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ABSTRACT

This work presents a design topology for implementing high-speed clocks. Here an
800 MHz clock is designed in UMC180nm technology. The clock is made using a PLL
with 5 MHz reference frequency. The total power consumed by the PLL is 8.8mW. The
nearest spur( at 5 MHz ) has an attenuation of 68 dB and the estimated jitter is 4.2ps.
This clock was used to drive a AY; ADC,(which had an SNR of 118dB with ideal clock)
and the SNR obtained is 110.3dB.
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CHAPTER 1

Introduction

1.1 Motivation

A PLL synthesizer can generate stable output frequency from a lower frequency input.
This can be used as a clock for high-speed circuits. This work describes the design of

an 800 MHz clock used to drive a AY ADC.

1.2 Principle of operation

The PLL is implemented using the block diagram given in Fig. It consists of a
reference frequency generator, phase-frequency detector(PFD), loop filter, VCO, and
a reference divider. The voltage across the loop filter acts as the control voltage for
the VCO. With this control voltage, the VCO oscillates at a certain frequency. The
frequency thus generated then passes through the divider and the phase is then compared
with the phase of reference frequency using the PFD. The corresponding output from
the PFD drives the charge pump, which drives the loop filter. The entire system acts as
a negative feedback system and the output phase of the VCO locks with the phase of

the reference frequency.
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Fig. 1.1: PLL block diagram
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1.3 Performance parameters

The quality of a PLL can be measured using the following parameters.

1.3.1 Phase noise

Different components in the PLL contributes the noise to PLL. Fig[I.2]shows the phase
model of the PLL. The phase noise at the output will decide the jitter in the clock.

The transfer functions from different noise sources to output are :

NI, K Z(s
znp ¢out/¢nm = N p] VKCO (Z) (11)
s+ cpAVCO (5)
NI, K Z
T Fyp = ¢out/¢ndiv = veo ( ) (12)

Ns + [cpKVCOZ( )



QWNKVCOz(S>

TEop = bt/ I, = 1.3
cp = Gout/Incr Ns+ Ly Kyoo Z(s) (1.3)

27TNKVCO
TErr = Gout/ Vi = 14
LF ¢ t/ LF NS +IcpchOZ(S) ( )

Ns

TF = Oout/ Pn = 1.5
Veo = Gout/Pnveo Ns+ L KveoZ(s) (1.5)

Where N is the divider ratio, /., is the charge pump current, Z(s) is the loop filter
impedance, Ky ¢o is the oscillator gain. Also, ¢;, is the phase noise from the reference
generator, ¢, 4, 1S the phase noise due to the divider, ¢, co is the phase noise due to
VCO. I, ¢p is the noise current from PFD and CP, V,, ;¢ is the noise from the loop

filter.

Therefore the PSD of the noise at the output will be the PSD of noise at input
multiplied by the magnitude square of the transfer function. From the equations, it is
clear that the noises from the divider, reference frequency generator, PFD and the charge
pump are having the low pass behaviour and the VCO noise at the output will have a
high pass behaviour. By adjusting the bandwidth of the PLL loop, we can minimize the

total noise.

1.3.2 Reference spur level

The voltage across the loop filter will be periodic at the reference frequency. This

introduces spurs at the output with the reference frequency and its harmonics.

1.3.3 Stability of the PLL

The phase margin of the loop should be adjusted to obtain good stability. Since the
Ky co changes with respect to VCO’s input voltage, the phase margin should be evalu-

ated for different values of Ky 0.



