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Abstract

High Performance Sub-Sampling Phase Detector based Ring-Oscillator Phase-Locked Loops

Shravan Siddartha Nagam

Phase locked loops (PLLs) used to generate high precision clocks are integral components

in the majority of modern day electronic systems such as Analog-to-Digital Converters (ADC),

Digital-to-Analog Converters (DAC), transceivers, processors, etc. The accuracy of this clocks

that effects the overall performance of the system is measured in terms of its jitter, phase noise,

spurious tones, etc. For example, the jitter in an ADC sampling clock can result in uncertainty of

the sampling instant and can result in degradation of the effective number of bits (ENOB) of the

ADC, phase noise on the other hand can result in reciprocal mixing in receivers and leakage into

adjacent channels in transmitters. Therefore it is very desirable to design PLLs that generate clean

clocks with minimal area and power consumption.

This thesis discusses two PLL prototypes in 65nm CMOS technology. The Þrst prototype

demonstrates a sub-sampling phase detector (SSPD) based feed-forward noise cancellation (FFNC)

scheme in a Type-II ring oscillator (RO) PLL. The FFNC technique uses the already available noise

information at the SSPD output and cancels it from the PLL output. The proposed FFNC achieves

a 1.4x reduction in jitter, 19.5dB power supply induced noise suppression at the PLL output while

consuming a small area of 0.022mm2.

The second prototype demonstrates a Type-I SSPD based RO PLL. The SSPD sample-and-hold

action generates a steady-state voltage to tune the VCO directly. This eliminates the issue of high

reference spurs generally associated with a Type-I PLL. Also the Type-I PLL occupies a very low



area of 0.008mm2 as it avoids the usage of bulky integrating capacitor generally used in a Type-II

PLL. The PLL with 2.4GHz output achieves a phase noise of -122.6dBc/Hz at a 1MHz offset and

the power consumption is 6.1mW. It achieves reference spurs of -64.2dBc, RMSjitter of 422fs and

FoMjitter of -239.7dB.

In addition to the two prototypes, a theoretical discussion on an auxiliary FFNC (AFFNC)

cancellation scheme that can work with a generic Type-II RO PLL is also included. The AFFNC

technique uses a stand alone SSPD to extract and cancel noise from the VCO output. The SSPD

is embedded into an alignment loop for proper noise extraction and cancellation. Along with

AFFNC, which uses one reference edge for noise extraction, a Double Sampled AFFNC (DS-

AFFNC) which utilizes both the rising and falling edge of the reference for noise extraction is also

included. By using both the reference edges, higher cancellation BW is achieved.
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Chapter 1: Introduction

This chapter provides a brief overview of Phase locked loops (PLLs), basic functioning of

a PLL and a brief introduction of its sub-blocks. The performance metrics of these sub-blocks

and their overall contributions to the PLL output noise are discussed. The motivation for this

dissertation on Sub-sampling phase detector (SSPD) PLLs is also provided.

1.1 Phase locked loops

PLLs are critical building blocks in modern system-on-chip systems and are found in majority

of electronic systems like wireless transceivers, data converters, and digital systems. They are

used to generate high precision clocks used in these applications. The high precision is achieved

by generating the PLL output signal using an accurate low frequency reference (REF). The block

diagram of a generic PLL is shown in Fig. 1.1.

At the PLL core is a voltage controlled oscillator (VCO) whose output frequency varies as a

function of its control voltage (vtune). The primary function of the PLL loop is to derive the vtune

that yields the desired output frequency. This is done using negative feedback by comparing the

REF

Divider

Phase 
detector

outLoop 
FilterDIV

VCOvtune

Figure 1.1: PLL block diagram showing phase detector, loop Þlter, voltage controlled oscillator
and divider.
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Input phase 
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Kpd  
(V/rad)

REF
Phase 

detectorDIV

PD 
outputΔࡏ 

Figure 1.2: Phase Detector (PD): Input phase difference vs. output voltage characteristics.

VCO output frequency with the REF frequency. The VCO output is Þrst divided by the required

frequency multiplication ratio (N) to obtain the signal DIV. After this, DIV is compared to REF

in the Phase Detector (PD) block to generate an error signal that is processed by the loop Þlter to

obtain the control voltage to complete the feedback loop. The following sections discuss the above

mentioned PLL sub-blocks in detail.

1.1.1 Phase detector (PD)

The Phase Detector (PD) senses the phase deference (! " ) between its two periodic inputs [1].

The PD then outputs a signal whose average value is equal to this phase difference. The PD can be

characterized by its phase-to-voltage gain (Kpd) deÞned as the slope of the input phase difference

vs. the average output voltage curve (Fig. 1.2).

1.1.2 Divider

The divider takes a periodic input with frequencyFin and outputs a periodic signal with fre-

quencyFDIV equal toFin/ N. The factor N is called the division ratio of the divider.
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Fout  (Hz)

vtune (V)

Kvco 
(Hz/V)

outVCOvtune

Fo

t1/Fout

Figure 1.3: Voltage controlled oscillator (VCO): Input voltage vs. output frequency characteristics.

1.1.3 Voltage controlled oscillator (VCO)

The voltage controlled oscillator (VCO) produces a periodic clock whose frequency is depen-

dent on the control voltage (vtune), as shown in Fig. 1.3. The VCO output frequency (Fout) can be

formulated as

#$%&= #$ + ' ()$ á(&%*+ (1.1)

WhereFo is deÞned as the free-running frequency of the VCO andKvco represents the VCO

gain.

1.2 Phase-domain Model

To analyze the PLL loop behavior, a small-signal model analogous to the model used in con-

ventional feedback systems is used [1] [2]. As this model deals with the phases of the clock signal,

it is conventionally know as the phase-domain model.

The phase-domain model with various PLL sub-blocks is shown in Fig. 1.4. The PD is modeled

as a simple gainKpd deÞned earlier. The VCO has voltage-to-frequency gain ofKvco which gives

a voltage-to-phase gain ofKvco/ s. The divider has a transfer function of 1/N as it steps down the

3



KPD Kvco/s
�Jref 

VCOPD �Jout 
L(s)

LF

1/N

Divider
Figure 1.4: PLL phase domain model showing the transfer functions of individual sub-blocks.

frequency (phase) by a factor of N. Using these gain terms, the loop gain of the feedback loop (LG)

is calculated as

,- (. ) = ' PD(. ) á, (. ) á
' vco

.
á

1
/

(1.2)

1.2.1 Phase noise

An ideal PLL output has a spectrum consisting of a single tone as shown in Fig. 1.5(left).

But due to noise sources present (either internal or external to the PLL), the output spectrum gets

corrupted and results in sidebands around the tone as shown in Fig. 1.5(middle). The metric used

to represent these sidebands is called phase noise. The phase noise at a certain offset frequency

from the carrierÕs center frequency is obtained by measuring the spectral density of these sidebands

and normalizing it to the carrier power as shown in Fig. 1.5(right).

1.2.2 PD model with noise sources

To analyze the impact of various noise sources, phase-domain model shown in Fig. 1.6 is used.

The transfer functions of these noise sources to the PLL output are given below.

The reference noise (" ref,n), divider noise (" div,n) and PD input referred noise (" pd,n) have a
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Fc Fc Fc

Foff

Phase noise
(dBc/Hz)

1Hz

Ideal PLL 
o/p

Noisy PLL 
o/p Phase noise

Figure 1.5: Spectral illustration of an ideal PLL output consisting of a single tone (left) and noisy
PLL output with sidebands (middle). The phase noise measured at an offset frequency ofFo! is
also shown (right).

transfer functionTFlp equal to

0#lp(. ) = / á
,- (. )

1 + ,- (. )
(1.3)

The above transfer function has a low pass characteristic, with the PLL loop BW being its

cut-off frequency. It is interesting to note that the TF has a multiplication factor of N. This mul-

tiplication factor results in increased contribution from these blocks and makes them dominant

in-band noise sources.

The VCO noise (" vco,n) has a transfer functionTFhp equal to

0#hp(. ) =
1

1 + ,- (. )
(1.4)

The above transfer function has a high pass characteristic, with the PLL loop BW being its

cut-off frequency. In other words, the PLL feedback loop suppresses the VCO noise up to its loop

BW thus making the loop BW critical in determining the PLL noise performance (especially in a

RO PLL).
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Figure 1.6: PLL phase domain model with various noise sources.

REF

/N

out

DIV

VCOvtune
XOR PD RC LF

Figure 1.7: Type-I PLL implementation using an XOR PD showing vtune with periodic distur-
bances.

1.3 PLL architectures

1.3.1 Type-I PLL

The PLL discussed above has one integrator (from the VCO) in the loop and often referred to

as Type-I PLLs. The order of the loop can be higher depending on the loop Þlter conÞguration.

The conventional implementation of this Type-I PLL using an XOR based PD and an RC based

loop Þlter is shown in Fig. 1.7.

The XOR PD gives a rail-to-rail output signal and the DC voltage information required to tune

the VCO is encoded in the duty cycle of this output. This DC voltage is extracted from this rail-to-
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REF

/N

out

DIV

VCOvtune
K

t

V

Proportional PD

Integral PD

Figure 1.8: Type-II PLL architecture showing the integral path used to derive the DC voltage
needed for correct frequency lock.

rail signal by Þltering it with an RC Þlter. Due to the limited suppression provided by the RC Þlter,

there is a considerable amount of ßuctuation in the VCO tuning voltage. One way to suppress

the ßuctuation is by reducing the RC ÞlterÕs pole frequency, but this impacts the phase margin of

the PLL and needs to be carefully chosen. This periodic disturbance of the VCO tuning voltage

results in modulation of the VCO output resulting in spurs at offset frequencies equal to the REF

frequency and its harmonics.

To overcome this issue of deriving a DC voltage from the rail-to-rail PD output, a Type-II

architecture can be used.

1.3.2 Type-II PLL

In a Type-II PLL, the DC voltage required to tune the VCO to the correct frequency is derived

using an integral PD as shown in Fig. 1.8. Due to the presence of two integrators in the PLL loop,

an additional zero is introduced using the proportional path to stabilize the loop.
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L
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Tuning 
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VDD
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outDelay cell

Tuning 
port

(b)

Figure 1.9: Generic architecture of a (a) LC oscillator and (b) Ring oscillator.

1.4 VCO architectures

VCOs are generally implemented using an LC oscillator or a ring-based oscillator (RO). The

LC oscillator uses a tuned tank comprising of an inductor (L) and a capacitor (C), as shown in

Fig. 1.9(a). The cross-coupled NMOS pair provides the "negative" resistance to achieve sustained

oscillations. The tank resonance frequency is given by1/ 21
"

LC and by varying C, frequency

tuning is achieved.

On the other hand, RO is realized using inverters connected in a loop as shown in Fig. 1.9(b).

By providing enough phase shift in the feedback loop, sustained oscillations are achieved. The

oscillation frequency is dependent on the delay offered by each stage. By controlling this inverter

delay, frequency tuning is achieved.

For low-jitter applications, LC-based VCOs with good intrinsic phase-noise performance has

been typically used. But the LC oscillator is bulky and consumes considerable amount of area

on the chip for its inductor. Compared to this the RO occupies very less area (Fig. 1.10) but are

noisy. The primary focus of this research has been to improve the noise performance of RO PLLs

while maintaining the small footprint. The state of the art in RO based clock synthesizers is brießy

discussed below for the beneÞt of the reader.
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Figure 1.10: Area comparison of the bulky LC PLL and compact RO PLL.

1.5 State-of-the-art integer-N RO based clock synthesizers

1.5.1 Jitter performance

Recent research efforts in RO based clock synthesizers has been on developing architectures

that can suppress the RO noise to higher frequencies, namely Multiplying delay locked loops

(MDLLs) [3][4][5], Injection locked PLL (ILPLL) [6][7][8][9], Delay-line discriminator noise

cancellation PLL (DLDNC PLL) [10]. IN MDLLs, a mux is introduced in the feedback loop of

the RO. When the REF edge arrives, a select logic is used to replace the RO edge with the REF edge

as shown in Fig. 1.11(d). This eliminates the jitter accumulated by the RO during the reference

cycle and gives it a clean edge to start over. This technique is know to give good phase noise by
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Type-II control
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Noise 
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out

out

out REF RO
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Type-I control

(f) Proposed SSPD based Type -I PLL
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Figure 1.11: State-of-the-art RO PLL architectures: a) PFD/CP Type-II PLL b) XOR-PD Type-I
PLL c) Injection locked PLL (ILPLL), d) Multiplying delay locked loops (MDLLs), e) Proposed
SSPD based noise cancellation and f) Proposed SSPD based Type-I PLL.

suppressing the RO noise to about 0.25Fref(Reference frequency) [7]. However the imperfections

in the edge replacement limits the highest achievable frequency. Any timing mismatch between

the RO edge (that needs to be replaced) and the REF will lead to systematic disturbance in the PLL

output in every REF cycle and shows up as spurs. On the other hand, IL PLLs inject a small pulse

derived from the REF to lock the RO. This method gives good noise performance but needs the RO

free-running frequency to be close to N.Fref for good performance [7], which can be challenging

over PVT variations as the RO frequency shifts. Also one more drawback of ILPLLs is reference
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spurs, caused by the injection of the pulse into the RO. In the DLDNC, two phases of the RO are

passed through a phase shifter and mixed to extract noise for cancellation. The main drawback

of this scheme is it has very low noise-extraction gain (discussed in Chapter 2) that can limit the

achievable noise extraction and it also needs additional circuitry that consumes area and power.

1.5.2 Area performance

In addition to the schemes discussed above, time-based loop Þlter (TBLF) architectures have

been proposed to reduce the area of the RO PLL [11] [12]. The TBLF replaces the bulky integration

capacitor in the loop Þlter with ROs (the voltage-to-phase conversion gain of the oscillator achieves

integration). In spite of very low area, TBLF based RO PLLs are prone to high reference spurs

because the TBLF is clocked using the REF that couples to the RO. The jitter and area performance

of these state-of-the-art RO synthesizers is shown in Fig. 1.12.

