to M1 pin like the pin it self by
pressing Q on text of label

g ose R ¥
15} .f-‘ A

M. leHiMouseFapUp( 0
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10- Transistor internal structure is hidden, in order to make it appear press “shift
+ . You will find some difficulty while moving components, so you need to

edit display options as shown:

P
™ LSW o j Virtuoso® Schematic Editor XL Editing: Tutorial i schema . o xm

Sort  Edit H Launch File Edit View Cre ck Options Migrate Window ,,(éden(e

ate Che

Virtuoso® Layout Suite XL Editing: Tutorial inv layout &

69 i | % » W o» Ja » || Workspace; Basic '”__ Launch Eile Eoit View Create Verfy Connectivity ST Iools Mindow Place »cadence
rd | Navigator 7.6 X =
AS | || Dsfaul '
Q - K
O Display Controls
rof ic . Name ] play
[ 7| 4 M0 (pch) 2]  pen fo Stop Level _
X gl @ M1 (nch
P dr L VDD
| [ Tag| o "
| - Voul
o del (R'ES ¥ Snap Spacing 1 00
FOTF? dg| - VODP_ e =
- 4 VinP_0 Y Shap Spacing 0.00s
I 108) | g youtp_
| [TE] d| . vsse d
= - - 2 Filter
iUD 25 de —
Eos o ProperlyEditor 78X | y Site 6 style emply '
—_— ¥ Dynamic Hillgh 8
!nn DECAP dc ‘_ Snap Modes
- T ansp it Group
| O i
T r'J 4 Maxium Numer of Orag Figures 500 Cem nyAng '
VI N i B | Inctance Draving Mode  BBox Eot anyenge_f
| [l ~dr Path Display  Borders and Conteriings ' Dlmmmg = This to make it easy
| (T e v
VIL P i Show Nane Of \ nstence @ master o bolh | | Automatic Dinning while moving in layout
NT N de av Levels
Dim Intensity
Tech Library File /. cdseny Browse.. | 3 m ¢
mouse L: schingleSelectPl() M leHiEditProp() SaveTo Gaa e Delete From ICurrentindaw(->stopLevel = dbGettdaxHierDepth()
19 > Cnd
= AR Aman " A X

11- To make interconnections between transistors with each other and with 1/0

pins, we use following steps:

e To make a path from node to another, check that you select the required
metal layer and beside it written that is used for drawing “dra”, then press
‘p” and make your path.

e To zoom on components press “ctrl + z”.

e To stretch edge of path, just press ‘s’ followed by one left click, then start
to move.

e For ruler to check spacing press ‘k’, after finishing press “shift + k.

e To be notified in case of DRC violation takes place, activate this option as

shown;
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Manaaer: WarkArea: /root/kits/TSMC 65nm Ll =
I he . 0 x

[ nvs
View Creale Check Options Migrate scadence

Launch Eile Eeit View Creafe Verfy Copnectivty NOMRIENITools Window Place »cadence

1smeNGS I Lj » [ % » \\ » }6 » | Workspage Bac ‘
1 v DRD O Kaced Classic
Layer | Ohject| Grid | Navigator 76X| Al ‘D‘it" S n”
B = ShifeE |
5| N 6fa ‘ - " o Seloyo |
NET . Interactive Mode | [Notify ' __ Post-Edit Checking b0 Sel0)0 |
Q B
N ey B 5 Hierarchy Depth Rule Opfions
o m I v < -
= = @ M0 (nen) Interactive Display Enforce Options
PV dea M1 (nch)
W i { YOD ¥ Halos ¥ Rule Text Lkt
: = vin
00 dra L vout v/ ¥ Anows _ Violation Edges Layout GXL
potE? dea 1 i -
- Text Height (pixels) 10
NDIFF dea Py gl
0018 dca } [ properly Editor___ 2 8.X] Violation Limit 10
Mo Y N
00_33 dra =
Cancel )| Defaults )\ Apply ;| Help
| [ m -
PO |dea | A'v‘
| M Jrot |
VI ira i ‘
| [ s
VIL N |dra |
[ [dra | [
NT N dra
mouse L: scheingleSelectPt)  AbsoluteScalaihiGetCurentifing R: schHiMousePapUin) ;E ; & Q? & DTTn a &
- 1] » Cmd: Sel. 0

mouse L: mouseSingleSelectPt M leHiMousePopUp)  R: hiZoomAbsoluteScale(riGetCunentWindow) 0.9)

2(9) | DRD Edit Cmd

e To make a Via, follow shown figure; as we need to make it in these cases:
Between to different metal layers.