CHAPTER 2

VCO Design

2.1 VCO Architecture

Several topologies are available for voltage-controlled oscillators, namely ring oscilla-
tors, relaxation oscillators, and LC oscillators. The ring oscillator can be made by cas-
cading an odd number of single-ended inverters. Even though a more extensive range
can be obtained using ring oscillators, the poor phase noise performance makes them
unsuitable for a low jitter PLL. On the other hand, LC oscillators come with excellent
phase noise performance making them suitable for PLL applications. However, the size
of inductors and capacitors makes the circuit bulky compared with a ring oscillator.
An LC VCO can be made using differential cross-coupled pairs with a current mirror.
A complementary cross-coupled pair (contains both nMOS and pMOS cross-coupled
pairs) helps in increasing the amplitude of oscillation for the same current as in nMOS
or pMOS cross-coupled pairs.

The quality of VCO can be estimated by a figure of merit

FOM = —L(Af) +20log (Z—(}) + 101log (12‘1‘;/) (2.1

Where Af is the offset frequency, L(Af) is the phase noise at the offset frequency, fy

is the oscillation frequency and P, is the power consumed in mW.

2.2 Complementary CMOS LC Oscillator

Figure[2.1] shows an LC VCO using nMOS cross-coupled transistors, inductors and

varactors, biased using a tail current source. The parasitics resistance present in the LC



tank contributes to the losses in the tank. The negative resistance given by the cross-
coupled pair compensates for these losses. The drain current of the transistors swings
between 0 and I, as shown in the Figure[2.1] So amplitude of oscillation produced will
be I time impedance seen from the source, which is R/2 in parallel with L/2 and 2C. In
the case of a complementary cross-coupled pair Figure[2.2] the effective impedance seen
by the current will be R in parallel with the L. and C, thereby increasing the amplitude
of oscillation for the same current [2]. The latter configuration is used as it gives more

amplitude of oscillation for the same current.

Vdd

R/2

Fig. 2.1: LC VCO using nMOS cross-coupled pair

Vdd

ﬁwf .
N ,—H—‘ e L L

P@%

Fig. 2.2: LC VCO using nMOS and pMOS cross-coupled pair
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2.3 Design

The frequency of oscillation was chosen to be f,s. = 800 MHz . The oscillation should
have an appreciable amplitude and frequency range. The VCO should also have a good

phase noise performance. Figure [2.3] shows the different components in the VCO.

Bias generator
o

Cross coupled pair

Inductor

Capacitor bank

Varactor

Fig. 2.3: VCO block diagram

2.3.1 Inductor

For better phase noise performance, the LC tank should have a high quality factor(Q).
At 800 MHz the Q of the tank is dominated by the inductor. The Q of the inductor is
proportional to the inductance value. However, high inductance value will consume a
large area and use a long wire, which will have a higher resistance. The inductor was
laid out, as shown in Figure[2.4] The width and spacing between the turns should be
adjusted to increase the Q of the inductor. The inductor value was extracted using the
EMX tool and the values were measured using a port.

Inductance value = 12.366 nH

Q = imaginary part of voltage / real part of voltage = 6.7
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Fig. 2.4: Inductor Layout

2.3.2 Capacitor bank

From the obtained value of L, the capacitor value required was found to be 3.208 pF.
To account for the variations in capacitor values, the total capacitance is implemented
using a fixed capacitor of value 1.8 pF and a 3 bit capacitor bank of LSB corresponding
to 200 fF . The switches sizes were adjusted to produce a high Q capacitor bank during
turn on and OFF condition. If the control bit ctl is low, since ctlb is high, turns the
MOSFET M1 M2 *ON’. Therefore it introduces a capacitor C3 series with C4 across
the terminals, changing the terminals effective capacitance. The other switches are
off introduces large resistance and low capacitance( very less compared to the total
capacitance) to be added in parallel across the terminal. The mimcap was used for the

implementation of the capacitor bank.