1.5.3 Supply noise performance

Due to the high susceptibility of the ROs to supply noise, supply noise cancellation schemes

have been proposed [13, 14, 15, 16, 17]. In these schemes, an additional cancellation path from

the VCO supply to the output is added and with careful adjustment of this gain, supply noise

cancellation is achieved.

1.5.4 Proposed architectures

The schemes discussed above rely on modifying the PLL feedback loop or the RO to achieve

higher RO noise suppression. In this thesis, we focus on developing two techniques to improve the

noise performance of RO PLLs. The Þrst technique is a feed-forward-noise cancellation (FFNC)

technique (Fig. 1.11(e)) which extracts the noise information from the PLL output using the REF

and a PD to cancel it from the output. In Chapter 2, we explore usage of the already available PLL

loop PD for this extraction and cancellation. In Chapter 3, the FFNC technique has been extended

to be used with a generic PFD/CP Type-II PLL (Fig. 1.11(a) [1]) and is called Auxiliary FFNC

11



(AFFNC). To further improve the cancellation of the AFFNC scheme, a Double-sampled AFFNC

(DS-AFFNC) that uses both the edges of the REF is also presented.

The cancellation techniques can be usedindependently or in tandemwith the state-of-the-art

techniques mentioned before to achieve very good noise with small area consumption. The jitter

improvement achieved by the FFNC prototype is shown in Fig. 1.12. It is observed that the jitter

reduces by 1.4x by using this technique while consuming minimal power and area. The FFNC

also achieves about 20dB of power supply noise attenuation (at 100KHz offset) as it extracts and

cancels the jitter caused due to supply noise.

In addition to the noise cancellation techniques, a Type-I PLL that uses a sub-sampling phase

detector (SSPD) (Fig. 1.11(f)) is presented in Chapter 4. This architecture relies on the high gain

and low noise of the SSPD to achieve good noise performance. Also the SSPD characteristic of

providing a DC output voltage is utilized to minimize the spurs that generally plague an XOR-

PD Type-I PLL (Fig. 1.11(b) [1]). The prototype developed using this technique has been shown

to achieve a reference spur of -64dBc with very good jitter and small area consumption (avoids

usage of integration capacitor). The performance of this PLL stands out when compared to other

state-of-the-art RO PLLs as shown in Fig. 1.12. The next section shows the challenges involved in

migrating from a low jitter LC based PLL to a RO based PLL and the methodology that was used

to develop the proposed techniques.

1.6 Design methodology of the proposed SSPD based techniques

The phase noise of a typical PFD/CP based LC PLL is shown in Fig. 1.13(a). The LC oscillator

in this PLL has good intrinsic phase-noise performance and high supply-noise immunity. Even

with a low loop BW (f1), the PLL achieves good jitter performance as the LC oscillator has good

phase noise and needs minimal suppression from the loop. The low BW also Þlters the REF and

PFD/CP noise and achieves low jitter.

The ring oscillators (RO) on the other side suffer from poor phase noise and supply sensitivity,

making their usage in low jitter applications challenging. The phase noise of a typical PFD/CP

12
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Figure 1.12: Jitter vs area performance of state-of-the-art integer-N RO clock synthesizers. The
prototypes presented in this thesis (marked as stars in the Þgure) show good performance when
compared to the state of the art.

based RO PLL is shown in Fig. 1.13(b). Compared to an LC PLL, the BW needs to be increased

to f2 to suppress the RO noise. This, however, increases the PFD/CP noise contribution and may

not always be optimal from a jitter perspective. This calls for a new PD that has very good noise

performance. One good candidate that meets this requirement is a sub-sampling phase detector

(SSPD), which is know for low noise and high gain [18]. The focus in this work has been on SSPD

based techniques as the low noise and high gain of the SSPD can be leveraged to reduce the noise

impact of the RO at the PLL output. The phase noise of a typical SSPD based Type-II RO PLL is

shown in Fig. 1.13(c). It is observed that as the SSPD noise contribution is very low, the RO starts

to dominate even in band. Increasing the BW of the PLL would lower the RO contribution, but the

13
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Figure 1.13: Phase noise illustrations of (a) Typical LC-based Type-II PLL with low BW (f1);
(b) Typical RO based Type-II PLL; (c) Proposed RO based SSPD Type-II PLL with scope for
cancellation using FFNC and (d) Proposed Type-I SSPD PLL with high BW (f3) to suppress the
RO noise

increase has an upper limit of# Fref/ 10 owing to stability concerns [2] and generally kept below

Fref/ 20 for spur concerns.

The initial focus of this work has been to Þnd solutions that lower the jitter (given the BW

constraints in a Type-II RO PLL) and also improve other PLL performance metrics like area and

supply sensitivity. The FFNC scheme (proposed in Chapter 2) cancels the noise in the PLL output

for a PLL with loop BW ofFref/ 20. The cancellation helps with the jitter, supply noise sensitivity,
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and loop Þlter area of the PLL. The AFFNC and DS-AFFNC (proposed in Chapter 3) is to modify

the same cancellation scheme for usage with a regular Type-II PFD/CP based RO PLL. This par-

ticular solution is useful to designers who prefer the Type-II PFD/CP based PLL owing to its good

tuning range and robustness.

The Type-I loop with an SSPD (proposed in Chapter 4) helps to suppress the RO noise by

achieving high PLL BW (f3) by switching to a Type-I loop as shown in Fig. 1.13(d). The main

challenge of high reference spurs in a traditional XOR based Type-I PLL has been addressed in

this solution by exploiting the sample-and-hold action of the SSPD. These advantages of a Type-I

PLL with a sampling PD has inspired lot of research lately [19] [20].

1.7 Thesis Organization

The rest of the thesis is organized as follows: Chapter 2 discusses the implementation of SSPD

based feed-forward noise cancellation (FFNC) in a Type-II RO PLL. The proposed FFNC imple-

mentation leverages the available sub-sampling phase detector to extract the noise present in the

output of the VCO with high sensitivity. Noise cancellation is performed with a variable delay

line after the PLL, resulting in an FFNC solution with minimal power and area overhead. The

cancellation reduces loop Þlter noise, enabling a reduction of the ÞlterÕs area, which makes up a

signiÞcant portion of the RO PLL area. The cancellation scheme also reduces the jitter caused

by supply noise hence making the PLL more suitable for an SoC application. The experimental

demonstration of the noise-cancellation technique in a 65nm RO PLL at 2.36GHz achieves a 1.4x

reduction of the jitter down to 633fsRMS, corresponding to aFOMjitter of -236.3dB. In addition, a

19.5dB power supply noise suppression is demonstrated for a 100KHz 1mVpp noise applied to the

VCO supply.

Chapter 3 discusses an auxiliary FFNC (AFFNC) scheme which performs the noise extraction

and cancellation outside the PLL loop. The noise extracting SSPD is outside the PLL loop and

requires an alignment loop for correct sampling of the VCO clock, as discussed later. The chapter

also discusses a Double sampled AFFNC (DS-AFFNC) that uses both the rising edge and falling

15



edge of the reference for noise extraction, thus improving the cancellation BW. We develop the

noise transfer functions for various noise sources and use theoretical models developed in MAT-

LAB to predict the noise performance. The model predicts a jitter reduction of 2.9x and 3.9x for

the AFFNC and DS-AFFNC, respectively.

Chapter 4 presents a ring-oscillator (RO) PLL combining a Type-I architecture and an SSPD.

The sample-and-hold action of the SSPD generates a steady-state voltage to drive the VCO directly.

This eliminates the issue of high reference spurs due to the rail-to-rail phase-detector (PD) output

plaguing conventional XOR PD based Type-I PLLs. The proposed PLL achieves low jitter thanks

to the wide-bandwidth Type-I loop and low-noise SSPD. The integrating capacitor generally used

in a conventional Type-II PLL loop Þlter is avoided here by switching to a Type-I architecture

resulting in a very low area. The RO PLL prototype in 65nm CMOS occupies 0.008mm2, has a loop

bandwidth of 15MHz, and tunes from 2 to 3.2GHz. At 2.4GHz, the phase noise is -122.6dBc/Hz

at a 1MHz offset, and the power consumption is 6.1mW. The measured reference spurs, RMSjitter

and FoMjitter are -64.2dBc, 422fs and -239.7dB respectively.

Chapter 5 summarizes this dissertation and provides opportunities for future research.
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Chapter 2: Sub-Sampling Feed Forward Noise Cancellation PLL

2.1 Background

The phase-noise of a typical Type-II PFD based RO PLL can be divided into in-band and

out-of-band components, depending on the noise frequency being smaller or larger than the PLL

bandwidth. The in-band component is usually dominated by the noise from the tri-state phase-

frequency-detector (PFD)/charge pump (CP) and reference (REF) and the out-of-band noise com-

ponents are dominated by the voltage-controlled oscillator (VCO) noise.

REF
Loop 
filter

VCO

/N

PFD
out

XTAL

UP

DN

CP

DIV

(a)

SSPD

REF

PFD CP/N

Gm
Loop 
filter

VCO

Auxiliary path

out

Non-overlap

XTAL

Csam

(b)

Figure 2.1: (a) A traditional RO based tri-state PFD PLL; (b) A RO based sub-sampling phase
detector (SSPD) PLL.

We present an example of the phase-noise performance of a typical PFD based Type-II RO

PLL [2] shown in Fig. 2.1(a). The phase noise plot withFref=49.15MHz from a crystal oscillator
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Figure 2.2: Phase noise plot for PFD/CP and SSPD based architectures for aFref=49.15MHz,
N=48, PLL BW=2.5MHz and an RO with phase noise of -100dBc/Hz at a 1MHz offset showing
the need for feed-forward noise cancellation (FFNC).

(XTAL), divide ratio N=48, output frequencyFout=2.36GHz, loop BW=2.5MHz and a RO with

phase noise of -100dBc/Hz at a 1MHz offset, is shown in Fig. 2.2. The PFD/CP noise dominates

the in-band noise and the RO noise dominates the out-of-band noise. The in-band component can

be reduced by adopting a sub-sampling phase detector (SSPD) [21, 22, 18, 23, 24, 25, 26, 27,

28], as shown in Fig. 2.1(b), and now the in-band noise is dominated by the XTAL, which can

be as low as -125dBc/Hz. To further reduce the phase noise, the PLL BW has to be increased to

suppress the RO noise. However, the BW of a Type-II PLL is limited to approximatelyFref/ 10

for stability concerns [2] and is often kept smaller thanFref/ 20 to minimize the reference spurs

[29]. The attempt to increaseFref for BW enhancement is however restricted to about 100MHz
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by the availability of clean quartz crystals. For this reason, our analysis during the remainder of

the chapter uses the above mentioned example PLL parameters withFref of 49.15MHz, unless

speciÞed otherwise. The phase-noise plot for the SSPD PLL with these parameters is shown in

Fig. 2.2. Note that the XTAL is the dominant noise source up to 25KHz and at higher noise

frequencies the RO noise dominates and gives the phase noise plot a hump like shape.

This band from 25KHz to 5MHz contributes about 75% of the overall jitter making the noise

attenuation in this band essential for the jitter reduction. To reduce the noise in this band, a number

of design techniques can be used. In [30] the PLL is cascaded with a low noise sub-sampling

delay-locked loop (DLL) that Þlters the RO noise. This additional DLL is a negative feedback

system that is more immune to PVT variations, but it requires an additional DLL Þlter. The DLL

also needs an additional SSPD to sample the PLL output at a high rate, which consumes additional

power. In [31], the PLL loop architecture is switched to a Type-I architecture to ease the BW

requirements and a BW ofFref/ 2 is achieved. In [4, 7] the incoming REF frequency is doubled

using a frequency doubler before giving it to the PLL loop, effectively doubling the achievable

loop BW.

In this chapter we explore feed-forward noise cancellation (FFNC) [10], which can be used in

tandem or independent of the above mentioned techniques. In FFNC the output noise is extracted

and canceled in a feed-forward fashion outside of the PLL loop thus making it possible to overcome

the PLL-bandwidth limitations. In our approach, we demonstrate that the already available PLL

phase detector (PD) can be used for noise extraction, and the PD output can be fed directly to a

voltage-controlled delay line at the PLL output to perform feed-forward noise cancellation with

very low area or power overhead [32] [33]. The key feature of the presented SSPD based FFNC

PLL is it can simultaneously achieve low PD noise (by using sub-sampling PD) and low RO noise

contribution (by using FFNC).

The other major concern in RO PLLs is their high susceptibility to supply noise due to the

sensitivity of the RO frequency to the supply voltage [14]. The problem is particularly severe in

modern SoC systems where the PLL is in the vicinity of constantly switching digital circuits. To
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Figure 2.3: PLL with delay-line-discriminator based feed-forward noise cancellation (FFNC) [10]
scheme and conventional supply-noise-cancellation [15] scheme.

minimize this disturbances on the PLL supply, voltage regulation has been traditionally used [34,

35, 36, 37]. In addition to supply regulation, further reduction can be achieved by employing

supply-noise cancellation [13, 14, 15, 16, 17], which can either eliminate the need for regulation

or relax the stringent power supply rejection ratio (PSRR) and BW requirements for the regulators.

These cancellation schemes (Fig. 2.3) typically provide an additional cancellation path from the

VCO supply to the output. The gain of this cancellation path (Gm,sup) is adjusted to null the effect

of supply noise at the PLL output.

In the FFNC scheme proposed here, we will demonstrate that the PD extracts the phase noise

due to the supply noise as well as due to the device noise and cancels both of them from the PLL

output.

The chapter is organized as follows. Section 2.2 gives a brief overview of SSPD based PLLs.

In Section 2.3 we compare existing FFNC architectures with the proposed SSPD based FFNC.

Section 2.4 gives a detailed time-domain and frequency-domain analysis of SSPD based phase-

noise and supply-noise cancellation. Section 2.5 and Section 2.6 discuss the circuit implementation

and measurement results respectively.
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2.2 Sub-sampling phase-detector based PLLs

In a traditional tri-state PFD based PLL the VCO output is divided by using a frequency divider

to obtain the feedback signal DIV. The PFD/CP then compares DIV and the reference, REF, to

generate the error current pulses that are Þltered and then negatively fed back onto the VCO tuning

port. Due to the feedback divider, the REF and PFD/CP noise get multiplied byN2 [21]. For N=48,

theN2 noise gain results in a 34dB enhancement of noise from these blocks. In a SSPD PLL the

divider in the feedback path is eliminated. Now the PD/CP noise does not get multiplied byN2

thus resulting in the noise on REF becoming the dominant in-band contributor [21].