Between Metal 1 and Substrate: to create bulk terminal of NMOS transistor.
Between Metal 1 and N-Well: to create bulk terminal of PMOs transistor.

Between Metal layer and poly.

M LSW . o x Virtuoso® Schematic Editor XL Editing: Tutorial lj‘ﬁ\’ﬂ“lﬂ.‘ L

Son Edit Helo bnct Create Via ) X th File Edt )
) "!'—’t‘ € & th Flle Edit

ndow Place »cadence
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»
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13MCNGS
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| Sei(N)0 Sely0 Sei(0)a

v Auto d
)

[ Gbjec] G|

NS

Ctrl+P

Save Via Variant
| [5] Jaca )
| [ el |
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L“;” s ey Reset Paramelers 1o B
| R 2] e vout? Microwave
Wereamony dra | 4w vssH Justification centerCenter n 0 ¥ o0
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| ) it ;
= l— Guided Routir
Wrrean [aco | perty Ed t i Width 0.00 €7 Lengh 0.09 s i
| 13 Soft Pir
REPADGNT __jée3 | Rows 1 B 1
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| R dcl i Feed Thiough Terminal Pins
| TR 'E i

P10V dca

RP0 dea ¥  Compute Enclosures Shaw Enclosures
[co Jaca |

002 dca
[ ds |
] A\ Aol A 2 Upside Down

=N <8 & & %d B

mouse L: Enter Point M; Rotate 90 R; Pop-up Menu

mouse L; Enter Poin, 11 mause L
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12- Now, after showing how to draw layout, we need to run different checks we
mentioned before:

e First, DRC is done as shown figure:

r
™ LW . o Virtuoso® Schematic Editor XL Editing: Tutorial L"-T]f.(hmn.‘ SRR
. =
Edif M Launch File Edit View Creale Check Options Migrate Window ,c3adence
Nl d PR x RPOR— 2
1SMCNGS ™ Calibre Interactive - nmDRC v2011.2_34.26
v | Object| Grid | Nay Eile Transcript Setup
AV NV | AS 4
HAARIAMHN T = DRC Rules File
‘mT Q "
= m | Inputs [ Load Runset File &
PP d Qutouts Runset Flle Path

dc
W i

.ES[J do

ILOGO dc 1

Woow o || Lookin:fioat hd R 2

.P‘X"—‘@L—"!L g (2] Desktop () Time_based_ADC 1 nabil 3 PIPO.LOG nv _J encoun
iRI‘PMJEK‘I de’ () Documents 23 Uninstall_ADS2011.01 3 pro {1 Prob2Nmosil ] encoun

Inpmnﬁ‘ dc| Pro () Dovnloads (3 Videos ) pro111 () _meta_calibre.rcx_ [ encoun
f— . < R aene alibr

B [ a Dr_Hassan 3 doc J rideExamples (] _calibre.lvs_ (3 encoun

= (2 Maged () examples 1 simulation 13 _calibre.rex_ ] encoun

| (AT () Maged! (21 flexim 2) svdb [ ade_vivalog [) encoun

N0V dc ) Music ) hpeesof 1) COSlog (] anaconda-ks.cfy (3 encoun
m () OpAmp (2 idflog ] CDSlog1 {3 cdslip 1 encoun
2 () Pictures (2 ihnl CDS ogcdslck [ cdslib~ 1 encoun
B "“ ) Public () Inverter [) cusLinEditorjog [ encoun
luu ldg () Sonnet (2 kits [J command.log J eslam
002 ic () Templates (33 map [ display.drf ] hs_em_
L1 dc
™ File name. [0RCES | [
Elle Tools Options r
File type: | 3 v
*Errort un

mousé L mouseSing 1 mouse L: schSingleSelectPt) mAbsoluteScale(hiGetCurrentWindoy R: schHiMousePopUp( mouse L: mouseSingleSelectPt M leHiMousePoplip( A hizoomAbsoluteScale(hiGetCurrentiindow() 0.9) |