T \ T M1=M2=10y/.180
ctib M3=M4=10p/.1811
03: M5=M6=10p/.181
R1 i R2 C3=C4= 329fF * 1
M2 C2-C5= 329fF * 2
ot M3 ott C1=C6= 329fF * 4
[ R1=R2=15.18KQ
ot2) R3=R4=14.14KQ
R5-R6=13.23KQ
R3 y R4
M4
ct2 M5 ct2
T
ct3ck§
s = R6
M6
ct3 ct3

Fig. 2.5: Capacitor bank circuit

2.3.3 Cross-coupled pair

The LC tank will introduce a parallel resistance to the circuit, thereby damping the
oscillations. To compensate for the losses, a negative resistance is added using a cross-
coupled pair, as shown in Figure[2.6] The LC tank introduces approx. 390 € to the
circuit. The cross-coupled pair should produce a negative resistance of I?,, such that
its magnitude is less than 390 €2, so that the effective resistance is negative.
The negative impedance provided by the cross-coupled pair,

—2 -2

Ry = ————||—— (2.2)
Imn 9ds gmp 9ds

The g, and g,,, were adjusted to give the R, to —140€2

th

S o
M1=M2=2+20+3u/180n
[

)
Vo Vg0 M3=M4=2+20%1.6u/180n

Fig. 2.6: Cross-Coupled pair



2.3.4 Varactor

As we need to change the oscillation frequency with a control voltage, a varactor is
placed in parallel with the capacitor. The varactor tunes the value of capacitor to the
applied voltage. The minimum change in the capacitor value of the varactor should be
higher than the LSB of the capacitor bank. The common voltage of the circuit should be
adjusted to make the varactor functional with the control voltage. The common-mode
voltage can be adjusted by tweaking the size of lower nMOS transistors.

2319pF  2.319pF
l#wr . N
V180 © N l N o V0

Vetl

Fig. 2.7: Varactor

2.4 Results

HB simulations were run on the designed VCO to verify the operation of the VCO at
different PVT variations.

The following values for the respective were obtained from the schematic:



Ct3 Ct2 Ctl Vctl | Power | Vpp Noise @ offset Tunning
Comer V) (V) V) (mV) | (mW) | (mV) | of 100kHz(dBc/Hz) | Range (MHz)

1.8 0 0 360 | 6.14 | 954.5 -108.0

TT 0 1.8 1.8 598 6.14 | 948 -106.7 728 - 934
0 1.8 0 807 6.14 | 946 -104.8
0 0 1.8 | 1140 | 6.12 | 955 -104.8
1.8 1.8 0 301 4.7 842 -108.54

SS 1.8 0 1.8 546 | 4.77 837 -105.8 691 - 904
1.8 0 0 761 476 | 842 -107.6
0 1.8 1.8 | 1131 | 476 | 838 -107.6
0 1.8 0 439 | 7.97 | 1085 -104.8

FF 0 0 1.8 677 | 7.96 | 1085 -105.0 764 - 949
0 0 0 888 | 7.91 | 1099 -103.9

So the worst case results are :
Tunning Range = 764 MHz to 904 MHz

10

Power consumption = 7.97mW

Amplitude = 418mV

Table 2.1: Schematic simulation results of VCO




The Schematic results are as given below :
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Fig. 2.8: Frequency characteristics in TT corner at 50°C
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Fig. 2.9: Ky o characteristics in TT corner at 0°C
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Fig. 2.11: Ky characteristics in FF corner at 0°C
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Fig. 2.13: Ko characteristics in SS corner at 100°C
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The layout simulation gave the following results :

Ct3 Ct2 Ctl Vetl | Power| Vpp Noise @ FOM Tunning
Corner V) V) V) mV) | mW) | mv) 100kHz offset (dB) Range
(dBc/Hz) (MHz)
1.8 1.8 0 254 | 6.29 | 939 -107.8 177.8
TT 1.8 0 1.8 512 6.3 933 -105.1 175.16 | 712 - 896
1.8 0 0 687 | 6.28 | 929 -104.8 174.87
0 1.8 1.8 948 | 6.29 | 955 -106.1 176.1
0 1.8 0 1313 | 6.27 | 940 -108.4 178.4
1.8 1.8 1.8 456 4.9 828 -102.0 175.8
SS 1.8 1.8 0 640 4.9 828 -101.5 176 | 676 - 865
1.8 0 1.8 901 4.9 824 -103.6 175.4
1.8 0 0 1343 | 4.89 | 830 -108.3 175
0 1.8 1.8 555 | 8.17 | 1057 -106.9 173.1
FF 0 1.8 0 721 | 8.15 | 1057 -107.1 172.6 | 749 -919
0 0 1.8 952 | 8.15 | 1064 -106.5 174.75
0 0 0 1195 | 8.09 | 1078 -106.1 179.4

