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Abstract

The frequency synthesizer is the key‘element usddth up-conversion and
down-conversion of radio signals, :and it also affeibe performance of the
whole transceiver. Along the progress of the dedprscron CMOS process, the
digital circuits could be implemented more-inteyat and reduce the cost and
the power consumption of the system. But analoguits are difficult to operate
with lower supply voltage and integrate with digtacuits. In the recent years,
some researchers proposed the concept of theldigérol oscillator (DCO),
and the output frequency could be controlled bydiggal codes. If we replace
the charge-pump and the filter into digital looftefi, the whole PLL could be
digitalized by replacing the charge-pump and tlterfinto digital loop filter,
and the PLL could be operated with low voltage énder down the power
consumption.

This thesis proposes a low power digital phase ddckoop with
self-calibration circuits. The chip has been impated in UMC 90nm 1P9M

CMOS process and could be used on the transcefvdreoBio-sensor. The



center frequency of the RF output is 1.4GHz, areldkpected phase noise at
1MHz offset is below -100dBc/Hz. The prospectiveatgpower consumption is
lower than 1mW. A DCO calibration circuit is addénl suppress the PVT

variation and increase the stability of this loop.
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Chapter 1 Introduction

1.1 Motivation

In the recent year, people could live over sevemigrs or longer. Health care
has become a popular issue in the whole word. Reéeeinnological advances in
sensors, low-power microelectronics and miniatiiera and wireless

networking enable the design and proliferation ofeless sensor networks
capable of autonomously monitoring and controlimyironments. A number of
these devices has the advantage of allowing patnentment without tethering
the patient to a bedside monitor, ,with a hard-wimmhnection and can be
integrated into a Wireless .Body.'Area. Network (WBAN) new enabling

technology for health monitoring.

Fig. 1-1 WBAN concept
The concept of WBAN is shown in Fig. 1-1. Peopla carry a tiny sensor

all around without staying beside the monitor. $kasor could get vital signals,

such as electrocardiogram (ECG), and transfer elevant data to a personal

1



digital assistant (PDA) or a personal computer (fi@ugh a wireless personal
area network implemented using ZigBee (802.15.4pf1Bluetooth (802.15.1)

[2]. Those devices allow an individual to closelgmrior changes in body’s vital
signs which can provide feedback to help maintaimgtimal health status, and

these systems can even alert medical personnel Wheahreatening changes

occur.
X
Base ‘ ‘
Band > DAC "’l
RX
VGA+LPF|—{ ADC >
LO-I
E Base
LNA Band
LO-Q
VGA+LPF|—{ ADC >

Fig. 1-2 Architecture of the RF transceiver
In this application, a radio frequency (RF) tramgee is necessary for

delivering the signal between sensors and local aaare. The architecture of
the RF transceiver is shown in Fig. 1-2. The opemabf transceiver is as
following. Baseband signal converts to analog digméh a digital-to-analog

converter (DAC). Up-conversion mixer mixes carrisgquency generated by
local oscillator (LO) and analog signal filtered loy pass filter. The antenna of
the transmitter (TX) transfers RF signal whichngpdified with power amplifier

(PA). The antenna of the receiver (RX) receivesRResignal and delivers to a
low noise amplifier (LNA) to amplify the receivedysal. RF signal is converted

to baseband signal with a mixer and LO. A variagden amplifier (VGA) and

2



low pass filter (LPF) is used for amplifying thecegved signal and filtering the
noise produced by higher frequency, and then thpublbaseband signal is
converted to digital signal with an analog-to-dagjitonverter (ADC).

Frequency synthesizer is a key element in traneceand is generally
implemented by phase-locked loop (PLL). A sub- PLL is necessary for
reducing the power consumption of the whole sysiE&me. central frequency for
ZigBee (IEEE 802.15.4) or Bluetooth is about 2.4GHwhich might be
interfered by other application, such as 802.1f, aj. Federal Communication
Commission (FCC) has voted to adopt new rules ksiitig a service for
wireless medical telemetry devices [3]. The Wirslbtedical Telemetry Service
(WMTS) report and order sets aside the frequerafie$395 to 1400 MHz and
1429 to 1432 MHz for primary or co-primary use bigible wireless medical
telemetry users. This action creates frequenciesravimedical telemetry will
enjoy protection against interference-from othebamd RF sources and reduce
power consumption by lower ceniral frequency.

We propose a low power PLL with self-calibration tims thesis. The

specification of this proposed PLL is shown in Eabi]l.
Table 1-1 Specification of the proposed PLL

Parameter Value
Process UMC 90nm
Output Frequency 1.4GHz
Reference Frequency 4MHz
Supply Voltage v

Power Dissipation <1lmW

Phase Noise @ 1MHz <-100dBc/Hz
Resolution <20ppm




1.2 Overview of Thesis

The organization of this thesis is as follows. Iha@ter 2, we propose a new
architecture of low power PLL. We give a behavioodal and an analyze
method for the new architecture in Chapter 3. Welement each block in
Chapter 4. Experimental results are provided inpBdra5 and this thesis is

concluded following a discussion in Chapter 6.



Chapter 2 Architecture

2.1 Prior Art

Emerging wireless sensor network applicationsfoalfadio architectures where
size and current consumption are major designriitdlany studies [4]-[6]
have been carried out on frequency synthesizedb@sa charge-pump PLL [7].

The basic concept of charge-pump PLL is shown gsZ-1.

up ————
| Loo
frer O—> ’ | Filte‘l)' IVctrl four = N x frer

PFD VCO |-¢—o

fFB —>

1IN <

Fig. 2-1 Architecture of charge-pump PLL
In this architecture a voltage control oscillateiCQO) generates a periodic

output signal having a frequengy,f determined by a control voltage Vctrl. The
output signal is divided by a frequency divider.eTbutput frequency of the
frequency divider s is frg=fout/N, where N is the divide ratio and could be
integer or fractional. A phase frequency detecR¥i[§) compares the phase or
frequency of the feedback clocksfagainst between reference frequengy f
The information on the phase or frequency diffeesactivates the charge-pump

(CP) and the CP varies the control voltage Vctradjust the output frequency
5



of the VCO. A loop filter is used to reduce theseoformed by the CP. This loop
locks when the phase difference drops to zero.

With the explosive growth of the processes, theaiskeep-submicrometer
CMOS processes allows for an unprecedented ded@ismaling and integration
in digital circuitry, but complicates the implematibn of traditional RF and
analog circuits. In the advance processes, the nehalength of CMOS
transistors becomes shorter to reduce the chip anelsthe supply voltage of the
circuits becomes lower to diminish the power constion. The gate oxide of
CMOS transistors gets thinner to enhance the dyiginength in the advance
processes. The current leakage of the transistets Igrger because of the
thinner gate oxide that causes current mismatcthenCP. The range of the
control voltage of the VCO shrinks because of twelr supply voltage that
makes higher gain of the VEO.. The VCO would be \sergceptible to the noise
of the control voltage that makes the-VCO difficoltcontrol.