1] 12)] » Cnd: Set: 0] [46) | > | cma

Before we continue the other checks, we show here common errors that would appear
with DRC:
Errors that can be neglected like the following:
Anything contain “Density” or “CSR”.
0D.ON.1L { @ {0D OR DOD} density across full chip »= 25%
DENSITY ALL OD CHIP < 0D DN 1L INSIDE OF LAVER CHIPx PRINT OD.DN.1L.density
[ AREA(ALL (D) /AREA(CHIB] |
I

CSE.E. LNW1 { B M1 15 not allowed inside the empty area of chip corner.
EMPTY AREA AND NW1

}

Errors that are related to dimensions like following cannot be neglected. Just
close layout view and press on error, layout viewer will open automatically

highlighting on error to be resolved.

NW. & 3 { @ Area {one of edge length < 0.8 um) = 1 um2
¥ = LENGTH NVEL < NW & 3 L
¥ = NWEL WITH EDNGE X
AREA ¥ < NW & 3
h
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e Second, LVS is done as shown figure:

r

™ LSW . o x Jirtuoso® Schematic Editor XL Editing: Tutorial lﬁmwmn SO Virtuoso® Layout Suite XL Editing: Tutorial inv layout i'l

Sort Edif Help

Inch File Edt View Creale Check Opfions Migrate o
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L8 dra
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yer | Calibre Interactive - nmLVS v2011.2 34.26 iLl_ -0 X 'I\g & i'g “‘tz i‘:-;v ‘9 [&: vy °n‘ 3w
| Flle Transcript Setup Hel
" J LVS Rules File
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T § ;
E’P Ind & Load Runset File 5 X | View | Load
W | ou - Fustfie Pat CBrowse for runset filg

BSOS o

ESD3
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=
s
=

[
jeR | MEdendly (3 INDDNILMS3gensily (3 INDONSMS3densily (3 NDONSM7 densty [3 M2ON. | |

E M1.danshy () IND.DN.6 density () IND.DN.6:Md.density 1) IND.ON.S.M8 denshy [) M2ON

(3 INDONT.M1 density (3 IND.DN.6MS densty [L AR [ MeDN
iy (3 IND.ON7M2density [ INDDNBMB density 3 M (3 M2DN
LUev | M1.densty [) IND.ON7M3densty [) INDONSMZdensity 13 M1.ONILaensiy] | [ M2ON

MZdensity [ IND.ON.2M4.density [ IND.ON.BMB.densty ) M1.ON.2 density (7 M2DN
M3.density [ INDDN.7MSdensity 3 INDDNIM!.density 3 M1.DN4.density [3 M2DN
Md.density | ] INDDN.7MB.density | IND.DN.3M2 density ] M1.DN.S density {] M3DN
Ms.densty () IND.ON.ZM7.densty [ IND.ONIM3densty 1) M1.ONGM!.denphly [ M3ON
M6.density [J IND.ON.7M8.densy  [] IND.ON.9M4.density 3 M1.DNEMZdenytyf (3 MIDN
M7.density (] INDDN.SMI density [ INDDN SMSdensity 3 M1 DN.GM3 deng

[3 MaON
Medensty [) INDONSM2densty [} INDONIM&densily 1) M2DN1Hdenstq | [} MaDN

glel=l:

=40

H

File name: |LVS65

| [0
| [

v coeel |

o &
| [&]
mouse L: mouseS
0 ‘ . L

) M. myge_calibre_tun_lvs f: schHiMouseP

M; leHivousePopUp() R, mgc_calibre_run_lvs

Eile ¥iew Highlight Tools Window Setup Help
el (o) g || me T4

|
-+ Mawgamr[ 2% || i Comparison Results

Resulls

HoEntrattion Resulls
&% Comparison Results
Iy Parasitice
ERC

" ERC Resuits

£ ERC Summary
Reporis

w Rules File

ix Exfraction Report
£ LVS Report

out Cell/ Type Saurce Cell Nty | instances Fors
nv & inv 4,45 1L18 4,45

Cellinv Summary (Clean)