So the worst case results are :

Tunning Range = 749 MHz to 865 MHz

Table 2.2: Layout simulation results of VCO

Power consumption = 8.17mW (including buffers)

Amplitude = 400mV

FOM = 172dB

14
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2.5 VCO Noise

Figure shows the different noise contributions for different operating point.
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Offset Frequency(Hz)

Fig. 2.20: Phase Noise of VCO

This noise profile is multiplied by the magnitude square of eq. [[.5]to get the noise
at the output of the PLL.
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CHAPTER 3

Divider circuit

The frequency of oscillations from the VCO is stepped down to SMHz by using the
divider of ratio 160. For this purpose, 7 MOD-2/3 dividers are cascaded. Since the
input frequency of dividers near to the VCO are high (till 400MHz), Mod 2/3 divider
are made using TSPC logic. As the divider moves closer to the reference frequency, the
TSPC will not be able to contain the voltage level, so the dividers close to the reference

frequency are made by CMOS logic.

3.1 Mod 2or3 dividers

Figure [1]] shows the logic of the operation of Mod 2 or 3 dividers. If T=0, then Q
will be feed into the D terminal of the second FlipFlop making it operate in the divide
by two mode. Suppose we can make the T=1, then the D input will not depend on the
() making the output constant. To make T=1, D input of first flop should be 1, therefore
Trig and Q should be 1. Since there is a delay of one clock cycle from first flip flop,
when OUT=1, T=1 therefore in the next clock cycle, OUT will be remained at 1; this

gives an extra cycle for frequency division.

D _D—D Ql—ouT

CLK > Q D

Ql

—
N

Trig

Fig. 3.1: Mod 2or3 divider logic



The mod2or3 dividers can be cascaded and if the Trig signal is adjusted, then a
continuous division ratio can be obtained. An example is depicted in figure [3.2] [1].
Frequency division range is obtained as 8 + P0 * 2° + P1 x 2! + P2 x 22, The mod,;

signal is the and value of mod;,, and () of the current stage.

CKi—]IN out A [N out-B I out |—_CKou
mod2or3 mod2or3 mod2or3
——mod,,; mod;/ mod,,; mod;, mMod,, modin—vdd
Py Py P,

Uy yyyy Ly
CKin
AL T Iy s (Y Y O I O

B_[ I [ r 1
CKed RSN L

Fig. 3.2: cascaded operation for suitable ratio

The above mod 2or3 dividers can be cascaded and the required frequency division
can be obtained. In our case, the division ratio is 160. So we need to cascade seven mod

2or3 dividers.

3.2 High-speed divider

From ﬁgure@, it is clear that to obtain a division ratio of 3, two DFFs must be cascaded
with some combinational logic. For high-frequency operations, the TSPC DFFs can be
used. However, the introduction of logic could slow down the operation. Figure [3.3]

shows an improved design for the implementation of TSPC divider[3].

20
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Fig. 3.3: TSPC 2or3 Divider

In divide by 2 operation (mode = 0, assuming node C at Q initially) after the negative
triggering of the clock node A will contain () , when the clock becomes high, node B
contains Q and the node C will move to @ . Thus in a cycle the Q value changes its
value. In divide by 3 mod (mode = 1) the node B settles at zero for an extra cycle, as

the DFF2 skips one cycle of value.