Recently, a digitally controlled oscillator (DCQyhich deliberately avoids
any analog tuning voltage controls, was first epeesented in [8] for RF
wireless applications. This allows for its loop toh circuitry to be
implemented in a fully digital manner. Staszews&velops an architecture of
all-digital PLL (ADPLL) [9][10] which could integr& with digital circuitry. Fig.
2-2 shows the structure of Staszewski’'s ADPLL [10].



Reference phase Phase DCO gain

accumulator detector Loop fiter  normalization DCO
Frequency fn d[k] CKV
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Fig. 2-2 Structure of Staszewski’'s ADPLL [10]
In Fig. 2-2, a digital control oscillator (DCO) gemates a periodic signal

CKV and feedbacks to an oscillator phase accumuldioe variable phase
signal R/[i] is determined by counting the number of thengsclock transitions
of the DCO oscillator clock. The reference phagmal Ry[k] is obtained by
accumulating by frequency command word (FCW) witlrg rising edge of the
retimed frequency reference clock (CKR). FCW isititeger divide ratio of the
target frequency to the reference frequency. A @hadastector compares the
difference of the sampled variable phasgkRand the reference phasell
and gives an adjust signal which is conditioned digital loop filter and
modifies the output frequency of DCO. A time-toith converter (TDC) is
used to increase the resolution of the phase béatween reference clock and
output signal. DCO gain normalization is needeg@rexisely establish the loop
bandwidth. Because most of the circuits in thishéecture are design in the
digital manner, the ADPLL is easily implementedwibhe synthesis tool and is
compatible with other digital circuits. In this wathe cost and the power
consumption of the ADPLL could be shrunk with thevelopment of CMOS

process and integrated with digital circuitry.



Although many studies have been published concgréiBPLL, little
attention has been paid to reduce power consumpti&DPLL. The DCO in
ADPLL consumes about 25mW in a 90nm digital CMOB8cpss [11] because
of the LC oscillator. Fig. 2-3 is the architecturfethe DCO which is controlled
by varactor bank with digital codes. To diminisle gpower consumption of the
DCO, the quality factor (Q) of the varactor neeal®¢ high enough, and that is
difficult to implement. If we use ring oscillatoorf DCO, we could lower the

power consumption of the DCO, but the gain of DCGuld be higher with

lower supply voltage that makes DCO more sensttvie noise.
VDD

Vine_high

Fig. 2-3 Architecture of Staszewski's DCO [11]
In this thesis, we present a method to controba lgain DCO which could

operate with low supply voltage. This study aimgtesent a low power ADPLL
which could integrate with digital circuitry and mgpse with process, voltage,
and temperature (PVT) variation. The following smttshows the proposed

architecture of the low power ADPLL.



2.2 Proposed Architecture of the Low

Power ADPLL

Phase Dynamic Loop =N X f
frero—1  petector |PDOUT Filter HDLFOUT: : :HOUT—O REF
e (PD) (DLF)

Calibration DCO

frs

Frequency Divider
(1/N)

Fig. 2-4 Architecture of the proposed ADPLL
The proposed architecture of all-digital PLL (ADPLik shown as Fig. 2-4. This

architecture includes a calibration digital coriedloscillator (Calibration DCO),

a frequency divider, a phase detector (PD), angharic loop filter (DLF). The
basic operation of the ADPLL isias-fellowing. ThalBration DCO generates a
periodic clock and is divided by the frequency desi The output frequency of
the frequency divider isof/N. The phase detector compares the phase
difference between reference frequengydnd feedback clockd and delivers

the adjust signal PDOUT to the DLF. The DLF produttee control code of the
DCO to modify the output frequency of the DCO. Tlhep becomes stable
when the output frequencyr is N times of reference frequengyd.

The charge pump in conventional architecture idacsal by the DLF
whish is composed with digital circuits and overesitihe non-idea effect in
charge pump. The DLF also adds a mechanism to tatifjasloop bandwidth
automatically to shorten the acquisition time. Tdadibration DCO is used to

oppose against the PVT variation and make the impteed loop transfer



function approach our target design. The detaitueison of the DLF and the

calibration DCO is written in Chapter 4.

PFD
DLF gos
5%

DCO
44%

Divider
43%

Fig. 2-5 The distribution of power consumption ack building block in a PLL
The distribution of power consumption in each baiddblock of a PLL is

illustrated in Fig. 2-5. In general speaking, thE@ uses almost half of total
power consumption. If the power consumption of Ei&O is reduced, the total
power of the PLL would be decreased-efficientlyorirspecification in Table
1-1 and the distribution of the total power, thevpo consumption of the DCO
should be less than 4p@/. The control current of the DCO has to be reduoed
less than hundred micro watts to save more powsdrthe gain of the DCO
might be higher that make the DCO difficult to acohtand sensitive to the noise

on the control current or voltage.

Digital —\| MASH 1-1 Output
Code — /| AZ Modulator \ @_Frequzncy
FAz(S) FAF(S)

Fig. 2-6 The concept of the DCO
A AX modulator could provide high resolution, so werddtice aAX

\ 4

modulator to control a high gain DCO. The concdpghe DCO is shown as Fig.

2-6. Afilter is added at the output of th& modulator to reduce the quantization
10



noise which is injected by th& modulator. The width of the accumulator in the
AY modulator decides the resolution of the DCO arw dbantization noise
which would affect the phase noise performancehef DCO. To solve this
problem, the effects of the bit number of ki modulator and the bandwidth of

the filter to the noise performance will be invgated in the following chapter.

11



Chapter 3 Analysisof the ADPLL

3.1 TheDynamicsof the ADPLL

BBPD |
— \DLFOUT
fREFO—P > é—w Z'D ;—C)U>®—
. DCO
Kbcom)

Frequency Divider T, =T, +Kpeor [DLFOUT
1/N

A

Fig. 3-1 The ADPLL time domain model
The bang-bang PD (BBPD)"in the ADPLL introduces Im@arity in the loop

that invalidates the traditional Laplace domainlysia used in linear PLLs.
Some researchers provide time domain analysisanrébent years [12]. The
ADPLL time domain model is illustrated in Fig. 3akthere T, D, and Kcom
mean the period gain of the DCO output, the tatapldelay normalized to the
period of reference clockzdr, and the gain of DCO which is expressed in

equation 3.1.
AT,
KDco(T) = ACode ( 3.1 )

According to his analyze, this loop would be stalleen the parameters of

the dynamic loop filtef} anda, fit in the following condition:

a 2
=<
L 2D +1

(3.2)

12



The architecture of the BBPD provides one cloclageVhich is described
in section 4.1. To avoid the data racing in the Dhfe register is put between
the DLF and the DCO, so that induces one clockydéMe assume the loop
delay D as 2. The ratio afto  must be less than 0.4, sodetl andp=8.

