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Abstract
A 100 MHz - 1 GHz On-Chip- Programmable Phase-Locked-Loop
Master of Applied Science, 2004
Haleh Vahedi
The Department Electrical and Computer Engineering
Ryerson University
A programmable wide-range PLL has been designed that can provide 100-MHz to 1-GHz
rail-to-rail digital clock signal from a 50-MHz reference clock. The architecture is
appropriate for low-power design and is also power-efficient. The system is robust
against temperature changes so that the stability of the system is guaranteed. Because of
the differential configuration of the sub-blocks and using a voltage-controlled oscillator

with a Tow gain and a linear transfer function the system has an acceptable noise

rejection.
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Chapterl

\ iﬁtrod_ﬁcﬁbn :

Microelectronics advances has led to‘ numerous circuits in a single chip working at | ‘
A‘,,high clock frequency to provide different capabilities, ‘such as computation and
‘comx‘nunication.‘ The demand for high perfonﬁance and low costs in electronic
- systems dictated the use of on-chip phase locked loops (PLLs) and clock recovery
circuits (CRC). -Advances of integrat'ed. —circuit (IC) technologies in terms of speed
and complexity made this dream p;)ssible. These blocks find wide application m areas
such as. commﬁnicaﬁdn, wireless systems, and digital circuits and disk drive
electronics [1].
‘Researcli on the topic gées back to as egrly as 1919 [24]. Vincent [24] and Appelton
[25] experimentally researched and analyzed, reépcctively, tl}e préctical
synchronizatiybnb of oscillators. After these initial pépefs, research and development
continued'ﬁp until 1940s. |
In 1935, ‘Travis published é paper entitled “Automatic Frequency antrol”, [26]
which suggested two reasoné for controlling the local oscillator of a receiver.
“QOscillator drift, if not corrected by more or less frequency manualreadjustment; is
- capable of mistuning the signal by many cMels in the course of afew hours
run”[23, p.1].. His second reason for oscillator control is more interesting: * it seems
t§ be quite true that the average ]isfener does not tune his set well enough to abtaiﬁ tﬁe
“best quality it is (;é.pable of giving, partly from negligence, and partly ﬁ'oxp lack of the
necess@ skill, in ﬁrhich case. .th'e mechanicél design of the set is a possibie |

contributing factor” [23, p.2].



In 1939, Vincent' Rideout described a servg-meéhanical automatic frequency control.
circuit'[27]. ‘At this time the DC stability of amplifiers was poor, and m@ﬂaiﬂing a
constant control voltage was difficult. o

| About . 1953, phalse-locked-t loop désigners began studyiflg the nonlinear operéiipn pf‘ »

the circuits\ Color television wéuld not héve, been possible without ihe advancérﬁent :

~of phase-locked loop technology [23] |
‘In the early 1950s, a good” phase-locked loop would adjust the television’s color

: w1thm a second. A “fair® phase -locked loop would adjust the color within 10 seconds
The phase-locked loop in the color sub-carrier circuit was ongmally to replace a
phase-control “knob” that the co_nsumerﬁ ‘would adjust manually as a new station was

“tuned [23]. | |
By 1959, analog phase- Iocked Ioop theory and design was approachmg matunty The. - ‘
wxder apphcablhty of the phase-locked loops resulted from the acceptance of the PLL
as a low pass ﬁlter for FM mputs and a hlgh-pass ﬁlter to the output oscﬂ]ator
McAlger [18] wrotAe'that ;hf:re were three uses fo; phasgefloc(k_ed loops: »_1)»111 a reqelver
to incre;se the po{a"er levél and 'a:ttenugtev_ the goise o;’a w‘eak M signai; Z)A can be
used to reduce the jiﬁ& o;' ﬁ'eqilén;y inoihse of a high—;k))t“{\jzvergd pég?ﬂeitof, 3)‘as a‘
narrow band-mdth ﬁlter [23] . f o “ Vl ' 1
While the concept of phase Iockmg has been i use for more than half a oentury, ;
monohthlc unplementatlon of PLLs and CRCs has become poss1b1e only in the Jast B

| twenty-five years, and pOpular in the last ﬁﬁeen years [1] |
1.1 Applications
Ifth are used for jitter reduction, skew suﬁbressipn, frequenéy synthesis énd clock

récovery.' In the‘ following, a brief explanation will be pfbvided for each of these

-

~ functions.



1.1.1 Jitter Réduction
<. Any variatiop in the period of a periodic sigﬁal is '<v:a1uled jitter. ‘Signélls oftén
-experience tlmmg jitter as they travelvthroﬁgh a communication channel or as tﬁey are
" ‘retrie‘ved frc}m a storage mediumv.' This type of corruption cannot be removed by
) la:mpliﬁcatio'n, and clfpping even ifthe signai is binary. A PLL can be used to reduée i

the jitter. Timing jitter is shown in Fig. 1.1[1].

I 3

.
o

11 —> [« >
Q T T‘*’Atl T+At2 .

Fig. 1.1 Txmmg jitter. -

1.1 2 Skew Superession -
Skew suppressmn is a cntlcal problem in h1gh-speed dlgltal systems Fig. 1 2 shows
thls problem In these cm:ults a clock, CLK,ef, enters a chxp ﬁom outside and i is '
buffered (m several stages) to sharpen 1ts edges in order to drive the capac1tance load
' with mmunal delay. The problein is that the on—téhip élock, CLKm, tS’Piéall;yidri\l’es
several nano;farads of capaciti\ie loads, Aexhi-bi:cing signiﬁcant ‘delay Wlth respect to ih;:
‘rpference clock. The resulting skew reduges the timing budgef for on-chip and inter-
~chip operatlon 11 |
In order to reduce the skew, CLK,cfand CLKin could be ahgned through a PLL



CLK

'R CLK
L~ L -

Fig. 1.2 Clock skew in a digital system.

