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Abstract

A 10 GHz all digital frequency synthesizer with dynic digital loop filter
Is presented. Governed by:a locking process moKitBM), the digital loop
filter is automatically reconfigured during the dreency acquisition and phase
tracking process. Also, the“loop bandwidth is selfusted to a moderate
bandwidth as the loop settles to phase and frequenk. With less than fisec
locking time, the measured rms jitter from a 9.92z&arrier is less than 1 ps. A
skew-compensated phase accumulator is proposetiidor speed operation,
which preserves the advantages of low power dissipavhile eliminating the
accumulated timing skew issue. Implemented in ara@CMOS technology, the
core area is only 0.352 mimand the chip size including bonding pad is
0.902mm. The ADPLL core consumes 7.1 mW from a 1V supplyd the
digital 1/0 cells drains 2.7 mW from a 3.3V supfidy chip measurement.
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Chapter 1 Introduction

1.1 Motivation

1.1.1 Introduction of Frequency Synthesizers

Frequency synthesizers are the key building bldoksmost of the modern
electronic and communication systems, includingiorateceivers, mobile
telephones, and satellite receivers. The basic gfoalfrequency synthesizer is
to generate a periodic signal with a given freqyesned phase relationship with
respect to a reference signal. The generated cligelal can be served as clock
source for processors, transmit:clocktin, high speath interfaces, sampling
clock for analog to digital convertar, and localcilator signal for wireless
transceiver which mixes the signal of interest tdifferent frequency. Many
approaches of frequency synthesizers have beeseatkwver the years, such as
phase-locked loops (PLLs), direct digital syntheddDS), and frequency
mixing. Among different approaches of frequencytbgsizer, most state of the
art high-performance frequency synthesizers aredas the phase-locked
loops technique.

A phase-locked loop is a frequency control systath negative feedback.
By sensing the phase difference between the fekdpath of a controlled
oscillator and the input reference signal, a PLhegates a signal with the phase
that has a fixed relation to the phase of a refaxesignal. It responds to both the
frequency and the phase of the reference signalaamomatically raises or
lowers the frequency of a controlled oscillatoriluatitput signal is matched to

the reference in both frequency and phase. A Pl lma used to generate a

1



Reference Clock Output Clock

f f
(frer) __ Phase (four)
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(fre=fout/N) Feedback

Frequency |=
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Fig. 1-1 Block diagram of a phase-locked loop

signal, modulate or demodulate a signal, reconstausignal with less noise, or
multiply or divide a frequency.

The basic structure of a phase-locked loop istified in Fig. 1-1 [1],
which consists of a controlled oscillator, a phieguency detector, a loop filter,
and a feedback frequency dividéer.“In"this architexta controlled oscillator
generates a periodic signal:with- a: frequengy: tletermined by the value of
controlled oscillator input. The output clock ividied by a feedback frequency
divider having a frequency:d=four/N, where N is the divided ratio of the
frequency divider. A phase frequency detector casgpéhe phase or frequency
difference between the feedback clock and a rederetock, having a frequency
frer. The output signal of phase frequency detectockbkarries the frequency
or phase error information is then processed lmop filter. The abrupt changes
in the error information generated by phase frequedetector are then
smoothed out by loop filter. Finally, the output tbie loop filter feeds to the
controlled oscillator and adjusts the frequengy Df the output clock. The loop
reaches a steady state condition wherg=freAN, and the given relationship
between the output clock and reference clock isbéished if the loop is

properly designed.



The design of the CMOS integrated PLL based RFhggaiters remains
one of the most challenging tasks in communicasiggtems because they must
meet the strict requirements of low-cost, low-pgweonotonic implementation
while also meeting the noise and transient speatibos. In general, a frequency
synthesizer design can be evaluated by the follgwonsiderations: Phase noise
or jitter performance, spurious noise performarfoequency hopping speed,
tuning bandwidth, rejection of supply or substratgse, chip area, power
consumption and portability for the design to tfan$o a different technology
node. However, there exist complicated design tcdffeamong these criteria
mentioned above. Therefore the requirements thaynéhesizer must fulfill
depend heavily on the specific application.

The conventional PLL based RF synthesizer is ugumaide as an analog
building block. As the feature size of the CMOShteamlogy becomes smaller,
the low-voltage deep-submicrometer-digital CMOScpss allows more and
more digital circuits to be integrated-in‘a single@p with higher operation
frequency while consuming less power due to smakkeasitic capacitance and
lower supply voltage. The analog circuits, howedergs not benefit much from
the scaling of the CMOS devices. Indeed, the smallage headroom, high
leakage current and the noisy environment on a 3QxRe the design of
high-performance synthesizers more and more diffidthus, many research
efforts recently focus on the digitally intensivedgitally assisted approach of
the RF synthesizer [2]-[4]. Next, a descriptiontloé target application and its

requirements on the synthesizer will be given.



1.1.2 Target Application and its Requirements

The rapidly growing volume of data transfer in telsnmunication networks has
motivated the widespread usage of the optical connration, which permits
transmission over longer distances and at hightr @des than other forms of
communication channels. Fig. 1-2 shows the bloelg@dim of a generic optical
communication system [5].

At the transmit side, the input parallel data rstfconverted to serial data
by the serializer. Since the output of the seralinay suffer from nonidealities
such as jitter and inter-symbol interference (I$hHe serial data is resampled by
a flip-flop triggered by the clock multiplicatiomi (CMU) before the signal is
sent to the laser driver. The output of retimahen amplified to drive the laser
diode. Finally, the optical signal isigeneratedtihy laser diode and guided by
the optical fiber.

At the end of the fiber, a-photodiode senses tite knd produces electrical

Laser
Laser Diode
Retimer Driver
Input Data —»{ Serializer [—»| DFF
D\
t 1
)
Clock
i
Crystal &5 [Multiplication
Oscillator T—__| Unit Otical
ptica
Fiber J

@» /\
b b CDR || Deserializer |—» Output Data
Photodiode y

Recovered
Clock

Fig. 1-2 Block diagram of optical transmitter aedeiver.
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current signal to the transimpedance amplifier (TIA high gain limiting
amplifier (LA) follows the TIA and generates outmignal with large voltage
swing to provide logical levels. In order to perfosynchronous operations such
as retiming and deserializing on the random da&réceiver side must generate
a clock. The task of generating such a clock fraput data and retiming the
data are performed by the clock and data recovecyit (CDR). Finally, the
original parallel data is reproduced by the deteea

The clock multiplication unit has been selectedastarget in this thesis.
In the synchronous optical network (SONET) standdné data rate of the
bitstream carried by the digital signal is defitgcthe optical carrier (OC) level.
For example, the SONET OC-192 is a network lindrwiansmission speeds of
up to 9953.28 Mbit/s. Another major design constlen is the output jitter
performance. The SONET specifications impose oupaak-to-peak and rms
jitter at the transmitter optical interface-below 0l and 0.01UIl when integrated
between 50 kHz and 80 MHz. These. correspond to a0gslps for an OC-192
carrier. The goal of this work is to design a freqcy synthesizer which
generates a low jitter 10 GHz clock satisfying tSONET OC-192

specifications.

1.2 Overview of Thesis

The thesis is organized as follows. In chapterh®, conventional analog PLL
implementations and the state of the art digitafjfiency synthesizers will be
shortly addressed with comments on systems andnaémy trend. The

proposed all-digital phase locked loop (ADPLL) atetture and its operation

principle will be presented.



In chapter 3, we make some investigations on tmauwyc of the ADPLL.
The conditions for stability and the expressionlaxdking range will also be
derived. To obtain the noise transfer functionhef kboop, a linear model for the
ADPLL is introduced. The output phase and jittelt e analyzed with the help
of the linear model.

Chapter 4 starts with the top level block diagramtte ADPLL. The
implementation details of the most important bungdblock, namely the phase
detection circuits, the digitally controlled osattbr and the high speed
frequency divider, will be described.

In chapter 5, the experiment setup and the measmtenesults of the
implemented prototype will be presented. Finallypréef conclusion of this

work is given in chapter 6.



Chapter 2 ADPLL Architecture

2.1 Architecture of BBPLL

2.1.1 Analog PLL

A great majority of high performance analog PLL based on the charge-pump
PLL structure [5]. The structure of the charge-pupi is shown in Fig. 2-1.
The phase frequency detector (PFD) estimates thseptiifference between the
reference clockgkr and the divided-by-N voltage controlled oscillafMCO)
clock f-g by measuring the time difference between theisedd edges and
generates either an Up or a:Down pulse with widibpprtional to the time
difference measured. The-=current pulse generatedhbycharge pump is
converted into the control voltage of the.VCO & libop filter. The main task of
the loop filter is to suppress the glitches introell by the charge pump on every
phase comparison instance. The loop automatic adjus VCO control voltage

by the feedback mechanism, so that under lockeditomns, the average output

Charge Pum

Up ; Loop Filter ~ VCO

............. : four=freexN

r—»

fre,—»1 PFD

.............

Frequency Divider

1/N -

Fig. 2-1 Typical charge-pump-based PLL.
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frequency establishes an exact relationship todfezence input frequency.

With proper design of the loop parameters, the goerénce of the
charge-pump PLL can meet the requirements of @iffieapplications including
Ethernet receivers, disk drive read/write channeisieless transceivers,
high-speed memory interfaces. Unfortunately, bigallelnges to the
implementation of low-jitter analog synthesizere aoming from future system
and technology trends.

The explosive growth of today’s telecommunicatioarket has brought an
increasing demand for low cost, reduced power aopson and more
functionality of the silicon chip. These requirert'enare driving an
unprecedented degree of integration of digital andlog circuitry on the same
die forming what is known as System-on-Chip (SoC).

As the technology paradigm shifts into-the nanoem&@MOS arena, the
advanced process presents-theinew.integration toites but complicates the
implementation of traditional’*RE..and analog cirsuitFor example,
charge-pump-based PLL implementations in the debmgron CMOS may
encounter capacitor leakage, current mismatch/iamid dynamic range under
low supply voltage, leading to higher noise flooidaspurious tone emission.
Moreover, the high degree of integration allows endigital switching noise to
be coupled into the high-precision analog sectimough the power supply
network and the low-resistance substrate. Thisatkgy the noise signal to noise
ratio of the analog circuit and the problem getsssawith the scaling down of
the supply voltage.

On the other hand, migrating to the digitally irdme frequency
synthesizer can benefit from the advantages ofdigeéal design, including

robustness against process-voltage-temperature )(R¥fation and substrate
8



noise, higher flexibility of the loop filter desigfast design turnaround cycles,
ease of testability, smaller silicon area and pesser dissipation, which can get
better with each process node. Consequently, Higinsive or digital

assistance approached of the frequency synthedmsars drawn tremendous
research efforts recently [2]-[4]. In next sectisome of the state of the art all

digital synthesizer will be illustrated.

2.1.2 All-Digital PLL

Due to the lack of the low-jitter digitally conttetl oscillator (DCO), all digital
PLLs really took off in practical high-performan&d- applications in the past
decade. Recently, a digitally controlled oscillatwhich deliberately avoids any
analog tuning voltage controls, was. first ever enésd in [2] for RF wireless
applications. The phase domain ADRLL which uses EICO is also reported in
[3]. Its block diagram is shown in Fig. 2-2. Exegit phase noise performance
and fine frequency resolution is-achieved through ltC-tank based DCO and

high-spee®A dithering. The variable phase[R is determined by counting the

Pulse filter

data ylk]
> _b_ *
Reference Digitally-
phase Phase DCO gain controlled PA
accumulator detector Loop filter normalization oscillator
Channel + +
Frequency E RglkL T d[k] RF out
Command Word A _jl i NTW) Rnw 0T
(FCW) (Fow)

Koco
Oscillator
phase

accumulator
le|

RI o R

I 1
e . ﬂ—“ 3

|

|
FREF ——¢ ; “R E

DCO period
normalization

Fractional error correction

Fig. 2-2 Block diagram of the ADPLL architectur@posed in [3]
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number of rising clock transitions of the DCO dstdr clock, while the

reference phase gfK] is obtained by accumulating the frequency comda
word (FCW) with every rising edge of the retimederence clock CKR. The
phase error is resolved by subtractingiRfrom Rg[k] and then filtered by a
digital loop filter. Finally, the output of the fidr is fed to the normalized DCO to
adjust the output frequency.

Due to the edge counting nature, the quantizagsolution is limited by
the DCO clock period. For wireless applicationginar resolution is required.
This is achieved by using the time to digital camee(TDC), which measures
the fractional time difference between the refeeenlock and the next rising
edge of the DCO clock. It has a resolution of glgnnverter delay, which is
better than 40ps in the deep-submicrometer CMOSess In order to
accomplish good phase noise.performance; greatroast be taken with the
TDC layout matching and the accuracy-of the DCQOogenormalization factor
for the output of TDC.

In [4] an all digital bang-bang PLL (BBPLL) with sgad-spectrum
capability is presented for the application of meynmntroller. The structure of
the BBPLL is addressed in Fig. 2-3, where the phafgmation between the
reference clock Fref and the feedback clock Fdestemated by a simple binary
phase detector (BPD). Its operation is equivalerd bne bit quantizer for the
phase error. Since the BPD is sensitive only to poérity of the phase
information, it may suffer from long locking timeitiv large initial frequency

error.

10



Fdiv

DIGITAL LOOP FILTER l

Fref

D Q

1
I bandsel<1:0>

L Loop Filter Reset
STARTUP | startup<3:0>

Fig. 2-3 Block diagram of the digital BBPLL arclatare proposed in [4].

According to the method of the phase sensing, th@IA. can be roughly
classified into two major categories: linear phas¢ection and binary phase
detection. [3] is belong to linear phase. detectdnle [4] may represent the
latter one. The ADPLL with linear phase detectioaymesort to the TDC or
more complicated phase detector design compardtetone with binary phase
detector. However, its counterpart that utilizes bimary phase detection suffers

from larger output jitter, higher spur energy aokger settling time.

2.2 Proposed Solution

2.2.1 Proposed Dual Mode ADPLL Architecture

The architecture of the 10GHz ADPLL is illustrated Fig. 2-4, which is
composed of a dual-mode phase frequency detecteb)Da Pl digital loop
filter composed of programmable integral) (and proportional ) path, a
locking process monitor (LPM), an LC based digiahtrolled oscillator (DCO),
a divide-by 4 prescaler, and two phase accumuld@G1 and PAC2. The
PAC1 accumulates quarter of the frequency muli@plon factor (N/4), while

11
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Fig. 2-4 Block diagram of the proposed ADPLL.

PAC2 accumulates the prescaler output phase. Thseplifference &)

between g and /N is then resaolved by a:subtracter. In the lockiede, the
difference between the contents inPAC1 and PACQoisstant. The DPD is
operated in the linear mode during frequency adipis(FA), and is turned into
binary mode during the phase tracking (PT) processrder to reduce the
power consumption of PAC2, a divided-by 4 prescaeintroduced after the
DCO. In the following section, the operation prplei of the ADPLL will be

discussed in detall.