3.2 Linear Modd of the ADPLL

The block diagram of the ADPLL can be shown as Eig. The linear model of
each block would be derived in the following secti@and we would give a

complete linear model of the PLL in section 3.2.5.

3.2.1 Linear Mode of the DCO

The output frequency of the DCO could be variedoatiog to the input code

and it could be expressed as equation 3.3
four ()2 f Ko DLFOUT (t) (3.3)
, Where f is the running frequency of the DCO, angtKis the gain of the DCO

of which the unit is Hert/LSB. The angular frequeraf the DCO could be
derived as equation 3.4 which is rewritten by equa3.3.

Goyr (t) = @, + 27K ., x DLFOUT(t) (3.4)
The phase of the,(t) is
[, @, (M =gt + 27K [ DLFOUT (7)dr
Your =h T4,
, Whered, is the excess phase of the output which couldriteew as

o (s) =2”K—SDC° DLFOUT(s)

13



3.2.2 Linear Mode of the Frequency Divider

The relationship of the input and output of thegfrency divider could be

expressed in equation 3.5.
four () = Nfea () (35)

From equation 3.5, the transfer function of theg@iency divider could be

derived as following.

fols) _ 1
" (3.6)

3.2.3 Linear Mode of the Bang-Bang PD

In this structure, the BBPD.is thesonly. nonlinedengent and the gain Ky

depends on the jitter between the reference clockthe feedback clock. To
model the behavior of the- BBPD;“Nicola derived thepression for the
linearized gain of the BBPD with ‘Markov chain the¢t3]. If the rising edges
instants of the reference and the feedback cloekiaand §, the linearized

model of the BBPD could be illustrated in Fig. 3-2.

frer >>_||— PDOUT — t :(_IT;M PDOUT
ty

T

frs

Fig. 3-2 The linearized model of the BBPD
In locked condition, the average value of the outgfuhe BBPD must be

Zero.
E[PDOUT]=0

14



If the reference clock leads the feedback clocks>0, there will be more

iterations with PDOUT=1, so that the average vauBDOUT will be positive,
vice versa. It could be defined that the gain & BBPD around the locked
condition as rate of change in E[PDOUT] with a dnuhfferenced of the

probability density function (pdf) around the lodkeondition.

= 9 (E[PDOUT | difference= J]

Kbpd 90 )( 5=0

(3.7)

With the definition in equation 3.7, the gain oétBBPD could be derived

as the following expression [13]
Ko =21,,(0) (3.8)

, Where f; means the pdf of the time differenckt.

Assumea<<p, the nonlinear map:in. presence of jitteron the reference

clock is the same as equation (5) in reference Exjlude the loop delay D.

At = At 4t = NAK o sor(At, ) (3.9)
If the values of At in case of unjittered referenceAi$ ~, At~ can assume
values on discrete states: BRDCO(T)+At o, where state number n is integer.

From a given state nAt = might go either to state n+1 or state n-1, and the

transition probabilities from state n to state nsldefined as G. If a given
cumulative distribution function (cdf) of the jittey is F;(X)=P[t<x], the
transition probability could be expressed as:

Plat,, On+1]At On|=F, (-nNAK,0))=G,  (3.10)

In section 3.1, the loop delay D is supposed t&rdm equation 3.9 the

infinite Markov chain could be simplifies to a savstate chain which is

15



illustrated in Fig. 3-3, where the transition prbllity G,=G,=G,=G.;=G.,=0.5
and G=1.

Gs G, Gy Go G G.
1-G2 1_G1 1-Go 1-G.1 1-G.2 1

Fig. 3-3 Markov chain approximating
The stationary probability of occupancy of theestats defined as,qvhich

could be expressed as:

q, = P[At* 0 nJ
The stationary probability ,ocould berderived by the transition probability G
[13].

d, ={1+ ziﬁil_GGmlﬂ (3.11)
0. =q. =[] [%]q (3.12)

From equation 3.11 and 3.12, we could find thataty probability g.

1
0 =0,=0,=0,=q, = (3.13)

6
_ 1
0; =d.; _E (314)

If t;; is Gaussian with varianeg,’, then the equation 3.8 could be rewritten as
the following:

Kbpd =2 Z d. ftj, (_ r“\II&(DCO(T)) (3.15)

2
_ 1] nNBKpco(r)
1 2 Ty

ftj, (_ r]N:&<DCO(T)) = (3.16)



An approximate expression forl might be applied by equation 3.13-3.16 and

could be shown as:
NBKpeo(t)

NBoco(r) | [ NAKocorr) | ) ’
Kbpd—J \/_ %-'% { e J+§e{ J”"()J +;e45[ o J (3.17)

From the linear model of BBPD in Fig. 3-2, the urfithe gain Kyqis sed.
To analyze this model in phase domain, the lineadehof BBPD is redraw in

Fig. 3-4.

Fig. 3-4 The linear model of.BBPD in phase domain
The relationship betweenyly and ke could be derived in equation

3.18.

K, o = AL (3.18)
bpd (@) 27f :
REF

3.24 Linear Modd of the Loop Filter

PDOUT | G DLFOUT

1-z7"

Fig. 3-5 z-domain model of the dynamic loop filter
17



Fig. 3-5 shows the z-domain model of the dynamoplélter. The z operator is

defined ag =e%R, where s= j27f and 1/f is the period of the sampling rate

which is the same as the period of the refererneguéncy ger in this design.

We can make the following approximation:

_ - S
Z 1 :e%REF :1_

f (3.19)

REF

Using equation 3.19, s-domain model of the dynafomp filter could be

illustrated in Fig. 3-6.

PDOUT | 0 DLFOUT

REF

—h

Fig. 3-6 s-domain of the dynamic loop filter
The transfer function of the dynamic loop filteum be written as:

_ DLFOUT(s) _ fo
F(s)= PDOUT(s) =pra s

In the concept of the DCO in Fig. 2-6, the DCO unigs aAX modulator

(3.20)

and an analog filter. If the transfer function trealog filter is ke(s), which is a
low pass filter, those transfer functions could bame to the dynamic loop filter,

and the total transfer function of the loop fileeuld be written as:

F'(s)=F(s)F, (s) = (ﬁmﬁj F, (s) (3.21)

S

18



3.25 Linear Model of the Complete PLL L oop

DCO
Loop Filter |DLFOUT
F(s) ( ) P
S
Prs Frequency Diveder |
(1/N) B

Fig. 3-7 The linear model of the PLL loop
The linear model of the PLL loop is illustratedriy. 3-7, where Kyqe) and F'(s)

are applied by equation 3.18 and 3.21.

3.3 Generated Phase Noise

3.3.1 Noise Model of the DCO

Digital —\| MASH 1-1 —\ Output
Code — /| AZ Modulator ®_Frequ|:ncy
Fas(s) Far(s)

Fig. 3-8 The concept of the DCO
The concept of the DCO is shown in Fig. 3-8AZ modulator is used to control

\ J

the high gain oscillator, but t& modulator might induce a quantization noise.