In a Type-II SSPD PLL in lock, the VCO edges are aligned with the REF edges. Any deviation

in the VCO phase shifts the VCO edge and the SSPD samples a non-zero voltage. Based on this

voltage, the transconductor (Gm) generates an error current which is integrated by the loop-Þlter

capacitor. This integrated voltage now controls the VCO and locks the PLL. The noise from the

SSPD sampling switch is calculated as -145dBc/Hz (using [21]) for a smallCsam of 100fF and a

VCO amplitude (Avco) of 0.5V. With such low SSPD noise, the noise in REF, which is multiplied by

N2, becomes the dominant in-band noise contributor. The REF noise varies with the quality of the

crystal, but a standard available -160dBc/Hz crystal has its noise ampliÞed by 34dB (20 log(48))

resulting in a in-band noise of -126dBc/Hz. This value is at least 10dB better than the in-band

noise achieved in similar PLLs using PFD/CP architecture [22].

Without feedback divider the SSPD PLL can potentially lock to any harmonic of REF. To lock

to the correct harmonic, an auxiliary PLL with a divider, PFD and CP is typically used in parallel

to the SSPD loop [21]. The auxiliary loop can be disabled after the VCO locks to the correct

frequency to eliminate its power consumption and noise.

2.3 Proposed feed-forward noise-cancellation loop

The proposed FFNC and its operation in the time domain are shown in Fig. 2.4. To reduce

the jitter of output of the RO,out1, we need to Þrst measure the noise. The SSPD extracts the

21



noise information and feeds it to the noise cancellation block (NCB) which consists of a voltage-

controlled delay. The delay introduced by the NCB cancels the jitter inout1 and generates a

signalout2 with lower jitter. To illustrate that the proposed approach is very compact and high

performance, we now Þrst compare this approach to earlier work, before going into a detailed

analysis.

FFNC in a RO PLL has been previously demonstrated in [10] but the noise measurement was

performed using a delay-line discriminator (DLD) as shown in Fig. 2.3. Two phases of the RO

are passed through a cascade of a phase shifter, mixer, band pass Þlter (BPF), and variable gain

ampliÞer (VGA) to generate the error signal. This error signal is used by the NCB to cancel

the noise fromout1. This noise measurement approach requires substantial additional circuitry,

consuming area and power. In contrast, in the proposed SSPD based FFNC, the already available

output of the SSPD is directly given to the NCB for cancellation, since it contains all the necessary

jitter information. The SSPD, as part of the PLL feedback loop, already extracts the error present

in the VCO output by comparing it with the low-jitter REF. This extracted error can perform the

FFNC directly thus making this a very low area and power overhead solution1.

The SSPD FFNC scheme also offers high noise-measurement gain in comparison to the delay-

line-discriminator based FFNC at low offset frequencies. We use the same PLL parameters as

in the previous section to calculate the noise extraction gain at an offset frequencyFo! =1MHz.

In the delay-line discriminator based FFNC, assuming the phase shifter provides two orthogonal

sinusoidal signals of 1V voltage swing, the phase-to-voltage gain of the mixer can be calculated

as (Fo! / Fout)1/ 4 V/rad. This gives a gain of -69.5dBV/rad. To compensate for this attenuation,

a high-gain VGA is needed to amplify the extracted noise before applying it to the NCB. In the

proposed SSPD based FFNC, the noise-measurement phase-to-voltage gain from VCO output to

SSPD output is equal to the SSPD gain,Kf,SSPD(in V/rad), which is equal toAvcoV/rad [21]. This

translates to -6dBV/rad for aAvco of 0.5V. Because of this high gain, the output of the SSPD can

1A related approach has been used to cancel the effect of phase noise in an I/Q receiver [38]. There a sub-sampling
PLL is used to generate the LO for demodulation. The digital sub-sampling time-to-digital converter (TDC) output
of the PLL is used in the baseband circuitry to correct the constellation points resulting in improved error vector
magnitude (EVM).
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Figure 2.4: The Proposed sub-sampling phase detector (SSPD) based feed-forward noise-
cancellation PLL with calibration scheme for accurate cancellation; the output of the SSPD is
used to drive the noise cancellation block (NCB); the auxiliary path used to guarantee locking to
the correct reference harmonic is also shown.

be directly applied to the NCB without the need for a high-gain VGA. This high gain basically

stems from the fact that the REF samples the high slew rate VCO signal [28]. This high gain offers

high sensitivity which is only limited by the REF noise, multiplied byN2, which can be as low as

-126dBc/Hz as discussed earlier.

The proposed FFNC approach could in principle also be implemented in a PFD-based PLL but

the noise extraction gain is smaller due to the divider in the extraction path. The SSPD scheme

has the additional advantage of readily providing a sampled voltage as its output which can be

conveniently used to control the NCB. In a PFD, the phase error is captured as the pulse-width

difference between the UP and DN pulses, which needs further processing to generate the NCB

control voltage.
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2.4 Analysis of the proposed FFNC

2.4.1 Time-domain analysis

Modeling the FFNC operation in time domain gives us insights on the NCB requirements for

cancellation. The output of the VCO is a clock transitioning with a slope ofKt,SSPD (in V/s) as

shown in Fig. 2.5. After the Type-II PLL locks, when no noise is present, the SSPD driven by

REF samples a zero voltage to maintain steady state. In the presence of noise, assume the VCOÕs

crossing is perturbed by! TVCO as shown in Fig. 2.5. Now, the SSPD samples a non-zero voltage

Vsam given byVsam= Kt,SSPDá! TVCO. This Vsam contains the information regarding the extent

of perturbation in the VCO output and can be used to move the edge back by! TVCO. This is

achieved by havingVsam control the delay from the variable delay line in the NCB. When the

voltage-to-delay conversion gain of the NCB isGt,NCB (in s/V), the delay introduced by the NCB,

! TNCB, is given by! TNCB = T0 + Gt,NCB áKt,SSPDá! TVCO whereT0 is the constant propagation

delay associated with the NCB. The zero crossing of the output of the NCB is now effectively

shifted by a total amount! Te! = ! TNCB ! ! TVCO given by:

! 0e! = 00 + (- t,NCB á' t,SSPD! 1) á! 0VCO. (2.1)

By ensuringGt,NCB = 1/ Kt,SSPD, the jitter due to! TVCO is canceled and! Te! becomes a Þxed

constantT0.

2.4.2 Frequency-domain analysis of FFNC

Studying the FFNC in the frequency domain provides further insight into the gain require-

ments from the NCB and amount of permissible phase shift (delay) that can be tolerated in the

cancellation path.
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Figure 2.5: Time-domain and frequency domain analysis of the proposed noise cancellation
scheme.

Requirements for noise cancellation

To completely cancel a noise phasor* (! ), a phasor+(! ) with the same magnitude and opposite

phase needs to be added as shown in Fig. 2.5. The resultant phasor after cancellation r(! ) is given

by r(! ) = n(! ) + e(! ). The magnitude of r(! ) is given by

|r(! ) | =
!

[|n(! ) | ! | e(! ) | cos(2(! ))] 2 + [|e(! ) | sin(2(! ))] 2. In practice, it is relatively easy to

maintain|n(! ) | # |e(! ) |, however, a phase error2(! ), is harder to avoid. Now|r(! ) | can be

�Jout2  
N GSSPD(s)

Gm . 
ZLF(s) Kvco/s

Kvco,vdd /s

�Jref  
�€ref,n �€sspd,n �€Gm,n �€LF,n 
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Figure 2.6: Phase domain model of the PLL with the proposed SSPD based FFNC shown in
Fig. 2.4.
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approximated as

|r(! ) | # |n(! ) |
!

2 ! 2 cos(2(! )). (2.2)

We obtain a net reduction as long as|r(! ) | < |n(! ) | which translates to
!

2 ! 2 cos(2(! )) < 1 or

|2(! ) | < 60. This criterion will be used to determine the bandwidth of cancellation once we model

the additional phase shift introduced in the cancellation path.

Phase-domain model for FFNC PLL

The phase-domain model of the proposed SSPD FFNC PLL, which is largely based on the

model developed in [21], is shown in Fig. 2.6. The phase noise before and after cancellation are

denoted by" out1 and" out2 respectively. Before we analyze the individual noise contributions to

" out1 and" out2, we deÞne commonly used for functions and observe their behavior as a function

of frequency. The SSPD, shown in Fig. 2.11, is realized as a double switch sampler for reasons

discussed in Section 2.5. The transfer function of the PD has to take into account the charge sharing

between the capacitorsC1 andC2 and the sample/hold action of the PD. An empirical formula for

the SSPD transfer functionGSSPD, similar to the one derived in [29], is:

- SSPD( 3! ) =
' f ,SSPD

1 + 3!
41#ref / 42

+(! 31! / ! ref ) sin
"
1! / ! ref

#

"
1! / ! ref

#

andGSSPD(j! ) # Kf,SSPDfor ! $ ! ref. The loop gain of the PLL,LG(j! ), is

,- ( 3! ) = - SSPD( 3! ) á- m á5LF( 3! ) á
' vco

3!
(2.3)

The PLL BW! bw is the frequency where the loop gain|LG(j! ) | = 1 and|LG(j! ) | can be approx-

imated as% 1 for ! $ ! bw, and# 0 for ! % ! bw. The cancellation path gainGcan(j! ), which is
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Figure 2.7: Bode plot of cancellation path transfer functionGcan(j! ) showing the cancellation
bandwidth, i.e., the frequency where the phase reaches -60deg.

the gain from the SSPD input to" out2 via the SSPD and NCB is given by

- can( 3! ) = - SSPD( 3! ) á- f ,NCB (2.4)

whereGf,NCB (in rad/V) is the voltage-to-phase gain of the variable-delay line in the NCB

WhenGf,NCB = 1/ Kf,SSPD, Gcan(j! ) can be approximated as 1 for! $ ! ref, and 0 for! % ! ref.

For C1 = C2 the magnitude and phase response ofGcan is shown in Fig. 2.7. Based on (2.2), the

effective noise cancellation bandwidth is calculated as! ref/ 7.8, i.e., the frequency where the phase

shift reaches -60 degrees.

We now derive two TFs for each noise source" name,n shown in Fig.2.6: one to" out1, called

TFname,1, and one to" out2, calledTFname,2.
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SSPD and REF noise contribution

0#sspd,1( 3! ) =
,- ( 3! )

1 + ,- ( 3! )

0#sspd,2( 3! ) = 0#sspd,1( 3! ) +
- can( 3! )

1 + ,- ( 3! )
(2.5)

Both the SSPD noise transfer functions for an! bw of ! ref/ 20 are shown in Fig. 2.8. At lower

! , the SSPD noise passes directly to both outputs without multiplication with N [21]. At higher! ,

the SSPD noise contribution toout1 is Þltered by the low-pass loop transfer function, but the SSPD

noise contribution toout2 is higher (for! > ! ref/ 10) due to the presence of the additional term

Gcan(j! )/( 1 + LG(j! )) stemming from the direct coupling of the SSPD noise toout2 via the feed-

forward path. At these frequencies! > ! bw, the additional term can be approximated toGcan(j! )

which has a magnitude response shown in Fig. 2.7. It is observed that even with this additional

coupling at high frequencies, the SSPD noise has negligible impact on the output phase noise as it
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is dominated by the VCO contribution at these frequencies (see Fig. 2.2).

The noise sources of the XTAL and the REF buffer both contribute to the noise in the refer-

ence clock (REF)" ref,n. The REF noise transfer functions areTFref,1(j! ) = / áTFsspd,1(j! ) and

TFref,2(j! ) = / áTFsspd,2(j! ). The TFÕs have the same shape as the SSPD TFs and only vary by a

factor of N. Because of this multiplication factor N, the REF contributes more noise than the SSPD

and ultimately limits the amount of attenuation that can be achieved by using the proposed FFNC

scheme.

VCO noise contribution

0#vco,1( 3! ) =
1

1 + ,- ( 3! )

0#vco,2( 3! ) = 0#vco,1( 3! ) (1 ! - can( 3! )) (2.6)

The VCO noise transfer functions for an! bw of ! ref/ 20are shown in Fig. 2.8. The VCO noise
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is suppressed by a factor of1 ! Gcan(j! ) at out2. TFvco,1 has a high pass response with! bw as its

cut-off frequency. The low-frequency roll off inTFvco,1 is determined by the PLL loop order.

The PLL loop architecture is generally limited to 2 integrators owing to stability issues making

a sharper in-band roll-off transfer function not possible. However with cancellation, a higher roll-

off is achieved inTFvco,2 as shown in Fig. 2.8. This results in higher attenuation of the VCO noise

atout2. This higher attenuation is achieved up to! ref/ 7.8 as predicted by the cancellation transfer

function (Gcan) analysis performed earlier (see Fig. 2.7). After! ref/ 7.8, there is a increase of about

2dB (upto! ref) in VCO contribution due to FFNC. This increase however is not a major concern

from a integrated jitter perspective as long as! ref is high enough to make the VCO phase noise

low at these frequencies.

Loop-Þlter noise contribution For modeling simplicity, the loop Þlter resistor noise is referred

to the VCO input (similar to [21]). This noise has the following transfer functions:

0#LF,1( 3! ) =
' vco/ 3!

1 + ,- ( 3! )

0#LF,2( 3! ) = 0#LF,1( 3! ) (1 ! - can( 3! )) (2.7)

the noise undergoes a suppression of1 ! Gcan(j! ) at out2, which can be leveraged to minimize

the PLL area. The loop-Þlter zero capacitorCF is typically the largest component [11] [12], so

to minimize area,CF has to be decreased whileRF
2 has to be increased to maintain the same

compensation zero location,Gm has to be decreased to maintain the same PLL loop dynamics.