2.2.2 Overview of the Operation

In the initial phase of the locking process, theplestarts with the FA mode.
During this mode, the DPD is operated in linear enfdode=0) and the integral
path of the digital loop filter is disabled=0), leading the PLL to become a
second order frequency acquisition loop. To aca&defrequency acquisition, a
larger forward path gaifea; is first applied and then switched to a smahge

after the loop is settled [15].
12
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[

1/frer

Fig. 2-5 Frequency detection by edge counting.

The principle of the frequency detection can belarpd as following.
Consider the case shown in Fig. 2-5. If M denatesnumber of the rising edge
appeared during a reference clock cycle, the oglship between the output

frequency §yr and the reference frequengyfcan be expressed as
M :ﬁ . (2-1)

REF

The difference between M and the frequency mutigtion factor N is

M <N = four = Fagoer

, (2-2)

fREF

where farceT IS the target output frequency Nt Thus the frequency error can
be estimated by (M-N), which can:lead-to the fremydocked loop as shown in

Fig. 2-6. It can be shown that this architectureegsiivalent to the structure

Loop Filter
frer
y
2/_1
DCO
D> 1
1
Yy
z' z
$

fREF
Accumulator

Fig. 2-6 Equivalent frequency locked loop during FA mc
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shown in Fig. 2-4, by moving the accumulator of thep filter before the

subtracter and noting thatO.

After @ variation is within 1 LSB, the LPM will launch tH&T mode. The

integral path is then activated, and the wholeesysis turned into a 2nd order

phase-locked loop. In the meantime, PAC1 and PA€2 raset, while the

content of the integrator in the loop filte¥ ] is preset to the current DCO

control code. Afterwards, the DPD is switched te thinary phase detection

mode by asserting the control signal Mode to 1 euthresorting to

sophisticated time to digital converter. In the mothe DPD senses the phase

difference®e on every reference period and generates the obtpatream to

the loop filter according to its polarity. For expale, if ®¢ is less than zero, DPD

outputs -1. Ifd¢ is equal or larger than zero, DPD outputs 1. Tioeee the loop

behavior can be simplified -and described by thegbdzang PLL (BBPLL) as

shown in Fig. 2-7. The term-BBRPLL will-be used épresent the ADPLL during

PT mode in this thesis.

2.2.3 Dynamic L oop-Gain Control

During PT mode, a larg¢rintends to broaden the loop bandwidth and speed up

the locking process, but induces in larger steadte gitter. On the contrary, a

—»[Bpp | See

fREF

DCO
ﬁé—» z! ~>®—»—> four
A

VA

1/N 4

Fig. 2-7 Equivalent Block diagram of the ADPLL cgiPT mode.
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smaller counterpart can suppress the spur andequkak to peak jitter, but may
result in a lengthy locking time and a narroweiklat range. To overcome this
trade-off, a dynamic loop gain control scheme igppsed. Thex and 3 are
adjusted under the constraint of loop stability, Mhile optimizing in locking
speed, timing jitter, and reference spur prospects.

According to thexA analogy in the bang-bang PLL behavior [7], the mea
value of¥, (v,) could represent the locking frequency of the PThus the
proximity of frequency-locked can be detected bynrmring the ripple
superimposed ory,, which will diminish as the loop approaching tloeKed

state.
Based on this principle, the'LPMis realized aswshon Fig. 2-8. It is
composed of an operation: mode: controller, pealdbothold detectors, a

gradient polarity detector (GPD), registers, amkaision logic for adjusting

andp. The LPM rapidly captures;, by sensing the phase erdg and¥,, so

as to adjusty, B and the operation mode (FA and PT mode) accordifidie
GPD generates pulsés. as the slope oW, changes its polarity. The local
maximum @) and minimum'{,,) of ¥, can then be updated by the peak/bottom

hold detector, which is toggled by, Without resorting to time consuming
filters, ¥, can be approximated as the average of successale gnd bottom

values

Yo+,

T 2-3)

The criterion of approaching lock' (= constant) can be expressed as:

‘\Pl(n+m)—‘P,(nX‘s K, (2-4)

15



where k is the locking window and m denotes thestimterval between two
adjacent peak/bottom values. Under this circum&tan@ and k are decreased
to resume LPM, making the loop bandwidth being dyically adjusted from a
wide-band mode to a narrow band mode. The loopnpetexs,a, p and k will
remain unchanged until the loop reach the nextddatate again. After 5 times
of the switching gain operations, the loop willdily stay with the state where
the loop parameters is optimizing for low outputej. Fig. 2-9 shows the

simulated locking behavior with and without LPM tbe same steady state loop

Operation Mode Controller

_[oif |ae.|>1 ‘
O—» Mode-{1if _1<a0, <1 »Mode

4

Peak |

W, Ty ey
¥Y(n+m .
™| Hold % ). Decision “
n -
— {} p DFF DFF |———»| Logic | |
W, . | Bottom |¥,, f f B

Hold

Y

Gradient Polarity |®,.

Detector
PN
fREF
Frequency Phase
Acquisition Tracking
A
¢E' IJ
- 1 1 i
Y, 4 JJ"JILLL‘-I I ke 2 R v,
Ry T R TR Y e I
oo I ) N 0
[@inrm)-Pn)|{ fr - .
» Time
PAC1, PAC2 reset Locked: reduce a, B, k
Y, preset and restart

Fig. 2-8 The block diagram of LPM and its time d&g.
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Fig. 2-9 Simulated locking behavior with and withaéM for the same
steady state loop bandwidth (100 kHz).

bandwidth. The simulation result shows 10-timexkilog speed improvement
(locking time reduced from 5@ to fus) with the aid of the proposed scheme.
In the next chapter, the loop ‘dynamic, and theenpisrformance will be

analyzed.
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Chapter 3 Analysisof the ADPLL

3.1ADPLL in Freguency Acquisition M ode

At the beginning of the locking process, the fregyeacquisition mode is first
activated and the DCO is locked roughly to the réelsfrequency. During this
mode, the integral path of the digital loop filtedisabled ¢=0), and the system
block diagram can be simplified as shown in Fidl. 3Fhe scaling factopga
introduced in the figure denotes the forward pathngduring frequency
acquisition mode. In the frequency domain it casttbe gain of the frequency
detected in response to the frequency changedeaD@O output. The gain
factorBra also controls several key, loop characteristich siscthe loop stability,
the transient response and the frequency errbeisteady state.

In order to investigate in detail hoig, affect the loop behavior, a discrete
time z-domain model is build. As mentioned in clea®, the block diagram can
be rearranged by moving the accumulation operaditer the subtractor and

places a differential operator on feedback pathilastrated in Fig. 3-2. Two

e DCO
N/4 + four-frerxN
DFF |4 DFF @ﬁ REF

frer

High Speed ] fovs
Counter |

A

1/4

DFF
D

A

fREF

Fig. 3-1 System block diagram during frequency &itjon mode.
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Fig. 3-2 Equivalent system block diagram duringjfrency acquisition mode.

approximations are used in order to simplify thedeloThe first is to force the
uniform sampling or PLL update rate, despite thesspnce of a small amount of
jitter in the reference clock. This approximatisnvery accurate since the period
deviation due to jitter is several orders of magpt smaller than the DCO
period. The second approximation_is the infinitesotation of the phase
detection which neglects thefact that.the phakenmation is quantized by the
divided DCO clock 4. If the'free running frequency of the DCO is igedr

and is assumed to be 0, the closed loop transhebeaxpress as

3

H (Z)= four (Z) = 2freeKeaZ : whereK .. = KDCO,CﬁFA (3_1)
PETUN(Z) 1+ (K D2 K2 T

where Kyco,c denotes the frequency step per control code ofdige varactor
bank in the DCO during frequency acquisition mode.

According to the discrete time signal process theprthe conditions for
stability of a causal system can be derived by exiaugn the position of its poles.
For a given system function of a linear and timgamant system, if the
outermost pole is included in the unit circle or pole-zero plot, the system is
stable. Considering the system function of the ADRLfrequency acquisition
mode Ha c(z), the pole-zero plot is illustrated in Fig. 3aBfor different k. It

is clear that the loop stability requiregakto be less then 1.To gain more clear
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Fig. 3-3 (a) Pole-zero plot and (b) the dampingdiaas a function of K, of the
ADPLL during frequency acquisition mode

insight into the time domain behavior, the damgengor which is derived from
the equivalent continuous time poles.by solving®zige shown in Fig. 3-3(b).
The result shows that for an oversdamping system<®244 for a critically
damped system, #=0.244; and for an under damped system>K.244.

In order to validate the:z-domain-model of the ADFRdeveloped here,

some simulations are performed-‘by using MATLAB Simiu Fig. 3-4 shows

14
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Fig. 3-4 Simulated time domain response of the ADRLfrequency
acquisition mode with 3 differentKvalue.
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the simulation results of the time domain respamse an initial frequency error
of 5GHz. For ka=0.5 it shows a fast response with overshootingendaislow
response with longer settling time is obtainedKes=0.08. The result shows a
good agreement between simulation and the andlyticdel.

It should be noted by inspecting the result showifig. 3-4 where some
ripples appear on the output frequency in the stetate. This can be explained
by taking the quantization effects into considemtiDue to the edge counting
nature of the phase detection, the phase erroreleetvthe reference clock and
feedback is quantized with the resolution steprdateed by DCO clock rate.
When the loop settles, the phase error will betktdetween two quantization
steps, leading to constant output of the phasecti@te The phase error will
remain unchanged until the accumulated:phase exogeds one quantization
step. Then the phase error-is.corrected by theb&sdloop. Thus ripples are
generated on the output of phase detector andutipaitofrequency.

Due to the limitation of the‘capture range, the@iency error after the loop
Is settled must be taken into consideration beémtering the bang-bang phase
tracking mode. As mentioned before, the outputhef phase detector iterates
between two adjacent values when the loop reatbadysstate. In other words,
the average of the output frequency in steady stalieates the desired clock
rate Nker. Therefore, the frequency offset of the loop cancharacterized by

the frequency step
Af cesra = BeaKocorc - (3-2)
Equation 3-2 suggests that the forward d&in should be kept lower to

enhance the frequency resolution. Unfortunatelyg sluggestion is in conflict

with the requirement for shortening the locking dimThe frequency
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guantization step could be mode finer at the cbsh® slower loop response.
Take the critical damping case as an example, isuosy Krq,=0.244 and
freFm40MHz in equation 3-1, we can obtaifres pi=PraKpco =78.08MHz,
which is too large for efficient phase tracking.

To speed up the locking process while keeps tlgpiéecy resolution high,
two different B is used during frequency acquisition mode. A largalue
Bea=8 is first applied to achieve high loop bandwidtid fast frequency tracking.
As the loop settles, the second vabdg=1 is then applied to improve frequency
resolution. Since only the coarse tuning bank tevaduring this mode, §co.c
Is the frequency variation correspond to one LSBhefcoarse tuning bank and
Is about 4MHz/LSB in this design. Thus form equat®1, KA for fea=1 and
Bea=8 is 0.1 and 0.0125, respectively. At:the endhaf frequency acquisition
mode, the frequency resolution is 4MHz. From theusation results, the time

expended is less thapdec in-frequeney-acquisition mode.

3.2 ADPLL in PhaseTracking Mode

3.2.1 Locking Transient of the ADPLL during Phase

Tracking M ode

After the initial frequency is locked roughly usinige frequency acquisition
mode, the fine tuning varactor bank of the DCO #nadintegral path of the loop
filter are activated. Then the bang-bang phas&itrgdPT) mode is entered and
the system block diagram during this mode is itated in Fig. 3-5.

As already mentioned in Chapter 2, the architectca@ be further
simplified as a digital bang-bang PLL (BBPLL) wheaéinary phase detector
(BPD) and a divided-by-N frequency divider are usestead of the binary
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Fig. 3-5 System block diagram during bang-bang ph@sking mode.

guantizer, the accumulators and the subtracten@srsin Fig. 3-6. The binary
phase detector outpdicgg IS set to -1 when the rising edge of the feedback
clock leads the reference clock edge. Otherwliggg is set to 1 to indicate that
the feedback clock lags the reference clock. Thaabkes D and¥, introduced
in Fig. 3-6 denotes the loop-delay time-normaliedne reference clock period
1/frer and the integral path output-of-the. loop filteswectively. In our design,
the value of D is 0.5 which is introduced by thesyachronizing operation
before the digital loop filter output feds to th€0O.

The classical treatment of linear PLLs is doneha frequency domain by

using of the Laplace transform or the Z-transfobune to the presence of the

DCO

Z-D ‘P@ﬂ* fOUT

Kboco,pr

—» BPD
2\

fREF

1/N q=

Fig. 3-6 Equivalent system block diagram duringdsaang phase tracking
mode.
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nonlinear binary phase detector block in the ldbfs approach cannot be used
for the ADPLL during PT mode. The fundamental aspH#cBBPLL is the
presence of limit cycles in the loop dynamics. dotf a BBPLL cannot lock to
the reference clock in a traditional sense, whieeeoutput of the phase detector
and the loop filter voltages settle asymptoticalfgund a fixed value, disturbed
only by thermal noise.

In order to achieve more insight into the BBPLL r@tderistics before the

analytic equations of the loop property are giv@me results of the behavior

x 10°
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Fig. 3-7 (a) Simulated output frequency, (b) phaser versus time and (c) the
phase plane of the BBPLL.

simulations are shown. Fig. 3-7'shows, the simubatiesults of the locking
behavior and the phase plane of a BBPLL with D=0@/h¢re the phase errar

is the un-quantized phase difference between tleeerece clock and feedback
signal.