An analog filter is added to cancel the noise calmetheAX modulator.

19



All:n,o
Quant.

DLFOUT ’_II Af, lz 217
LN —-®,
S

Koco Fa(s)

Y

Fig. 3-9 The noise model of the DCO architecture/uaing the DCO noise
The noise model of the DCO architecture is showfim 3-9, excluding

the DCO noise. Since the input code spans mulgplantization levels, the
DCO frequency quantization error is modeled in F3g9 as an additive
uniformly-distributed random variableAf,, with white noise spectral
characteristics. Another noise source is the nataige caused by the DCO. The
DCO noise spectrum affected hy,td& modulator could be expressed as

following.

S =

Df b

= (s)%"zsmm (3.22)

The noise spectrum of the randomvariablg, includes the quantization noise

from finite frequency range and the dithering ndigen noise-shaping by the

AXY modulator and could be written as:

S, =S, +S

Afn ,0 n,quantize Afn Jdithering

Staszewski who proposed a digital controlled cattiil has provided the analytic
method to design the DCO [11], but an analog fikeadded in the architecture
of the DCO in this thesis.

The variance of the adjust frequendy quantizelS

0-2 — (Afr&c )2

Mogwi 19 (3.23)

20



Af
2m
, WhereAf,sis the frequency resolution, m is the width of A¥2modulator, and

Af = (3.24)

Afr is the frequency tuning range of the DCO. Thelshsided spectral density

of the quantization nois&f,, guantizelS

2

S, (8 )= Toftmme (3.25)

REF

From equation 3.23~3.25, the single-sided powectsp@ density (PSD) to the
output could be derived as equation 3.26 which iplidtd by the sinc function

corresponding the operation of the register (saraptehold).

F (j2m) 22" | rs,

SAqu‘quantize (Af ) = j 27\

n,quantize

1 (MY =1 Af Y (320)
= — [ == [EEE S Wsiic— j2mf )

The frequency step of the switehing of thE modulator is the frequency

tuning range\fy, so the variance of'the dithering frequency is

, Af_ )
ol :% (3.27)

The spectrum of th&X-shaped frequency deviation could be written as

2 2n
s, (Af)zMElLEEZSinﬁ) (3.28)
e 12 fOS fOS

, Where §sand n mean the oversampling rate and the numbsagés of thaXx

modulator. The output noise PSD due toARemodulator could be written as
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2
(szf)gzi S

Af n,dithering

S (Af)=

Aq“'o,dilher ng

(3.29)

J EI—[EZsm—j [F, (j2mf )

In 1999, few researchers presented the phase obike differential MOS

ring oscillator [14]. The total power of the ringaillator could be derived in the
equation 3.30, where Ny, and VDD mean the number of stages of the
oscillator, the tail current in each stage, andsilygply voltage.

P=NI_V,, (3.30)

tail
The frequency of the oscillation would be approxissas

~ Itall

; 2’7 (Cnodevmax )

, Wheren is the propagation constantsgeis the capacitance of the output node,

and Vja is the maximum voltage swing of the output. Thépatinoise of the
ring oscillator could be derived in equation 3.@here k=1.3810% J/K is the

Boltzmann constant, T is the temperature in Keldegree, V.- is the
characteristic voltage of the device, andifkthe load resistor.

S, (& _—ENdL[EVDD \é?DJ[Efj (3.31)

— VGS _VT
14

\Y/

char

From our specification in Table 1-1, the power aonption of the whole system
is less then 1mW, so that the DCO has to operaderu$#00mA for 1V power
supply. To reduce the power consumption of the D@ ring oscillator would

be designed in three stages. If the power consomi the ring oscillator is
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about 10QW, the tail current of each stage has to be ab6u¥\3 The phase

noise caused by the ring oscillator circuits idymed in Fig. 3-10.
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n,DSM

10’

+S,

- Sq)n,DCO
23

10°
Frequency (Hz)

Fig. 3-10 Nature noise'spectrum of the oscillator

n,DCO_ Total

S,

05

1
The total DCO noise spectrum. density which is fdated in equation 3.22

could be rewritten in the following equation, wh&ey,spm and S o quanizealre

To reduce the affect of the quantization and ditigenoise to the output, the
width of the AX modulator and the bandwidth of the analog filteowdd be
designed by equation 3.29 and 3.26 properly, antetvhe output noise caused
by those two factors less than the nature noisehef oscillator and the
specification. A ' order AZ modulator is chose in this research. The signal
transfer function of the MASH (Multi-stage noiseaping) 1-1AX modulator is

shown in equation 3.22.
formulated in equation 3.33.



(3.33)

Use the approximation in equation 3.19, the fornualald be rewritten as

(3.34)

o

Tos
S
is the over sampling rate of th& modulator.

H,. (s)

, where §s

If the tuning range of the oscillator is 30%, threquency range of the

oscillator is designed as 400MHz. From equatioi® 3tRe quantization noise to

output could be lower with hither resolution of th& modulator. Fig. 3-11

shows the expected phase noise spectrum causée loypantization noise with

difference width m of thaX modulator, neglected the effect of the analogffilt

The width of theAX modulator has to more:than 15 bits to make theg@haise

less than -100dBc/Hz at 1MHz. offset.
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Fig. 3-11 Quantization noise with different widthahtheAX modulator,

excluded analog filter
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In the specification in Table 1-1, the resoluti@s lto be lower than 20ppm,

so that the frequency step has to be less tharH28fd each modified signal

provided by the BBPD.

9E|ng\/|7ml_|z < 28kHz

(a+18)|:KDCO

m>16.97
The width of theAX modulator has to more than 17 bits. We choosetd 8kithe

resolution of the\X modulator.
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Fig. 3-12 Dithering noise with different oversanmglirate §s of theAX

modulator, excluded analog filter

From equation 3.29, the dithering noise to outmutlad be less with hither

oversampling ratecf of the AX modulator. The expected phase noise spectrum

caused by the dithering noise with difference camemnsling rate of theAx

modulator neglected the effect of the analog fileeillustrated in Fig. 3-12,

where § is the oscillation frequency. The oversampling ra@it theAX modulator

has to higher than eighth of the oscillation fragpyeto make the phase noise
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less than -100dBc/Hz at 1MHz offset, so that weoslkeoa quarter of the

oscillation frequency as the oversampling rate.
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Fig. 3-13 The output phase noise due taABenodulator
From Fig. 3-13, we could observe that the outpaispmoise due to thes

modulator would get higher after 300 kHz frequentfget. A 3¢ order analog
filter is used to reduce the noise of th¥ Brder AX modulator, and the
bandwidth of the analog filter has been chosenOiskd1z. The output phase

noise due to thAX modulator after the analog filter is shown in RBel4.
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The concept of the BBPD is shown in Fig. 3-2. TH&PB quantizes the phase