1.1.3 Frequency Sy_o?hesis

In many systems we need frequency‘ multiplication of periodic signals. For emple,
sometimes the bandwidth ‘limitation of PC (p;inted circuits) boards constrains't‘he |
reference clock, thai is CLKyetr , while the on-chip clockvﬁ'eque’ncy may neeq to.be ‘ ,
much higher. Frequency multiplication can be implemented oy PLLs [1] |
1.1.4 (Z:lock Recovery . |

It is a common practice in communication systems to embed clock ~inrjormat(ioxi into
the- transmitted data signal to make,. data tranefer more eﬁicient and economical.
Therefore, at the recelver end there must be 2 means for recovermg the tumng
-information and synchromzmg the data w1th the i mcommg data. Most clock recovery ) -
circuits employ phase lockmg [1]. | B
In addltxon, mcreased mtcgranon and,clook rates in systems—on—a-ohip (SOC) creaie a A
demand for spec1a1 management of clock dlstributlon networks, pnmanly Vbascd on.-. | ‘4
phase—locked Ioops Wlth the addmon of clock dmdcrs and m—cn‘cult B
| progammabﬂxty, clock managers are capable of porformmg functxons beyond snnp}e

clock skew reducuon or static clock multlphcanon. .

AR

In many cases, managers for clock dlstnbutxon networks are capable of adjustmg
phase and duty cyclo, synchromzmg several components in a system, reducmg skew

4



e

. and .syntheSiziﬁg variable frequencies. These qualities are favorable when several
' independent 'e}cments are integrated into a sjstcm—oh—a—chip. An SOC can incorporaie
a mic\roproc‘essor,i a sys_tcm' bus, compact flash intcrfacc, a universal serial bus host
A controller, scrial data ports, and (iigital to analog converters. Each clement operates
. iodepeodentfy; thus creatiﬁg a demand for a wide range of clock rates. With the
advancement of multi-speed - nncroprocessors andhlgher operating frequcncxes,thm
operatmg range expands [8]
| }Also, programmabﬂlty offers a dimension ‘to clock managers that expands its
'apphcanons to areas such as power management By makmg clock ﬁequency a
ﬁmctlon of the dcmand on the system, the dlrect relatlonshlp between power and "
: frequency can be explo ited to reduce thc power consumptlon [8]. .
: As PLL will 'contio;ic"to ‘bc‘"one of the ’niain'blocks of ihahy\chips,ltlie purpose of this

studyﬂ is to _’btiild a general-purpose wide-range (for order of ten, that is 1001\;11& to

lGsz prdéiammable PLL which can be used in both analog and digital chips. It o

" benefits from a voltage-controlled cSCillgtoi%‘ (VCO) with a low gain and linear ’

- operation. The architecture is power efficient and suitable for low power design. It is -

robust against temperature changes and has good noise rejection.

Nfany outstanding PLLs have been désigned to date. Some of tﬁen{ have used‘ GaAs - -

and blpolar tranmstor ('BJT) tcchnologles Howevcr, sub-xmcron CMOS technology is )
| now dommant in desxgn of novel hxgh-ﬁequency PLLs. CMOS technology has the
- advzmtages of Iow cost, low power consumptlon, and the ablhty to mtegrate d1g1141
and- aﬁalog cxrcu:ts together on the same chlp For all thesc reasons CMOS technmogy" AR
ihasbeenusodforihsdemgn. s R



1.2 Main Featureé‘Achiéved in the Designed PLL

e One of the main issués in PLL design is noise, ‘Which comes i"rorﬁ matiy o
diﬁ‘cjrent sources. They cduld "be the@ and flicker goises of th§ devibéé or the’
mjis_é induced through supply and ground of the syétcm Somé of them, sﬁqh as
thermal a;d flicker noises are inevitable, however normally they are not déminz;ntf _
The dominant one is the supply n;) ise, which could be severe ina PLL bééau’s.:e of -
the mixed mode nature of the design (i.e. both digital and anélog blpcks‘ are used
in tbis system). Somf: of the blocks fhat work with :switching” logic could induce
switching noise on the supply. | |

As the differential architcctm_'e‘ has common-mode noise rejection featt;rvc,. -
diﬁ’erential ‘architecture has been used for all sub-blocks of the PLL. Also,-by .
separating the supply of tﬁe sensitive” blc;cks from the supply of the switchirig o ,
blocks, attempt is done to nﬁnimize the effect of supply noise on sensitive blor;ks. :

In addition, in the method used for programmability, the required wide ﬁ*equen(.;y'
;ange (that is order of 'ten) is partitioned into several smaller ranges so that, as it
will be shown later, the system is less prone to noise and also it is appropriate for
low;power design.

o The high-performance of the proposed PLL is because of a new aréhitectur¢ :
proposed for one of its main block, that is VCO (voltage controlled oscillator). As |
it will be shown later, the proposed architécture uses fast switching in order to -
reduce noise. Also, it has low gain, which helps beﬁer noise rejecﬁpn. The transfer
function is linear .and' robust against, fémperature changes and guaranties the

N ‘stability ofthe system. . . .. T L OO

e : Also, the reliable performance of proposed PLL is due to a‘methoduuséd for. .

ﬁxiﬁg the common-mode problem of another sub-block of the PLL: charge-pump. -
6 '
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With thls feature, when the ‘systein is locked, there won’t be any undesired .
deviation qf tiﬁs condition. | | |
e In thé meth(;d used for programmability an extra feature is added to the S};stem:
in 'smaller partitioned ranges t\a}enty percent overlap has been coﬁsi’dered between .
two successive ranges in order to make the system even more robust against
temperature change
e . The design is sultable for system level programmablhty This is achle;'ed w1th
a VCO capable of shifting operating ranges by automancally changmg the dnvmg
capablhty This adds a coarse control feature to the VQO archltecture, which has .
- also the fine control feature of a conventional VCO |
e The method used for programmability is power eﬁic1ent and all sub-blocks are -
| suitable for low power‘ design.
. ) The mg;thod is also expaﬁdabl; and the range could be even wider. Also the ”
range could be shifted to the upper part of the frequency rangé or the lower part of . |
- the frequency mx;ge with éhanging the driving capabilities *

- The proposed PLL produces a rail-to-rail clock- ‘output, which makes it
appropnatc as a general-purpose PLL that could be used in all applications. Also, . .
six clocks with different phases are brought as outputs in order to be used in data-
clock recovery circuits, - .. - -: 5