It is clear from Fig. 3-7(a) that the BBPLL outpisequency oscillates
around a fixed value in locked state. The simulgieaise plane is shown in Fig.
3-7(c), where the x-axis is the phase error andyth&is is the integral path
output ¥, of the loop filter. Since the loop dynamic tendsproduce a phase
detector output with duty cycle proportional to thep frequency error whef
is much lager thes, the integral path can be viewed as an inner &equ
tracking loop [6]. Thus the dynamics of the intégrath output¥, can be treated
as the behavior of the tracking frequency. Whensthbility conditions are met,
the trajectory converges toward center and theargmt periodic orbit. In order
to investigate the loop dynamics of the BBPLL, tinee domain based approach

proposed in [7] is used. Since only the loop dymanm the presence of the hard
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nonlinearity is interested in this approach, iassumed that all the PLL building
blocks are free from any kind of physical noiserseu

By indicating with { and § the time instants of the rising edges of the
reference and divided clocks, respectively, theckgoutput of the BPD can be

express as:

® o =sgr(At), (3-3)
where At=t-t;. The DCO can be modeled as a linear block witlpwutlock
period Toyt depending linearly on the input control code&

Tour = Toco,ree = KrCoco s (3-4)
where BeofreeiS the DCO free running period ang s the period gain of the
DCO which can be expressed.in term of the frequeyay Kyco of the DCO
KT='KDCO(TDco,fre32-

Fig. 3-8 reveals the time diagram of the BBPLL.iBgpecting Fig. 3-6 and
Fig. 3-8, the behavior of the BBPLL can be-desctibg the following nonlinear

At[k] At[k+1]
Reference Clock _] L l:
Divided Clock N | —
BPD Output Oesplk-1] X | Pess[KI=sgn(At[K]) X ©Oesslk+1]
Integral Path Output W[k-1] X Wi[k] X L Wik+1]
DCO Control Code Cpcolk-1] X . CocolKl=®ess[KIB+W[K] X Cocolk+1]

Fig. 3-8 Time diagrams of the signals in the BBRRdapted from [7]).
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map:

At[k +1] = At[k] +TREF - NTDCO,free_ NKTEUI [k - D] - N:BKT Sgr(At[k - D]) (3 5)
w, [k+1 =, [k]+asgn(at]k +1]) '
With the definition of the following quantities:
Ap= A
NAK;
Trer = NToco, free
= == 3-6
X, NAK. (3-6)
-2
p
equation 3-5 can be rewritten in the following siifiged form:
_ _R _pl- -
T[k-l':l-] _T[k]+xo a ¥ [k-D] Sgr(T[k D]) (3-7)

lPl[k+1]=‘P|[k]+asgr(r[k+1])

In equation 3-6, some wards are defined. The symlol@notes the timing
error normalized to the quantization -stepKy of the loop, and xis the
normalized difference between ithe-peried of thereice clock and the DCO
free running period multiplied by.N. . The value qf ig zero only if the two
periods are identical which can never be met in ractgal BBPLL
implementation. However, the assumptigrcan be used as a starting point in
order to simplify the analysis. It can be provedttla system with 90 is
described by the same nonlinear map as a system »#0 with offset in

¥ -axis. For =0, equation 3-7 can be reduced to

_Tnl_R Pl _
1k +1] = 1[K] W [k=D] sgr(x[k D]). (3-8)
¥ [k+ 1 =[]+ asgridk +1])
From this equation, the characteristics of theesystan be described using

only two state variables, namalhand¥,.
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3.2.2 Sability Conditions of the ADPLL during PT Mode

Next the conditions for stability will be given f&DPLL during PT mode.
Due to the presence of the nonlinear BPD, the tomdi for stability of a
BBPLL can not be derived directly form frequencyvdon analysis. Instead, the
conditions for the BBPLL stability can be descrili®dthe existence of the orbit

in the phase plane and can be expressed as [7]

2

R< ,
2D+1

(3-9)

which is independent of the multiplied ratio N ad@O frequency gain kco.
From this equation for a givan the minimumg is limited to (2D+1¢/2. Thus
reducingp or increasing the loop latency would drive the BBRoward the
instability limit. The conditions,-and" charactemstnentioned above could be
confirmed by the simulation:results-as shown in Bi§, where the simulations
are performed with different:combinations of lo@ygmeters.

With constant loop delay, larggr tends to improve loop stability and
locking speed. With the same loop filter parametkeslonger the loop latency,
the longer time the loop expends to achieve lodtatk. Further increasing of
the delay will make the loop to diverge. It is womoting that the BBPLL
produces longer duration of the limit cycles wilnger D which results in wider

frequency variation in steady state.

3.2.3 Locking Range of the ADPLL during PT Mode

The time domain approach proposed in [7] seems awe han unbounded
frequency capture range due to the introduced natggath of loop filter as an
inner frequency tracking loop. However, the ostlitaand phase detector suffers
from the limited tuning range and detection rang@ractical implementations,

leading to possibility of false-locking. In otherowds, the loop may reach
28
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Fig. 3-9 Simulated locking behavior of BBPLL with)(constant delay (D=0.5)
and (b) constant andp (a=1, =8).

steady-state with the output frequency other thaiReNin presence of
non-idealities of the circuit components.

In order to derive the analytical expressions ef BBPLL locking range,
the dynamic range of the phase error is first ihgated. Assume that the
PAC1 ,PAC2 and the subtracter of the phase detactoall wordlength limited

to v-bits. This limitation carries over to the phaseesignal®e. Consequently,
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the range ofdg signal is [-2Y, 2°Y-1] and limits the dynamic range of the

un-quantized phase error to

2mmx4 _ 2(+3) 71
N N

where the phase error is normalized to referendegand the output frequency

A¢range =2"x (rad) ’ (3_10)

four Is assumed to be Nd=. More detail of the implementation of the phase
detector will be mentioned in section 4-2.

The limited range of the DCO tuning curve also setsther bound during
the locking process of the BBPLL. With referenceFig. 3-10, consider the
locking behavior of the BBPLL starting with a i@tifrequency erroify. The
DCO must have a linear tuning characteristic conpethe range from NE=Af;
to NfgertAfy for the loop to be able to,successfully lock te target frequency
Nfrer. It can be seen that under theeonditions of thbilgy as expressed in
equation 3-9Af, is larger than or equald;. Thus, for a reasonable worst-case

estimation, the following equation-must-be met:

Nfger — Af, < four < Nfpee + Af,. (3-11)

The conditions expressed in equations 3-10 and &fhlbe mapping to the

Af,

Frequency

Af,

Time

Fig. 3-10 The locking transient of the BBPLL.
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boundary for the trajectory in the phase planehasva in Fig. 3-11. To derive
the frequency capture range of the BBPLL, we walest ([0],¥/[0]) as
starting condition the point immediately before ttegectory moves into the left
half-plane. The trajectory starts from this pointdat is assumed that the loop
has a initial frequency errokfy which impliesW,|[0]=Afy/Kpco. It should be
noted that when the trajectory lies on thexis ¥,[M]=0) at M-th clock cycle,
the phase error reaches it maximum negative vakliehwis bounded by the

phase detection range:

22
N

By inspecting the second equation of equation B jteration index M can be

gIM]|<

(3-12)

expressed as

Af,

M-= ;
Kocod

(3-13)

IntegralPath

Output
}

! o101, wio)

-.'/-.-.--..--.-..i ...........

o (@ MLyi[M]) &
Limited by DCQ N
Tuning Range ' e

{ ]
. :
. —Phase Error ¢ (rad)
{ ] ]
{ J

N
.

Limited by Phase
Detection Range

Fig. 3-11 Phase plane illustrating the boundary usealerive the locking range.
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In order to calculate the value ¢fM], taking the sum for k=0...i-1 of both

members of the first equation of equation 3[g,can be written explicitly as

[7].

r[O]—iR(M —D+Ej—i,fori <D+1
20

r[i] =

o . (3-14)
r[O]—R[iM -D(D +1)+iD +@}—2D—2+i,fori >D+2

For simplicity, we assume that the initial phaseteis negligibly small which
leads tot[0]=0. By noting that M>D+2 for large initial fregmcy offset, the

value oft[M] can be rewritten as

- _aMEM _op- i
r[mM] = ﬂ{ >t D(D+1)+MD} 2D-2+M . (3-15)

Substituting equation 3-12 and-3-13"inte 3-15 aonting thate=2nfreANPK T

gives

2 (o+1)
ﬂl(—Afo JJ( Afy j+D[ Af, j—D(D+1) +2D+2—( Af, Js 2 ,
ﬂ 2 KDCOa 2 KDCOa KDCOa KDCOa N fREF%T

(3-16)

which can be further simplified as

2 (v+2) 2
(%]Afoﬂ( +2b 1 jAf0+ _aib’+Db +2D+2——22 foco,ree <0.
2KDCO O’ﬂ 2KDCO/8 KDCOa ﬂ N KDcoﬂfREF
(3-17)
Assume that the condition of equation 3-11 is rdstng a MATLAB script,

the relation between loop filter parameters and abewed maximum initial
frequency errorAfomax Can be solved for a BBPLL having the following
parameters corresponding to our desigas=40MHz, N=248, D=0.5, and=8.
Fig. 3-12 shows the result and it can be seen tihatlocking range is

proportional to the gain gcoo and Kocof as expected.

32



¢ : 16

| |14

L2

\
0
KpcoP Kpco®

Fig. 3-12 Allowed maximum initial frequency erragrgus loop parameters
Kbcoo and Kocof for BBPLL. ( fRem40MHz, N=248, D=0.5, ano=8.)

3.2.4 Locking Time of.the ADPLL during PT Mode

In the session, the locking:time of the BBPLL wik calculated. A similar
calculation has been already-done in [10]}for tYpBBPLL where the delay
introduced on proportional path is negligibly smadimpared to the period of
reference signal. In our case, the locking timéhefBBPLL can be calculated in
a similar way. The locking time can be obtainedrfrthe number of iterations
before the trajectory reaches the origin (BBPLLkkExt). As shown in Fig. 3-13,
consider a trajectory starting from the point (Q) ind intercepting again thg
axis in (0, M) at the iteration index i. Since the trajectory dee described by
the equation 3-14, for a givenyMthe time index i can be found by solving

equation 3-14 with M=Ma.

i:“'\ng % %) \/('\2 D+% %) 2[D(D +1)- ZF? 2” (3-18)
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Integral Path
Output y,
A

AMl M,

AMl |

L‘_""‘*--.
\\ > Normalized

Timing Error 1

AMT

Fig. 3-13 Trajectory plot for the computation oétlocking time. (Adapted from
[7])

where the operatdrx] indicates theibiggest integer lower or equal tdnx.

practical cases

2
[%+D+1—1j >> Z[D(D +1)—2—D—£} (3-19)
a 2 R R R

so that i can be simplified to:

| {2'\"0 +2D+1{§D. (3-20)

a

The value of M is then can be found by noting that#¥l,—ia and from that the
reduction of the radius of the trajecto’yM) in one half turn around the origin

can be obtained:
AM =M, =|M|| =[%Ja—(2D +1)a . (3-21)

As AM does not depend on Jvithe decrease of the trajectory radius for every
half turn is a constant. Thus, the number of hath$ before the trajectory
reaches the origin is ynNM. By inspecting Fig. 3-13, the total number of

iterations for the BBPLL to be locked is:
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M%M M%M M 2
Noe =Mo+2 D> [M,[=M#2 > M, —kAM | = —2,
k=1

G (3-22)

From above expression, it can be seen thatpfora, the locking speed is
proportional tof. To put this equation into practice, the valugddn be related

to the initial DCO frequency erraf=fou-Nfrer as
Af,

K DCO

M, = (3-23)

In order to evaluate the expression above, conad&BPLL with the
following parameters:Af;=6MHz, Kpco=20kHz, o=1, p=32, D=0.5 and
frerm40MHz. From equation 3-23 and 3-21,,M00 and AM=62. By
substituting these values into equation 3-22, tital treference clock cycles
needs to lock is=1452 cycles. This,corresponds to a locking tim8@fus.
From Fig. 3-14, it can be seen thatithe agreenetmiden the estimation and the

simulated locking time is quite satisfying.

X 109

9.926

9.924r q

9.922r q

9.92r

Frequency (Hz)

9.918r q

9.9161 .
36us: >

9'9140 10 20 30 40 50

Time (us)

Fig. 3-14 Simulation result of DCO output frequeneysus time during locking
process of BBPLL.Af,=6MHz, Kpco=20kHz,a=1, =32, D=0.5 and
fREF‘:4OMHZ)
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3.2.5 Input jitter tolerance of the ADPLL during PT Mode

Since the output of the phase detector during ptrasking can be either +1 or
-1, the feedback clock period rate of change igtdidhto NKra per clock cycle.
This indicates that the BBPLL has an intrinsic tiai capability of tracking a
reference clock whose period is changing with tithéhe rate of the change of
the reference frequency is larger than this lithie loop will go into slew-rate
limitation, losing its lock condition. Consider @&ference clock ff with a

sinusoidal modulating signal.
fR(t) = fRO + Anod Coia)modt) 1 (3-24)
where Anog andomneg are the modulation amplitude and the modulatioguéar

frequency, respectively. The maximumfrequency &onié that the BBPLL can

track can be expressed as [10]

w-N N

‘mod

Anod < max{aKDCO fRO “DCO} . (3_25)

From equation 3-24, the phase of the FM signal is

mod

ol(t) = 27f +%sm(w t). (3-26)

'mod

Thus, the resulting signal is

'mod

S, (t) = Asin 271R0t+%sin(w t)} (3-27)

mod

Assume that 2A,<<ome¢ EQquation (14) could be rewritten after some
trigonometric expansion as follows:

mod

s, (t)= Acos(mmt)-%mm(w )sin(27f t). (3-28)

'mod

Expanding the above expression into phasor forngameget
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Fig. 3-15 Maximum input noise power sufficient tuse slew-limiting as a

function frequency and with d¢oo as a parameter.

(3-29)

IA'HOd e] wmodt
a)mod

mnod e] Wnnodt -
%od

S, (t)= D{Aejz”R°‘(1+

From equation 3-29, it is clear thai,& can be mapping to the sidebands with

power 20log(2A.domoq) dBbelow the-main carrier tone. In this way, vea c

define the minimum value of dgoot 'and ‘Kocof for a given input phase noise.

Fig. 3-12 illustrates the limit of the input noipewer versus frequency with

3.3 Output Noise Performance of the

different Kycoo value.

ADPLL

After the rapid frequency acquisition, the ADPLL llwfinally reach a

steady-state condition in the bang-bang phaseitigckode. The output noise

performance in locked state including the spurajnty jitter and output phase

will be investigated. In particular the spur enosswill be derived using the
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nonlinear model, while the output phase noise perdmce in the present of
internal and external noise source will be analyzgti the help of the linear

model.

3.3.1 Output Spur

Due to the presence of the limit cycles or orbitha dynamics of the BBPLL,
the output clock dyr is frequency modulated by a periodic control signa
locked state, leading to spurious tone emission.

To gain more insight into the loop dynamics, coesithe BBPLL which is
free from any internal or external noise source lzalthe following parameters:
frerm40MHz,0=1, p=128, Koco=500, D=0.5 and N=248. Fig. 3-16(a) shows the
simulation result of the output frequency versuasetiin the locked state of the
BBPLL with above setting. The result.shows that thedulating signal of the
carrier is similar to a square wave with some Bgpnd the modulating rate is
equal to 1/44cr.

Under the assumption of narrow-band frequency nadaul, the power

level of the spurious tones compared to the cacaarbe approximated as [4]:
Pour = 20Iog(% ﬂj (dBc), (3-30)

wheref is modulation index defined as the ratio of thegtrency deviationhw

to the frequency of the modulating wawg in a frequency modulation system
when using a sinusoidal modulating wave. Howewver,d symmetric square
wave with frequency ob,, as the modulating input, it can be expresseden th

following Fourier series representation:

[

Jequard) = D Elsin nat. (3-31)

n=1.odd mn

The modulation index of the nth harmonic for theufi@r series decomposition

of a square modulating wave becomes:
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Fig. 3-16 (a) The simulation results of the outjpetjuency versus time and (b)
the output spectrum in locked state of the ADPLhwitte following parameters:
freFm40MHz,a=1, =128, Kocc=500, D=0.5 and N=248.

2 Aa)pp

mnw,

(3-32)

n

It should be noted that in most cases, only thddamental component (n=1)
would really matter. Under the condition tifgt>a, the BBPLL output can be

approximated as a frequency modulation signal watlsquare wave as the
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modulating input. By inspection of Fig. 3-6, theageto peak frequency

deviation is given as
Aw,, =272+ a)K o (3-33)
From [7], the modulation rate of the BBPLL outpsit i

a)m = Zﬂ% 1 (3'34)

where L is the integer value satisfying the follog/iconditions:

D(2+R-RD) _ L < (2- RD)(D +1)
2+R-2RD ~ = 2-R-2RD

An inspection of equation 3-32, 3-33 and 3-34 ré&/éaat largeBKpco and D

(3-35)

will result in largerAm,, and smaller,, thus increasing the power level of the
spurs.