3.3.2 Noise Model of the BBPD

_1
3

(APDOUTY
12

APDOUT

2

difference of the reference frequengyfto £1, and the average of the PDOUT
o

is 0. The variance of the PDOUT is

sided spectral density of the quantmatoise of the BBPD with

The single-

zero-order hold could be derived as

2
[EsincfA—fj (3.35)

o
fREF

2
APDOUT [Esincﬂj :l
fREF 3

2
f REF

g,

(af)=

n,PD

SQ)

10
Frequency (Hz)
Fig. 3-16 The spectrum of the BBPD quantizatiorsaoi
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3.3.3 Output Phase Noise Power Spectral Density

D reF Do ®i,pco_Total

Bang-Bang PD

l DCO l
o AD Ik Loop Filter
REF—»@——: F'(s) — O,

21K Lo
S

Drp Frequency Diveder
(1/N)

Fig. 3-17 The linear model of the ADPLL with noseurces
The linear model of the ADPLL with noise sources ba shown as Fig. 3-17, in

which each major block is replaced with its lineardel, where Kyq@) and F’(s)

is given by equation 3.18 and . In this mod®)},rer is the noise which is
induced by signal generatab, gp IS the quantization noise which is caused by
BBPD, and®, pco is the noise of the DCO. . The transfer functiomfrihe input

of the BBPD to the output of PLLS:

ch,o -H (S) - Kbpd(tb)Fl(S)(Zﬂ( DCO)
© S+ Kbpd(cD)Fl(s)(ZZKDCO )/N

(3.36)

n,REF
The transfer function from the output of the BBRLte output of PLL is:

., Fls)arKy,)  _ H()
@ S+ Ko F ' (S)(27K oo )N K

(3.37)

n,PD DCO ) bpd (@)

The transfer function from the output of the DCQHte output of PLL is:

®, s _,_H(S)
F(s)27Koe0)/ N

(3.38)

P T s+K

n,DCO_Total bpd (®)
If the noise spectrum of the signal generatorBB®D and the DCO arepSgrer
Sonpo @nd Qnpco the output phase noise spectrum of the systend doei

derived as:
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(3.39)

n,DCO_Total

S

N
[72]
(N
Hi
|
—i
+
g
r:
0p)
N
0| &
N .m
I Kb
+
@.n,
(0p)
N
(7))
SN
L

The Bode plot of the open loop transfer functiortred ADPLL is figured
in Fig. 3-18. The unit-gain bandwidth of this systes about 246.26 kHz, and

the phase margin of this loop is 38.22°.

50
O,,,,,,

[ [

R I

L _

500

\\\\\\\\\\\\\\\\\\

10

10°

10°

Frequency (Hz)
Fig. 3-18 The Bode plot of the open loop transterction of the ADPLL

The total output phase noise spectrum is illustrate=ig. 3-19.
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Chapter 4 Design and | mplementation

4.1 Phase Detector (PD)
D Q —[>—D Q —[>—o PDOUT

D D

Feedback Clock frs

Reference Frequency frero
Fig. 4-1 The structure of the phase detector (PD)
The structure of the phase detector (PD) is ilatsett in Fig. 4-1. Two D

flip-flops string together to avoid meta-stabiliggroblem. To get higher
resolution for small phase error, the first D flipp uses a sense amplifier
cascaded a SR latch to increase the sensitivit]. [Be second D flip-flop

would resample the output of the first D flip-flophe architecture of the first D

flip-flop is shown in Fig. 4-2.

S I e e 8

Do—|| ||—oB

SR Latch

l

Q

O —

Fig. 4-2 The architecture of the first D flip-flop
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The hysteresis diagram of the PD with differentneoris illustrated in Fig.
4-3, whereder and tg is the rising edge of the reference and the fegddbignal.

The dead zone of the PD is lower than 3 ps.
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2. - -1. - -0. . .
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2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 25
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i | E
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05 ! ! ! ! ! ! ! ! !

2. - -1. - -0. . .
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1,
05__FNSP / / 1
05 ! ! ! ! ! ! ! ! !

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 2.5
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1,
05 _SNEP / / ]
05 ! ! ! ! ! ! ! ! !

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 2.5

trertrs (PS)

PDOUT

PDOUT

PDOUT

PDOUT

PDOUT

Fig. 4-3 The hysteresis diagram-of the PD withedldht corner

4.2 Dynamic Loop Filter (DLF)

Forward Path

g }

b

71

J

Fig. 4-4 The structure of the dynamic loop filter
33
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The structure of the dynamic loop filter (DLF) isosvn in Fig. 4-4 [12]. The
DLF is composed by a forward path and an intega#th pand the parametetrs,
and B, would affect the settling time and the frequeniter of the ADPLL
output which might influent the phase noise perfamge. Ifa andp are large,
we could speed up the settling time, but the oufprquency jitter would be
high because the digital control code might chanile large steps, vice versa.
To overcome this problem, a dynamic gain contrab(@) is used to alter those
parameters dynamically. The DGC would give a fetg s¢ large parameters to
speed up the settling time and after stable it doeplace those parameters with
smaller ones to keep better jitter and phase rmmestrmance. The concept of

the operation of the DGC would be described asvofig.

-
% Time

Fig. 4-5 The waveform of the output of the integrath when stable
The output of the integral path after stable would vibrate up and down

with an average value because of the property®BBPD, and the waveform
of the output of the integral patis shown in Fig. 4-5. With this phenomenon,
we could check if the loop is stable, and decidemWe change the parameters

of the DLF. The process of the DGC is figured ig.H-6.

Does the PLL™\Yes Change the. Are a and B the\\Yes
parameters:
lock? last value?
a and 8.

Keep No ‘
tracking.

Fig. 4-6 The process of the DGC

Give the initial
value of a@ and 8
to the PLL loop.

Wait for settling ﬂ»
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4.3 Calibration Digital Controlled

Oscillator (CDCO)
4.3.1 Digital Controlled Oscillator (DCO)
Digital—~\| MASH 1-1
Code —/| AZ Modulator N\ _’®_;,2:H:L,',tcy

Faz(s) Far(s)

Fig. 4-7 The concept of the low power digital colied oscillator

\ J

The concept of the low power digital controlled ibator (DCO) is redrawn in

Fig. 4-7. The width of thaX modulator is 9 bits and the bandwidth of tife 3
order analog filter is 500 kHz. by the analysis @sson 3.3.1. To implement
such a low power DCO, we combine-thE.modulator and the analog filter as a
current digital to analog converter (IDAC) to prdeia fine current to control a

ring oscillator. The architecture of the DCO isufigd in Fig. 4-8.

i

N
+ +Z+ +Z + ——0
Vout
- - - - - —0
Digital

Code

/
+7 |

Fig. 4-8 The architecture of the DCO
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Fig. 4-9 The architecture of the IDAC
The architecture of the IDAC is shown in Fig. 449this thesis, we need a

3rd order analog filter with 500 kHz bandwidth KHyetprevious analysis in
session 3.3.1. However, the parasitic capacitochvis provided by the current
mirror near the ring oscillator gives a high:freqoge pole. We implement a 2nd
order analog filter with 500 kHz, and the-transfenction of the filter is
expressed as equation 4.1, whegeandsp,-are two poles of this filter.