However, this increases the noise contribution fromRF. However with the FFNC cancellation of

this resistor noise, the net noise contribution fromRF can be brought down back to the original

value. E.g, for the SSPD PLL parameters discussed earlier, the loop Þlter noise contribution for an

RF of 4K" and 20K" is shown in Fig. 2.9. The loop Þlter noise contribution peak for aRF of 4K"

is -125dBc/Hz. For anRF of 20K" the capacitor can be reduced by 5x, from 50pF to 10pF, but the

phase noise increases by 7dB atout1. However, thanks to the cancellation the noise contribution

2The designer has to take into account the increase in reference spur associated with increase inRF while designing.
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peak is brought down to -124dBc/Hz atout2 after FFNC as shown in Fig. 2.9. Therefore a PLL

using FFNC can be designed with a 5x smaller Þlter zero capacitor in comparison to a PLL without

FFNC.

Noise-cancellation-block contribution The NCB noise directly couples to the output and has

the transfer functionsTFncb,1(j! ) = 0 andTFncb,2(j! ) = 1. This calls for a NCB design whose

noise is non-dominant compared to other noise sources after cancellation.

Summary of noise cancellation and calibration The proposed FFNC technique reduces the

VCO noise with an effective BW of! ref/ 7.8, targeting the frequency band where the majority of

VCO noise contribution appears. In addition, the FFNC scheme also cancels the loop Þlter resistor

noise enabling the reduction of loop Þlter area without net noise penalty. The REF noise sets the

minimum achievable noise ßoor after cancellation and the reference crystal and buffer have to be

chosen appropriately for maximum performance. For successful noise cancellation it is essential

to have the cancellation path gainGcan = 1. To calibrate this gain, we utilize the supply noise

cancellation properties of this FFNC scheme discussed below.

2.4.3 Supply noise cancellation

A supply noise tone at a frequencyFcal results in side bands around the VCO frequency in the

output spectrum shown in Fig. 2.10. The SSPD extracts this spurs along with other noise present in

the VCO output and then cancels the spurs via the NCB resulting in power supply noise attenuation

(PSNA). The supply-noise transfer functions (Fig. 2.6) for a RO are:

0#sup,1( 3! ) =
' vco,vdd/ 3!
1 + ,- ( 3! )

0#sup,2( 3! ) = 0#sup,1( 3! ) (1 ! - can( 3! )) (2.8)

whereKvco,vdd is the voltage-to-frequency gain from the VCO supply to its output. It is observed

that the VCO supply noise contribution is also suppressed by a factor of1 ! Gcan(j! ) due to can-
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2.4.4 FFNC calibration

The SSPD gain termsKt,SSPD(in V/s) andKf,SSPD(in V/rad) are related as

Kf,SSPD= Kt,SSPD/ 21Fout. Also the NCB gain termsGt,NCB (in s/V) andGf,NCB (in rad/V) are re-

lated asGf,NCB = 21FoutGt,NCB. For effective cancellation both the time-domain and phase-domain

analysis show the same requirements i.e.,

Gt,NCB = 1/ Kt,SSPDor Gf,NCB = 1/ Kf,SSPD.

Therefore to achieve effective cancellation we apply a foreground calibration scheme to dig-

itally programGf,NCB that exploits the fact that the optimal phase noise and supply noise can-

cellation require the same condition, i.e.,- )6* # 1 or Gf,NCB = 1/ Kf,SSPD. During calibration, a

low-frequency test tone atFcal is applied to the supply (Fig. 2.10). The resulting spurs inout2 at

Fout ± Fcal are demodulated using an SSPD in the calibration circuit (Fig. 2.4). The calibration

residue atFcal is then correlated to the original test tone to determine the spur amplitude. A de-

cision block optimizes the NCB gain code setting for maximum cancellation of the supply spurs,

yielding the optimal setting for noise cancellation as well.
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This calibration can be performed at low frequency, e.g. 50kHz, since the goal is to calibrate

the FFNC gain but not the phase shift occurring at higher offset frequencies. In our work the

decision logic was implemented off-chip for testing ßexibility (see Sections 2.5 and 2.6), but this

approach can be easily implemented on chip. E.g., [15] implemented a loop with similar hardware

requirements on chip for supply noise cancellation calibration.

The resolution required for programmingGf,NCB depends on the amount of cancellation re-

quired from the FFNC. In our prototype, we target a phase noise cancellation better than 10dB,

leading to a precision requirement better than 30% (see Section 2.5).

2.5 PLL and FFNC circuit implementation details

This section gives the circuit design details of the PLL and FFNC building blocks and provides

simulation data based on a design in a standard 65nm CMOS GP technology with a 0.94V supply.

The chip diagram of the SSPLL with FFNC featuring the various sub-blocks is shown in Fig. 2.11.

2.5.1 Reference buffer

The REF buffer to buffer the XTAL output to drive the SSPD is designed as a 4-stage inverter

chain. Its typical simulated phase noise with a power consumption of 0.1mW is shown in Fig. 4.12.

In the FFNC scheme the REF is used to measure the noise and cancel it from the output making

the REF noise (multiplied byN2) the minimum achievable noise at the output after cancellation.

For this reason, it is advisable to keep the REF noise below the output phase noise being targeted

in the application. The REF buffer has a phase noise performance of -156.4dBc/Hz at 300KHz

offset making the minimum achievable phase noise after cancellation at 300KHz offset equal to

-122.8dBc/Hz.

2.5.2 SSPD and Transconductor design

The SSPD needs to sample the incoming VCO signal using the REF signal and generate a

voltage corresponding to the error in the zero crossing of the VCO. The VCO is initially sampled
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Figure 2.12: Schematics of RC pulser and AmpliÞer used to convert differential output of the
SSPD into a single ended voltage.

at the falling edge of REF by the switchsw1 and stored on to the capacitorC1 (Fig. 2.11). As

calculated in Section 2.2, with a sampling capacitor of 100fF the SSPD noise contribution becomes

negligible in comparison to the REF buffer contribution. To drive the NCB with this sampled

voltage, it has to be held on a separate node before the arrival of the positive edge of the REF

signal. This is done by sampling it with switchsw2 on to C2. The control signal forsw2 has to

be non-overlapping with REF to do this. Using a common non-overlap generator would introduce

additional noise in thesw1 sampling clock. This noise would be added to the REF path, that gets

multiplied byN2 and would be detrimental to the in-band noise performance of the PLL. For this

reason we use an open loop RC based pulser to generate the non-overlap clock forsw2. The pulser

takes the REF and passes it through a RC Þlter to obtain a delayed version of REF as shown in

Fig. 2.12. These two signal are now used to generate the pulse which is non-overlapping with

REF. Since this pulser takes the REF and produces the pulse in a open loop fashion, it does not
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Figure 2.13: Schematics of ring oscillator and the delay cell used in this design. The voltage to
frequency gain of the RO is also shown.

affect the noise performance of the REF which determines the in-band noise performance of the

PLL. Increasing the ratioC1/ C2 can be considered to increase the cancellation BW. However,

increasingC1 results in increased SSPD power dissipation sinceC1 is used to sample the VCO

clock. DecreasingC2 increases the clock feedthrough and charge injection fromsw2 leading to

larger reference spurs. In view of these trade-offs,C1 was chosen equal toC2 in this current

design.

The transconductor Gm schematic is shown in Fig. 2.11; the effective Gm is reduced by switch-

ing it on for only a short duration during each reference cycle using a pulse Pu whose on time is

controlled externally for testing ßexibility [21].

2.5.3 VCO design

The VCO is implemented as a Þve-stage RO. The delay stages are implemented as pseudo-

differential cross-coupled inverter stages [35] (Fig. 2.13). The inverter PMOS and NMOS (W/L)
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Figure 2.14: Schematic of the NCB. The NCB gain code is a 4 bit code used to set the gain of the
cancellation block.

are chosen to be (207m/0.27m) and (107m/0.27m) respectively to minimize noise. The VCO

frequency is controlled by varying the resistance of the NMOS transistor whose gate voltage is

controlled byVtune. This changes the RC time constant and the delay associated with each stage.

Its typical simulated phase noise with a power consumption of 3.5mW is shown in Fig. 4.12.

2.5.4 NCB design

The SSPD output is a differential signal obtained by sampling the differential VCO outputs.

This differential signalVsam is converted into a single ended voltageVctrl by using the ampliÞer

Ampd2s (Fig. 2.12). The NCB is a variable delay line, whose delay is controlled by the control

voltageVctrl that is fed to the current starved delay stages. Depending onVctrl, the current in the

PMOS and NMOS is changed, which in turn changes the delay of the stage. The NCB gainGf,NCB

is determined by the capacitance on the delay stage output node. As discussed in Section 2.4, the

attenuation requirement of about 10dB sets the accuracy with which this capacitance has to be
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tuned. In this design, we use a digital capacitor bankCb controlled by the 4 bit "NCB gain code"

to perform this tuning. The unit load capacitance inCb is realized using a NMOS with a (W/L)

of (47m/0.27m) as shown in Fig. 2.14. Fig. 2.15 shows the typical transient simulations of the

NCB. The output clock waveforms for various values ofVsam (SSPD output) have been plotted.

It can be seen that the zero crossings of the clock vary with respect toVsam thus providing the

controlled variable delay needed from the NCB. The variation of the delay as a function ofVsamis

also shown in Fig. 2.16. The typical simulated phase noise is shown in Fig. 4.12. As desired, the

phase noise of NCB at the output is lower than the REF noise contribution. It is observed that the

NCB becomes the dominant noise source only after hundreds of MHz offset frequencies. At these

frequencies, if the NCB noise is a hindrance to achieve very low noise ßoor, it is recommended

to use a simple band pass Þlter after the NCB to suppress the noise. An other approach can be to

increase the power consumption in the NCB to reduce the noise to the desired level. The typical

simulated NCB power consumption is 0.5mW.

2.5.5 Simulated PLL performance

To evaluate the performance of the 2.36GHz PLL with 49.15MHz reference, individual sub-

blocks of the PLL have been simulated at a typical process corner and temperature using Cadence

Spectre. The noise proÞles of the sub-blocks are then used in the phase-domain model derived

in Section 2.4 to generate the PLL phase-noise plot in MATLAB, shown in Fig. 4.12. After can-

cellation, the in-band PLL noise is dominated by the REF buffer and the out-of-band noise is

dominated by the VCO. The RMS jitter is reduced from 1010fs to 584fs. The phase noise at an

offset of 300KHz is reduced to -122.8dBc/Hz after cancellation and further attenuation is limited

by the REF noise ßoor (Fig. 4.12). It is observed that even with no NCB gain error, the attenuation

achieved at 300KHz is only 11dB. This is because further attenuation is limited by the reference

noise. This makes the RMS jitter after cancellation relatively insensitive to NCB gain error at small

values. The RMS jitter vs NCB gain error plot shown in Fig. 2.18. Even with an NCB gain error

as large as 30%, the FFNC still achieves a 1.5x jitter reduction and a phase-noise attenuation at
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Figure 2.17: Typical simulated phase noise proÞles of the VCO, REF buffer and NCB (see text
for component details). Simulated phase noise w/ and w/o cancellation showing a phase noise
reduction by 11dB to -122.8dBc/Hz at 300KHz after cancellation.

300kHz better than 8dB.

2.6 Experimental results

The test setup for the PLL along with the die photo is shown in Fig. 2.20. The DUT is controlled

with a serial to parallel (SPI) interface. The PLL output is taken off-chip using CML buffers. The

output of this buffers are fed into a 180 degree hybrid to extract the differential component that

is measured using a Agilent 4446A spectrum analyzer. The VCO tune voltage and the calibration

outputs are also monitored using voltage buffers.

The reference for the PLL is provided from a 49.15MHz Crystek CCHD-957-25 crystal oscil-

lator with a vendor speciÞed -168dBc/Hz noise ßoor with 3.3V supply. However, the crystal output

had to be Þrst attenuated to bring its swing down to 1.2V to be compatible with our prototype chip.

The PLL occupies an active area of0.022mm2, the area consumed by the sub-blocks is shown in

Fig. 2.19. The prototype consumes 5.86mW power in which 3.1mW is consumed by the VCO.
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Figure 2.19: Breakdown of the area consumed by the PLL sub-blocks.

At startup, the aux. PLL locks the VCO to the desiredFout and the VCO supply is adjusted to

center the tune voltage to VDD/23. After this, the auxiliary path is switched off by toggling the

"Aux en" bit and the SSPD path is enabled. The SSPD loop BW is set by adjusting theGm pulser

width by varying the voltageVpu,ctrl as shown in Fig. 2.20. To perform the NCB gain calibration,

3In the current prototype the supply adjustment is done off-chip for testing ßexibility, but in a production design
this can be achieved with an automatic coarse frequency tuning loop.
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Figure 2.20: Diagram of the test setup and die photo with layout in inset.

a 0.3mVpp test tone of 50KHz is applied onto the VCO supply using a decoupling capacitor and

the calibration output, Calib. residue, is monitored for the residual tone at 50KHz. As the NCB

gain code is swept the calibration output is observed and the code value which gives the minimum

Calib. residue is determined and set for the remainder of the test.

2.6.1 Phase-noise measurement

The measured phase noise w/ and w/o cancellation is shown in Fig. 2.21 (top). At an offset

of 300kHz, the phase noise is attenuated by 10.2dB from -113.3dBc/Hz to -123.5dBc/Hz. The

jitter integrated from 1KHz to 100MHz reduces from 890fsRMS to 633fsRMS with cancellation.

The PLL achieves anFOMjitter [39] of -236.3dB with cancellation. The measured phase-noise

attenuation is in good agreement with the simulation result as shown in Fig. 2.26 (chip3).

2.6.2 Performance across output frequency and supply variation

The supply voltage,VDDana, for the Ref. buffer, SSPD loop and the NCB is varied by 13%

from 0.935V to 1.065V. The output jitter at 2.36GHz w/ and w/o cancellation is shown in Fig. 2.21

(bottom). It is observed that the jitter after cancellation is below 710fsRMS across supply varia-

42



1.97 2.36 2.75
-237

-234

-231

0.93 1 1.07
600

700

800

900

!"#$%&'%())&*+#'
,-./01$2+**(34

!"$%&'%())&*+#'
,56601$2+**(34

7/869:;<%"=>$
?$6@@A=>

/@98;<

PLL output frequency (GHz)
1.97 2.36 2.75

F
O

M
jit

te
r

-237

-234

-231

w/o can. w/ can.