"« As our goal isto build a PLL that could be accompanied with both digital and
o ana,log - process technologic.s, - all capacitors required are bl;ﬁt with traﬁsistors and -
" no MIM (metal-insulation-metal) capacitor is used ftrthis design. : - |
e As a general-purpose PLL, bl;ﬁ'ers are cottsidered at the output to sharpen the
PLL outputs. In this case PLL could dtive higher output capacitive load-and can -

be used for skew reduction, -/ tL T et Lena oL



o The proposed PLL is a programmable wide-r_angePLL that can be proxrided
100-MHz to 1-GHz. raikto-rail digital clock signal from a S0-MHz reference
clock. The arehitecture is appropriate for low-power design and it is also power
eﬁielent\ The system is robust agamst temperature changes so that the stablhty of
the system is guaranteed Because of the differential conﬁguratlon of the sub-
blocks and usmg a voltage— oontrolled oscﬂlator wrth a low gain ‘and linear
transfer ﬁmctlon the system hasa good noise rejectmn. -

1.3 Outline of the Thesis | |

In the Chapter 2 the basw concepts of the PLL will be dlscussed lmear models are
mtroduced for bas1c PLL and Charge—pump PLL and the advantages of charge-pump -
PLL are descrlbed Also, the closed -»loop transfer ﬁmetlon of the basic PLL and the ™
charge-pump PLL w1ll be covered in Chapter 2. ) | o
Chapter 3 isa hterature review on PLL de51gn. Thxs chapter shows advantages of the -
ptevmus works and Jmprovements achieved in the proposed desrgn. | B
In Chapter 4 the top level de51gn of the system is mtroduced Next, the cn'cuit deSIgn :

of sub-blocks is introduced at tranmstor level and d15c:ussed m—detall Aﬁer gettmg

familiar with the whole blocks, the transfer function of the proposed PLL is denved

Chapter 5 is dedicated to the sunulauon results and the procedures used for -

calculatmg the requlred results Layout challenges and sizes of dlﬁ‘erent blocks in the

layout are also dxscussed
“’»

Fmally, Chapter 6 deals mth conciusmns and suggestxons for the future works



. Chapter 2

Basic Co)ne‘eﬂpt's of PLL °

2.1 Introduction

| ’A phase-locked loop (PLL) is basmally an oscillator whose ﬁequency is locked onto |

é

some ﬁ'equency component of an input signal. Itisa feedback system that operates on

.- the excess phase of nommally penodlc 51gnals The basxe archxtecture ofaPLL is

~shown in F1g 2.1[1]. It consists of a phase detector (PD), a low-pass filter (LPF), and

a voltage-controlled oscﬂlator (V CO). Phase detector is a c1rcu1t that shows the phase 7

difference between two mput signals and produces a voltage based on this phase :

dlﬁ’erence, i.e. the output of PD is linearly propomonal to the phase dlfference The

low-pass filter smoothes the output pulses of the phase detector and the resultmg DC
component is the input for voltage-eontrolled oscxllator Fmally, VCO isan oscxllator

whose output ﬁequency isa funcuon of a control mput usually a voltage

R . ) . Yt -
X0 » pp | LPF [¥ vCO° Q.

Fig. 2.1 Basic architecture of PLL.

2.2 System Operanon

Phase detector (PD) has an output voltage w1th an average value propomonal to the ‘
phase dxfference between the mput sugnal and the output of the VCO The low—pass

filter removes hxgh-ﬁequency components in the PD output and is used to extract the N

average value from the output of the PD. Thls average value is used to dnve the VCO

e



The negative »féedback of the loop- results in the output of the' VCO being.
synchronized with the input signal. | |
It should be mentio.ned that PLL is a dynamic system, i.e., its response ‘depén‘ds onthe -
past values of the input and output. ‘Therefore, an understanfiing of fhé loop dynamics
is necessarf.lx | | | |
2.3 Terms aﬁd Definitions
It is timely to give a brief descriptioﬁ of some 6f the terms which are yastiy used
: hereaﬁer in this work in order to clarify the concepts.
Phase Lockmg The task of aligning the output phase of VCO with the phase of the o
reference input.- When the loop is locked Pout — @in (that is the difference between
output and input” phases) does not change with time. Therefore, dcpmn/dt dpw/dt is - ‘~ :
equal to zero which means o - @out=0." ‘ |
Jitter: Any random variation in the period of a periodic signal.
Acquisition Time: The amount of time a PLL takes to convergé with a certainphase
er;or of the input signal. |
Acquisition Range: The frequency; range that PLL can acquire lopl;:
2.4 Loop Dynamics
Transient response of a phase—locked loop 1s nonhnear and cannot be easxly
fonnulate;i However a lmear apprommatmn canbe used for gammg an mturtlon and
understandmg trade-oﬁ's in PLL demgn \ { i |
We can introduce the VCO charactenstlc asa linear functxon of the VCO frequency,
©,, with respect to the contr01 voltage, vcom, The hnear model is |

0= AW, + @i = Kveo( Vet ) + @,
Kvgo is ‘the VCb gain, ®, and o are output 31.1(1 input frequency respectively. In

simple examples, Kvco hasa wel[-deﬁn_ed value because the VCO characteristic has
’ 10



been linear. In practice, this is only an approximation at best. There is obviouSI; a

.tradeoff betvyeen range and linearity [19]. By considering'the last equation, the excess
phase is | | |

| q,m.;(t) = Kvco fVeont dt.

‘ 'So the transfer function of the hnear model of the VCO will be:

‘?ont(s)lvcont(s) cho/s

The linear model for PD is '
. - Veont = (@0~ @1)/Kvco = KPD-ee-
where Kpp is the PD gain and 0, is the phase error of the. VCO output relati\?e to the
input signal. As Vg is inversely proportional to Kyco in order to nnmmxze the phase -
error, KppKvco should be‘maximize‘d. Also, note that the phase error is a ﬁm.cti‘on of
output frequency [2]. |
Fig. 2.2 [2] shows a hnear model of the PLL with the transfer function of each block.