G,
2
S+ (wpl + Wy )S+ WL,

H,(s)= (4.1)

If we let o, and w,, the same asp,, the equation could be rewritten as

following.

2

— a‘p
HAF(S)_ Sz+a)pS+CU2p

The -3dB bandwidth of the analog filter could b@mssed as equation 4.2.
C’J—sts = (\/E _1)6‘); (4.2)

Those two poles of the analog filter, are 800 kHz. The parameters of the

analog filter are shown in Table 4-1.
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Table 4-1 The parameters of the analog filter

Parameter g m1 Om2
Value 120.63 pA/V 195.28 nA/V

Parameter C/ C,
Value 24pF 38.85pF

Parameter Agwa Agwve
Value 12.5% 6.65%

In this analog filter, two capacitors are used tovmle two poles for -3dB
bandwidth with 500 kHz. To minimize the area of ttapacitor, an impedance
scalar is used in this structure [16]. The cona&pthe impedance scalar is
shown in Fig. 4-10. The equivalent input curreinfrnode X is N+1 times of

the current bias,, so the equivalent capacitor is N+1 times of theacitor G.

C=(N+1)C4

R=1/[(N+1)9mp1]

Fig. 4-10 The concept of the impedance scalar
The AX modulator is built as a second-order MASH 1-1cddtrre and the

architecture is shown in Fig. 4-11 [11], where DSBUK is the oversampling

frequency clock of theAX modulator, which is a quarter of the output clock
frequency, and K is the calibration signal whichuldbbe expressed in session
4.3.2. The output of thaX modulator is used to control three switches in Fig

4-9 to get the finest current tuning.
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Digital »SDMOut1
Code > SDMOut2
z" SDMOut3
-
DSM _CLK Z_j4—

Fig. 4-11 The architecture of tA& modulator
Fig. 4-12 and Fig. 4-13 are the post simulatiorithef tuning curve of the

DCO and the transient response of the DCO with HZ&F output. The output
frequency is monotonically increasing with digitalodes. The power
consumption of the DCO with 1.4GHz RF output is @bha5QW, and the
output swing is about 400mY.

1.8

=
\]

=
o

Frequency(GHz)
= -
EEN ol

=
w

=
N

0 200000 400000 600000
Digital Code

Fig. 4-12 The tuning curve of the DCO
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DeltaY=5.30e-004
Slope=-7.43e+005
Derivative=-3.31e+007

400mH X1=6.98e-007
1 Y1=4.12e-001
1 Current X=6.98e-007
] Current Y=4.11e-001
350mm DeltaX=7.14e-010

300m]

N
a
o
3

200m]

VCO Output(V)

150m]

100nT,

50m-:

U U U LU U

"694.5n 695n 695.5n 696N 696,50 697n 697.5n 698n 698.5n 699n 699.5n 700N
Time-(sec)

Fig. 4-13 The transient response of the DCO wildlGHz RF output
The frequency range of the DCO with different coriseshown in Table

4-2, and the output frequency of the DCO could cdvéGHz in each corner.
Table 4-2 The frequency range of the DCO with défg corner

Corner Frequency Range (GHz)
1T 1.2965~1.6903
SS 1.2555~1.6624
FF 1.2542~1.6432
SNFP 1.2835~1.7086
FNSP 1.2828~1.6453

4.3.2 DCO Calibration Circuit (DCC)

The DCO is the most sensitive element in the PLhe Pproperties of the DCO
would drift because of the effect of the PVT vaaat and that would affect the
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stability and phase noise performance of the whotp. To overcome this
problem, a DCO calibration circuit (DCC) is usednodify the properties of the

DCO to the original designed ones.

Frequency (Hz)

Fig. 4-14 The relationship of the frequency todiféerent digital codes
Fig. 4-14 shows the relationship of the frequermythte different digital

codes of the DCO, wherepKp is the target. gain of the DCO angdg is the
implemented gain of the DCO. If.the.implementechg#ithe DCO is measured,
the gain of the DCO could be ‘normalized to thedagain. The concept of the
DCO gain normalization is figured in Fig. 4-15.

N
=S
>
1)
c
Q
-
o
)
| .
™
>
0 Max

Fig. 4-15 The concept of the DCO gain normalization
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To normalize the gain of the DCO, we might neediaddr which is
difficult to implement and cost great power constiomp and area. As one
knows, theAX modulator could not only provide high resolutiout la divider
with 1/2", where N is the length of the accumulator in A¥modulator. If the
length of the accumulator in thaX modulator could be changed, the
normalization mathematics could be combined inecAth modulator.

In this design, the digital code for the requiregbiency 1.4GHz could be
the initial value to speed up the locking procéss,the value would be different
with the drift of the characteristic of the DCO.Wk find out the difference of
the initial value L, we might calibrate the offsdtthe digital code. The concept

of the DCO frequency offset calibration is showrig. 4-16.

— A Kpco ~K
= | TR E /_'_,»_ " Noco DCO
T >
>
(&)
[
Q
=
o
[}
| ..
LL
: >
0 Max

Fig. 4-16 The concept of the DCO frequency offsdibcation

41



Provide 1% code D1.

Calculate the offset L. !
L= f,'—f, - Find frequency f,'.
KDCO

\

Provide 2" code D2.

\

Find f;'.

\
Calculate the normalized

gain.

o le_fll
°° D2-D1
K= KDcoI
K

Digital Control Oscillator

i K :
E ( DCO) DCO E
' (Koco') Output
DLFOUT ' ' Frequency
+ ' A Y Modulator (SDM) —r—  (four)

¥ Y2 xK) s

Sel ,_'""""'""'T;;'A&&éi'bii&iéé?ﬁik';c;‘)

Target DCO gain (K,.,)

Ctrl DCO Calibration Circuit

A

(D1,D2) (DCC)

Fig. 4-18 Control method of the DCC
The process of the DCC and the control methodyisréd in Fig. 4-17 and

Fig. 4-18. At the beginning of the DCC, it wouldopide the first control code
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D1 and find out the output frequengy. fThe target frequency; fs known from

our design, so the offset of the digital code Llddae express as equation 4.3.

L=—t 1 (4.3)

DCO

The second control code D2 is sent to get the ¢dtpquency f. The actual
gain of the DCO could be measured by the differexfdbe output frequency’f
and %', and the normalized gain K would be calculatedhew the locking
process starts, the control signals, K and L, wdwddsent into the DCO to

calibrate the characteristic of the DCO.