3.3 Low-speed dividers

The TSPC latch operation fails for the lower frequencies as the node will not be able
to hold charges due to leakages. So for low frequency of operation DFFs used will be

using CMOS logic. Figure[3.4] shows the circuit implementation of the DFF.

Vdd Vdd

clkb

Vdd Vdd

Clk_|

lilk

Fig. 3.4: CMOS DFF
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3.4 Noise simulations

Since the division ratio is high( here N=160), the HB simulations will not converge
with a lower number of harmonics. So the following method is used to obtain the
noise contribution from the divider. Two consecutive dividers are taken at a time and
are cascaded. The dividers are given the corresponding mode values as in PLL. The
output from the VCO should be given to the input clk of the first divider. The HB and
HBnoise simulations are run for this combination. The phase noise is obtained after
the first stage. This phase noise is being propagated to the divider output after passing
through the other stages( as the phase noise pass through the dividers, it repeats at fin/N
frequencies and magnitude gets divided by Nj). The rise time and fall time after the
first stage are also noted and used as the next stage input. The process is continued until
the last stage. Figure shows the process for a division ratio of 2, i.e., fo =2 fi(Here

it is shown with jitter spectral density).

Lo I\tE( t, x:1/_\tf—x+1

Mod 20r3 Mod 20r3

|
f P,

N
=
K7)
—
©
5 \—
- >

Fig. 3.5: Divider noise analysis configuration [4]]
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CHAPTER 4

Other components in the PLL

4.1 Phase detector

As shown in Figure[d. | the 3 state PFD takes two periodic signals and converts the dif-
ference in the phases of the two signals to the average value of the difference in UP and
DN signals. The signals UP and DN are then passed into the charge pump for obtaining

a proportional current.

Avg(UP-DN)

i I
| 1LI-

PFD

-—

“AY
Fig. 4.1: PFD characteristics

The circuit for the same is implemented as in Figure[4.2] The inputs to the phase
detector are the reference clock pulse and the oscillator output after passing through
the divider of ratio 160. With CPpg,, as "high’, if reference is having an earlier positive
edge triggering compared to feedback, then the UP signal becomes 'High’ and when
the feedback becomes high the RST signal to flipflops becomes high. The delay of the
AND gate was adjusted to be 400ns. The slope is of value % The sizes of the buffers

were adjusted to have equal delay time between the UP and Down pulses.
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Fig. 4.2: 3 state PFD

4.2 Charge pump

Figure[d.3| shows the implementation of the charge pump. The UP and DN signals are
obtained from the 3 state PFD. A current of 2;tA was mirrored from the current source
into the circuit. This current is amplified by ten times and the driven in(out) with respect
to the control UP=0 (DN=1). The CMFB circuit was inserted to make the voltages the
same at both the ends of opamp so that UP and DN currents are equal at any voltage
Vo. This will reduce the amplitude of the Vctl, thus decreasing the spur level.

The opamp is a folded cascoded structure, as shown in Figure.[d.4] with DC gain of
atleast 400 for V., varying between 300mV to 1.5V (operating voltage range) and Vo
kept at 1V to 1.3V (Possible values to gate of pMOS).
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Fig. 4.3: Charge pump
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Fig. 4.4: Folded cascode opamp structure
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4.3 Loop filter

The loop filter is made as shown in Figure4.5] The values are obtained to get a loop
bandwidth of 100KHz. A lower value of bandwidth reduces the spur level (Which is

produced by the periodic addition of UP and DN currents in the Loop Filter.