The goal _1s to derive the overall transfer function for the phase, ¢,,(s)/4,(s). The . -
"~ PDis rep;esented by‘.a subtractor whose out;zt:xtis amplified by X ,;l‘, .i The low-pass
filter Mfer function is considéred as V,,(s)/V, (s)=1/(l'+s/ wiij, because if .
Vin va'mes rapldly, V cannot fully track the mput varlanons Note thata)m denotes a
_ the 3-dB bandwulth. 'I'herefore, the open-loop transfer ﬁmct;on of the PLL is
HO o = /9, (s), o "

ST

H(5)/ ypen —KPD.ll(lj-s/wLPF).(KVCO/s)." ‘

R @

11



- VCO

AN SR T B

Fig. 2.2 Linear model of basic PLL. -
Equation (2 1) shows that the system is of second order, w1th one pole contributed by

the VCO and another by the LPF. The closed loop transfer funcnon can be written as
HO) s = Koo -ffm;,j!(sz 05 45+ Ko Kico).
2.2)
The ﬁeqﬁency of a waveform is the time derivative of the phase = dgldt. .Sin‘ce N
th; frequency and the phase are rélated by a linear operator, the above transfer
functiox; also applies to the iﬁptit and outpuf frequencics,
Ooue () @, ()= (KppKyco)/(s /wm +5 +Kpme)

The fannhar form of the second order system in control theory is

H(s) o] /(s +2§(o s+a)2) ey .

I the transfer function is commpared with this familiar form used in control theory, &, "

the “dampmg ratio” and w,, the natural frequency, are

a) = a’LPF-KPDKmo s

P

HERS

ey
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E=1/2J@pr I(KppKyes ).
| " (2.5)

The two poles of the system are -

12 =0, £J@ —Da?
2= (€& -1a,.

Thus, if { >1, both poles are real. The system is over-de_nriped and the transient
" response contains two_exponentials with time constants 1/8; and 1/S;. On the other
~ hand, 1f (;<1 the poles are complex and the response to a unit step input 0y, = Au) u(t)

is equal to:”

m(r) {1 é"""[cos(w JI -§ t)+(5/«./1 éz)sm(w\/ --cf t)]}Acou(f),
,(r) [1 (13\/ -§=)e i sm(a) 1/1 — &2 t+€)]Awu(t),

where ®ou denotes the change in the output frequency and 6 =sin™ 1—52 . Thus,

- the step response contains ¢ a sinusoidal component that decays wrth a txme constant
(d o)n)'1 whrch determines the setthng speed of PLL. The system exhibits the same A
response if a phase step is apphed to the mput and the output phase is observed |
The settling speed of PLLi is nnportant and should be maxmnzed

This result reveals a cntlcal trade-oﬂ‘ between the settling speed and the r1pp1e on the
VCO control line: when we decrease ﬂ’m«* in order to have better suppressxon of the
. high-frequency - components prodoced by the PD,  the settling time constant (which
determines the acquisition time) will be longer.

g
wivd

The value of { is also important. For a stable second-order system ¢ should be greater

'than O 5 preferably \/— 2/2 or even 1 to avord excessive ringing. With these

lnmtations we will have more trade-offs. Eq. (2.5) shows that as @,y is reduced to
. . ! ’ coe 13 - " )



minimize the’ ripble ef the control voltage, the srability degrades. Also, as‘ mentioned .
earlier phase error is inversely proportional to KvcoKpp. Since { is inversely ‘
' proportiohal to KycoKrp, lowering the phase error maices the system lees steele;
Moreover, thrs type of the PLL has another drawback, namely a hmlted aequlsrtlon
range. 'I‘he acquisition range ison the order of . ; that is, the loop locks only 1f the
diﬁ‘erenee-bemeen O and Ou is less thanroughlyw LPF ._So rf a;LPFrs reduced in
order to suppress the npple on the control voltage, the aequlsmon range will be
‘ decreased [2]. These problems encourage designers to use phase—ﬁequency detector. A
accompamed with a charge-pump PLL.

2.5 Phase-Frequency Detector and Charge-Pump PLL -

For resolving acqumrtxon problem, in new desrgns of PLLs designers use aphase- '

frequency’ detector (PFD): - a circuit - that can detect both frequeney and phase( o

dlfferences Three-state PFD, with one reahzatron suggested by Shahriary er. al. [18]
is w1dely used by designers, because it is simple and has a linear range of 21 radlans
The conceptual operation of thrs PFD is shown in Fig. 2.3. The circuit creates three

states and responds to the nsmg (or falhng) edges of the two mputs If initially
Q.= QB-O then a rising transition onAleads toQA =1 and Q}3 remains zero. This
state Wﬂl remain untd the rising edge of B appears Atthlspomt bothQA and Os

return to Zero.



PFD

A

: QAB T

_ Fig. 2.3 Conceptual operation of PFD. -

Fig. 2.4 shows a basic implementétion for PFD. The inpuis, A and B, are the cl_oc_ké of
the Flip-Flops. If 0,=0;=0 and A goes high, Q,, rises. This state is remained until |
the nsmg transition on B aﬁpears. At this moment Q, goes high and the AND gate

resets both Flip-Flops.

D ,
A . CK Q Qa
Reset .= — -
Be—f{Cck Q}—
: Qs
D ~ )

B

Fig. 2.4 Bgsic implementation of PFD.
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For using the PFD in a phase-locked 10015, normally a “charge-pump” is h}sertéd

* between the PFD and the lodp filter. Chzirge-pump consists of two switched current

sources which source or sink éharge into or out of the ’loop filter according to the two

outputs of the PFD.

F1g 2.5 shows a charge-pump whlch is drxven by a PFD and dnves a capac1tor If

0,=0;=0, then the sw1tches are oﬁ' and the output remains constant. If Q ), is hlgh

and Qp 1s low, I, chargesCP and the outputwﬂlmcrease If QA low and QB 13' '

high, then/, discharges C, and the output will decrease.

Vb

T 1
D
A CK , S]
) ®
Reset —-——I—: \,V"“" —
Cpm— .
Be - P =
7 3 2
CK Qs 4 )
D (v {
Fig. 2.5 PFD with charge-pump

This circuit has an mterestmg prOperty For example, 1f A leads B by a ﬁmte amount,

then @, produces pulses mdeﬁmtely, allowmg the charge pump to mject ]

intoCpand forcing ¥, to rise steadlly In other words, foraﬁmte input error the

output eventually goes to +o Or —©. It means the gain of the circﬁit is infinity.