As the example shown in Fig. 3-16, substitutirgl, f=128, Koco=500,
and D=0.5 into equation 3-33.and 3-34, we obraij;;p:Zn(l.28x1(5) rad and
om=21(1x10) rad. If the first harmonic-in thé Fourier serscomposition is
considered, substituting n=1 into:equation 3-32can get$,=8.14x10’ This
gives rise to spurs 10 MHz away on both sides ftbenoscillating frequency.

Their power level is at
Popur = 20|oge ,Blj = 47.8dB, (3-36)

relative to the main carrier tone. In Fig. 3-16(hg simulated output spectrum
iIs shown and the expression above is confirmedhdtuld be noted that the
analysis is performed under the noise-free assomp@®bviously, this is not a

practical case. In fact, the noise will randomize $purious energy.

3.3.2 ThelLinear Model of the ADPLL during PT Mode

Although the nonlinear model has been helpful nal tihe stability criterion and

general properties of the trajectories, this apgnaaan not successfully describe
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the output noise performance under the more rgaleésumptions of the
presence of internal and external noise sourcegifférent approach will be
demonstrated in the following sections. A contitinge linear model will build
for the ADPLL during bang-bang phase tracking mdden the system transfer
function will be derived to estimate the performaiot the loop.

From the system architecture shown in Fig. 3-6,diffeculty to build the
linear model for this system is the hard nonlingamtroduce by the binary
phase detector. An approach for modeling the bipaise detector is reported
in [8] where the phase detector is modeled aseatiblock with a gain gy as
illustrated in Fig. 3-17. The symbalk=t,-t; is the difference between the rising
edges instants of the referencg énhd feedback clockgft It is clear that in the
locked state, the average value of the BPD outgdi-dz] converges to O.
Assume that for some reason.the probability distitm of At is shifted away
from its equilibrium point by-a small.amoeunptin the positive direction. In this
case the average value dfzzg will be "slightly positive. Following this
circumstances, the phase detector gain can beedeéia the rate of change in
E[®egg] due to a small shifty of the probability density function (pdf) around
the locked condition:

0 .
Kppd E%(E[(DEBB |Sh'ft:’7])‘ (3-37)

n-ot "

Under this definition, the value ofyk can be approximated as:

fre—> BKD — Ogpp |:> t; + At w ®e
) :

fREF

Fig. 3-17 BPD linearized model.
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Kbpd = ZfAt (O) ) (3_38)

where f; denotes the pdf aft.

In this derivation we will assume<<p. When the PLL is locked, the
integral path will have centered the dynamics s th equation 3-5 we can
assume

Trer = NTogo, ree —~ NK; W[k = D] = 0. (3-39)
Thus the nonlinear map in the presence of jitteth@reference and DCO clock
can be written as:

Atlk+1) = Atlk]+t, - NAK, sgr(atfk - D), (3-40)
where tis the timing jitter appeared on reference cloak.emphasize the fact
that the loop has a non-integer loop delay of D=th& above expression is
rewritten as:

Atfk+1] = At[k] +t, —% NA{sgr(at[k]) + sgr{at[k -1])]. (3-41)
If it is assumed thant[0]=0 and ‘the values oAt in the case of unjittered
reference and DCO clockAg',At" can assume values only on discrete states:
At =nNBK,,n0OZ (3-42)
The probability occupancy of the statent €nNBK ) is defined as:
g, = Plat =nNK, |, (3-43)

then the pdf ofAt, f,;, will be given by the superposition of the pdfd;p$hifted
by an amount equal to each occupied state and teeidly the probability of

that in steady-state

n=+oo

fu(a) = z On ftj (a B nN,[7KT) . (3'44)

n=-c
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In general, theyfcan be modeled as a Gaussian process with varghegere

cstjz denotes the jitter variance of reference clockormulas

f, (x)= - Eex{—%[%} ] (3-45)

In order to find f;, a statistical approach is used as following ttawmbthe

value of ¢. From a given state st might go to state n+1, state n-1 or state n

itself, and the transition probabilities from statdo state n is defined as
P, =Plat,, On|at; Om). (3-46)

Under the assumption thaf is much smaller than loop quantization stefKN
the states n with |n|>2 occur with a probabilityiehhis negligibly small. Then
the state diagram of the system describe in equatidl can be simplified to a
three state chain as illustrated in Figu3<18.

If fo is symmetrical around O them=p,, P, =P, ..=1/4 and Ro=1/2. For
the case that the loop stays:in the same stateeatext time index, there exist
two possible situations. For example, it might ganf state O to state 1 at time
index k and stay in state 1 at the next time ircat+1l whemat, ;<0. Also, it
might start from state 1 at the previous time instak-1 and stay in state 1 at
time index k. However, in this case it can nevarysh state 1 at next clock

cycle. Thus, by inspection of equation 3-41 ane&dadbhato;<<NBKr,

Fig. 3-18 State chain to approximating the BBPLL.

43



I:)1,1 = Pl 1= 2 . (3'47)

In the same way, we can find

(3-48)

To obtain the relationship between the state pridibabnd transition probability,

note that gjcan be expressed as:
Oo = 0P1g + QPog + P = 20,P o + GoPyg (3-49)

Since the states describe all possible events laey dre disjoint, they must

satisfy the normalization equation
O +0g +10, = 1. (3-50)

From equation 3-48, 3-49 and 3-50, we. can obtamgegrq;=1/3.Substituting
these values into equation:3-44 and 3-45 and usiaglefinition of equation

3-38, the equivalence gain of‘the binary phasectiates
1 |2 4 M

—+—e

3 3

bpd ~ o, /—27_[

K (3-31)

It should be noted that the above gain expressidefined in the unit of (sec)-1.

It can be simply converted to the expression inuthié of (rad)* by applying the

relationship
K
K opap :—Zﬂbpd , (3-52)
REF
so that
3N )
KBPD,¢ = 13 2+£e 2£ " J . (3'53)
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Fig. 3-19(a) and Fig. 3-19(b) show the discreteetimodel and the
corresponding continuous time approximation of ttigital loop filter,
respectively. Before the phase error outpyt of the linearized phase detector
Is sent to the digital loop filter, the continudirse signal®g, is first sampling
by the reference clock, which is indicated with domtinuous-to-discrete-time
(C/D) block. Assume thabg, is a band-limited signal and the effect of aligsin
is negligible. Then the sampling process can blacerd by a simple gain factor
frer In the discrete-time IIR filter, the delay in theop is modeled by thelz
operator defined as z=expff&Xrer). In Fig. 3-19(a), the signal reconstruction
process is represented as a discrete-to-continumes{D/C) block. Obviously
the DCO holds the frequency constant until thetdigoop filter changes its
output value. Consequently,:the output sequencethef digital filter is
reconstructed by the zero-order-hold operation icen be expressed as a sinc

function in frequency domain. Finally,-the approabed frequency response of

®g.—»| C/D
D

— CDCO

frer

a goiiteee || SIN(TTf/fREF)
¢EL [B+—1_e-j2"f/fREF ]ejTr f —r REF_ L Cpco

(b)

Fig. 3-19 (a) Discrete time model and (b) contirmibme approximation of the

digital loop filter.
45




the digital loop filter is

sin( fﬂ j o
He ()= = [ﬁ+ ? }e'“*”- (3-54)

e

Fig. 3-20 shows the complete model of the ADPLLmgybang-bang phase

tracking mode, which is obtained by substituting thifferent building blocks in
Fig. 3-6 with their linear models. The DCO is matkhs integration operation
with a gain ZzKpco. The relationship between the phase of the owmnral
eout and feedback cloclkrg is established by the division (1/N) block. The
deviation of the loop transfer functions will bendoaccording to the linear

model and the phase noise performance will be aadliater.

3.3.3 Generated Timing Jitter and-Phase Noise

In general, the major noise sources:of PLL aresttiernal reference input noise
and the internal oscillator natural noise. Howewkre to the presence of the
bang-bang phase detector, the noise introducechdygtiantization operation

must be taken into consideration.

sin(trfifrer) |, . a ] mifer | Coco | 21MKpco o
> » Qout

Trf/frer 1-gi2m/frer

1
N

Fig. 3-20 Complete linearized model of the ADPLLidg bang-bang phase
tracking mode.
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@Pn,REF Hye(f) —» @n,out

1
N

Fig. 3-21 Simplified linearized model of the ADPduring bang-bang phase
tracking mode with internal and external noise sesr

In Fig. 3-21 the linearized model of the ADPLL idustrated again
including the internal and external noise sourtreparticulare, reris the phase
noise on the input reference clogk,gpp IS the input referred noise due to the
quantization of the binary phase detecter, @ng-o is the phase noise on the
DCO output produced by itself. It should be notkdttonly the deviation to
their nominal value are considered for all the:dias in the analysis.

To find the total output noise of the ADPLL, thepeassion of the power
spectral density (PSD) of each noise source isimedju Since the signal
generator is used for generating the reference kclot the practical
implementation of the ADPLL, the phase noise PSkhefreference clock can
be estimated as following expression according e signal generator

specifications [9]. The PSD of reference clockssreate as:
S, (4f ) =-132(dBc/Hz). (3-55)
In our analysis, the BPD is modeled as a lineackblwith a gain Kyq,. In

order to emulate the quantization effect of the BRDinput refer jitter is

introduced and defined as

¢n,BPD = Sgr(A¢I2_ Kbpd’¢A¢ = SgKr(A¢) _A¢ . (3'56)

bpd,¢ bpd,¢
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To find the total output phase noise, an approxonatf the PSD ofp, gpp IS
needed. In general, if the jitter of the referentmek is small compared to the
BBPLL quantization step BKy, the BBPLL behaves like a first ordevx
modulator having a one bit quantizer with steppBN Thus, ¢,gpp Can be
approximated as a white process with uniform dstion and variance
(2NBK+1)?/12. However, if the jitter of the reference cldokreases, thaX loop
will be overload and result in slewing [10]. Theref the variance G, gpp Will
increase. To obtain the expression of its variafocelarger input jitter, the
approach proposed in [10] is resorted to simulatesults. It shows that the
jitter introduced by the BPD has a standard demmatvhich is roughly 3/4 of the
standard deviation of the input jitter. From th@wadb discussion, the PSD of the

noise produce by the BPD can'be defined as [10]

(af) = max{ (271" foee (NBK ) ,[EJZS%REF (af )} (3-57)

S¢n‘BPD

3 4

Finally, the phase noise of the DGf)pco and its PSD will be derived.
Although the profile of the DCO phase noise caneasily obtained from
simulation results, the analytic approximation nggyye more insight about the
generation of phase noise in the circuit desigrsph&onsider the differential
LC tank cross-coupled pair oscillator. The generaiease noise can be express

as [11]

_ia/nf T _
T wra (59

S
where E/Af Is the PSD of the equivalent parallel current @dig,s is the rms

value of the impulse sensitivity function (ISF) asated with that noise source,

Omax IS the maximum signal charge swing which is defias the product of the
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tank capacitance and maximum signal swiRgiZswing, andAf is the the offset
frequency from the carrier.

In a simplified stationary approach, the total ropower of the tank is
mainly due to the cross-coupled transistor pair tsedohmic losses in the tank

inductor:

E/Af = 2kTWnC0x wVOV + 4kT
L R,

, (3-59)

where R=2nf,sl anQ is the equivalent parallel resistance at theueegy of
oscillation s, T is the temperature, k is Boltzmann constapis the mobility
of the carriers in the channely,,ds the oxide capacitance per unit area, W and L
are the width and length of the MOS transistompeetively, and Y, is the gate
drive of the MOS transistoy, however, may be between two and three in the
short-channel devices. For simplicity; the outpateform can be assumed to be
a sinusoidal waveform so thdi {9 equals to 0.5 [11].

From the model shown=in Fig.-3-21, it is straightfard to calculate the
total output phase noise by summing" the contrilmstiof the different noise

sources:

s, (6f)=(S, _(a1)+S, () iHuerour (A1) +S, () TH peoour (A7 ) -

(3-60)
Hrer.out(Af) and Hco out(Af) denote the transfer function from reference algn

to PLL output and from DCO output to PLL output waiinican be found by

inspecting Fig. 3-21. Thus the transfer functiores a
H (Af)

Hrer our (AF) = —(—)—H AFY? (3-61)

1+
N

and

N
H pcoour (AF) = N+H(Af) (Af ) , (3-62)
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where

A
KocoKepp g S'r{ f ] a e
H(Af) = REFZ| B+ e frer, (3-63)
[t -ja 2
JAf 1-e frer
frer

As an example, Fig. 3-22 shows the transfer funstiand the output phase
noise for the case with following loop parametefiger=40MHz, N=248,
KpcoPf=19200, kKcoe=300, DCO free running frequency is 9.92 GHz. Tl&®D
Is assumed to have a LC oscillator with tank qudéttor of 8, 1.2nH inductor,
0.8V output swing. To ensure oscillation, the crosspled pair transistors have
their size of W=gm and L=0.08@m. The result shows the loop bandwidth is
about 150kHz. The result also reveals that the utupghase noise at lower
frequency is dominated by reference ‘noise whiles iaffected by both DCO
phase noise and reference noise at-higher frequency

In order to validate the expressions for the oufpliise noise obtained
from the linearized theory, the results of the Simkumodel are compared to the
analytical expression. From Fig. 3-23 to Fig. 342port the results of the
simulations. It can be seen that the agreementdagtwheory and simulation is
good for most cases, excluding the one shown in &@6. There is already a
noticeable difference, meaning that in this case diinamics of the BBPLL
determines the output phase noise in a nonlinegr By inspecting Fig. 3-23,
Fig. 3-24 and Fig. 3-25, it can be noted that winstant Kcoo, larger Kocofd
can result in boarder loop bandwidth. However, easing kKcoo and keeping
Kpcop unchanged will drive the loop toward the instapiborder and generate
peaking on the output PSD. Therefore, in order thieve better jitter

performance, Kcoo should be minimized.
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Fig. 3-25 Output phase noise withdea
Fig. 3-26 Output phase noise withhdeo
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For output jitter considerations, it is of greatemest to determine the

optimum value of Igscof which minimizes the BBPLL output jitter for a give

Kpcoa. Fig. 3-29 reveals the simulation results of otifpes jitter versus Kcof3

and Kpcoo. As expected, a smaller value ofd&p causes the BBPLL to be close

to the instability limit, where the peaking, andsalthe jitter, increases

dramatically. Bigger values ofg&of would stabilize the BBPLL on orbits with

small radius. Nevertheless, increasing:4 further will cause the jitter to grow,

due to the border loop bandwidth and bigger quatibm step in the

proportional path of the BBPLL. Thus there exigtsoptimum value of Kcof,

which minimizes the output jitter.
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Chapter 4 Design and | mplementation

of the ADPLL

4.1 Block Diagram of the ADPLL

A prototype of the ADPLL has been designed ang fullegrated in UMC 90nm
CMOS process with 9 metal layers. The detailed llaotagram of the
implemented ADPLL is shown in Fig. 4-1.