< HM 9.5 a] Lot
f : :
D Q oure] -:! )' >>RFS ] P Sent Value

o : 5 :
; ob Div2 : yy : ( Reg Count LvReset
REF O, | < —%>
Divide b ol free T L [0 L

By 2 Res ! v :
> fowz | | P |
Re-timing four | UL . | | [ | L
SR 0 < N . S I :
: f : :
-L D Q -L D Q -L D Q E DIVZ i
. > B : A
PRES PRES PREs | i
A fDlvzgzD_t : B f
frer : :
Pulse Generator : Res E

Fig. 4-19 The architecture of the frequency detecto
To get the output frequency information, a freqyedetector is used in

DCC. The architecture of the frequency detectoshswn in Fig. 4-19. A

synchronous counter is used to count out the pulsaber of the output clock in
one period of the reference frequency, and theepuilsnber would be sent to
digital circuits to do the calculation. The countesuld be reset after the value
catches by the registers. The frequency rangei®frgquency detector is about

2GHz.
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The architecture of the synchronous counter andithe diagram of the
first three bits are shown in Fig. 4-20. In gengrapeaking, an asynchronous
counter consumes lower power than a synchronousnteqQu but the
asynchronous counter is difficult to operate inhhigpeed because of the
propagation delay in the logic gates and the regstTo combine the
advantages of these two types of the counters, ®aztbit are cascaded as an
asynchronous counter stage, and each stage woutd-&gchronous by the
generated signal, CLK2, CLK4, CLK6, and CLKS8. Theset signal of the

counter has been oversampled to prevent data racing

0
% o % % ato ° a4

\‘D Q?X\‘D Q%x \‘D Q \‘D Qéx D Q \‘D Q%x D Qé

CLK6
fouro—> > CL°_> > CLga > o—> > CLK8 L
RIIES RIIES Rll:'S Rll:'S RES RII:'S RII:'S Rll:'S RIES

—
o
[>]
—
o
1]
1D°__6!3‘
—

Res_Qo

D Q [°CLK2 D Q[©°CLK4 D Q [°CLKeé D Q[©oCLK8 Reso{p @ [oRes_Q

fouro—1> fouto—1> fouro> fouro—> fouto—>

RES RES RES RES

Res_Qo d 4 ' ! Re-timing
DFF

(b)
Fig. 4-20 (a) The architecture of the synchronaumter (b) The time diagram
of the first three bits
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DCO Gain: 610Hz/LSB Frequency Offset: 80MHz
% 10° DCO Frequency Range: 1.12~1.44GHz
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Fig. 4-21 The simulation results of the behaviodeio
The simulation results of the:behavior model of I€C are shown in Fig.

4-21. The DCO gain estimation error is defined@sadon 4.4, whereK ' is

DCO

the gain of the DCO after calibration.

“oco “Roco (4.4)

DCO
The gain estimation error with different conditionFig. 4-21 is list in Table
4-3.

Table 4-3 The gain estimation error with differeandition in Fig. 4-21

DCO Gain (Hz/LSB) DCO Gain Estimation Error (%)
610 0.93
750 0.5
915 0.21
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4.4 Frequency Divider

|:D Q > D Qofes

four Divide By 175 =D D>

Divide Re-sync
By 2 DFF

Fig. 4-22 The architecture of the frequency divider
The architecture of the frequency divider is shawrrig. 4-22. In this design,

the divider ratio has to be 350 for 4MHz referenloek. A divide by 175 and a
divide by 2 are cascaded to implement this frequendder, and a re-sync DFF
Is used to eliminate the accumulation error.inftequency divider.

In the last session, we=use a synehronous coustarfeequency detector.
To reduce the power consumption-and the chip anea,use this counter
cascaded with some logic gates as a divide by ATbe tracking progress. The
structure and the time diagram of the divide by aibfigured in Fig. 4-23. Due
to the reset signal of the counter would be retgray a D flip-flop as Res_ Q
which is shown in Fig. 4-20, the reset signal & tounter has to be settle when

the output of the counter is 173.
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: Counter ;
o j Count In=173 To Divide
1-: D QH—7—*{in :DiDOUt By 2
fOUTO—i—>> :
' RES | !
: 4 : Res
fOUT ‘
Count 172 X 173 YazaX(XX( 0 X1
Res_Q
_
Time

Fig. 4-23 The structure and the time diagram ofdivele by 175
The post simulation results of the-frequency dividé&h different corner

are shown in Fig. 4-24.

rrrrrrrrr

200 2500
Time(sec)
DivOut (TT) DivOut (FF) DivOut (SS) DivOut (SNFP)

Fig. 4-24 The post simulation results of the fregpyedivider with different
corner

vco

DivOut (FNSP)
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Chapter 5 Experimental Results

5.1 Layout and Chip Photo

In Fig. 5-1 the layout of the ADPLL is shown, are ttest chip is implemented
in UMC 90nm 1P9M CMOS process. The layout of thePAD is composed by
digital circuits which is used cell-based desiggwfland analog circuits designed
by full-custom design flow. The digital circuitscinde theAX modulator and the
digital controllers such as DLF and DCC,; the analwguits include the analog

filter, the oscillator, frequency divider, the Pand the output buffer.

i Fl & [ ] 5

f.J'._ RN s ] il
R

Fig. 5—1M'I:heul<":1yout of fhe‘ADﬁI;
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Fig. 5-2 The floor plane of the analog circuits

The area of the analog circuits is about 186.833.3um? and the floor

plane of the analog circuits is figured in Fig. 342 output of théX modulator
Is near the current switches, and the analog fdtefose to the current switches
and the oscillator to minimize the loss on the sigmath. The output buffer is
beside the oscillator and the output pad to redliedoading on the signal path.
The frequency divider is put between the oscillatnd the PD, and the signal
path is as short as possible to eliminate the loetay. To satisfy the
requirements of the minimum metal and diffusionsigndefined in the design

rule, MOS capacitors are put around the analogitgr@s the bypass capacitors.
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The photograph of the whole chip is shown in Fi. Due to the metal
filling procedure which is now standard in advanset-micron process, there
is not much to be seen. Only the MIM capacitorsehbgen excluded from the

filling pattern.

754um

1004pm

Fig. 5-3 The photograph of the whole chip
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5.2 Experimental Setup

The photograph of the evaluation board is showign 5-4. To shorten the RF
signal as short as possible, the bias circuitsthadontrol signals are put on the
DC board, and the test chip is bonded at the caftdre AC board with bond
wires.

Fig. 5-4 (a) is the AC board. The 1.4GHz RF outghé output of the
frequency divider, and the 4MHz reference clock eomnected with semi-
precision subminiature A (SMA) connectors, whicloyde 0 to 10 GHz
broadband performance with low reflections and tamis5®2 impedance. The
connectors on the left hand side of the_: AC boaathtthe evaluation board to a
PC interface, which is used to ¢ontrol the tesp ¢ means of a graphical user
interface (GUI) computer program.