16



- Fig. 2.6 shovéé a basic charge-pump PLL. When the loop is activated, w,,, may be far

. fromw, . The PFD. and the qcharge—pump change the control voltage such that

@ e approacﬁes ai,,, . When the input and the output ﬁe@uencies are sufficiently close,

“ "thxs case the charge pump doesn’t work any more.

As observed here the gam of the PFD/CP combmatxon is mﬁmte On the other hand

- when the loop is locked Vou 18 ﬁmte, and the mput phase error should be ZET0. 'I’hls is

in contrast _to basic PLL in which the phase error is a ﬁmctlon of the output frequency.

Vop v
I
D Qa
A CK : ' g
® o ve 1
Q v L
. — ’ ’ ’ g V;ut

Reset ‘ $—— VCO - *

i ) a CP_"'—' F

CK Q ———C_J S: = | L

Qs * SRR

Lo Ij’igﬂ.ﬁ Basic charge pump PLL
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‘the PFD acts as a phase detector. The loop locks when the phase error is zero and in |
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2.6 ﬁynamics of the Chérge-Pump PLL .
For derivipg' the dynamics of éharge—pump PLL a linear modgl should be derive;i fog o )
the PFD, the charge pump and the ldv.v&‘.pa‘s_s,“ﬁlter.' In :fact, the éémbihéﬁon of
PFD/CP/LPF is not a linear system. Actually, the Qllt}plllt of thls oombinati@n is -
discrete bec;use' while the Q,=0s= 0>, 'the output is »c'onstant- and mcreases ~0r., :
decrease 1f there is ‘any phase difference. Howéve:, “the output wavefqrﬁl is

. approximated by a ramp, a lingarﬁ;elétioqship between _V?,‘, angl A¢ .In a‘ géﬁse, our
.discrete-time system is approximatt;d by a contim;oﬁ&timé mgc}sl. - |

For deﬁving the transfer function éf thi»s‘combinatioxg ai)hase differfzncgimptillgq 1s : B
. applied and V?,,; is calculated. As a pha§e~ciiﬁ'e:§:nce 1mpulse is difficult to VJSuahze, a
phase d&ference st‘epm is applied, Vout 'iszobtaingd and the résul;: is differcnfiated thh

respect to time. F ig. 2.7 shows a step response of PFD/CP/LPF combination.

Aol |
» ]
Qa [ ) [ -
Voo —F
>

.- Fig. 2.7 Step response of PFD/CP/LPF combination [2].

Q4 continues to. produce pulses that are ¢, /2x seconds wide, raising the output

vo_ltage" by (Ip/CpXdyTin! Zé)in every period. Approximated by a-ramp, Vour - .-

exhibits a slope of (I / Cp )¢, /27) and can be expressed as it

i
Tl A

N s PRI S
MR LR



Vo) = U [27.C )2 4gu(t) .
The impulse resp;mw is therefore given by |
| ) =l 122Cu(d).
Therefdre, the transfer function will be " |
Vo I 8(s)= (I, 122.C)( s).
ﬁow we construct a linear model of charge-pump PLI:. This linear model is shownin =
. - the Flg 2.8. The open-ioép transféi' function of the modei is i
Dou )/ Din(5)lopen = (I/(27C))(Kveo/s”). -~

This loop gam has two poles at the origin. The closed-loop transfer ﬁmctlon, H(s)is

H(S) (IPcho)f(zﬁCp)/(Sz‘* (IpKvoo)/(ZnC,,)))

PFD/CP/LPF : ’ T NCo -

- Fig.2. 8 Linear model of bas1c charge-pump PLL

Thxs result shows the system is not stable because the closed-loop system contams . .

| two 1mag1nary poles In order to stabmzc the system, the transfer function should be
’ lmodxﬁed That is, a zero should be added in the loop gain to keep the phase margm in

the safe tange for stablhty ThlS will be reahzed by addmg a resistor in series with the

loop filter capacltor (Fxg 2 9). It can be shown [2] that the PFD/CP/LPF transfer .. - .

function is

Vou(s)/ A(s) = (Ip [ 22)(Rp +(1/(Cp.5))) .
19 . .



The PLL open-loép’transfer function is _
Bt )] 60 (5) Lop= U 127).(Rp +1(Cr DKo /)
and | | « f o |
H(s)= (IP K,,Co 1Qx.Co))(Rp Cps +l)/(s +(I, /127). KW:O-RP.S + (IP /(2:zCP)) K,,CO)
If this transfer functlon is compared with the fanulxar form of second order system,f M
* transfer function shown in Eq (2 3) the natural ﬁequcncy and the dampmg factor are :

i

respectively

—J(IPKM)/(zzc ), o

¢= (Rp/2)f PC,,J(VCO)/Q;;

This architecture has a drawback: since the charge-pump drives acapa01tor a.nd a. -

resistor - in series, each time a current is injected into the loop filter the control voltage ..i
experiences a large jump [2]. This may produce a npple in controlling voltage. To fix
this problem, a second capacitor is usuallyadded in paralle! wrth R’{, and _C,,f to .
su;)press the initial sfép. Fig.. 2.9 shows this m(gdiﬁed conﬁguratioﬁf Now the loop
filter is of second order. However, in order to keep the transfer function unchanged, .

the capacitance of the second capacitor is about one-fifth to one-tenth of C,.