BCC&'& ,B4 DEE$#F*GF*$,H=>4

IJ
K

2+
**

(3
,;<

4

LK
M

$2
+

**
(3

$,
01

4

Figure 2.21: Measured phase noise w/ and w/o cancellation showing a RMS jitter reduction from
891fs to 633fs (top). Measured RMS jitter (vs) supply voltage andFOMjitter (vs) output frequency
(bottom).

tion. Over the 1.97 to 2.75 GHz tuning range, aFOMjitter of -235dB or better is maintained after

cancellation (Fig. 2.21 (bottom)).

2.6.3 Reference-spur measurement

The PLL output spectrum shown in Fig. 2.22 has reference spurs of -60.2dBc w/o cancellation

and -55.2dBc w/ cancellation. The additional coupling of the reference toout2 via the NCB is

the likely source of the degradation in reference spur. An additional spur at an offset of 4Fref at

-48.7dBc w/o and at -48.4dBc w/ cancellation is also observed.
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2.6.4 Power-supply sensitivity measurement

Generally in an SoC environment the PLLs RO is provided with a dedicated low drop-out

regulator (LDO) [35]. Therefore to test the supply sensitivity of the PLL, a small tone of 1mVpp at

Fsup frequency is applied at the RO supply node directly. This results in spurs at the the oscillator

output at an offset frequency ofFsup. The spurs are measured w/ and w/o cancellation and their
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Figure 2.23: Measured VCO power supply noise attenuation with a 1mVpp noise tone: (a) PLL
output spectrum w/ and w/o cancellation showing the power supply noise attenuation (PSNA)
due to cancellation for a 100kHz noise tone; (b) Measured PSNA vs. noise tone frequency and
comparison with the results obtained from the phase-domain model for various NCB gain error
values.

difference represents the achieved power supply noise attenuation (PSNA). The output spectrum

plot showing a PSNA of 19.5dB for a 100KHz tone is shown in Fig. 2.23(a). The frequencyFsup is

now varied and the measured PSNA vsFsup is shown in Fig. 2.23(b). The PSNA obtained from the

phase domain model for varying NCB gain errors is also shown. From (2.8) it can be seen that very

high cancellation can be achieved at low frequencies if the NCB gain is exactly equal to1/ Kf,SSPD
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and as the error increases, the attenuation comes down. The phase-domain model predicted PSNA

for various values of NCB gain error is also shown in Fig. 2.23(b) for comparison.

2.6.5 Measurements across multiple samples

Chip number
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tte
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Figure 2.24: Measurements from multiple samples showing RMS jitter w/ and w/o cancellation
across samples.

To determine the variation in performance across multiple samples, a total of 7 chips were

tested. At the measurement startup, calibration is run to determine the optimal NCB gain code

for each sample. The gain code determined by the calibration scheme and corresponding jitter

numbers are shown in Fig. 2.25(inset). Fig. 2.25 also shows the jitter measured (vs) NCB gain

code. The phase-noise attenuation curves measured across samples demonstrate good agreement

with each other as shown in Fig. 2.26. The jitter numbers across samples, w/ and w/o cancellation

are shown in Fig. 2.24. A minimum of 633fs and maximum of 692fs jitter were recorded across
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Figure 2.25: Measurements from multiple samples showing NCB Calibration - output jitter af-
ter cancellation as a function of NCB gain codes. The code determined by calibration and the
corresponding jitter numbers are shown in inset.

samples.

2.6.6 Comparison to the state of the art

The PLL performance summary is shown in Table 2.1. A signiÞcant performance improvement

has been obtained over the earlier FFNC RO PLL [10]. Fig. 2.27(a) shows the jitter vs. power plot

for state-of-the-art integer-N RO PLLs that can be driven from a crystal oscillator [10, 29, 30, 40,

41, 42, 43, 44, 45, 23]. The presented PLLwithout cancellationhas anFOMjitter of -233.3dB and is

on par with other state-of-the-art RO PLLs. Howeverwith cancellation,theFOMjitter improves by

3dB to -236.3dB. State-of-the-art LC PLLs still offer a betterFOMjitter (see Fig. 2.27(b)), however

they require signiÞcantly larger area. The presented PLL opens up new perspectives for replacing
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Figure 2.26: Measurements from multiple samples showing Phase-noise attenuation achieved with
cancellation across samples.

LC PLLs in area-constrained SoC applications. In addition to an excellent jitter performance, the

presented PLL also offers a power supply noise attenuation of up to 20dB
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Table 2.1: Comparison to the state-of-the-art integer-N RO PLLs.
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Figure 2.27: Comparison to the state-of-the-art integer-N PLLs: (a) power (vs) jitter comparison
with other RO PLLs; (b)FOMjitter (vs) area comparison including LC PLLs.
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Chapter 3: Sub-Sampling Phase Detector based Auxiliary Feed-Forward

Noise Cancellation

3.1 Background

In the previous chapter, we explored a FFNC technique that relied on the SSPD output (inside

the PLL loop) to obtain the noise information for cancellation as shown in Fig. 3.1(a). However,

this method is limited to a SSPD based PLL. For the FFNC scheme to be applicable to other PLLs,

a dedicated auxiliary SSPD can be used outside the PLL loop to extract noise information and use

it for cancellation. The main challenge in using this auxiliary FFNC (AFFNC) method is to align

the VCO clock and the sampling clock. Only with proper alignment, the VCO zero-crossing can

be sampled to extract the jitter information.

In [46], a replica SSPD is used in the AFFNC to achieve this alignment as shown in Fig. 3.1(b).

As the PLL locks SSPD1 inputs, this guarantees the replica SSPD2 inputs are also aligned. This

method, however, has the same limitation of using an SSPD in both the main PLL loop and AFFNC

for matching, restricting its usage to only SSPD PLL architectures.

3.2 Proposed auxiliary FFNC scheme

The above mentioned limitation can be addressed by aligning the VCO clock to the sampling

clock as shown in Fig. 3.2. The bufferBUFalign provides the appropriate delay to make sure that

the sampling clockREFA is aligned without1 edge. However the delay provided byBUFalign

can vary with PVT and result in misalignment ofREFA andout1. To achieve precise sampling, the

delay provided byBUFalign must be controlled dynamically using a negative feedback system. This

feedback can be achieved by observing the SSPD sampled voltage (Vsam) as shown in Fig. 3.3(a).

The sampling voltage depends upon the alignment ofREFA andout1 as shown in Fig. 3.3(b). If
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Figure 3.1: (a) SSPD based FFNC scheme using SSPD output for noise cancellation [32] and (b)
State-of-the-art auxiliary FFNC scheme [46] using an auxiliary SSPD to extract and cancel noise
in a SSPD based PLL

out1 rising edge arrives beforeREFA rising edge,Vsam is greater than VDD/2. In the other case

whenout1 rising edge arrives just afterREFA rising edge,Vsamis less than VDD/2. Based on this

analysis,Verror (Vsam-VDD/2) denotes the error in alignment of the two edges. Now integrating

this error voltage producesVadj which controls the delay inBUFalign. After this loop locks,REFA

andout1 are aligned andVsam settles to a steady state value of VDD/2. A similar technique has

been proposed in [47] to align the REF edges for spur reduction.
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Figure 3.2: Proposed Sub-Sampling Phase Detector based auxiliary FFNC scheme.

3.3 AFFNC design methodology

A typical Type-II PFD/CP RO PLL phase noise illustration is shown in Fig. 3.4. The RO

noise performance is much lower than the REF, which is true in most cases where the REF is

derived from a clean XTAL. At offset frequencies much lower than the PLL BW, the phase noise

is dominated by the REF and loop components. As the offset frequency increases, the RO starts

to dominate. The AFFNC scheme targets to cancel this RO noise. The lower and higher bounds

of this cancellation BW shown in Fig. 3.4 are determined by the AFFNC alignment loop BW and

the cancellation path delays respectively. Further analysis of this cancellation BW is done using a

phase domain model in the next section.

3.4 Modeling and BW determination of AFFNC alignment loop

The phase noise model of this AFFNC scheme is shown in Fig. 3.6. The phase noise before

and after cancellation are denoted by" out1 and" out2 respectively. Before we analyze the individ-

ual noise contributions to" out1 and" out2, we deÞne commonly used functions and observe their

behavior as a function of frequency. This analysis is similar to the FFNC analysis done in the

previous chapter but provided again for the sake of completeness.

An ideal SSPD can be modeled as a sample and hold circuit. The SSPD transfer functionGSSPD
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Figure 3.3: (a) Proposed AFFNC with feedback control for alignment ofout1 andREFA (b) Timing
diagram showing values ofVsamdepending on the alignment ofout1 andREFA.

and the alignment loop gain are:

- SSPD( 3! ) = ' f ,SSPD
sin

"
1! / ! ref

#

"
1! / ! ref

#
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,- a!nc ( 3! ) =
' 8

3!
á- f ,buf á/ á- sspd

The cancellation path gainGcan(j! ), which is the gain from the VCO output to" out2 via the SSPD

and NCB is:

- can( 3! ) = ' f ,SSPD
sin

"
1! / ! ref

#

"
1! / ! ref

# á- f ,NCB (3.1)

whereGf,NCB (in rad/V) is the voltage-to-phase gain of the variable-delay line in the NCB

WhenGf,NCB = 1/ Kf,SSPD, Gcan(j! ) can be approximated as 1 for! $ ! ref, and 0 for! % ! ref.

The magnitude and phase response ofGcan is shown in Fig. 3.5. Based on similar analysis done

in the SSPD based FFNC, the effective noise cancellation bandwidth is the frequency where the

phase shift reaches -60 degrees. Fig. 3.5 shows that this phase shift is reached at! ref/ 3.3 thus

setting a higher bound on the cancellation BW.

The transfer functions of various noise sources to" out1 and" out2 are derived in this section to

analyze the beneÞts and limitations of the AFFNC scheme. We now derive two TFs for each noise
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Figure 3.5: Bode plot of cancellation path transfer functionGcan(j! ) showing the cancellation
bandwidth i.e., the frequency where the phase reaches -60deg.

source" name,n shown in Fig.3.6: one to" out1, calledTFname,1, and one to" out2, calledTFname,2.

3.4.1 VCO noise contribution

The VCO noise transfer functions are given below

0#vco,1( 3! ) =
1

1 + ,- ( 3! )

0#vco,2( 3! ) = 0#vco,1( 3! )
$
1 !

- can( 3! )
1 + ,- a!nc ( 3! )

%
(3.2)

#

&''''(

''''
)

0#vco,1( 3! ), when,- a!nc % 1

0#vco,1( 3! ) (1 ! - can( 3! )) , when,- a!nc $ 1
(3.3)

It is observed that at low frequencies when the alignment loop has high gain, the VCO noise is

not suppressed, but once the alignment loopÕs gain reduces, the VCO noise is reduced by a factor of

1 ! Gcan(j! ). The transfer functions for a PLL loop BW of! ref/ 20 are shown in Fig. 3.7.TFvco,1
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Figure 3.6: Phase-domain model of the AFFNC scheme with individual noise sources.

has a high pass response with! bw as its cut-off frequency. The low-frequency roll-off inTFvco,1 is

determined by the PLL loop order.

As discussed earlier, the PLL loop architecture is generally limited to two integrators owing

to stability issues making a sharper in-band roll-off transfer function not possible. However with

cancellation, a higher roll-off is achieved inTFvco,2 as shown in Fig. 3.7. This results in higher

attenuation of the VCO noise atout2. This attenuation is achieved up to! ref/ 3.3 as predicted by

theGcan analysis performed earlier (see Fig. 2.7). After! ref/ 3.3, there is a increase of about 2dB

(up to ! ref) in VCO contribution due to AFFNC. This increase, however, is not a major concern

from an integrated jitter perspective as long as! ref is high enough to make the VCO phase noise

low at these frequencies.

Cancellation BW It is observed that the cancellation occurs in the frequencies whereLGa!nc $

1 andGcan # 1 i.e., ! < ! ref/ 3.3. By careful design of a low BW AFFNC loop, the cancellation
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Figure 3.7: Magnitude plot showing the transfer functions for Reference (before cancellation -
TFref,1 and after cancellation -TFref,2) and VCO (before cancellation -TFvco,1 and after cancella-
tion - TFvco,2) and PFD/CP (before cancellation -TFPFD/ CP,1 and after cancellation -TFPFC/ CP,2).

BW can be maximized and used to cancel the VCO noise in the area of interest. For the remainder

of discussion we deÞne the cancellation BW as the frequencies whereLGa!nc $ 1 andGcan # 1.

3.4.2 PFD/CP noise contribution

The noise transfer functions of the PFD/CP (referred to the PLL input) are given below

0#PFD/ CP,1( 3! ) = / á
,- ( 3! )

1 + ,- ( 3! )

0#PFD/ CP,2( 3! ) = 0#PFD/ CP,1( 3! )
$
1 !

- can( 3! )
1 + ,- a!nc ( 3! )

%
(3.4)

#

&''''(

''''
)

0#PFD/ CP,1( 3! ), when,- a!nc % 1

0#PFD/ CP,1( 3! ) (1 ! - can( 3! )) , when,- a!nc $ 1
(3.5)
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TFPFD/ CP,1 shown in Fig. 3.7 is a low pass transfer function as expected. Inout2 at very low! ,

when the AFFNC loop gain is high,TFPFD/ CP,2 = TFPFD/ CP,1. In the cancellation BW, we observe

noise cancellation up to! ref/ 3.3.

3.4.3 Reference noise contribution

The REF noise contribution is different from the PFD/CP noise contribution as it has a direct

feed-forward path via the AFFNC toout2. The transfer functions are given below

0#ref,1( 3! ) = / á
,- ( 3! )

1 + ,- ( 3! )

0#ref,2( 3! ) = 0#ref,1( 3! )
$
1 !