Fig. 5-4 (b) is the DC'I_ooard. The-DIP switch is dise control the bias
condition of the DCO. To reduce the.naise of eagbpl/ voltage and the bias
current, low dropout linear (LDO) regulators, TP804, and bypass capacitors
are added to provide low noise supply voltagesiaagkase the performance of

the ADPLL.

(b)
Fig. 5-4 The evaluation board (a) AC board (b) x@riol
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The experimental setup is shown in Fig. 5-5. Thieremce input is
provided using an Agilent E8257D signal generatbictv has a phase noise of
about -130dBc/Hz at a 20 kHz offset. The RF oufputt is connected to an
Agilent E4448A spectrum analyzer, and the outpuhefdivider is observed by
Agilent 86100C oscilloscope. The digital contrayrsal input is provided by a
PC with the GUI (Graphic User Interface).

Buffer

Digital

RF Output l‘” [

.
:.J_ﬂ CEECCN N _ﬁ

Agilent E4448A
Spectrum Analyzer

IF Output

| | Chpmmmeipe e B | :“_..::e

o H #s !

;'——_" - -“_ﬁiﬁiRef CIk. Input G Ei’_\"l
Agilent E8257D Agilent 86100C

Analog Signal Generator Oscilloscope

Fig. 5-5 The experimental setup

52



5.3 Experimental Results

5.3.1 Open-Loop of the ADPLL

The current bias of the DCO is the same of the piostilation of the DCO. The
frequency range of the DCO is 1.338~1.715GHz. Timng curve of the DCO

is shown in Fig. 5-6.

17 |
1.65 |
1.6 |
1.55 |
15 |
1.45 |
14 |
1.35 |
1.3

Frequency (GHz)

0 100000 200000 300000 400000 500000
Digital Code

Fig. 5-6 The tuning curve of the DCO
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The spectrum and the phase noise of the RF outfithbwt the DSM s
shown in Fig. 5-7, and the phase noise at 1MHzbftsabout -64.88dBc/Hz.

s Agilent 17:18:01 Oct 6, 2008 % Agilent 17:22:30 Oct 6, 2008
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Ref 18 dBm Atten 26 dB —23.835 dBm Ref 18 dBm Atten 20 dB —25.881 dBm
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Fig. 5-7 (a) The spectrum of the RF output withitxet DSM with 100MHz
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The spectrum and the phase noise of the RF outplutte DSM is shown
in Fig. 5-8, and the phase noise at 1MHz offsetbigut -65.73dBc/Hz. The spur

caused by the DSM appears on the spectrum wherfrélgegency span is
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Fig. 5-8 (a) The spectrum of the RF output with Ef&M with 100MHz
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Fig. 5-9 The frequency respanse of the ideal aadritiplemented analog filter
Table 5-1 The distribution of the poles and theger

Implemented Filter
Pole 1 -610.24kHz
Pole 2 -882.63kHz
Pole 3 -57.97MHz
Zero 1l -1.28MHz
Zero 2 -4,16MHz

From Fig. 5-7 and Fig. 5-8, we could observe thatdharacteristics of the
analog filter might be different from the origindésign, and that causes the
guantization noise of the DSM couldn’t be reduceperly. Fig. 5-9 compares
the frequency response of the ideal analog filted #he implemented analog
filter. The distribution of the poles and the zei®shown in Table 5-1. The third
pole is much far from the second pole, and two zerduced into the
implemented filter by the impedance scalar. Themtade of the implemented

analog filter couldn’t decade rapidly because thz are near from the second
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pole. Fig. 5-10 is the phase noise of the DCO wuith ideal filter and the

implemented analog filter, excluding the natureseaif the DCO.
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Fig. 5-10 The phase noise of the DCO with: differ@malog filter, excluding
DCO nature noise

Fig. 5-11 shows the output of the frequency dividerl.3 GHz and 1.7
GHz RF output frequency, and the frequency dividarld work at the highest

and the lowest RF output frequency.
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Fig. 5-11 The output of the frequency divider witB GHz and 1.7 GHz RF
output frequency
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5.3.2 Closed-Loop of the ADPLL

The spectrum and the phase noise of the RF outpighmwn in Fig. 5-12. The
center frequency is 1.4 GHz, and the phase noiselMitHz offset is

-64.82dBc/Hz.
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Fig. 5-12 (a) The spectrum of the RF output witOMIBiz frequency span (b)
The spectrum of the RF output with 500MHz frequesiggn (c) The phase
noise of the RF output
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The analog filter doesn’t work very well, and tltauses the spur of the
DSM on the frequency domain. We let the PLL workhogher frequency and
figure the spectrum and the phase noise of the iRpub shown in Fig. 5-13.
The center frequency is 2.957 GHz, and the phasseret 1MHz offset is
-57.28dBc/Hz.The spur of the DSM is moved to higiheguency because of the
higher over sampling rate. Due to the larger trandactance of the transistors
caused by the increasing bias current fronnAQ@o 50 pA, the bandwidth of the
analog filter would be higher, and the phase nofsthe PLL doesn’t improve
enough.

When the DCC is enabled, the spectrum and the phaise of the RF
output are shown in Fig. 5-14. The phase noisé&/idZ offset is -64.79dBc/Hz.
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Fig. 5-13 (a) The spectrum of the RF output witBIBiz frequency span (b)
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noise of the RF output with higher bias currenthaf analog filter
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Fig. 5-14 After the DCC enabled, (a) The spectriithe RF output with
100MHz frequency span (b) The spectrum of the Rpudwith 500MHz
frequency span (c) The phase noise of the RF outplthigher bias current of
the analog filter
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Fig. 5-15 The power distribution of the ADPLL
The power distribution of the ADPLL is figured ingk 5-15. The total

power, excluding the digital IO and the buffer4i®1mw.

5.4 Performance Summary

The performance summary of this thesis is showrabie 5-2.
Table 5-2 Performance Summary

Process UMC 90nm
Supply Voltage 1V
Reference Frequency 4MHz
Output Frequency 1.4GHz
. -64.82dBc/Hz @
Phase Noise 1MHz
DCO 0.37mW
Power Divider & PD 2.04mW
Consumption|  Digital Core 1.6mW
Total 4.01mWwW
Chip Area 0.757mM
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Chapter 6 Conclusion

A low power digital phase locked loop with selfibahtion is implemented.

® This system is implemented with digital feature ethiwould be more
robust against the PVT variation and easier to aipeunder low supply
voltage.

® A AX modulator is used in DCO to provide a high resotutand current
fine tuning which is less than 18. The noise contributed by thaX
modulator is analyzed, and a 500 kHz analog fikeadded to reduce the
effect of theAZ modulator to the whole system.

® A DCO calibration circuit is!proposed to adjust tblearacteristic of the
DCO and precisely match between the:dynamic loker fand the desire

transfer function across:ithe PVT variation.
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