# FHERERHIRSET SRR o

View # £ # ¥ O3
it LI # CORRECT # |

Binho FX # 3 v

@A Finder # BB Y

£ Schematics

i [LATOVT CELL NAME {3

4 Options SOURCE CELL HAME inw

Loyout  Source Component Type
Pocts: -'-l ----- ; --------------
Ket 4 4
Tnstances 1 1 M7 4 pins)

1 1 MP (4 pins)

Total Inst: 2 2
|
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« Third, PEX is done as shown figure:

X Library Manager: WorkArea:

A Design Manager Help

= fim| Calibre Interactive - PEX v2011.2 34,26 E\ ~3fnd
L Eile Transcript Setup Help
— Run DFM
é o PEX Rules Flle RUNLYS
i 24 i
M| oo rules View | Load i
M d
T Qutouts
T BEY Run Directan: -
u{| Run Control | Load Runset File m X
al 2y
at| Transcrpt Runset File Path _
| owse for runset filé
frootitsmc65_pex
cq
f Run PEX
o Choose Runset ( Dirs:30 Files:177) &) X
Look in: /oot =4
pLoginy 1] cdslib ] encounterlog2 J inv.lvs.report ext
ONIHdensity [ cdslio~ [ encounterlogd () Invpexnetist
ONILdensty [ cdsLibEditorlog [J encounterlog (3 invsp
DN2 density 1] commandlog 1] eslam 1] inv.srcnet
DN.3 density [ display.der [) hs_ert_pid3573Jog ) bManagerlog
Db2Nmos.| 1) encountercmd  [J hs_err_pid7043Jog ] libManagerlog.]
Jeta_calibrercx__ L] encountercmd! 3 inv.calibre db 1] netlist
libre.drc_ J encounteremdz ] iny.dre results 1] posk-install
libra.lvs_ [ encountercmdd () Invdricsunmary [ postinstall log |
libre.rex_ 1] encountercmdd ] inv.erc.results L] saveop.scs
_yivalog L1 encounterlog 13 inv.ercsummary ] sieny
\conda-ks.cfy [ encounteriogl 1) Inv.lvs report [ syn_liclog
File name: {tsmc6_pex OK
r - 2 & B O R o
File type: [AI1F w| cancel b | ® o @& % @ % 2§
- . I mouse L: mouseSingleSeleciP! M. leHiMousePopUp() R, mge_calibre_run_pex |
45 | > | C rwl}

After running the PEX, you get the following window:

- Calibre View Setup o
Cutput Library Tutorial ]
il Calibre Interactive - PEX v2011.2 34 .. i ibrary i
Elle Transcript Setup
Celimap File Jealview cellnsp
Rules 0
0
It g View | Edit
It a 5 e ;
Clutts Log File fealview. log
PEX Ogtions CALIERE RC WARNT
_________________________________ Calibre Yigw Mame salibre
Aun Control #EC Varming
*RC Ercor r ey Tufe N
Transcipt -] Calibre View Typ & masklayoul o schemalic
Create Terminals e e e e o Croate gl tentifats
R PEX . CALIERE ¥RC: -FPORMATTER COMPLETE & if matching terminal exists on symbol Create all terminals
un PE -~ TOTAL CPU TIME = 4 REAL TTIE =
Preserve Device Case
Start RVE
Execute Callbacks
& wamings ] Fesel Properties 1=1 F=l

Layaer 6 contains unmapped objacts and
Layer & contains unmapped objects znd
Layer 17 contains unmapped objects and
Layer 17 contains unmapped ohjects ang

Iagnify Instances By

Layer 31 contains unmapped objects an
Contact layer nplug cannot appear as on|
Cantact layer pplug cannot appear as an| Levice Placemen Layout Location |& Arayed
Parasitic Placement ~ Layout Location |& Arrayed
OO GG Parasile P
ew library “Tutoral® at footklsTEMC_BSnmTuloral
Open Calibre CelMiew:  pead-made - Don't Open
e
Abways 5how D ¥ i