20 %



Vbp

D. Qa |
CK' | ' S
. 4 .
o ‘ - vout
" Reset | *—%1 vco .
RS
CK Q

— / SZ
Qs EREES PR N
‘ : Cp —— ,
b )1z T=Loc

| Fig. 2.9 The charge-pump PLL architecture used a resistor in series with Cpand
. . the second capacnor

- HETPEES

By comparmg the loop dynamxcs of basic PLLs (sectlon 2.4) and charge-pump PLLs,

-

" it is clear that mterrelated attributes such as noise suppressmn, acquisition time, phasc R

error ‘and stability, as well as limited acquisition range are disadvantages of the basic

-

PLL over the charge-pump PLL and this justifies our choice of charge-pump type for -

the proposed PLL. - .
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Chapter 3

" Literature Review

30A Suinm{ary of Previous Works

The result of an investigation in the recent works on wide-range and/or programmable

PLL has beeﬁ summarized in the Table 3.1 and shows the various features of the

major works.
- .| On-chip | ~ VCO - VCo | o ol Chip
: Programming ' . Power Supply | Process 4
Author Program | Frequency | VCO gain | transfer e Area~
- style mability range |- ’ function dissipation |. V um - (mm?)
Rhee[5] | Programming | N 43)&%\, Linear | 3.5mW_ |, R
(VCO loading No | 54M-1G (Dia ,but (VCO © 25 0.35 | veeenmm
only) . capacitors am) € | variable only) .
Sutoh[10 | Programming S— '
] NO. ofinverter | yes | SM-400M | nonlinear | 13:)mW | 2 | -025 | o014
' v ’ N . Linear <alin ' RS
Sung[4] | Using circuitry Yes 75M-1G 430M/V and 2mW 3.3 0.6 1.05
R ~ I constant | - . - : .
Programming | 103M- s | ,
Chenf20] | ~ driving No | = . 27TIM/V *| nonlinear | 4.52mW 1.8 |- 035: | 0.16
e . 1.02G ,
capabilities
o 'g: T “370 - Linear. | o " o ;
Brymjolfs | = mberof | yes | 15M-1.8G | MYvorst L Ty 8%mw | 18 | 018 |
-on[8] inverters L B | easen [ ble | - @330M R
mvertiers : dlagram) . ;
Joeshin | yoingcirauitry | yes | roong | A6OMNV | liear” | S3mW | 25 | 025 |
Leeld] | (diagram) |~ - :

Table 3 1 Features of mam works on vnde-range and /or programmable PLLs '

s SR -l
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5

- - not appropnate for low supply voltage O ek

. 31 Diﬂ‘erent‘Metliods for Getting Wider Range

‘ Looking at the system-level design, the ﬁrst major questlonxs how to reach a wide
- range’ PLL Normally, in gettmg a wide-range ﬁequency output in the PLL the -
' .bottleneck is VCO. Therefore, the ‘main- block to be considered ‘is VCO (voltage

: tcontrolled oseiﬂator)

ng oscrllators are the most popular archlteeturo used for mde-range and/or

programmable PLL’s [1,5,6]. However, as observed 1ater, the range of frequency that .
.. a ring oscﬂlator cOuld cover is at most of order of two to three. This range is hardly ‘
' enough for temperature and process change coverage. So the ﬁrst issue in the system-
‘ level desrgn is how to mcrease the frequency range of the VCO . R

¥ Researchers have tned to mcrease the frequency range of an oscxllator by mcreasmg

: f‘the hnearxty of the VCO transfer function [4 9] programmmg the drlvmg capablhtles
“[3] gramrmng loadmg capacnors in a relaxatlon oscxllator [5], or number of
mverter stages for changmg the delays [8, 10] -

. Sung . al [4] and Joe Shin Lee ef. al [9] tried to reachto avnde-range PLL. Theyf' B

) * tried to make the transfer funct10n of the VCO lxnear and gettmg w1der ﬁ'equency?

K

achleved wrthm a voltage range that supply voltage perm1ts (ie. maximum swmg; B

" between ground and supply) the resultmg VCO gam is hlgh and the system is’ |

¥

Rhee [5] tned to reachto a w1de range VCO by programmmg ﬂoatmg capaextor ina

relaxation VCO He reached a hnear transfer functlon for VCO However thls desrgn o

also suffers from hjgh VCO gain problem and it is susceptible to noise leading to a

23
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: range by addmg some circuitry. However, since the wxde-range freqnency should be b

PR
<
e

) susceptlble to nmse and hence the Jltter performance lsnot good A]sg the des1gn 1s:



‘Wo_rse jitter perfoﬁnance. Also, in this method a good area of -the chip will be .-

occupied by the capacitors.

Although these two methods could increase the output frequency range of the VCO

and achieve linear transfer function for the VCO, the gain of the VCO.Ashould be 1argé. :

P2

Large VCO gain makes the VCO sensitive to noise, therefore the jitter performaﬁco B

will not be acceptable.

" In the designs proposed . by Sutoh et. al. [6] and. Brynjolfson et. .al [8], the . -

programmable wide frequency range of the VCO is achieved by changing the number

of inverters.<'Thei’efore, the total delay of .all inverter stageo, which determines the . -
output frequency of the VCO, will ohange. In this case, the larger the number of -

inverter stages utilized, implies_the smaller output frequency of VCO. Therefore, -

more hardware is required for wider range. -

Brinjolfson et al [8] have suggested a logic circuit for on-chip programmability and

they tried to use the linear part of the VCO transfer function. However, their diagram ...

shows that the VCO gain is not constant for dlfferent ranges. In other words for high _‘ o

ﬁequenmes, when one mverter or two mverters are used, the gam 1s h1gh (about

,370MIV) and there IS a problem for achlevmg the requn‘ed overlappmg Whlle for the e

lower ranges the VCO gain is low and there is too much overlappmg

;oscal et al [20] also have tried to dmde the wide ﬂequency range into many small :
;pomons that are 1nd1v1dually controlled by the control voltages. The proposed":’:"\" ‘

approach uses many parallel mverter chains that can be v1ewed as pr()grammmg the': T
. drmng capabllmes of mverter chams In thls casc, a fan‘ly low haxdware complcxxtyfm‘:
is neodod‘ I‘,‘. pa;goulgr, ???#R?,"F{?E.?‘?’?S‘{?BP tm,’ffm be,refl?ced when vCo Operates at - -

a low oscillation frequency. The proposed range-programmable VCO can be applied = .

in low supply voltage applications with a pow'erv efficient operation, - -.
‘ o4 |

e e
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* However, mthls paper there was no emphasis on linearity of VCO transfer funétion. -

‘ Also, no 1dgic has been considered for Qn-chip 'progrérnmabili{y. Therefore, ﬂle
problems of on-cﬁip programming of par‘titioning\the wide range into smaller ranges
" have not beg:n investigated. One of the problems is the temperature éhangc effect. If -
. 'the terﬁperaﬁne chanées the frequency of tﬁe ‘system will also changé. So, if the
system works . in upper or lower part of a pamcular range (determmed with the
" number- of chams) the system may leave that pamcular range due to tempcrature
| Nchange and come back to that range again and thls may happen ﬁequently.-So, the
'éystem is no loﬁéer stable. Overl_appiﬂg of diﬁ'egenf, ranges my fix the problem;
hbwever, f~f6f proper operation of the PLL, the VCO should withstand temﬁcrature -
. changes. . |

_'Ihcse problems had to be in mind while designing a new PLL. :
Table 3.2 summarizes the comparison between differen; methods for getting VCO -

with wide range frequency.