- can( 3! )
1 + ,- a!nc ( 3! )

%
+

/.- can( 3! )
1 + ,- a!nc ( 3! )

(3.6)

#

&''''(

''''
)

0#ref,1( 3! ), when,- a!nc % 1

0#ref,1( 3! ) (1 ! - can( 3! )) + /.- can( 3! ), when,- a!nc $ 1
(3.7)

Both the REF noise transfer functions for a! bw of ! ref/ 20 are shown in Fig. 3.7. At lower! ,

the REF noise passes directly to both outputs. At higher! , the REF noise contribution toout1 is

Þltered by the low-pass loop transfer function of the PLL loop, but the REF noise contribution to

out2 is higher (for! > ! ref/ 20) due to the presence of the additional termN.Gcan(j! ) stemming

from the direct coupling of the REF noise toout2. By choosing a low noise REF, this noise can be

non-dominant in the area of interest.
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3.4.4 SSPD noise contribution

0#sspd,1( 3! ) = 0

0#sspd,2( 3! ) =
- can( 3! )

1 + ,- a!nc ( 3! )

#

&''''(

''''
)

0, when,- a!nc % 1

- can( 3! ), when,- a!nc $ 1
(3.8)

As expected the SSPD contributes additional noise toout2 as shown above. However this contri-

bution can be made non-dominant by properly designing the SSPD which is know to provide very

low-noise contribution [21].

3.4.5 BUFalign noise contribution

0#buf,1( 3! ) = 0

0#buf,2( 3! ) =
/ á- can( 3! )

1 + ,- a!nc ( 3! )

#

&''''(

''''
)

0, when,- a!nc % 1

/ á- can( 3! ), when,- a!nc $ 1
(3.9)

The noise contributed byBUFalign to out2 is N áGcan(j! ). In the cancellation BW, this means

the buffer noise gets multiplied by N. Though this multiplication by N seems similar to a generic

PLL situation where the reference buffer noise gets multiplied by N, the one key difference is the

absence of the PLL loop low pass TF. As the buffer noise gets directly coupled toout2, careful

design is required to make sure the noise remains non-dominant until the termGcan Þlters it at high

frequencies. This noise performance is very much achievable in a AFFNC scheme applied to a RO
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PLL as the RO noise is very high compared to the buffers noise.

3.4.6 AFFNC integrator noise contribution

0#int,1( 3! ) = 0

0#int,2( 3! ) =
- NCB( 3! ) á,- a!nc ( 3! )

1 + ,- a!nc ( 3! )

#

&''''(

''''
)

- f ,NCB( 3! ), when,- a!nc % 1

0, when,- a!nc $ 1
(3.10)

It is observed that the integrator contributes noise only at low frequencies with a gain ofGf , NCB

whenLGa!nc % 1. By careful choice of a low AFFNC loop BW and low noise integrator, this

noise can be made non-dominant.

3.4.7 NCB noise contribution

The NCB noise directly couples to the output and has the transfer functionsTFncb,1(j! ) = 0

andTFncb,2(j! ) = 1. Similar to the SSPD based FFNC analysis done earlier, this calls for a NCB

design whose noise is non-dominant compared to other noise sources after cancellation.

3.5 Phase noise performance

The PN model developed above is used to predict the PLL phase noise in MATLAB (Fig. 3.8).

The PLL with a REF of 50 MHz has an output frequency of 2.4GHz. The VCO is modeled to

have a PN performance of -85dBc/Hz at 1MHz offset. The phase noise of this RO is about 15dB

higher compared to the one presented in the previous chapter. This choice has been made to lower

the power consumption of the RO at the cost of increased noise. However, the AFFNC scheme

reduces this noise later and results in low noise after cancellation. Also the FFNC scheme tends

to work better when the noise to be canceled is higher (compared to other noise sources in the
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Figure 3.8: MATLAB model generated phase noise of the PLL before and after AFFNC showing
a 2.9x decrease in integrated jitter.

system) as it makes it easy to extract, process and cancel the target noise. The REF is modeled

based on a typical 50MHz Crystek XTAL with PN performance of -168dBc/Hz at 1MHz offset.

The individual noise contributions toout1 and out2 are also shown. The PLL integrated jitter

reduces by 2.9x from 3.9ps to 1.3ps with cancellation. It is observed that there is attenuation until

17MHz(# ! ref/ 3.3) as expected. The estimated power consumption of the AFFNC block based on

the prototype presented in Chapter 2 is 1.1mW (0.5mW each for the SSPD and NCB).

3.5.1 AFFNC performance with PLL loop BW variation

The model used to generate the PN plot in Fig. 3.8 has been used to evaluate the AFFNC

performance across the PLL loop BW. Fig. 3.9 shows that the main PLL jitter increases as we

decrease the loop BW, as expected. However, after AFFNC, the jitter is relatively constant across

the PLL BW. This offers the designer a choice to lower the PLL BW (for reference spur and

stability improvement) while still maintaining the jitter performance.
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Figure 3.9: Integrated jitter before and after AFFNC as a function of PLL loop BW. It is observed
that after AFFNC, the jitter performance is relatively constant across the PLL loop BW.

3.6 Motivation for Double sampled AFFNC

As discussed above, the cancellation BW of the AFFNC scheme is limited to! ref/ 3.3 (Fig. 3.5)

due to the delay associated with the sample and hold action of the SSPD. This delay introduces

an additional shift at higher frequencies minimizing the cancellation achieved by AFFNC. One

possible solution to reduce this delay is to sample the VCO clock at a higher rate, which can be

done by utilizing the falling edge of the REF (which was previously not used). In an ideal REF

clock with a 50 % duty cycle, it is guaranteed that the falling edge of REF is also aligned with a

zero-crossing of a VCO edge, thus allowing it to be sampled. However, this is not the practical

case where the REF duty cycle can change due to various reasons like mismatch in the pull-up

and pull-down mechanism of the REF buffer. Therefore the falling edge also requires its own

alignment loop as discussed below. This proposed scheme utilizes both the edges of REF and is
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Figure 3.10: Proposed Double-sampled AFFNC utilizing both the edges of the REF. There are
two AFFNCÕs clocked by REF and REFB whose outputs are multiplexed to generateVsamfor the
NCB.

thus named as Double-sampled AFFNC (DS-AFFNC).

3.6.1 Architecture of DS-AFFNC

The proposed DS-AFFNC architecture is presented in Fig. 3.10. The DS-AFFNC consists

of AFFNC1 and AFFNC2 clocked by REF and REFB respectively. As shown in Fig. 3.11, the

alignment loop in AFFNC1 aligns the rising edge ofREFA (derived from rising edge of REF) to

sampleout1. The output of the sampler isVsam1 which is updated at every rising edge of REF.

Similarly in AFFNC2, the alignment loop aligns the rising edge ofREFBA (derived from falling

edge of REF) to sampleout1. The output of the sampler isVsam2which is updated at every falling

edge of REF. Now using a mux.,Vsamis generated fromVsam1andVsam2as shown in Fig. 3.11.

As Vsam is updated at2! ref, the delay associated with the noise extraction and cancellation

path is half compared to an individual AFFNC (with an update rate of! ref). At frequencies where
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Figure 3.11: Timing diagram of the DS-AFFNC showing various time-domain waveforms.

LGa!nc $ 1, the DS-AFFNC works similar to an AFFNC that is clocked by a reference of2! ref.

Hence the TFÕs for the VCO, REF noise developed earlier can be reused in this frequency range

after updating the cancellation transfer function with a new oneGDS,can shown below

- DS,can( 3! ) = ' f ,SSPD
sin

"
1! / 2! ref

#

"
1! / 2! ref

# á- f ,NCB

The noise transfer function plots for the REF, VCO, and PFD/CP in a DS-AFFNC system are

shown in Fig. 3.12. The transfer functions for an AFFNC scheme are also shown for comparison.

The attenuation achieved (in VCO noise) is higher for DS-AFFNC in comparison to AFFNC. It is

observed that the REF noise contribution atout2 increases in DS-AFFNC compared to AFFNC.

However, this is not an issue (from a jitter perspective) as long as the REF noise is very low at

these frequencies. This is observed in the phase noise plot shown in Fig. 3.13. The individual

noise contributions for the DS-AFFNC are also shown in Fig. 3.13. For comparison, the curves
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Figure 3.12: Magnitude plot showing the transfer functions for AFFNC and DS-AFFNC. The
transfer function for Reference (before cancellation -TFref,1 and after cancellation -TFref,2) and
VCO (before cancellation -TFvco,1 and after cancellation -TFvco,2) are shown.

with only the AFFNC are also shown. At an offset of 3MHz, the AFFNC reduces the phase noise

by 15dB, whereas the DS-AFFNC reduces the noise by 20dB. The PLL has a jitter of 3.9ps atout1

and atout2, with AFFNC the jitter is reduced to 1.3ps, and with DS-AFFNC the jitter is reduced to

1ps. The estimated power consumption of the DS-AFFNC block based on the prototype presented

in Chapter 2 is 2.2mW (1.1mW for each AFFNC).

The performance of AFFNC and DS-AFFNC as a function of the REF Frequency is shown

in Fig. 3.14. It is observed that DS-AFFNC provides the same jitter performance compared to a

AFFNC scheme with a lower REF frequency.
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3.7 Conclusions

The AFFNC and DS-AFFNC schemes discussed above perform noise cancellation in a feed-

forward manner in an RO PLL to improve its jitter performance. They provide a solution that is

outside the PLL loop and can help relax the need for high loop BW in an RO PLL. By achieving

low jitter with a lower PLL loop BW, the reference spur and stability of the PLL can be improved.

Also, it can be seen in Fig. 3.14 that the noise performance of a traditional RO PLL with 50MHz

XTAL can be achieved by an AFFNC PLL using only a 9MHz XTAL or DS-AFFNC PLL using

only a 6MHz XTAL. This opens up the possibility of designing low jitter RO PLLs with a cost-

efÞcient low-frequency XTAL.

68



Chapter 4: Sub-Sampling Phase Detector based Type-I PLL

4.1 Background

The main PLL performance metrics are area, jitter, reference spurs, and tuning range. Ring

oscillator PLLs have good performance in terms of area and tuning range but have poor jitter

performance. The jitter in the PLL can be broadly classiÞed as random jitter (RJ) arising from

device noise manifesting itself as phase-noise sidebands around the carrier, and deterministic jitter

(DJ) arising due to periodic disturbances which can be caused from the reference clock and shows

up as reference spurs. To reduce the total jitter, both the phase noise and reference spurs in the

PLL output need to be reduced.

We explore various design trade-offs and constraints to achieve a very low phase noise, low

reference spur, and low area RO PLL. The chapter is organized as follows. Section 4.2 reviews

the merits and shortcomings of the existing PLL architectures. Section 4.3 gives a brief overview

of sub-sampling phase detector (SSPD) based PLLs [21, 22, 18, 23, 24, 25, 26, 27, 28]. In Sec-

tion 4.4 we explain the working of the proposed Type-I SSPD PLL. The phase-domain model of

the PLL with various noise sources is presented in Section 4.5. Section 4.6 and Section 4.7 discuss

the circuit implementation and measurement results. The comparison to the state of the art and

conclusions follow in Section 4.8.

4.2 Brief review of PLL architectures

4.2.1 Type-II vs. Type-I architecture

PLLs can be broadly classiÞed into Type-II (Fig. 4.1(a)) and Type-I (Fig. 4.1(b)) based on the

number of integrators in the PLL feedback loop. Generally in a Type-II RO PLL, the major area
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Figure 4.1: Typical block diagram of (a) Type-II PLL and (b) Type-I PLL.

contributor is the integrating capacitor present in the loop Þlter [11] [12]. For example, in a PLL

with a 3MHz bandwidth (BW) the size of the capacitor needed is in 100Õs of pF [48]. Reference

spurs typically arise due to mismatches the charge pump (CP). This calls for careful calibration

of the CP current sources to achieve acceptable levels of reference spurs. Or, the spurs can be

decreased by decreasing the PLL BW but at the price of increased loop Þlter capacitor size and

larger RO noise contribution.

In a PLL, the RO noise is high pass Þltered with the PLL BW as itÕs cut off frequency. To better

suppress the RO noise, the PLL BW needs to be increased. Type-II PLLs contain two integrators,

one from the RO and one from the charge pump (CP)/loop Þlter (LF), that affect the stability; the

loop BW is practically limited toFref/10 (GardnerÕs limit) [2] whereFref is the reference frequency.

The availability of high performance crystal oscillators is limited to about 100MHz creating an

obstacle to achieve very high BW. Various alternate design techniques to reduce the jitter that

operate outside the PLL loop like feed-forward noise cancellation [32], or cascaded delay lock

loop (DLL) [30] have been developed. In this work, we focus on developing design techniques
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that alter the core PLL loop to achieve low noise and can be used in conjunction with the above

mentioned techniques.

To achieve a higher loop BW, one can switch from a Type-II architecture to Type-I (Fig. 4.1(b)).

The Type-I loop has only one integrator, namely the RO, and as a result, it can achieve high loop

BW without stability issues generally associated with Type-II PLLs. A key challenge in the Type-I

architecture is obtaining a clean VCO tuning voltage. Typically, an XOR PD is used with a rail-to-

rail output signal; DC voltage information required to tune the VCO is encoded in the duty cycle

of the PD output. This DC voltage is extracted from this rail-to-rail signal by Þltering with an RC

Þlter. Due to the limited suppression provided by the RC Þlter, there is a considerable amount of

ßuctuation in the VCO tuning voltage resulting in high reference spurs.

4.2.2 Recently proposed architectural improvements

To eliminate the need for a large loop-Þlter capacitor in a Type-II PLL, a time-integrator (TI)

based loop Þlter (LF) has been proposed in [11] (Fig. 4.2(a)), but the PLL still has high phase

noise and large reference spurs. An SSPD Type-II PLL with a TI based LF [12] can reduce the

phase noise, but the reference spur performance remains a concern (Fig. 4.2(b)). As mentioned

earlier, Type-I RO PLL with a large BW suffer from very high reference spurs, because the limited

attenuation provided by the RC loop Þlter is limited. In [29] (Fig. 4.2(c)) a sampling loop Þlter

is used to provide a relatively steady output voltage and notch Þlters atFref and 2Fref to further

suppress the spurs.