The dual mode phase detector (DPD) senses the glffesence between a
reference signal ¢t and feedback signal from digitally controlled ilator
(DCO) by subtracting the autput of phase accumulat¢PAC1) from phase
accumulator 2 (PAC2). The phase-information of nexiee signal is estimated
by PAC1 which accumulating'a frequency control wilifd at every rising edge
of the reference signal. At the same time, PAC2smess the phase information
of DCO output signal by counting the number ofngsedge of the divided-by 4
DCO clock #v4. The counted value is captured by a register e eaference
cycle.

The loop filter which composed of programmable gné (@) and
proportional ) paths processes the phase error information anerates the
control code for the DCO. The DCO adjusts the oufpguency according to
the control code and produces RF signal to outptieb The frequency of high
speed clock signal generated by DCO is then redumedwo stages of
divided-by 2 frequency divider and the divided &atgnal is fed back to PAC2.
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In order to achieve dual mode operation and dynaligidoop gain
adjusting for fast locking, many multiplexer arsented into the data path of the
loop. The operation modes and loop gain paramatersontrolled by the LPM.

In order to test the standalone DCO performanaauliplexer has been
introduced before the digital input of the DCO.thms way the DCO output
frequency can be controlled externally and impdrgaroperties such as the
DCO tuning range and its tuning curves can be \easieasured. For
measurement considerations, the loop parameterop@ction modes can be
programmed by the control signals outside of thp.dlobop states and variables
can also be read out by the instruments througpubyorts. In order to reduce
the number of pins and occupied chip area, a sirm@t@al interface is used to
communicate with external testing instruments.

Owing to most of the building blocks, excluding tB€O, the prescaler
and PAC2, are in digital manner;-those circuits dam implemented
straightforwardly with the conventional cell-basfdw. By introducing the
CAD tools in the design flow, design automationht@ques including logic
synthesis, automatic placement and routing cantibeed to accelerate design
cycle of the chip. In the following sections, th@shcritical building blocks of

the ADPLL will be investigated in more detail.

4.2 Phase Detection Circuits

The complete phase detection mechanism includesLPREC2 and DPD as
shown in Fig. 4-3. Although the phase informatidnxCO output can be
estimated by directly counting the number of theval rising edge of DCO
output, it is difficult to design a counter whicarcwork at such high frequency

and the power consumption of the counter may beconaeceptable. Thus, a
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Fig. 4-2 Block diagram of the phase detector

prescaler which divides the DCO output frequencythy inserted between the
high speed counter and the DCO output.

The high speed counter counts the number of tireahrising edge of the
divided signal #,v4 and produces the counter-valbegs when the rising edge of
reference clockgkrarrives. To'calCulate the‘phase difference infoiromadg, a
subtracter which subtracts the feedback phase nidton ®rz from the
reference phase informatidrker is introduced after PAC1 and PAC2.

As revealed in Fig. 4-2, the output of the subttac separated into two
signal paths. The quantizer connected after th&attbr generates a single bit
output ®ggg vp form the phase difference informatid@r:. The binary phase
error signal®egs e implemented as the sign bit of the phase diffezesignal

®¢ and the relation between them can be expressadl@asihg equations:

0if ®.20

1if ®, <0 (4-1)

CDEBB_IMP = {
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From this equation, it should be noted that theaubf ®ggg vpis 0 or 1
rather then -1 or 1. The reason for it is to sifggine multiplication operations
in loop filter and more detail descriptions will gven in section 4.3.

Due to the settling time during PT mode is largiédyermined by the initial
phase error and frequency offset, the starting tpofnthe bang-bang phase
locking operation is important and the perturbateaused by the switching
between different modes should be minimized. Wienldop is in steady-state
condition at the end of the fast frequency lockangcess, the DCO control code
Is stored to a register as the operation modeasgdd from the FA mode to the
PT mode. This saved value which is close to the DGC&ntrol code
corresponding to the target oscillation frequengyloaded to the register of
integral path in loop filter as.oop entering th& Mode. Simultaneously, the
output of phase detector iseset to 0. by equalitie two input signals of the
subtracter. This operation can be achieved by docmg a multiplexer before
the register of reference phase.accumulator anthgethe control signal

PD_reset to high.

4.2.1 Modulo arithmetic of the phase detection circuit

Due to the practical limitation of the word lengtf the arithmetic
components, PAC1 and PAC2 are implemented in moarbmetic [12]. The
reference and feedback phase informatdgs-and @rg respectively, are linear

and grow without bound with the development of tirdewever, the registers

Ideal u
< Output l:> Input—s{ ) cumalator [*| MOd(2) [7#-Output

u-bit

Input Accumulator

Clk Clk

Fig. 4-3 Behavior model af-bit accumulator.
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Fig. 4-4 Simplified block diagram of phase detector

of accumulators can not hold unbound values andttived values are restricted
to the range of 0 to"2L, wherev represents the bit length of the accumulator.
The accumulator overflows when the:.accumulated evakkaches the upper
bound. If the carry-out bits of the accumulator amnply disregarded, the
behavior of the accumulator can be modeled as eal mccumulator followed
by a modulov operator as illustrated in Fig."4-3. After considg the effect of
limited bit length of the accumulators, a block gtem representing the
simplified phase detector is shown in Fig. 4-4.

In Fig. 4-4, the reference and feedback accumudator replaced with two
ideal accumulators and moduld-&ithmetic units. The signal®geroand®ezo,
represent the ideal reference and feedback phé&senation, respectively. To
get a clear insight into the characteristics of #Hrehitecture, the modulo
arithmetic on®reroand ®rpo could be visualized as two rotating vectors as
shown in Fig. 4-5. In this figur&)ger and®gg are positive numbers which have
a maximum possible value of "¢2) without rollover. If the output of the
subtracter is treated as a 2's compliment numberphase detector outpht

has the same range but is symmetric around zecanlbe shown that the value
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Fig. 4-5 Rotating vector interpretation of the refece and feedback phases.

of @ lies within [-2*Y, 2°1-1] and invariably the phase detector outfigt
indicates the smaller angle between the two vectors

Due to the modulo arithmetic, the phase detectapbtsonly the arithmetic
subtracter of two numbers but also performs a cyadijustment as suggested by
Fig. 4-5. For the phase detector output to be spmeding to the phase error in
perspective, the difference betwe®percand ®rzoshould be restricted to the
range of [-2%, 2°Y.1]. Undeér this limitation, the output of phasealtor can

be expressed as
De = Ppero ~ Pro - WHEN -2utie (¢REFO a @FBO) <2 -1, (4'2)

From equation 4-2 it can be shown that under torslition, the output of
phase detecto®g is simply an arithmetic subtraction of the two pus of
reference and feedback accumulators. From the mgsognt of view, this
condition sets the upper bound of the frequencgedfbetween the target
frequency and DCO output frequencyffFfredN). Assuming the initial phase
error ®gis 0 and the DCO output frequency g At the next rising edge of
reference clock gkp), the values of PAC2 and PACL increase by N/4 and

fout/4frer, respectively. To avoid aliasing, the followingnhdition must be met:

_2(1)—1) < ﬁ _ fOUT < 2(1)—1) _1
/N P

= 'fREF Z(Ml) < (fTARGET - fOUT) < fREF 2(“+1) -1

61

, (4-3)



where farce=Nfrer IS the target frequency. It should be noted thaing fast
frequency locking process, the absolute value efpghase errordirero®Przo)
might raise over the upper bound even if the camdimentioned in equation
4-3 is met. Neglecting the overshooting behavionndulocking process, the

phase detector output should be settled to sonue weithin [-2°%, 20°-1];

fOUT = fDCO, free + KDCOﬁFAq)E

NfREF - fDCO, free < 2(0—1) -1
ﬂFAKDCO

(4-4)

— -2V <

In equation 4-4Pea, Koco frree are forward path gain in fast frequency locking
mode, DCO gain and DCO free running frequency resypey.

The possibility of aliasing due to the modulo an#tic during PT process
should be also taken into consideration.. Assumitegg@CO output frequency
four equals to the target frequencyzM{ the range of the phase offset between
reference and feedback phase|normalized to referefuck period can be

expressed as

_ (n—l) (n—l) _
2" < ¢ < 21

877, (4-5)

which has been discussed in chapter 3.
In the implementation of the ADPLL, the bit length the reference and

feedback accumulators must be made sufficientlgelato ensure that the
conditions list in equations 4-3, 4-4 and 4-5 wobodédalways met. In the design
presented in this thesis, two 8-bit accumulatoes @tilized to construct the

PAC1 and PAC2.

4.2.2 PAC2

As shown in Fig. 4-1, the PAC2 is implemented a&gga speed counter with the
rollover effect as described above. The counterbeaimplemented quite easily

using register-type circuits such as the flip-flopad a wide variety of design
62



exists. There are two major types of flip-flop kdsmunter according to the
clocking mechanism of the registers, namely asynmebus counter and
synchronous counter.

The simplest asynchronous counter circuit is a [ tflip-flop with input
fed from its own inverted output. This counter gase once for every clock
cycle and takes two clock cycles to overflow, sergwycle the output of the
counter will alternate between 0 and 1. It shoudd noted that the counter
creates an output clock at exactly half the fregyet the input clock and hence
it also perform a divided-by 2 operation. The gateat signal can clock the next
counter stage if more than one stage is connegtsedries to extend the range of
the counter.

An example of a 4-bit asynchronous down countenglwith its time
diagram is illustrated in Fig.-4-6. This down caemtan be easily transformed to
an up counter by simply inverting the-output oftfeatage (@-Q,). Note that it
can be shown from Fig. 4-6 ‘that each ‘counter stageking at half of the
frequency of previous stage and the rising edgsaoh output (&-Q4) does not

align to each other. The existence of the unavéedplopagation delay of the

Wl (LI

Fig. 4-6 Asynchronous counter.
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flip-flop results in the unstable outputs as therflews "ripple" from stage to
stage. In the case where the instantaneous coumpatant, the timing skew
between stages will cause incorrect counting resBiésides, the increasing of
the input frequency and the counter length will seor the situation. If each
stage of the output of an asynchronous counteanspked by the same clock
phase, for an L bits asynchronous counter with Rh&ip-flop which have a
clock to output delay of.tfand a setup time ofdl,, the maximum operating
frequency f, max can be expressed as
foma = (g * i) (4-6)

To solve this issue in the applications where @dlstaount value is
Important across several bits, the, synchronous teasirtould be used. Rather
then the asynchronous counters inwhich each lthp46 triggered by the output
of the preceding stage, the flip-flops of synchiwnoounters are all triggered by
the same clock source. Fig.4-7:shows'a 4-bit sgmdus counter composed of
logic gates and flip-flops. The time diagram of twainter is also shown in Fig.
4-7 and it can be observed that the signal edgadh stage (2Q,) is aligned
to the input clockf. The synchronous output of this counter solvessbge of

Q Q; C}f Q,
B e

D cik D cik D cik b cik

Q
Q) | I | I | I [ I [
Qs
Ql | [ L

Fig. 4-7 Synchronous counter.

64



unsettled output while carrier signal propagateasynchronous counter circuit
at the expense of larger power consumption. Becalishe flip-flops in the
synchronous counter circuit operate at the frequeviuch is as high as input
clock frequency, the synchronous counters consugghmore dynamic power
than asynchronous counters. In addition to thesigdypower consumption, the
synchronous also suffer the problem of slower dpegespeed. The maximum
operation speed for an L bit synchronous counterbeadetermined by the time
for the carrier signal to propagate from the fstige (LSB) to the last stage
(MSB) and could be derived as:

R R (R R S (4-7)
where g tewp, tano and korare the, clock to output delay of the flip-flopseth
setup time of the flip-flops, the gaterdelay of thidD gate fnp, and the gate
delay of the XOR gate, respectively.

To solve the edge skewingissue‘and preserve trentajes of high speed
operation and low power consumption of the asynobwme counter, a
skew-insensitive high speed counter is proposethrBeresenting the complete
architecture and operation of the high speed couatgmple example of a 1-bit
counter will be shown to give a clear insight ithe operation principle of the
high speed counter.

Fig. 4-8 shows a simple example of a 1-bit countédn proposed sample
phase generator. The counter consists of a badit flip-flop based
asynchronous counter, a D type latch to performpdaphase generation and a
D type flip-flop to fetch the output from the 1-lasynchronous counter. The
time diagram illustrated in Fig. 4-8 shows the tietaship among the sample

phaseds, the input clock;f, the asynchronous counter outpyt the generated
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Fig. 4-8 Example of a 1-bit counter with sampleg#hgenerator.

sampling clock & and the fetched output,QThe regions divided by the
shadowed area indicate the connection betweenithe ihterval when the
asynchronous output,» valid and the time slots where the rising edfythe
sample phasé@gappears. In other words;, if the rising edge appeaiR, the
corresponding output should locate:in the sameoregnd thus Qshould be 1.
The shadowed area would :be a rectangular:form wittiee skew edge, but in
reality the existence of the clock to output-delayof the flip-flop leads to the
misalignment between the rising edges gfdnd O which results in the
distortion of the shape.

The introduced D type latch not only generates laydgersion of the
sample clockds, but also adjusts the sampling point so that tipeflop can
fetch the correct value from;DThe sample phasksispostponed by the D latch
controlled by f and a sampling clock,;Svhich has a rising transition when the
fin Is O is produced. It should be noted that wibgigoes to high, the output;D
become valid after the most recently rising traositof fi, delaying by ¢,
Similarly, the output D remains valid until the;,f changes from low to high

which results in the state transition on D
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To examine the design margin and the robustneghisftopology, the
operation condition and the propagation delay cheamponent must be taken
into consideration. Due to the physical phenomeoiometastability, the input
data for a flip-flop must have settled by a setupette,for the data to be
reliably sampled. In the case whebg goes high before the D latch becomes
transparent, the upper bound of input frequengy.f can be determined
according to the setup time requirement:

1

fy e = . (4-8)

e 2(tc—q + tsetup - tc—ql )

From equation 4-8, it can be seen that the maxirmput frequency of this
counter depends on the setup timg,of the D type flip-flop, the clock to
output delay {, of the D type flip-flop,.and the clock to outpueldy t.y of the

D latch. In another case whergrgoes high after the D latch becomes
transparent, the circuit may suffer from the metaiity problem when the
rising edge ofd; is close to the rising-edge Gf.fTo solve this issue, a D type
flip-flop is introduced which makes the rising edgethe input signal of the

latch always leads the rising edge gfdnd the modified circuit is shown in Fig.

4-9.
After the detail description of the proposed 1-lmounter, it is

¢S—I £ fin-1

D QH—D
(& b o ! 8 I I 6
- Q 2 teq

Q D Q> D1J§t| [ L]

D> :(_,;c-ql Taa 6

el O Clk 1

q| Dlatch af | -
>
Time

Fig. 4-9 Example of a 1-bit counter with an adaiabD type flip-flop.
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straightforward to construct the counter with mbits by simply connecting the
1-bit counters in series. The complete block diagemnd time diagram of the
high speed counter is shown in Fig. 4-10. The dmeraprinciple of this
architecture follows the one of the 1-bit countenaentioned before.