R1 =5 KQ
% | C,=600pF

Fig. 4.5: Loop Filter

The impedance provided by the arrangement will be

. Rlcls +1
N 8(01 + CQ) + R101023

Z(s) 4.1)

The peaking of the transfer function from input to output (eq[I.1I)) should be kept low.
The loop gain for the PLL is evaluated for different possible combinations of K y¢o and
I.,. From simulations the for 800 MHz the Ky varies from 90 MHz /Vto 20 MHz /V.
And I, is assumed to be varied from 251 A to 20 A . For a good phase margin, the
zero of the TF should be atleast 5 times below the Wy and pole greater Wygp. So
minimum Wy will calculated for the 20 MHz /Vand 201 A will yield to be 67.8 kHz,
so the zero should be placed below 5kHz and Maximum Wy be so the second pole
should be placed at 300kHz. The zero provided by the impedance will be at =1— and

R1C1

the pole will be at == .
The phase transfer function is also evaluated with the the obtained values of R1 C1 C2
and fine adjustments are made to reduce the peaking. Finally the obtained values are as:

R; = 15k€; € =26nF ; C; =600pF ;
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Fig. 4.6: PLL Input Jitter TF

Also, the charging and discharging time of loop filter due to rectangular pulse of
current from charge pump will depend on the time constant of loop filter(time constant

should be less compared to the reference clock period).

4.4 Noise simulation of PFD and Charge Pump

The noise contribution of PFD and charge pump is found as follows: The PFD and
charge pump are taken separately and the charge pump is terminated by a voltage source
(Vctl for which the PLL locks) as shown in Fig. The inputs to the PFD are two
square waves with a phase difference of d¢. This phase difference should be the one
that gives a total of zero charge injection to the output voltage source. Then PSS and

PNOISE analysis are carried out and 7,,; is determined.
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Fig. 4.7: Setup for PFD CP noise simulation

The PSD of the current noise is multiplied by the magnitude square of the transfer

function to output (L.3).
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CHAPTER 5

PLL Simulation Results

5.1 Layout

The total size of the layout accounts, excluding the inductor, is 2254 m * 512 m. The

inductor area accounts to 450 m * 4204 m.

Fixed cap

228um

Fig. 5.1: PLL Layout

5.2 Spur

The transient simulations of the PLL circuit was run for 200 s and the last 40 us were

used to obtain the spectrum of the clock signal.
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Fig. 5.3: VCO Spur in SS corner

5.3 Noise contributions

As discussed in section 1.3.1, the noise PSD from different sources was obtained and
multiplied by magnitude square of the transfer functions to obtain the noise at the out-

put of VCO. The obtained results are as shown.
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Fig. 5.4: VCO phase noise

The jitter at the output is obtained by as follow :

Tjitter = V Area under PSD/(27 fo)

=4.2ps

5.4 ADC simulation

The clock obtained from the circuit is passed through a divider of ratio 4 and then used
to drive a AY ADC. The characteristics of the ADC using an ideal clock and the real
clock were noted.

For the ADC simulation with a real clock, a cycle of PLL control voltage was extracted
after settling. This voltage was given to the VCO and the output of the VCO was used
to drive the divider. However while driving the ADC the clock frequency and the strobe
period’s precision is the main concern. If the strobe period differs from the clock period
then there is a chance for the loss of samples. As shown in figure [5.5|after a long time,
the sampling will lose one cycle and degrade the SNR. This issue is solved by excess
sampling a cycle of ADC output (this is not the same as OSR) and then comparing a
sample with its previous and successive values, if the values are same then the sample

is taken and then advanced by the excess sampling ratio. If they are not the same then
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it implies that we are missing a sample in this cycle, so if the sample is not same as its
previous value then the samples are advanced by the excessive sampling ratio/2 times. If
the successive value is not same then the samples are delayed excessive sampling ratio/2
times. The obtained samples are multiplied by Blackmann Harris window (this is due

to the precision of sampling and input sinusoidal frequency) and SNR is calculated.

CLK

ADCoyr ><

Fig. 5.5: Strobing issue in ADC simulation
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Fig. 5.6: PSD for ideal clock

With ideal Clock :
SNR =118dB

SNDR =112dB
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Fig. 5.7: PSD for designed PLL

With designed Clock :
SNR =110.32dB

SNDR =103.6dB
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