Using circuitry

* For making the I S . " R
. Programming. Programming Programming -
} VCO transfer .
Method . 1. loading the number of driving
function linear and capacitor - inverter stages | bilities
getting wider pa ges capabilities
range -
VCO gain ~ high  variable variable low
- Suitable for R T - ,
low supply no - yes < . yes - - “eyes - -
. voltage
Area large large - medium meciium
Power . . o .
dissipation large . medium | medium | Smal/medium.

Table 3 2 Companson of thc features of different methods for VCO with wxde-range i

- ﬁcqucncy
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3.2 i)ifferent Architeetlires for Delay Cell

VCO has the main role in jitter performance of the. PLL and - is the most power

' consuming circuit. Therefore, from the cn'cuxt des:gn point of view, the most cntlcal

block in a PLL is the voltage—controlled oscxllator 4 CO) The followmg parameters

are xmportant.m, investigating VCO blocks performance. |

1. Tuning range, that ia the range behzveen the minimum and maximum v_alues of

| the VCO frequencies. Taking into account frequency changee due to process,
tempeeature and supply variation, V' this range shoeld cover the required.
frequency fange. '

2. Output amplitode over the range, which should not have ,l;arge variation. "

3. Supply ‘and substrate noise rejeeti;oh should be kept at acceptable levels. Since .
these blocks are normally built along with other digital"ciwrcui.t and share the
same substrate, noise is alv&ays an important issue.

4. VCO gain variation, which is undesxrable across the tumng range |

5. “Power dxsmpatlon is also very 1mportant because VCOis most current starvmg
block in the PLL. | |

In this survey the most common architectures were considered and the performance of

each architecture was investigated by shnuiatioh. ‘ Finally, 't.he perfommncea of the |

sxmulated archltectures are compared | “ |

As mentloned before, nng-oscdlator type VCOs are wxdely used in PLLs, because -

they occupy a small chlp area and could produce lngh-frequency sxgnals with large ‘

f amphtude smtable for d1g1ta1 sysiems In the nng oscﬂlator axchxtecture a chain of N

delay cells, w1th a total phase Shlﬂ: of 1 80 degrees, are placed m a feedback loop (Flg

3. I) The sxmplest delay cell isan mvener block As each mverter has approxxmately

90 degrees phase shift at its umty-gam frequency, 1f there are at least three mverters in
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the 'loop, it 1s guaranteed that the loop gain will still be greater than unity when the :
. phase shift arouod the loop becomes greater than 180 dogfees. Theroforo, the;circuit is
- unstable and will oscillate. In eoch half period, the signal will propagate around the
| loop with an inversion. So if tho delay of each inverter is shown with 7,,,, and we . .
: ._have n in\}ex;tero, we can write [3]:
‘ T/2=nt,,.
- Thercfore, we have
j‘;x<='1/213.r,.,lw ..
where T'is ihe period and f£,,. is frequency of oscillation.
O e e

- Fig. 3.1 Ring oocﬂlator with least numbor ofdelay cells
‘Therefore, by changing the delay of the delay cell we can change the ﬁequency of the
- oscﬂlator The delay could be controlled in two different ways: extemal and mtemal
techmques - |
3.2.1 Archxtectures with the Extemal Control ‘
In the extemal control type, the control is done outside the delay cell. Therefore the‘
. delay cell could be a sunple inverter and the control of the oscﬂlator can be

vmplemented by varymg the capac:tance or the resistance seen at the output node

In capacxtance tumng method, shown in Fig. 3. 2a, a voltage-dependent capacnor (e g

reverse-blased p-n Junctxon d1ode) loads the output node and 1ts capamtance 1s.'

qt

adjusted by Vc.,,,t The drawback of this c1rcu1t is that the mlmmum value of theiﬂ ‘

capacxtor st111 loads the cxrcmt, hrmtmg the maximum ﬁequency of operatlon.

27



~ Another circuit used for capacitance tuning is shown in Fig. 3.2b. In this circuit the .
capacitor is constant, but a MOS device operates as a voltage-dependent resistor and

" thereby changes the effective capacitance seen at the output node.

A

Vin l\ | . .Vout | o Vin . '

= | | Ve |

@ !

Fig. 3.2 Configurations with capacitance tuning load.

The second configuration was simulated. The schematic of the Cil:cilit isshowninFig. .

3.3~ This delay, cell is. very fast and the output swing is rail to rail. However, as the .
transistor can’t be kept in the triode region for a wide range, we don’t have a linear

resistor for a wide - tuning range and the tuning range will be limited. Also, since the

inverter is not immunized against supply voltage noise, some designers have triedto . _ '

fix this problem by adding a regulator [17, 11,12]. But, since the regulator hmlts the

headroom, this modiﬁczfition could not be a good choice when the supply voltage s -
low. This architecture is fast and has a rail to rail output swing, but the tuning range is

limited and it has supply noise issue.-
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3.2.2 Architectures with Internal Control

_ In this type of control, the control of the frequency takes place inside tile delay cell."
Alfhough the architectures used with this type of control could be both single-ended -
and differential, as the diffefehtia} architecture is nnmumzed aigainSt supply noise we ';
only discuss the differential configurations here. Consider'the differential pair shown

in Fig. 3.4.
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As it is shown in the circuit, the control in the delay cell [\ TN) could be apphed to

the load or to the current. So, we can categonze thls type of control to load control

- el H

and current control.
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' °3.2.2.1 Load Control

In this category twé architectures will be discussed: resistive load and symmetric load.