Due to the non-bound relationship betweg# &ind 4, it is quite likely
that under certain condition, the flip flop may déathe metastability problem.
During metastability, the output of the flip flopwd be undefined at a given
clock cycle which is not acceptable for proper egsioperation. This problem
can be solved by passing the lower frequency sipnaligh a series of flip flops
which are clocked by the higher frequency clocke Tdverall probability of
metastability condition at output of the systemrdases exponentially with the
number of the flip flop. Furthermore, the probdbilof a metastable state of a

single flip flop can be reduced.by increasing. theesl of the flip flop. In order

Asynchronous Counter
fD1 fD2 D3 fD4 fD5 fDG fD7 fDB

I-»D QI I-»D QI I-»D QH I-»D Q4 I-»D QI I-»D QM I-»D

fD’V4 D Cik D Clk D Clk D Clk D Clk D Clk D Clk D Clk
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=D QP “»D Q= "D Q= "D Qp»~ ™D Qp» ™D Qp» "D Qp» "D Q-

Spo Spi Sp2 Sps Spy Sps Sps Sp7
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Fig. 4-10 Bock diagram and time diagram of the psmal high speed counter.
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Fig. 4-11 Schematic of the tactical flip flop [13]

to reduce the probability of a metastable state,smpling in the first stage of
sampling phase generator is performed by a pagsenoke amplifier based flip
flops [13], and Fig. 4-11 shows the schematic ef sense amplifier based flip
flop. The advantages of this topology are the fasponse time and low power
consumption.

Whenfrer comes in to fetch the contents in PAC2, the saigpbihases,
for the ' stage of the asynchronous counter is generatecsamplingfrer
through 2 D flip-flops to avoid metastabilitg, is then postponed by D-latchs
Du1-Dis, which are toggled by the falling edge of the 4 3¢ stage divider
outputsfp;-fps, to generate the sampling phaSgs- S. Thus, a minimum setup
time of 4Tpcoteq Can be guaranteed when retrieving the contentheofipple

counter.
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The sampling scheme of the LSB:g[0] is slightly different form the
topology illustrated in Fig. 4-8, where the samglsignal $is generated by a D
latch rather then a flip flop. By taking the adwage of short clock to output
delay of the sense amplifier based flip flops,degnchronous counter outpyt f
can be sampled just before the transition occutisowt violating the hold time
condition of the output flip flop. In this way, thgper bound of input frequency
as specified in equation 4-8 can be released anddditional flip flop shown in
Fig. 4-11 can be removed.

From Fig. 4-10, it should be noted that the 5 M@&Bgnchronous outputs
fos-fpg are sampled by the same signalFBom the simulation results, the delay
time of the sampling signal,$atisfies the time requirement for the “carry”
signal to propagate from the fourth stage to teedtage of the divider chain, so

further generation of the sampling phase is unrsecgs

4.3 Digital Loop Filter and L PM

The digital loop filter consists of proportionalthbaand integral path as
shown in Fig. 4-1. The data path in the loop filee26 bits wide and represented
in two’s complement arithmetic. Fig. 4-12 illuseatthe block diagram of the
detail implementation of the digital loop filtert should be noted that the
multiplied by a(B) and e(-B) operation is replaced by selecting the positive o
negative value from multiplexer inputs. In orderpgerform the dynamic loop
parameters and modes switching, several multipteaies introduced in the loop
filter. The activity of the loop filter incorporadewith these multiplexers during

the locking process will be described as following.
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Fig. 4-12 Implementation of the digital loop filter

At the beginning of the locking process, all memetgments are reset
synchronous by asserting a control sighal. At fitst fast frequency acquisition
mode is activated where only the proportional paitlsed by set PD_mode to O.
During the FA mode, the output of the phase:detebtas scaled by a valuga.
The scaling operation is implemented in an efficieXanner as programmable
right-bit-shift operation and the variable valfgs can assume to be a
programmable integer value of power of two in thage from 2 to 2. To
further enhance the locking performance, the FAenedlivided into two stages
according to the proportional gdiga.

At the beginning of this mode, a large gfiia is used to allow the output
frequency to lock quickly and roughly to the tarfetguency. Then the DCO
control code Gco is stored to a temporary register as& and control signal
PD_reset shown in Fig. 4-1 is set to high to rédsefphase detector. Finally, the
stored control code £goq IS loaded to the register in integral path by dssge
the control signal Load and the smallest allowedh dar Bea is applied to

resolve the frequency quantization error left fritn@ proceeding stage.
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Fig. 4-13 Implementation of the gain controller

After the output frequency is settled, the PT misdentered. The following
events happen at almost the same time: First, @® [Bontrol code £¢o IS
sampled at the output of the loop . filter and staie@ temporary register. The
phase detector is then reset.to cleanthe phaseresidue and §¢oq is loaded
to the register in the integral path again. Fingétly integral path is switched on
by asserting the control signal PD.‘mode.

During the PT process, the ‘loop' parametergnd g, are dynamically
scaled to reduce the locking time. Fig. 4-13 rev#lad hardware realization of
andp loop gain factors. At the beginning of the bangdpahase locking process,
botha andp are set to initial values. As LD _gain is assertedndp are scaled
down by shift right operations and the scaling destare based on the values
stored in the programmable shift registers. It lobarseen from Fig. 4-13 that the
gain controller can generate 5 different pairs. @hdp during locking operation.
To reduce the computation complexity, the multgtions in the loop filter in
phase locking mode are implemented as multiplezengrolled by®g[7] with

both positive and negative inputs of the gain fesatcandp.

72



Peak Values of ¥,

o

Bottom Values of ¥,

®e[7] L [
®sc M I JIL

P Time

Fig. 4-14 Time diagram of the locking state in P@da.

As mentioned in chapter 2, the time for the contratuit to perform gain
scaling is determined by the existence of the lugkstate. The relationship
between the output of the integral pdthand®g[7] in the locking state can be
shown in Fig. 4-14. It should be ohserved thatitisceement of the integral path
whendg[7] is 0 is equal to the decreasing amount Wi/ ] is 0. This implies
that if the loop reaches steady-state conditioa,gbak or bottom values 4,
will remain unchanged and thus the-existence of theinipcktate can be
detected.

Fig. 4-15 shows the implemented LPM. The sigfat indicates that there

IS a transition on the MSB of the phase detectdpuiube[7] and also a local

Abs. 4@?—» MSB |-+ Gain_change
+

a

w, DFF |L| DFF |L| Dl:ﬂ—_)Dz?D’T’PD-'“k
A

A A

fREF

c[7] s

frer frer

Fig. 4-15 Implementation of the LPM.
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maximum or minimum value appears ¥n Thus, this operation can be treated
as the gradient polarity detector (GPDN6f The peak-bottom holder stores the
peak or bottom values by using the sigigs to clock a shift register. Note that
the values stored in the peak-bottom holder shbelcither two peak values
with one bottom value or one peak value with twttdra values. A XOR gate
followed by a NOR gate is connected behind the fiedtom holder which
compares the first and third outputs of the fligelt in the peak-bottom holder.
Thus, the XOR produces an output that indicted dlierence between the
adjacent peak or bottom values. If the loop isteagy-state, the XOR produces
an output with all digits in the bus equal to O #mas PD_lock is 1.

The PD_lock indicates that the locking state iihed and the loop gain
factors can be scaled immediately. However, thes toh switching the gain
factors is significant as far as the locking speecbncerned. The time instance

for the loop parameters to be adjusted-is basatiestate of the control signal

Fast frequency acquisition| | Only proportional path is
phase 1 " on (large B)

v

'

Fast frequency acquisition| | Only proportional path is
phase 2 g on (small B)

v

'

Bang-bang phase
Tracking

v

l

Stop

»|  Turn on integral path

Fig. 4-16 Flowchart of the ADPLL locking process.
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Gain_change. Since the nature of the bang-bangepbeking, the output value
of the loop filter oscillates around a fixed valwerresponding to target
frequency as the loop is in steady-state. The geedd the peak and bottom
values of integral path output can be assumedeasahtrol code corresponding
to the frequency closed to the target frequencys Bssumption leads to the
using of the average of peak and bottom valueti@starting point when the
loop gain factor is scaled. The signal Gain_chasgaised to high only if the
difference between present integral path outputthacaverage of its peak and
bottom values is less the#2. The loop controller will assert LD _gain to astju
the loop gain factorsa and B when both transitions on PD_lock and
Gain_change are received. Fig. 4-16 summarizedoitieng process of the

proposed ADPLL.

4.4 Digital Controlled Oscillator (DCO)

In this section, the design and..implementation e digitally controlled
oscillator (DCO) will be illustrated. The implement block diagram of the
DCO system is shown in Fig. 4-17. The DCO receme&b-bits wide control
word Goco[24:0] from the loop filter without the sign bit dndelivers a
differential signal with frequency around 10GHzhe buffers.

Due to its relatively good phase noise, ease ofamentation, and better
rejection of common-mode additive noise, the cimspled inductance
capacitance (LC) oscillator is chosen. The MOS enmntation of the LC
oscillator can be classified into two major categgrNMOS only structure and
complementary structure which uses both NMOS an@®BNh a cross-coupled

fashion to compensate the power loss in LC resonato
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Fig. 4-17 Implemented block diagram of DCO system.

It has been reported that there are several redsotise superiority of the
complementary cross-coupled pair over the NMOS-athyucture [11]. The
complementary structure offers higher transconcwetafor a given current,

which results in faster switching of the cross-dedpdifferential pair. It also
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offers better symmetry of the waveform, which resih a smaller 1¥fnoise
corner. Nevertheless, the single NMOS-only topolagychosen over the
complementary one to enable the oscillators to aipein the current limited
region for low voltage supply.

Since the tail current can contribute as much &s tibthe total phase noise
[14] when the MOS of the current source is operatedaturation region, a
PMOSs operated in linear region is used as biasmgeduce its noise
contribution. The nominal bias current is 3mA amd @n-chip regulator is

introduced to stabilize the bias condition.

4.4.1 Varactor Banks

In an ideal LC oscillator the frequengé and the period dsc of the oscillation
are a nonlinear function of the tank:capacitangg:C

il i"
- . 4-9
Tose- 2m,/LC (4-9)

osc

tank

In the traditional voltage controlled LC oscillatdrequency tuning is
achieved by controlling the effective tank capawta with an analog control
signal. The variable capacitor is typically implertexl by the diode or the MOS
varactor which has a non-linear relationship betwtee capacitance and the
tuning voltage.

In the concept of the digital tuning, the oscithatifrequency is made to be
proportional to the input digital control wordh§s. To achieve digital tuning of
the oscillation frequency, the varactor can be us#donly two voltage levels
are applied. In the implemented DCO system, NMO#® wontrol signal short
to drain and source is used as the inversion tygactor and each varactor
operates in either high or low capacitance stateemthe source voltage, drain

voltage drop to zero and the gate potentigli¥ 1V, an inversion layer exists
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Fig. 4-18 Gate capacitance v.s. drain and sourltagey VC, of a simulated
NMOS varactor with L=0.08m, W=0.1m.

below the gate oxide region. This structure behaiess a parallel-plate
capacitor with only a silicon oxide dielectric ietiveen and the capacitance of
the varactor is relatively high. As the controlrag rise to 1V, the depletion
region is formed under the gate oxide and a snvaltlap capacitance dominants
the capacitance of the varactor. By this way, tiggtal tuning can be achieved
by controlling the amount of the MOS varactors ighhcapacitance state.
Today’s advanced CMOS process makes it possibtdate extremely small
varactors which have controllable capacitance i@ d¢nder of hundreds of
attofarads and results in relatively fine frequengsolution in the digital tuning
LC oscillator. Fig. 4-18 shows the simulation résod the C-V curve of a
NMOS varactor with gate voltage tie to 1V.

Due to the finite DCO frequency resolution, the mjuztion error will
introduce noise to the RF output signal. To gamsight into the quantization
effects on the DCO phase noise, consider the quadinin noise model, shown
in Fig. 4-19 [15]. The quantization process can bwdeled as an
infinite-precision tuning signal added by an unifdy distributed random

variableAf, o with white noise spectral characteristics. Thengjzation noise is
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Fig. 4-19 DCO quantization noise model.

then converted to phase noise through thés Ihtegration. The output phase

noise due to the finite quantization error canX@essed as [15]:

2
I‘Quantize(A ) = i x % X 1 x| 2sinc Af
12 Nf frer REF

jz (4-10)

In equation 4-10Af.s is the DCO quantization step which indicates the
corresponding frequency deviation of‘one DCO cdrtodle. It can be seen that
the output phase noise due 10 quantization prazms®e reduced by increasing
the DCO frequency resolution. With careful desidpe phase noise contributed
from the quantization can be*made below. the na@D phase noise resulted
from the finite quality factor of the LC tank anaise of active devices. As
mentioned in section 3.3.3, the phase noise ofLthetank oscillator can be

expressed as [11]

(af) = in/AF T (4-11)

S =
o, STAf?

#n.pco

where E/Af Is the PSD of the equivalent parallel current edi%,s is the rms

value of the impulse sensitivity function (ISF) asated with that noise source,
Omax IS the maximum signal charge swing which is defias the product of the
tank capacitance and maximum signal swiRgiCswings andAf is the the offset
frequency from the carrier. Consider the DCO witfedent frequency steff s

and assume that the quality factor of the inducsoB. By substituting the
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Fig. 4-20 Phase noise due to frequency quantizatiaiifferent frequency
resolution step.

parameters addressed in chapter,3,.the phase spestum due to frequency
quantization is shown in Fig: 4-20=The spectruravah that the quantization
noise is below the DCO natural noise widn.is less then 100kHz. This result
suggests that the DCO frequency ‘gaipcdshould be below 100kHz/LSB.
Besides, as also mentioned in‘chapter 3, smallgodand thus I§co can
reduce the peaking in the phase noise spectrumttarsdimproves the jitter
performances. However, the finest frequency stdpesable by switching a
minimum size varactor is about 120kHz when tankuatdnce is 1.2nH. Finer
resolution can be accomplish by means of high-speedithering [15]. Due to
the wordlength limitation of the digital ditheringrcuit, there will still be a
phase noise contribution due to the finite resofutper equation 4-10, with
Afre=Afres (2. WhereAf e, is the frequency step without utiliziig dithering
and WF is the wordlength of the dithering circuit.

Due to the noise shaping capability of ti¥ modulator, the quantization

noise energy induced by the finite frequency 2tgg is moved toward the high
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frequency offset at the RF output. The phase ngpectrum due to the

>A-shaped frequency deviation is [15]

2 2n
LM(Af):i{%] XLX(Zsinmf] : (4-12)
12 Af fdth dth

where f and n denote the sampling frequency and the oodethe XA
modulator, respectivelygd is normally much higher thepd- and can be easily
derived from the DCO by dividing the DCO outputreag Fig. 4-21 shows the
phase noise spectrum due3n-shaped frequency quantization with different
dithering frequencygdf. The 29 ¥ A modulator is assumed to plot this figure. It
can be seen that tt¥A-shaped quantization noise is below the DCO natural
noise with a margin of 5dB whegyfis higher than 312MHz (divided-by-32 of
the DCO output).