We demonstrate that using a Type-I PLL with an SSPD avoids the large integrating capacitor

while still using an analog loop Þlter, so that low area, low reference spurs, and low phase noise

and jitter can be uniquely achieved all at the same time. The low noise of the SSPD stems from its

high gain [21] in comparison to traditional PDs.
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Figure 4.2: Comparison of the features of the proposed Type-I sub-sampling phase detector (SSPD)
PLL with alternate design approaches.

4.3 Sub-sampling phase-detector based PLLs

In a traditional XOR-PD PLL (Fig. 4.3(a)) the VCO output is divided by using a frequency

divider to obtain the feedback signal DIV. The PD then compares DIV and the reference, REF, to

generate the voltageVpd with the error information encoded in the pulse widths (see Fig. 4.3(a)).

The loop Þlter then ÞltersVpd to generate a DC voltageVpd,avg used to tune the VCO. Now, to

calculate the PD gain, letÕs assume a timing error! T at the VCO output. The average PD output

Vpd,avg is 2Vddá! T/ Tref and the phase-to-voltage gain from the VCO output to the PD output
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The gain is low due to the presence of the 1/N factor, which appears due to the fact that the pulse

generated by the XOR PD is proportional to the timing error and this pulse is averaged over the

entire reference period (Tref). Due to this 1/N term, the input-referred PD noise gets multiplied by

N2 when it shows up at the PLL output. For N=24, theN2 noise gain results in a 28dB enhancement

of noise from this block.

The SSPD ([21]) (Fig. 4.3(b)) has been proposed to alleviate this. The sampler samples high

slew rate VCO signal using the REF. Assume the PLL has reached steady state and the SSPD

always samples a constant voltage. Now to calculate the SSPD gain, letÕs assume a! T change in

the zero-crossing of the VCO output with a slew rate ofSBUF. The voltage sampled changes by

! Vsampequal toSBUF á! T. The phase-to-voltage gain from the VCO output to the SSPD output

KSSPDis then:
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21
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WhereTrise is the rise time of this signal. It is observed that the SSPD gain does not contain the 1/N

factor found in the XOR PD gain derived earlier. This is due to the fact that the sampled voltage

is held for the entire reference cycle making the average value is equal to the sampled voltage.

To obtain a high gain, the slope of the VCO signal needs to be high, or in other words the rise

time of the VCO signal has to be low. The noise from the SSPD sampling switch is calculated as

-137dBc/Hz (using [21]) for a smallCsam of 50fF and aKSSPDof 0.2V/rad andFref of 100MHz.

With such low SSPD noise, the noise in REF, which is multiplied byN2, becomes the dominant

in-band noise contributor. The REF noise varies with the quality of the crystal, but a standard

available -160dBc/Hz crystal yields an in-band noise of -132dBc/Hz for an N=24.

It is interesting to note that only one rising edge of the VCO gets sampled every REF cycle.

As shown in Fig. 4.3(b) and Fig. 4.4, the VCO rising edges between the Þrst REF rising edge and

the second REF rising edge do not get sampled and can be eliminated without any impact on the
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Figure 4.4: Time-domain waveforms of critical signals.

SSPD output. Therefore not only the VCO but also a divided version of the VCO can be used as

the SSPD input provided it has the same slopeSBUF [49]. While using the divided version of the

VCO for sampling, care must be taken that the noise introduced by this divider is negligible in

comparison to the VCO noise.

4.4 Type-I PLL with sub-sampling phase detector

As discussed earlier, the main reason for the high reference spur in XOR PD based Type-I

PLL is the presence of rail-to-rail swing at the PD output. We propose using a sub-sampling PD

(SSPD) that samples the high slew rate signal from the VCO and directly provides a steady DC

output voltage for feedback control [50] [20]. This sampled voltage can directly tune the VCO,

and low reference spurs can be achieved. Our type-I SSPD based RO PLL (Fig. 4.2(d)) achieves
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(i) low area, as the integrating capacitor is eliminated; (ii) low RMSjitter, thanks to the high BW

achieved by the type-I architecture which suppresses the RO noise, and low PD noise contribution

resulting from the high gain of the SSPD; and (iii) low reference spurs, due to the sampling action

and high gain of the SSPD.

SSPD PLLs avoid frequency dividers but need a frequency-locked loop (FLL) to guarantee

lock to the correct reference harmonic. In the proposed architecture (Fig. 4.8), a digital FLL tunes

the VCO center frequency (the digital code generated by the FLL loop controls a DAC that in

turn tunes the VCO delay cell) for correct lock and also helps to overcome the limited acquisition

range associated with Type-I PLLs. The VCO output is divided by two before it is sampled by the

SSPD using the REF clock. This signiÞcantly reduces the SSPD power consumption. As discussed

earlier in Section 4.3, this divider does not impact the gain of the SSPD as long as the slew rate of

the signal is maintained.

One more issue that plagues Type-I PLLs is the static phase offset. In an XOR-based Type-I

PLL, the static phase offset is determined by the DC voltage needed by the VCO to achieve the

frequency lock. This can result in pretty large offsets comparable to the REF clock period. In the

case of the sampling PD, the DC voltage needed by the VCO is achieved by sampling the VCO

clock edge [20]. The two extreme cases being one when the DC voltage needed by the VCO is

close to ground and the PLL locks the VCO such that the REF is aligned to the starting position of

the VCO rising edge, the other extreme being the DC voltage needed by the VCO is close to VDD

and the PLL locks the VCO such that the REF is aligned to the ending position of the VCO rising

edge. This means the static offset can be at max the rising time of the VCO clock edge, which is in

the order of the VCO clock period. This makes the sampling PD a better choice compared to the

XOR-PD from a static phase offset point of view in a Type-I PLL.
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Figure 4.5: Phase-domain model of the SSPD PLL.

4.5 Phase-domain analysis of the proposed PLL

The phase domain model for the PLL is shown in Fig. 4.5. The SSPD block is modeled using

the model provided in [21]. The loop gain (LG) is calculated as

,- (. ) = ' @@ABáE$F(. ) á5:E (. ) á
' ()$, ? 8*+

.
(4.1)

WhereKSSPDis the dc phase-to-voltage gain of the SSPD,Hop is the transfer function of the 1x

voltage buffer used in the SSPD, ZOH is the sinc transfer function arising from the sample and hold

action of the SSPD and has notches at the reference and its harmonic frequencies. As expected for

a Type-I PLL, the loop gain with a -20dB/dec slope as shown in its bode plot (Fig. 4.6). The PLL

with unity gain bandwidth (UGB) of 15MHz yields a phase margin of 58deg. The individual noise

transfer functions are presented below

4.5.1 Noise transfer functions

The transfer function from the input reference phase and its noise" ref,n to the PLL output is

given by

" $%&

" >+ ? ,*
= / á

,-
1 + ,-

(4.2)
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Figure 4.6: Loop gain of the SSPD PLL.

It is observed that the reference noise is multiplied by N similar to a traditional PLL. Now calcu-

lating the SSPD noise transfer function, we get

" $%&

" ..F=,*
=

,-
1 + ,-

(4.3)

As it does not contain the multiplication factor of N, its noise contribution is non-dominant in

comparison to the reference noise. The VCO noise transfer function is given by

" $%&

" ()$,*
=

1
1 + ,-

(4.4)

The VCO noise is high pass Þltered with the cut-off as the PLL bandwidth similar to a traditional

PLL. In contrast to Type-II PLL, the VCO noise has limited attenuation in-band due to the Þrst

order loop. This might result in limited suppression of ßicker noise and needs to be taken care.

The DAC resistor noise has a transfer function
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(4.5)
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Figure 4.7: Reference spur modeling of (a) XOR PD based Type-I PLL and (b) SSPD based Type-I
PLL.

It is observed that by increasing the value of capacitance, the DAC noise can be Þltered. For this

reason, a compact 1pF DAC capacitor realized using MOS capacitors is used in this design.

4.5.2 Reference spurs

The periodic disturbance that result in reference spurs can be modeled as! V applied at the

input of the VCO as shown in Fig. 4.7. We now analyze the reference spur TFs for a XOR PD PLL

and SSPD PLL with equal UGB(! u) for fair comparison. When analyzing the spurs occurring at

an offset frequency of! ref, it is reasonable to assume that the loop gain of the PLL is very low and

the spur transfer function can be analyzed as if the VCO was in open loop. For the XOR PD Type-I

PLL, even after the notch Þlters suppress the voltage disturbance seen by the VCO, any residual
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disturbance has a transfer functionTFspur,XOR given by
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For the SSPD Type-I PLL the transfer function is
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The ratio of transfer functions is given by
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It is observed that the ratio contains a factor N that results in SSPD Type-I PLL having smaller

spurs compared to a traditional XOR PD Type-I PLL.

4.6 Circuit implementation

4.6.1 Ring oscillator

The RO is designed as a 5-stage oscillator using pseudo-differential delay stages [35] shown in

Fig. 4.9(a). The inverter PMOS and NMOS (W/L) are chosen to be (167m/0.27m) and (87m/0.27m)

respectively to minimize noise. The VCO frequency is controlled by varying the resistance of the

NMOS transistor whose gate voltage is controlled byVtune. This changes the RC time constant and

the delay associated with each stage. Its typical simulated phase noise with a power consumption

of 3.4mW is shown in Fig. 4.12.

The RO has a Þne-tuning port that controls two delay stages. This port is driven by the SSPD

to phase lock the PLL. The gain of this path,Kvco,Þne is 75MHz/V. The RO also has a coarse

tuning port, which drives the remaining three stages and is tuned by the FLL to control the RO

center frequency. The locking range of the SSPD path isKvco,Þne(Vmax-Vmin) or 75MHz/V x

(0.9V-0.35V) = 41MHz (Fig. 4.4).
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Figure 4.8: Schematic of the proposed PLL.

In the present design, the supply of the RO is varied to tune the center frequency of the RO from

2GHz to 3.2GHz. It is advised that in a future design, a temperature compensation mechanism is

added to the RO to make sure it stays locked with the present SSPD locking range of 41MHz.

4.6.2 REF buffer design

The REF buffer that buffers the XTAL output to drive the SSPD is designed as a 2-stage inverter

chain. Its typical simulated phase noise multiplied byN2 with a power consumption of 0.5mW is

shown in Fig. 4.12.
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generator used in the SSPD.

4.6.3 SSPD design

The SSPD needs to sample the incomingVCOby2,buf clock and derive a steady voltage. This

signal is Þrst sampled by switchsw1 onto a capacitorCsam. Now this held capacitor voltageVsam

needs to be re-sampled whensw1 is off. To do this,Vsamis sampled by switchsw2 onto capacitor

C2 using a non-overlap clock. The non-overlap generator takes the reference and passes it through

an RC delay stage to obtain a delayed version of REF as shown in Fig. 4.9(c). These two signals

are now used to generate the pulse which is non-overlapping with REF. Since this pulser takes the

REF and produces the pulse in an open loop fashion, it does not affect the noise performance of
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the REF.

If we directly sampleVsam ontoC2, there is charge sharing between the capacitors that intro-

duces a low-pass transfer functionTFdel that can be modeled similar to [29]

0#=+H=
1

1 + 3!
4 !"# #ref / 42

+(! 31! / ! ref ) (4.9)

It is observed that the pole frequency is directly proportional toCsam/ C2. To increase the pole

frequency beyond the loop BW, in [29] highCsam/ C2 ratio is chosen. This straightforward ap-

proach however presents special challenges in a SSPD detector namely (i) If we increaseCsam, the

sampler power consumption goes up as it samples a high frequency signal (in this case 1.2GHz),

(ii) If we decreaseC2, the clock feed through and charge injection insw2, a periodic disturbance

is introduced in SSPD output which results in PLL reference spurs. To mitigate this issues, we

introduce a unity-gain voltage follower betweenCsamandC2 that avoids the charge sharing. While

designing this voltage buffer, its BW needs to be much higher than the PLL loop BW to avoid

phase margin degradation. With the introduction of the buffer, a smallCsam of 50fF is chosen

taking the noise performance into consideration and aC2 of 2pF occupying only 257mx457m is

chosen to minimize the reference spur. The cadence transient simulation showing the SSPD output

is presented in Fig. 4.10. It is seen that there is 0.4mVp-p disturbance in the SSPD output due to

the charge injection and clock feed through.

4.6.4 Slope control buffer design

The gain of the SSPDKSSPDdepends on the slope of the input signal it samples. To control this

slope, theVCOby2 is passed through a slope-control buffer that is realized as a current-starved delay

stage. In this buffer, the output rising edge slew rate depends upon the size of the PMOS current

source. Larger the size, higher is the slope, and vice versa. The PMOS size is controlled in a binary

fashion using the slope control bits with unit elements of size (W/L)127m/60nm(Fig. 4.9(b)). The

simulated value ofSBUF as a function of the control bits is shown in Fig. 4.11. It is observed that
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Figure 4.10: Simulated transient waveform of the SSPD output showing periodic disturbances
which cause reference spurs.

the slope of the output is dependent on the supply voltage of the buffer. It is desired that this

voltage is well regulated to minimize variation after the initial calibration of the PLL.

4.6.5 FLL design

The FLL consists of an N/2 frequency divider that divides theVCOby2 signal by the correct

divide ratio and compares it with the REF frequency to determine the frequency error. In the

current prototype, this comparison is made off-chip for testing ßexibility, but this function can be

easily realized on-chip with negligible area and power overhead using counters. The FLL control

block generates the digital code (CDAC) to control the 5-bit thermometer resistive DAC that drives

the coarse tuning port of the VCO. At start-up, the VCO Þne-tuning port is disconnected from

the SSPD and connected to a DC voltageVdc (Fig. 4.8). Once the FLL sets the DAC code, the

SSPD path is connected to the VCO Þne-tuning port. The SSPD output settles toVlock (Fig. 4.4)

and phase locks the PLL. At the DAC output a capacitor (# 1F#) is placed to minimize the noise

from the DAC resistors. The capacitor is realized as a MOS cap. The leakage of this capacitor

does not introduce reference spurs, as in the classic case of a PFD/CP loop Þlter capacitor. This

84



Slope ctrl code
1 2 3 4 5 6 7 8

S
lo

pe
 (

G
V

/s
)

1

2

3

4

5

6

Figure 4.11: Simulated slew rate of the slope control circuit as a function of the slope control bits.

is because the leakage results in a small DC offset in the DAC output and does not introduce a

periodic disturbance as in the PFD/CP case.