Help

Cancel




After PEX finish its work, you get this shown figure:

L4 Virtuoso® Layout Suite L Editing: Tutorial inv calibre ﬁ X
Launch File Edit View Creale Verify Connectivity pticns Tools Window Calibre Help cadence

[| f o | o @ 3 R )= © » | &KX » 3’5 » |lWorkspace.  Classic n = =
1 H-;f Y i”:‘ XN 2 WA, wf:“' iz » Select Selecled Nets Selecled Instances  Selected Objects ¥ ax 2

Calibre lnfo

mouse L: mouseSingleSsiactPt M: leHiMouseFopUp() R: mgc_callbre_run_pex
13- Now, We need to simulate parasitic components extracted from drawn layout
to know its effect on the circuit functionality:
We assume, that you have drawn a testbench file before to test functionality,
now we will test a file called calibre view as shown:

»cadence B8

Session Setyp Analyses Variables

cadence

Analyses 7 68X

Design Variables ~ 1
9  Type | Enable| Arguments
Name Value. | | |1 ta v 0 20n conseryative =

o
i
(&l
=
®
(.
OQutputs 78x%
ame/SignaE:- |alu. Plot | Save[ave Optio)
1 Vin € o alls
v all
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Then, edit options as shown:

v 7 Ibrary Manager: \ pa: [root/kits/TSMC 65nr
l\ﬁrtuoso@ Analog Design Environment (1) - Tut Library Manager: WorkArea: /root/kits/TSMC_65nm

Environment Options

Jutputs »(a(
e
7 Switch View List spectre cnos_sch cnos. s
AIBUMBIISESS 510p view L specre
0 20n conservative
Parameter Range Checking File

Print Comments

userCmdLineQpfion

<

[ outputs
ame/SlonalEr-|aly Plot| Save|

¢ Wl
v all

Plot after simulation

ato [ Poting
mouse L M i
B8) | | Staus: Ready
|

Te2] C \ Slmulator: spectre

Defaulls | Apply

X

Help

inv_tb schematic

mouse L: schSinaleSelec

Virtuoso® Analog Design Environm 1)-Tul. 8 X

M: schZoomFit(1.0 0.9}

R schHiMousePonlion

D901 SR nssst Xatsbie QUps »cadence \arker Zoom T 1ents  Help
78X = = ol £ T
piies X |§n g ENERR P K0 DKL SR -
Type | Enable]  Arquments |

Name~| Valug 4 fran v (1 20n cor lun 24, 2014

Transient Response

E] =
i
]
]
]
]
|
]
]

Ex3

| Outputs 76X
_amerSignallE- [l Plot | Save|ave Optiaf
Vin v ally

dout ¥ | |aly

© 0O =

i
o

Plot after simufafion: AUl

' Ploting

EFEFE

_ [ 1a5ns[ -157.754mV

T
100
time (ns)

200
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2-

PSS analysis for driven circuits, “Driven circuit”: is the circuit, which needs

periodic signal to make it work. e.g. PLL needs input periodic signal to lock on its

Jitter calculation

frequency.
1. Select PSS.
2.

In the fundamental tones, there will be the frequencies which are used in the
circuit. If there is only one frequency, beat frequency should be half of the
fundamental frequency. If there are more than one frequency, beat frequency
must be selected to make each frequency as an integer multiple of the beat
frequency (EX: if fundamental tones = 500MHz and 600MHz, beat frequency

should be 100 MHz).

Choose number of harmonics. To increase the calculation accuracy, increase

It.
Select the additional time for stabilization.

m Choosing Analyses -- Virtuoso® Analog Design En x

(D

analysis w tran ' tc — A — hoise
e =T — 5Bns o dcocmatch o sth
' PZ - 3P — Envwlp = pss
— pac — pstb _ pnoize N
— Ppsp — Opss . gpac — fpnoise
Pt — Qpsp « hb — hhac
— hbnoise

Feriodic Steady State analvsis

Engine ® Shoating . Harmaonic Balance

Fundamental Tones

I# Name Expr Falue Signal SrcId
1 1401 4n-0) 714 286M Large K]
| Large n

Clearf.ﬂxdd_/ Delete_/

® Beat Fregquency

— Beat Period :
Cutput harmonics

Mumber of harmonics n 1o

accuracy Defaults (errpreset)

Update From Hierarchy

357, 143M Auto Calculate

__ conservative _ moderate » liberal @
additional Time for Stabilization (tstab) 2300n -

_Sancel | Defaults | Apply o Help
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e PSS analysis for oscillators.