Fig. 4-22 shows the phase noise spectrum duBAtgshaped frequency
quantization with 2 and 3 ‘order ZA-modulator. Despite of the low in-band

noise for 3 order=A modulator, the noise energy appeared in high &eqy

. -60 777777777 _fdth=156l\/|Hz

N |

I | =

B 80L - b ---fdth 312MHz

m | —
S.100 NO fOlth 625MHz 7
0 —DCO Natural Noise
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Z
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(0]
o
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Fig. 4-21 Phase noise due3a-shaped frequency quantization with different
dithering frequency.
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Fig. 4-22 Phase noise due3a-shaped frequency quantization with different
order of*A modulator.

offset rises over the DCO natural phasé.noise. &@prently, a 2 order ZA
modulator triggered by the divided-by .32 of the DG@put is selected in this
design.

In order to lower the area and.the parasitic cagace of the varactor bank,
the whole bank is divided into 3 different weightsd-banks. As shown in Fig.
4-17, the varactor bank incorporating 7-bits biramighted coarse tuning to
cover the required tuning range and a 10-bits unéyghted fine tuning to
ensure linearity. The layout of the coarse tuniagkbis constructed with 128
identical NMOS varactors and each control signadedrdifferent number of the
varactors. For instance,p€p[17] drives a single varactor while pgg[18]
controls a pair of the varactors.

In order to optimize the area usage, the 10-bé& fuming bank is organized
in the matrix of the elementary cells. As showrrig. 4-25, each cell includes a
local decoder and two varactors with shorted dexid source terminals. The

gate terminals of the 1024 cells are shorted t@yethd AC coupled to the tank
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Fig. 4-23 Schematic of the fine tune cell showfim 4-17.

through a series capacitor Cs, which reduces thevagnt capacitance and
enhanced the frequency resolution. Depending oodhgol signals R, L and C,
each cell can be turned either into high capacgtanode or low capacitance
mode. The condition for the:cell to behaves asgelaapacitance is
L[] +(Rii] <] ) =1. (4-13)

The binary weighted control codep&g[17:8] is first converted to
thermometer code and then the tuning informatidsilR)], L[31:0] and C[31:0]
are latched to avoid glitches. The local logic iempénted in the cells decode the
row and column information in such a way that eadtd row is filled up from
column 1 to column 32, while each even row is dillgp from column 32 back
to column 1 of the matrix. The serpentine topolpglyand the dummy cells on
the boundary of the matrix ensure the good matcheigveen the elements in
adjoining rows.

The structure of theXA modulator is illustrated in Fig. 4-24. It is
implemented as digital second-order MASH-type dettiure [15] which can be

conveniently realized in digital domain by cell bdsdesign flow. Its output is
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Fig. 4-24 Block diagram of thd2MASH-II order=A modulator.

fed to threeXA cells which have the same structure as the fineagucell with
R[i] and LJ[i] tie to 1 and O, respectively. Tablel4reports the tuning

characteristics of the DCO.

4.4.2 Inductor Coll

Due to the lack of the inductor models in the pssceevelopment kit
(PDK) of this 90nm mixed-mode CMOS process, a sytrnimeductor coil with
center tap is drawn and an EM.simulation is takeextract the characteristic of
the inductor. In order to improve the-guality factihe top copper metal layer
with 810nm thickness is used to eonstruct the itmluélso, the inductor layout
iIs covered by some dummy-block layers to prevertbraatic metal pattern

filling procedure which is now standard in advarstd-micron process. Fig.

w

N

Inductance (nH)
N
Quality Factor

10 15 2
Frequency (GHz)

(b)
Fig. 4-25 The layout view (a) and the EM simulatiesults (b) of the inductor.
84




4-25 shows the layout view, the inductance and dbality factor of the

symmetric inductor. It can be seen from simulatesults that the inductor has a

guality factor of about 9 around 10GHz.

4.4.3 Simulation results of DCO

The time domain and frequency domain simulatiors @erformed by

Table 4-1 Tuning characteristics of the DCO.

Varactor Bank Weighting Frequency Step
Coarse Tuning Bank 7-bit Binary 5MHz
Fine Tuning Bank 10-bit Unity 60kHz
>A Bank 3-bit Unity 235Hz

Hspice-RF. To accelerate the  verification proceds varactor bank is

substituted with a lamped model during simulations.

Fig. 4-26 shows the phase noise-simulation resulthe DCO, which
reports -103dBc/Hz at 1MHz offset-from a 10GHz iaur The power

(dBc/Hz) : f(Hz)
Phase Noise
\\\
2 N
8 =100.0 - N
3 (1.00 D3smeg,\-~1.Q§~ 34)
~_
\\\\\\
-200'07 T \HHH‘ T \\\HH‘ T \HHH‘ T \HHH‘ T \HHH‘
10.0k 100.0k 1meg 10meg 100meg 1g

f(Hz)

Fig. 4-26 Simulated phase noise performance obDh®.
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consumption is about 3.6mW in TT corner while delimg 900mV,

single-ended output swing.

v(node_p)
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s
<~ 0_5/\/\/\/\\/va
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~ 0.5
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Fig. 4-27 Simulated time domain waveform of the DCO
Table 4-2 summarized the tuning range and poweswaption simulation

results with different corner Table 4-2 reports $iraulation results of the DCO
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Table 4-2 Tuning characteristics of the DCO.

Case fourmax(GHz) fout min(GHZz) Power (mW)
SS 10.877 10.274 3.50
TT 10.327 9.779 3.64
FF 9.9385 9.368 4.6

time domain waveform at its maximum and minimumragen frequency of SS,

TT and FF corner.

4.5 Divided-by-4 Prescaler

The divided-by-4 prescaler is implemented as twscade divided-by-2
frequency dividers. Each stage employs two D-la&clhe a master-slave
configuration with negative feedback, as shown ig. B-28 [13]. The top

PMOS devices act as variable resistance ‘loadsradleat by fin_p and fin_n.

Master Latch I_-l-
MP1 MP2
fin_po o||_ e|l:T

U e

out_p out_n
O O

i P e

Slave Latch = s <

Fig. 4-28 Schematic of the divided-by-2 frequenmacter [13].
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Input and cross-coupled differential pairs are @thin parallel to accomplish
sensing and regeneration action. It can be notddltlere has no stacked devices
and pass gates, which makes it to be suitablenrvtidtage operation.

The last divider stage is followed by a differeht@single ended converter

and inverter-based buffers. The simulation rexflthe prescaler are address in

(V) : t(s)

WUV e
NIRUARAURVAVAE

v)

(V) : t(s)

1.0 div4_SNFP

AN
NIRVAUAUAVRVAU
O e
NiRUARAVAVRVAVEN

STV e
NIAVAVRUANAVAVEN

MRt
MIRUAVRUAVAY

(V) : t(s)
1.0

SR =

LN A A B R B D A AR B D D D B A A A A A A A

(v)

(V)

(V)

v)

V)

\ \ \
170n 171n 172n

Fig. 4-29 Simulated time domain waveform of theididd-by-4 prescaler.
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Fig. 4-29. The power consumption of the prescaet.B3mW in typical case

when inputs a 2.5GHz sinusoidal signal.
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Chapter 5 Experimental Results

5.1 IC Chip

Fig. 5-1 shows the die photograph of the ADPLL. Toial silicon dimensions
are about 0.9mM(96um x 93um) including the bonding pads and digital I/O
cells. The active area is about 0.352miBue to the automatic metal filling
procedure which is now standard in the advanced SN¥dcess, there is not
much to be seen from the chip photograph. Only ssemsitive analog circuits
such as inductor coil, MIM capacitors and the vamabank have been excluded

from the filling pattern to diminishthe parasiétfects.

.-ﬁ. - 3
Y mma

'3':.1;.--' L-:J'; oy -E::""-. 3._’,.
Z‘{E = (3 g 1Ilrf'h]:.

Fig. 5-1 Chip photograph of the implemented ADPLL.
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5.2 Evaluation Board

To evaluate the performance of the implemented ADQRiIvo printed circuit
boards (PCBs) constructed of four layers have Ibedhas shown in Fig. 5-2.
Although placing the chip in package enables ptmecfrom stress and
contamination while eases the connection betwegnastd printed circuit board
(PCB), the package may degrade the chip performaspecially in radio
frequency applications. Thus, the chip is direetiyached to the AC PCB (Fig.
5-2 (a)) and the 1/O pads are connected to theabigaces on AC PCB through
the bonding wires. The AC PCB is then mounted @€ PCB (Fig. 5-2 (b))
which provides DC supplies and biases currentHertést chip. As the result of
the partition, it is facile to replace the testpchy simply substituting the AC
PCB without re-soldering the regulator.1{Cs.and offessive components.

As shown in Fig. 5-2 (a), the die-is located at ¢kater-right of the AC
PCB. The differential 10 GHz RF-output, 40 MHz refece clock and the 1.25
GHz divided-by-8 clock are connected using submumea version A (SMA)

connectors, which provide DC to 18 GHz broadbandopmance with low

(a) (b)
Fig. 5-2 (a)AC PCB and (b)DC PCB for evaluating the
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‘ Apply ‘ ‘FSM Reset| |Freq. Hoop Apply g 1

Fig. 5-3 GUI program for controlling the chip

reflections and constant Z®4mpedance. The connector on the left-hand side
attaches the AC PCB to an interface board (not showhose purpose is to
control the chip by reading and writing its registby means of a graphic user
interface (GUI) program (Fig. 5-3) through the pafaport of the PC. The
operation mode, the serial output mode, the in@&IO control code and the
loop filter parameters of the synthesizer can lmeotely controlled by the GUI
program.

Three light-emitting diodes (LEDs) are used to @ade the power state, the
output pin of the chip serial interface and theuliesf parity check which
provides simple error detection of the input sedetia. A push bottom is used as
the reset bottom and its output is filtered by & lpass filter to solve key

bouncing problem.
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5.3 Measurement Setup

Fig. 5-4 shows the measurement environment setdiphenequipments. The RF
output and reference input clock are connected M Sonnectors with 5@

characteristic impedance. The 40 MHz referenceka®provided by an Agilent
8257D signal generator which has a phase noisbaital34 dBc/Hz at a 20
KHz offset. The 10 GHz differential RF outputs dirst connected to the bias
tees to provide current bias to the chip open diaiffer. The ac-coupled
single-ended signal is then fed to the spectrunyaeaor the oscilloscope. The
phase noise and spectrum of the closed loop Pbohemsured using the Agilent
E4448A with the option 226 phase noise measuremglity. The Tektronix

DPO71254 real time oscillos_cd'pé with._1'2;.5_ GHz inipamhdwidth and up to 50

G sampling rate provides précise tifni:r:ig'wavéform jiter measurement.

Agilent 53310A
Modulation Domain Analyzer

Personal Computer

Agllent E4448A
Spectrum Analyzer

Tektronix DPO71254
Oscilloscope

Ref. Clock I i'______ _____
cwzo@a@O08:

Fig. 5-4 Measurement setup of the test chip.
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The frequency hopping time and modulation domaimel@r are provided
using Agilent 53310A modulation domain analyzer (MDDue to the input
bandwidth limitation of the MDA, instead of the BGHz RF output, the 1.25
GHz divided-by-8 signal is used for measurement Thip serial interface is
connected to the PC parallel port for remote cotlnmugh an interface board,
which converts TTL signals of the parallel portapen collector signals while

provides noise isolation between PC and the tagt ch

54 DCO Measurement Results

5.4.1 DCO Tuning Curve

The DCO tuning curves have been characterized @m égop configuration by
externally setting a 25 bits digital input:code tha& multiplexer in front of the
DCO. The output frequency measurement IS perfornyethe Agilent E4448A
spectrum analyzer with internal frequency countaction. Since measuring the
whole tuning curve of the DCO "éntails the programgnbf #°=33554432
different DCO control codes which consumes extrgnahg time to complete
the measurement, the tuning curve of each vardmok was characterized
individually while kept other control code of othéanks unchanged. The
measurement process has been automatized usingwlP& GPIB IEEE488.1
interface card and a MATLAB program. The MATLAB tme generates
sequentially all the input codes and provides #r@akcontrol data to the chip
via the parallel port. After each code has beem, $kea output frequency of the
synthesizer is measured by the Agilent E4448A,tAedesult is communicated
back through the GPIB interface to the PC. Theltesue automatically stores

to the memory of the PC and can be post-procesgeMATLAB. Higher
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accuracy of the measurement is obtained by avegagmnto 100 measurement
results with the same DCO control code.

Linearity is important to have a value ofdo which is independent from
the operating point of the BBPLL on the tuning @nNevertheless, more
important is the uniformity of the minimum frequgnstep, or, in other terms,
the differential nonlinearity (DNL) of the tuninguve. Too large nonlinearity
may cause unstable condition in locking processvaodld worsen the output
jitter and spurious tone performance.

Under nominal conditions, the maximumpfg=33554432) and minimum
(Coco=0) output frequency measured are 10.2GHz and HZ8@spectively.
Fig. 1 5 shows the measured tuning characterisfitbe DCO versus different
control codes of coarse tuning bankcg24:18] while the control code of fine
tuning bank Gco[17:8] andX%A bank CDCOJ[7:0] is set to 2’b1000000000 and
2'’b10000000. Due to the digital.tuning-scheme whdoles not suffer from the
highly nonlinear frequency versus veoltage charsties and low voltage

headroom, it can be seen that the tuning curvesnah more linear than the

x 10™°

1.02

=
o
=

Frequency (GHz)
|_\

Fig. 5-5 Measured DCO frequency versus control addmarse tuning bank
CDCO[24: 18] .
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typical tuning curves of a conventional LC VCO. Theeasured average
frequency step is 2.8MHz per LSB of coarse tuniagkband the DNL is less
then 0.42LSB.

Fig. 5-6 and Fig. 5-7 report the DCO output fregryeand the frequency

step as functions of control code of the unity-vaeggl fine tuning bank

10.02

10.01
10
9.99

9.98

Frequency (GHz)

9.97

9.96r

9.95

Fig. 5-6 Measured DCO frequency versus control addime tuning bank

CDCO[17:8].
5
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o | | | |
o I I I I
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Fig. 5-7 Measured DCO frequency step versus cootrdé of=A bank
CDCO[17:8].
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Cbcol[24:18]. As expected, the higher the carrier fremye the larger the
fine-tuning step. The average frequency step medssrabout 75kHz per LSB
of fine tuning bank. Several big jumps can be matifor tuning words related to
multiples of 32 (32-64-96...) because of the fact #ch row in the varactor
bank is built up of 32 elements. This behavior banexplained by noting that
for those values, the active varactors are alwayseaborder of the matrix and
matching problems arise. When the varactor is swite from the last cell of
one row to the first of the next row, the continkk r and | change their status at
the same time, leading to small change of the geraspacitance of the next
row. It also shows that the use of dummy cells mmding on the cells of the
array in a meander way are not sufficient to imprdivis side effect. To solve
the problem, special care must be taken in theutaymtching and the design of
the decoder.