4.6.6 Simulated noise performance

The noise proÞles for the individual components were simulated using Cadence Spectre and

inserted in the phase-domain model with a PLL BW of 15MHz in MATLAB to obtain the output

phase noise plot shown in Fig. 4.12. It is observed that the REF buffer contribution is less than -

120dBc/Hz from 1KHz offset frequencies. The RO noise is high pass Þltered, but still it dominates

in band due to its Þrst order response. The integrated RMS jitter from 1KHz to 100MHz is 315fs.

4.7 Experimental results

The PLL prototype is fabricated in 65nm CMOS GP with an active area of 0.008mm2 (Fig. 4.13).

The breakdown of the area consumed by the sub-blocks is shown in Fig. 4.15. The 100MHz PLL
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Figure 4.12: Simulated phase noise of the SSPD PLL.

reference is provided by a Crystek CCHD-950 crystal oscillator. At 2.4GHz the PLL consumes

6.1mW from 1.2V, out of which 3.1mW is consumed by the VCO.

The test setup for the PLL is shown in Fig. 4.14. The DUT is controlled with a serial to parallel

(SPI) interface. The PLL output is taken off-chip using CML buffers and fed into a 180 degree

hybrid to obtain the differential component that is measured using an Agilent 4446A spectrum

analyzer. The divider output DIV is taken off chip and given to the FLL control logic to generate

the correct DAC code to coarse tune the VCO during the startup.

4.7.1 Startup and VCO characterization

During startup, the SSPD loop is disconnected and the VCO Þne-tune port is connected to a

DC voltage of VDD/2 (0.6V). After this, the FLL loop is enabled and the appropriate DAC code

is determined. The measured VCO output frequency as a function of the Þne-tune port and the

DAC codes are shown in Fig. 4.16(a) and Fig. 4.16(b) respectively. The gain of the Þne-tune port

Kvco,Þne is measured as 75MHz/V and the FLL path characterization shows it has about 4MHz

per code resolution. The output frequency vs. DAC code is ßat until 9 codes as the DAC voltage
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controls an NMOS switch and it needs to get past a certain threshold voltage to alter the delay

offered by the RO cell. After the FLL locks, the SSPD path is enabled and the loop gain LG is

adjusted to obtain a loop BW of 15MHz.

4.7.2 Phase-noise measurement

The measured phase noise is shown in Fig. 4.17. The in-band phase noise is -122.6dBc/Hz at

1MHz offset. The RMS jitter obtained by integrating the phase noise from 1KHz to 100MHz is

422fs. The corresponding PLL FoMjitter is -239.7dB.
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Figure 4.16: Measured VCO characteristics, output frequency as a function of the (a) VCO Þne
tune voltage; (b) DAC code.
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Figure 4.17: Measured PLL phase noise demonstrating 422fs RMSjitter corresponding to an
FoMjitter of ! 239.7dB.

4.7.3 Reference spurs measurement

The PLL output spectrum shown in Fig. 4.18) records reference spurs of -64.2dBc at an offset

frequency of 100MHz.

4.7.4 Performance across carrier frequency

The RMSjitter and FoMjitter measured across output frequencies from 2 to 3.2GHz are shown

in Fig. 4.19. The FoM varies between -238.8dB and -239.7dB.
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Figure 4.18: Measured wideband PLL output spectrum showing! 64.2dBc reference spur perfor-
mance.

4.7.5 Performance across variations

The PLL has relatively constant RMSjitter and FoMjitter performance when its 1.2V analog

supply is varied by +/-50mV (Fig. 4.20). For this experiment the separate VCO supply was kept

constant at 1.02V, since in an SoC application the VCO would be supplied from a dedicated LDO

and is not expected to experience a +/-50mV variation.

To emulate the impact of a variation of the VCO center frequency after initial FLL tuning, the

VCO supply was varied by 10mV corresponding to a 41MHz center frequency shift, which resulted

in the SSPD lock to various DC voltages from 0.35V to 0.9V. The corresponding RMSjitter and
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Figure 4.19: Measured FoMjitter and jitter across PLL output frequencies.
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Figure 4.20: Measured jitter performance at 2.4GHz w.r.t the analog supply voltage.

reference spur variations are shown in Fig. 4.21. This variation in SSPD lock voltage can be used

to track the VCO center frequency in a future implementation. By tracking the tuning voltage, the

FLL code can be changed to bring back the tuning voltage to around VDD/2.
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Figure 4.21: Measured RMSjitter and reference spurs at 2.4GHz w.r.t VCO tuning voltage.

4.8 Comparison and Conclusions

A recent work [20] in Type-I SSPD based PLL also uses similar core concepts presented in this

work. Unlike in this case where a RO is used, in [20] an LC oscillator is used and a large loop BW

is not required to achieve good phase noise. This results in different design approach of the SSPD

and the interface between VCO and SSPD. The need for high BW in a RO PLL needs to have a

SSPD with minimal phase-to-voltage delay and has been addressed in this work by using a voltage

buffer as shown in Fig. 4.8.

Table 4.1 gives comparison to the state-of-the-art RO PLLs. It is observed that most of the

state-of-the-art RO PLLs have good performance in one or two of the three categories, i.e., area,

RMSjitter, and reference spur. Our PLL, however, achieves very good performance in all three

categories concurrently, owing to its Type-I SSPD architecture. The FoMjitter and area plot com-

paring the various state-of-the-art RO PLLs is shown in Fig. 4.22. It is observed that our PLL has

an outstanding FoMjitter among the very low area PLL category and has the lowest area among the

very low jitter PLL category. The proposed RO PLL achieves low area by switching to a Type-I

architecture to avoid an integrating capacitor; it uses an SSPD instead of a traditional PD to achieve
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Table 4.1: Comparison to the state-of-the-art integer-N RO PLLs.

૚𝐅𝐨𝐌𝐣𝐢𝐭𝐭𝐞𝐫 ൌ ૚૙ 𝐥𝐨𝐠૚૙
𝐑𝐌𝐒𝐣𝐢𝐭𝐭𝐞𝐫

૚𝐬

૛ 𝐏𝐨ܟ𝐞𝐫
૚𝐦𝐖

[Z.Huang] 
ISSCC'16

[Nagam] 
CICC'17

[Kim]   
ISSCC'16

[Coombs] 
ISSCC'17

[Kong] 
ISSCC'15

[Seong] 
VLSI'17

[Chuang] 
ISSCC'17

[J.Zhu] 
ISSCC'16 This work

Low jitter Low jitter

Very low area

Low spur Low spur

Architecture
Cascaded 

PLL
SSPD 
FFNC

MDLL w/ 
Ref. 

doubler

ILM w/ Ref. 
doubler

Type-I   
PLL

Samp. LF 
Type-I

SSPD w/ 
time based 

LF

Time based 
LF

SSPD      
Type-I

Techology (nm) 65 65 28 65 45 65 65 65 65

Voltage (V) 1.2 0.935 NA 1 1 1.2 1.2 1 1.2

Osc. type Ring Ring Ring Ring Ring Ring Ring Ring Ring

Reference 
(Fref) 

(MHz) 67.74 49.15 75 125 22.6 47 192 275 100

Tuning 
range 

(GHz) 1.1-2.1 2-2.8 NA 2.5-5.75 2.0-3.0 NA 1.1-3.5 0.4-2.6 2-3.2

Area (um2) 43,000 22,000 24,000 90,000 15,000 47,000 4,900 2,100 8,008

Output (GHz) 2.1 2.36 2.4 5 2.39 3.008 2.3 2.2 2.4

Divide ratio 31 48 32 40 106 64 12 8 24

Power (mW) 3.8 5.9 1.5 5.3 4.0 4.6 4.6 1.8 6.1

Ref. spur (dBc) -45 -55.2 -51.4# -45# -65 -71 -37 -40.5 -64.2

Phase noise 
@ 1MHz off.

(dBc/Hz) -108.3 -119.1 -115 -115.94 -113.8 -121.6 -114.43 -102.83 -122.58

RMS jitter  
(Integ. Range)

(ps)
(MHz)

1.05
(0.001-50)

0.63
(0.001-100)

0.7 
(0.001-40)

0.34
(0.01-40)

0.97
(0.001-200)

0.357 
(0.001-80)

0.72
(0.01-100)

3.73
(0.01-300)

0.422
(0.001-100)

FOMjitter
1 (dB) -234 -236.3 -241.3 -242.4 -234.1 -242.3 -236.2 -226 -239.7

*- calculated from values 
# - spur at 2Fref ,   NA - Not available 

low jitter and to reduce the reference spurs. Among RO PLLs with sub 1007mx1007m area, our

PLL achieves an outstanding FoMjitter and the lowest reference spurs.
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Chapter 5: Conclusions and Future Work

There is a continuous demand for the design of PLLs with low jitter, low spurs, and wide

tuning range while consuming minimal area and power. The need for low area and wide tuning

range makes RO based PLLs very attractive. However, they come with their own set of challenges

like high noise and susceptibility to supply noise. This thesis focuses on developing various design

techniques that can be applied to RO PLLs to improve the above-said drawbacks. To be more

speciÞc, SSPD based techniques have been explored as the low noise, and high gain of the SSPD

can be leveraged to reduce the high RO noise.

5.1 Summary

This dissertation starts with a brief introduction of PLLs. The basic building blocks used in

PLLs like the PD, VCO, divider, etc. were discussed along with their characterization. The phase-

domain models of these blocks were used to construct the phase-domain model of the PLL. The

various noise transfer functions from individual noise sources (REF, PD, VCO, DIV, etc.) have

been derived and discussed. The Type-I and Type-II PLL architectures were introduced with a

brief discussion of their advantages and limitations. The remaining thesis presented three different

architectures to improve the various PLL performance metrics like the jitter, spurs, area, etc. in RO

based PLLs.

Chapter 2 discussed an SSPD based feed-forward noise cancellation (FFNC) in a Type-II RO

PLL. The FFNC scheme leverages the available SSPD in the loop to extract the noise present

in the VCO output with high sensitivity. Noise cancellation is performed with a variable delay

line after the PLL, resulting in an FFNC solution with minimal power and area overhead. The

cancellation also reduces the loop Þlter noise enabling a reduction of the ÞlterÕs area, which makes
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up a signiÞcant portion of the RO-PLLÕs area footprint. The FFNC scheme also reduces the supply

noise induced jitter relaxing the LDO requirements of the PLLs. A 65nm CMOS prototype was

presented, which showed a 1.4x reduction in jitter and 19.5dB power supply noise (at 100KHz

offset).

In Chapter 3, an auxiliary FFNC (AFFNC) scheme which performs the noise extraction and

cancellation outside the PLL loop was discussed. As the noise extraction is done outside the PLL

loop, a separate alignment loop has been proposed for robust noise extraction. The chapter also

discusses a Double sampled AFFNC (DS-AFFNC) that uses both the rising edge and falling edge

of the REF for noise extraction. As the noise extraction occurs at twice the REF frequency, the

delay associated with the cancellation path reduces, thus improving the cancellation BW. Theo-

retical models developed in MATLAB predict a 2.9x and 3.9x jitter reduction for the AFFNC and

DS-AFFNC schemes, respectively.

In Chapter 4, an RO PLL combining a Type-I architecture and an SSPD is presented. The main

drawback of a traditional XOR-based PD is the rail-to-rail output coming from the PD. This voltage

needs to be Þltered to derive a steady-state voltage that drives the VCO. For low reference spurs, a

very low BW Þlter is needed, which restricts the achievable PLL BW. This can restrict the RO noise

suppression by the PLL loop. As an alternative, an SSPD with sample-and-hold action generates a

steady-state voltage to drive the VCO directly, achieving low reference spurs. The wide-bandwidth

Type-I loop and low-noise SSPD helps in achieving low jitter. Another advantage of this architec-

ture is that it avoids using large capacitors like the integrating capacitor (in a conventional Type-II

PLL loop Þlter) or the RC loop Þlter capacitor (in a conventional low BW XOR-based Type-I PLL)

resulting in very low area. A 65nm CMOS prototype has been demonstrated with low active area

(0.008mm2), low jitter (422fs) and low reference spurs (-64.2dBc).

5.2 Future research

The work presented in this thesis leads to several topics for future research.

One requirement of the proposed FFNC scheme is that it needs calibration of the NCB gain to
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match the SSPD gain. The SSPD gain is directly proportional to the slope of the SSPD input clock.

Further research can be conducted to design an RC circuit based buffer to control this slope based

on its RC time constant. On the other hand, an RC based variable delay can be used in the NCB

whose voltage-to-delay conversion gain is determined by its RC time constant. This combination

can ensure that the SSPD gain and NCB gain track over PVT and provide effective cancellation

over PVT and can eliminate calibration altogether.

It is observed that in a Type-I SSPD RO PLL (using a very low noise XTAL), the in-band noise

is also dominated by the RO (Fig. 4.12). This is because the Type-I loop acts as a Þrst-order high

pass Þlter for the RO phase noise providing insufÞcient suppression. The FFNC scheme presented

in Chapter 2 can be used here to suppress this in-band noise and improve jitter performance.

Further investigations can be done to see if the AFFNC technique can be applied with this

Type-I loop that is already using the FFNC. By careful design of the feedback loop, the SSPD in

the main PLL loop can lock and extract VCO noise using the positive edge of the REF, and the

AFFNC can use the negative edge of the REF to extract VCO noise. Similar to the DS-AFFNC

technique, multiplexing these two sampled voltages can yield a voltage that is updated at twice the

REF frequency. As discussed in Chapter 3, this can reduce the delays in the cancellation path and

improve the cancellation BW, thus improving the jitter.
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