Select PSS.

Beat frequency should be the oscillation frequency.

Select number of harmonics.

Select accuracy defaults and the additional time for stabilization.

Choose oscillator, select the node of the output of the oscillation for oscillator
node, and select ground node for the reference node.

oOrdPE

m Choosing Analyses -- Virtuoso® Analog Design En x

Fundamental Tones
# MName Expr Value Signal SrcId

Large n

Clear/add Delete Update From Hierarchy

® Eest Frequency Auto Calculate

. Beat Period

Cutput harmonics
Mumber of harmaonics n

Accuracy Defaults (errpreset)

__ conservative moderate __ liberal

Additional Time for Stabilization (tstakb)

Save Initial Transient Results {saveinit) L) no kL yes

Dscillator w Oscillator node | Select
p

Reference node Select
N —

Oz initial condition _ default __ linear

Sweep L

Enabled Optians. .. —
e

Cancel Defaults Spply Help
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e Pnoise analysis.

1. Select pnoise.
2. Select the output frequency sweep range.
3. Select maximum sideband. To increase the accuracy, increase it.

m Choosing Analyses -- Virtuoso® Analog Design En x

analysis w fran we dcC Wy AC w hoise —
st A w ens o docmatch o stk
— Pz ' 3P — Envlp s PSS
s fpac — pstb & pnoise o
— psp — Opss o gpac — Qpnoise
e Gpef w Qpsp . hh w hbac
— hbnoise
Feriodic Moise &nalysis
P55 Beat Fregquency (Hz) 357. 1431

Sweeptype default n Sweep is currently absolute

Output Fregquency Sweep Range (Hz)

Start-Stop n Start 1 Stop 1G

Sweep Type

Automatic n

Add Specific Points

Sidebands
Maximum sideband B 10

When using shooting engine, default value is 7.

Output

voltage n

Input Source v

Cancel Defaults Spply Help

Fasitive Output Mode DCO0_output Select
e

i I
Megative Output Mode  Sgnd ! Selact
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Select voltage for output. Select the output node for positive output node and
ground node for negative output node. For input source, select none.

Choose jitter for noise type. And the threshold value should be half of the
output range.

i Choosing Analyses -- Virtuoso® Analog Design En x

R S [
Start-Stop n Start 1 Stop 1G
Sweep Type

Automatic n

Add Specific Points

Sidebands
Maximum sideband n 10

When using shooting engine, default value is 7.

Output -
Fositive Output Mode  DCO_output Select
M —

voltage -
i I
Megative Output Mode  Sgnd ! Select

Input Source

none

:

Moise Type |itter n

jitter: jitter measurement at the output

PM jitter for driwen circuit

Signal Threshold Walue Crossing Direction
CO_output Sgnd! 0.5 all
Enahled » Cptions... —
e ————

Cancel | Defaults | spply | Help
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Output:

1. Run the simulation.

Select Results > Direct plot > Main Form.

3. Select pss for analysis, voltage for function, time for sweep and select the
output node.

N

Select pnoise jitter for analysis, Jcc for function, 1 for number of cycles, RMS for

signal level to calculate the RMS jitter or peak to peak for signal level to calculate the
peak-to-peak jitter, second for modifier, 1 for frequency multiplier, choose integration
limits for phase noise and select plot. The jitter calculation will be at the output graph,

which created in step 3.
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To communicate with the Team members:

Ayman Nabil Mohamed ayman_n92@yahoo.com
Basma Mourad Mohamed ba.soma_91@yahoo.com
Ehab Mahmoud Helmy ehabhelmy7777@gmail.com
Hany Mohamed Amin hanymohamin@gmail.com
Ingy Abdelhamid Mohamed angie_sj_electro@hotmail.com
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