Fig. 5-8 shows the tuning characteristics of Inebank. The tuning curve
is nonlinear and non-monotonic, which mainly arfisen the mismatch of the

varactor cells and the timing misalignment of thevidg clocks. More effort

9.9848
9.9848
N'9.9847
2.9.9847
o
&
T 9.9846
(O]
£ 9.9846

9.9845

Fig. 5-8 Measured DCO frequency versus control @add bank Gco[7:0].
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must be taken in the layout technique to improwertiatching of the cells. The

use of dynamic element matching (DEM) may be héligfgolve this issue.

5.4.2 Open loop DCO phase noise

Fig. 5-9 shows the phase noise plot of the freeningh DCO at 9.98GHz,
measured with Agilent E4448A spectrum analyzer wiilase noise personality.
The measurement results are (-102dBc/Hz at 1MHgzetffagreed with the
simulation counterpart where the phase noise at AMffset is about -103
dBc/Hz. Better phase noise value is obtained fghéx output frequency where
the varactor banks are in low capacitance mode.nvne MOS in the varactor
bank enters inversion mode, the energy loss dubedceffective resistance of
channel and metal connections would increase. Timesquality factor of the
LC tank reaches its minimum valuerat:high capacgastate when the output

frequency is lowest.

Carrier Power -4.52 dBm Atten ©.00 dB Mkr 1 16068.808 kHz
Ref—?@@@dBc/Hz - _ - _ f??23_dB;MHz<
16.08 [

dB/

188 kHz Frequency Offset 186 MHz
Freq Offset Trace 1 Trace 2
16H kH=z -75.17 dEc/H=z =77 .23 dEcAH=z =
1 MH=z -181 .73 dEcsHz -1H1 .72 dBoc/H=z T
18 MH=z -127 .25 dBcAHz -127.61 dBcAHz e
188 MH=z -138.38 dBcAHz -142.81 dBcAHz SRR

Fig. 5-9 Measure open loop phase noise from 9.98¢azer.
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5.5 Closed-Loop Performance

5.5.1 Output Spectrum

In order to measure the output spectrum of theedldsop ADPLL, the system
has been reconfigured to a close-loop scheme anahtiftiplication factor N has
been set to 248 and 252 via the on-chip serialfate. Since the reference
clock is 40 MHz, the output frequency is 9.92GHd 40.08GHz.

The measured closed-loop output spectrum of thelAD® shown in Fig.
5-10 for 9.92GHz carrier and in Fig. 5-11 for 1@3¥& carrier. The frequency
span is 100MHz and the resolution bandwidth isteetO kHz. The measured
RF output power from 9.92GHz and ,10.08GHz carrrer -&dbm and -7dbm.
The reference spurs (at 40MHz offset). with markr& laelow -72dBc in the

a Mkrl 16.8 MHz
Ref B dBm Atten 18 dBE -51.656 dBE

Center 9.920 0 GHz ' - Span 106 MHz
#Res BH 10 kHz VBH 18 kHz Sweep 3.813 s (601 pts)
Markar Traca Typa i Auiz Amplituda
1R 1 Freg 9926 B GH=z -4.57 dBm
1a 1y Freg 18.8 MHz -51.66 dB
2R 1y Freg 9.928 A GH=z -4.57 dBm
2a 1y Freg 38.8 MHz -78.32 dB
3R 1 Freg 9,926 B GHz -4.57 dBm
Ja 1 Freg 4.8 MHz -72.83 dB

Fig. 5-10 Measured synthesizer output spectrum3#@Hz carrier witlu=1 and
B=256.
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a Mkr? 168.0 MHz
Ref @ dBm Atten 16 dB -56.124 dB
Samp
Log
18

LgAw
18 i
Wl S2
Center 10.080 @ GHz - Span 188 MHz
#Res BW 18 kHz VBH 18 kHz Sweep 3.813 s (601 pts)
Markar Trace Type i Axis Amplituda
1R (4] Frag 15.888 B GHz -6.97 dBEm
la 1 Freg E.8 MHz -46.349 dB
2R (k] Frag 16.888 B GHz -6.97 dBEm
2a (5] Frag 18.8 MHz -5E.12 dB
EL (4] Frag 16.888 B GHz -6.97 dBm
3a [ Frag 48.8 MHz -7E.19 dB

Fig. 5-11 Measured synthesizer output spectrun0di8iGHz carrier witlu=1
andp=256.

cases of both 9.92GHz and 10.08GHz output. Thesdlospurious tones with
mark 1 and mark 2 are due to the bang-bang cystlation in the steady-state
resulted from hard nonlinearity ‘of the binary phagsection. Due to the
presence of the nonlinear characteristics of theOiGning curve, there are
some differences in the position of the spuriomesobetween Fig. 5-10 and Fig.
5-11.

The magnitude and the position of these cyclic $aare mainly determined
by the forward path gaifp and the loop latency. As mentioned in chapteh8, t
loop delay impacts the period and amplitude of tlaeking trajectory of the
loop and thus influences the spurious tone gemeraltiarger makes the wider
frequency variation every time the polarity of fiiease detector output reverses
and increases the magnitude of the spurs. Witlereift values and constant

value, the measured spectrums of the ADPLL from Q182GHz carrier are
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i Agilent 18:37:20 Oct 8, 2008

Ref @ dBm Atten 10 dB
Samp T

LgAv
5@
Y1 2
V3 FC
AA
£(f):
FTun
Swp

;%'{2—'}.’#9\ ‘"m::‘v'ﬂ'ﬂ-b".”;’i,ﬂ:. TR

Center 9.920 @ GHz Span 100 MHz
#Res BH 100 kHz VBH 160 kHz Sweep 38.16 ms (601 pts)

Fig. 5-12 Output spectrum §£64,256 and 1024.

shown in Fig. 5-12. It can be seen that the latger3 value, the higher the
spurious tones power. However, .the power of thereeice spur is almost
constant with differenp. The emitted power spurious tones are below -60dBc

whenp is reduced to 64.

5.5.2 Output Phase Noise

Fig. 5-14 and Fig. 5-13 report the measured phasgerof the PLL from the
9.92GHz and 10.0 GHz carrier respectively. Withl and =256, the loop
bandwidth is about 200kHz. The output phase ndidd/iz and 10MHz offset
iIs about -100dBc/Hz and -120dBc/Hz. It could benséeat the frequency
components within loop bandwidth undergo 20 dB/decattenuation such that
the up-converted thermal noise is flat.

In Fig. 5-15, the phase noise measured from 9.92€aHzer is reported for
4 differenta and B combinations. It should be note that increasingvith

constanto leads to a broader spectrum or a wider loop basttiwivhile
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Carrier PoMer -5.67 dBm Atten 0.60 dB

Mkr 2 9.89599 MHz
Ref -50.68dBc/Hz - -119.56 dBc/Hz
16,08 |
dB/ r —— ——1—
WWM\
1 kHz Frequency Offset 16 MHz
Marker Trace Type X Axis Value
Ar 2 Spot Freq 1 MHz =99.91 dBc/H=z
2 2 Spot Freg 9.896 MH=z =119.56 dBc/Hz

Fig. 5-14 Measured phase noise for 9.92GHz outpthtax1 andp=256.

% Agilent 18:25:43

Carrier Power -6.14 dBm Mkr 2 10,8888 MHz
Fef -58.00dBc/Hz -121.71 dBc/Hz
10,88
dB/

P e v =

Nh\"'*._h
M
h""'h
M“
N""Jm 2

1 kHz Frequency Offset @ MHz
Marker Trace Type X Axis Value
1 2 Spot Freg 1 MH=z -1868.29 dBcAHz
2 2 Spot Fresg id MH=z -121 .71 dEBc/Hz

Fig. 5-13 Measured phase noise for 10.08GHz owtthto=1 andp=256.

increasinga with B constant drives the BBPLL closer to the instapilitit,

thus introducing the peaking in the phase nois¢ aual degrading the output

jitter performance.
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Fig. 5-15 Measured phase noise for 4 different lolggr setting.

5.5.3 Jitter Performance

Fig. 5-16 to Fig. 5-19 report the time domain wawvefs of 9.92GHz and
10.08GHz, measured by Tektronix DPO71254 real-tioseilloscope with

12.5GHz input bandwidth. The best rms jitter achteis about 0.9ps from the
9.92GHz carrier, including the trigger jitter ofethnstrument for about 100fs

(rms). Due to the higher multiplication number ahé nonlinearity of DCO
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tuning curve, the phase noise for 10.08GHz outpldvafrequency components
is higher then that of 9.92GHz output, which leadsdegrading of jitter
performance. For this reason, larger rms jitteobserved from the 10.08GHz
output which is about 1ps.

Fig. 5-20 reports the measured rms jitter from @82 clock as the
function of differentp values while keepingi=1. The result shows that for
>512, the smallep causes the loop to be close to the boundary tdbrigy
and narrower the loop bandwidth which make the rnitter increases
exponentially. However, further increasing fhealue makes the loop dynamics
to be dominated by quantization step in the propoal path, leading to linear

increasing of the output jitter.

| L R |
B 40.0mVidiv 500 By:12.56 20.0ps 5.0TSls  ET 200fsipt

Sample

Value Mean Min Max St Dev Count  Info
PkPkJit [8.2ps [8:2p [3-4p [8:2p Jo-0 [1288k | |
@B JiRMS [904.4fs  |904.370057 [866.8F [o48.7¢ [23.07a [1298k | |

50 705 116 acgs RL:1.0k
Auto September 18, 2008 06:31:33

Fig. 5-16 Measured output waveform from 9.92GHzieawith o=1 andp=256.
The rms jitter is 904fs.
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B 40.0mVidiv

L T T T
Qae» /ooy 20.0ps 5.07Sls

500 By:125G ET 200fs/pt
Sample
value Mean Min Max StDev  Count Info 50 908 262 acqs RLH.0K
PkPKJit [8.0ps [e.0p [3-4p [B.op o0 [3.0k ] | Aute September 18, 2008 07:00:04
@D JitRMs* [890.3fs  [890.25044F [827.31  [1.277p 6171 130k | |

Fig. 5-17 Measured output waveform from 9.92GHzieavith a=1 and
=512. The rms jitter is 890fs.
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Save el
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L T T T
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Fig. 5-18 Measured output waveform from 10.08 GHzieawith =1 and
=256. The rms jitter is 1001fs.
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Fig. 5-19 Measured output y_\-l_aii"e'{‘ﬁf:r:ﬁ*}t;gm 10.08GHzieawith a=1 and
B=512. The, -jﬁr;m;f;:ji;;éffis 998fs.
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Fig. 5-20 Measured rms jitter from 9.92GHz camh constantx and

differentf values.
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5.6 Locking Behavior

For locking behavior characterization, the divide& output is measured to
meet the bandwidth of the modulation domain analyagilent 53310A). The
multiplication ratio N is first reconfigured fron2Go 63 via the serial interface.
After a reset signal of the finite state machineeiseived, the new N value is
loaded and the locking procedure is resumed. Theéutabon domain analyzer
demodulates the input clock as a FM signal andayspthe result when a user
defined frequency value is presented.

When the output frequency hops form 9.92GHz to8BGHz, the measured
settling time within 20ppm accuracy is about a8%s is shown in Fig. 5-21. A
zoomed in version of the settling behavior.is akown in Fig. 5-22. Fig. 5-23
reports the measured tuning.behavior of the DCCOirabrrode during the

frequency hoping from 9.92GHz.10-10.08 GHz. Aftes ®f the locking process,

(‘5 Freq C tlk A _
waiting for trigger 8 '161;": Markers —
ERF gy ='=5=1==z:==:5==:|5I=:==-:===z===:5==1=5=:==““_1; [___]___‘
1. 2656806 ¢ : : ) ; : : : || DT
3 P S
| 2 ]
| ;
2 | N b
1.250800GY | é i~ Freq Markers —
: . g ;; on
| L
|
|
o~ — ' W
- €6.89pus>
1.23s@@@6y . . Do o
—25.88ps 8.88s Z5.88ps
5.888ps/div
T -2.88ps T 4.89ps a6.8ps  _ fnalyze_—————

ref int

Fig. 5-21 The measured settling time for the oufmduency changes from

9.92GHz t010.08GHz (divided-by-8 clock changes flh@4GHz to 1.26GHz).
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E@B Freq C rem t1k Freq Mkr=z Fr/aF availahle
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Ak Lehel s S SO IO - W A s W S
NN S A DN _[; _ _Fﬁfj\if_ i _iji__F Freq Markers —
J” orf (N
.. R e
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1. 259975886% I I ~E [_____]__ﬂ
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Fig. 5-22 Zoomed in version of the measured segtti@havior.

the measured peak to peak controlrcode differemcerresponding to 331 kHz

frequency variation, which is within 20ppm accurafyhe target frequency.
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Fig. 5-23 The measured DCO control code duringueegy hopping.

108



5.7 Performance Summary

The power consumption of the implemented chip srsarized in Table 5-1
and Fig. 5-24. It is clear from the results tha¢ thO GHz output buffer
composed of 4 cascade CML stages and the 1.25 @widted-by-8 clock buffer

dominant the total power dissipation. The ADPLL eaircuits consume 7.1
mW from a 1V supply, and the digital 10 cells drai7 mW from a 3.3V supply
for chip measurement. The measurement resultsuanenarized and compared
with the state-of-the art ADPLLs reported in reégntear, as shown in Table
5-2. The proposed architecture manifests the htgheiput frequency, fastest

locking time, and highest power efficiency.

Table 5-1 Summary-of'the.power consumption

Circuit Items Power Consumption (mW)
Digital 10 Cells (3.3V supply) 2.7
Digital Logic 0.9
DCO System 3.9
1/4 Prescaler & High Speed Counter 2.3
RF Output Buffer & Divided-by-8 Clock Buffer 41.4

Digital 10 5.2%

N\

Digital Logic 1.8%
- DCO System 7.5%

e Divider & Counter 4.5%

/
Output Buffer 81%

Fig. 5-24 Pie chart of the chip power distribution
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Chapter 6 Conclusions

This work demonstrates a 10GHz all digital frequesgnthesizer for the high
speed serial data communication systems. With tie thode phase detector,
the loop rapidly locks to the target frequency ahén reconstructs to a
bang-bang PLL without resorting to the time to @ijconverter.

Governed by the proposed locking process monherdigital loop filter is
automatically reconfigured and the loop bandwidthself-adjusted during the
frequency acquisition and phase tracking processs than [{sec locking time
and 0.9ps rms jitter including the trigger |jittelr the oscilloscope have been
measured.

A novel skew-compensated asynchronous phase acatonis proposed,
which preserves the advantage of low power dissipadf asynchronous
counter while eliminating the accumulated timing\skissue.

A LC-DCO with a varactor bank incorporating 8-bitnary-weighted
coarse tuning and 10-bits unity-weighted fine tgnito ensure linearity is
presented. The frequency resolution is further pobd by employing high
speed dithering though an 8-bit MASH-AX modulator.

Using the UMC 90nm CMOS technology, the implemengedtotype
occupies only 0.352mm2 active area and manifests power efficient of
0.71mW/GHz which is comparable with the state oé thrt frequency
synthesizers.

Finally, because of the digital nature, the ADPLancbe further scaled
down for future CMOS process and suitable in SOSighes.
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