3.2.2.1.1 Resistive Load

" The basic architecture of this type of control is a tunable resistive load. This resistor

‘ ‘ can be implemented by a tranéistor in the triode region so that its resistance is
: ;co'ntr(&)lled by changing the bias voltage. As'shownthig. 13.4, when‘Vcom becomes
more positive the resistance of Athe load tfansistofs increases thus the time constant at
the output increases and the £, will decrease.
If we can keep the resistor of the resistive load linear in a reasonable ranée, these
linear resistor loads gre dééirable for dynamic supply noise rejection. As t&ay ﬁrovide
A.differehti'akmode resistance that is independent of common-mode voltage carrying

the supply noise, the delay of buffer is not affected by this common-mode noise. .

. However, with MOS transistors these 'devgces cannot maintain linearity while .

‘ generating'é broad frequency range [13]. In other .words, the transistors cannot be kept
in the triode region for a Qide ;mée. The othé; problem is that the output voltage
level is smgll anci varies with the control voltage. Thérefore the output should be
ém;;liﬁed and converted for the full-swing output in order to be able to drive the next

- stage [14].

32212 Symmetric Load ~ "

Maneatis and Horowitz [13] tried to fix the problem of range limitation in the resistive
load - architécture by devising a symmetric load. A half circuit ofa block of their © = -

architecture is shown in Fig. 3.5. LI PR
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Fig. 3.5 Symmetric load idea [13]. o
In this architecture a_ diode-connected transistor will be connectéc_l in series with the
resistive load. These transistors operate as follows: when V¢ > Voo +Vi transistor My
operates in triode region and &ar;sistor My, is off. When V. < Veon+ Vi transistor M,
operates in saturation region and transistor My is on. The resulting current véréus e

voltage is shown in Fig. 3.6.
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Fig. 3.6 Current of the symmetric load architecture.

As it can be seen in Fig. 3.6, the resulting resistor will be symmetric around the *

common mode. As the current in the two legs of Fig. 3.7 are symmetric and the load’

shows symmetric resistance around the common mode, the resistors seen at the two ~ .

output nodes will have the same value. So, as shown in the curve of Fig. 3.7, the terms

of outputs related to the noise will be cancelled. Ku Kang [14] and Lee [15 ] have -

used the cell of Fig. 3.7 in their PLLs.
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Fig. 3.7 Noise cancellation in symmetric load architecture.”
3.2.2.2 Current Control A - e
In this cé’éégory two main architectures are 'discils'sed.f diode-connected load and =
modified current control cell,. - T i
’3.2.2.2.1)Di6de-Connecc<f;ad Load E AL
Diode-connected load is the basic architecture of this category. The circuit is shown in -
Fig. 3.8. In this circuit two diode-connected transistors are used as loads and the - -
frequency is controlled by the tail current. The linear tuning range of this circuit is
limited, because the frcquéﬁc& is determined by the g of the differential pairandthe -
gm is ;‘;fbl;o;tidx{aii to the square root of the current.

PR S o tove
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Fig. 3.8 Current control arcbite;:mre with diode-connected load.

~ Also, the output swing is limited here. This architgctm*e has bee;{ modified tghavq a .,
better outr}ut swing [2]. But the main proble;x} is that At‘he nature of the 4iffer§nt§gl paig
doesn’t allow both fast resﬁonse anci rail to rail s;ving. That is})gqausg (;hapgiﬂg flle &
situation in each leg results in goin.g through a linear trax}sitiqq: :.T}’Alexie)fore, a mgdiﬁec_i ‘- '

cell, as explained next, is adopted in the proposed technique. -

.3.2.2.2 Modified-Current-Control Cell s .

e ? s T s

In the modified cell the differential pair is replaced by two inverters. The circuit is
shown in Fig.3.9. As the @ransitioﬁ bg_fweénc “on” and “off” conditions in the inverter .
is much faster than the transition in a differential pair, this p};ll could rgacl}.high‘e:rw
frequenéies. Another advantage of this cell is its almost rail to rail output; The circuit

can cover a wide linear range. The supply noise rejection of the circuit is very good
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because the circuit is isolated from the supply and substrate through the current .

sources. Djemouai ef al. [16 ] have used this cell in their PLL.-
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Through this comparison it can be concluded that: | |

. ijmme@fic load pbnﬁguré}tion 1s (rgcq\mxﬂn;nded '.«\yhen a ﬁgﬁted output swmg is |
required or the output swing yariations couldébt_a fixed in the next stage. |

e The ‘modiﬁg;d current cont;%)l conﬁggljation i‘s‘recorpmegdtgfi Aif alrail ;;0 rail:fagt o

swing is required. . , &_
e _ The architectures of these t\ifo cgnﬂgurations allow working with 1.8V supply. ..
) :Powe_r dissipation for these two cells are close to each other and the cxrcult L

consumes around 1mA in 100MHz. -
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" Table 3.3 Comparison of different delay cells for VCO.

. OQutput - | . Noise Power
' Archtec@e :Rang‘c swing rejection | dissipation Comments
- Less than Van.ali:le ] | -Weak sfupx_)ly noise
- | Resistive load | factorof | - with Weak -39mA | Jejection
) . : 15 Controlling . | at200MHz | -Variable output swing
) voltage . -Limited linear range -
. _ Variable . -Good supply noise
Symmetric ' ~with ‘ 975u’ o rejection -
load Fact§r of 3 controlling Good at 150MHz - -Wide swing
. voltage -Variable output swing
Dlgiri?:}lfl : ~-Weak supply noise
p diode Factor 62 Limited Weak 6.25mA rejection )
' _ swing | at 400MHz | -Limited output swing
connected - Limited range.
-load A ange:
Diteia | | Gty
inverters with Factor of 3 1| RailtoRail | Good 2.1mA -Wide swing
two current T . at 450MHZ Rail to rail
" sources S ' o ) !
- | output swing

The last structure, i.e. modified current control cell, has some limitation on the speed.

due tothe upper and lower current sources. The challenge could be going for a higher o

speed delay cell by letting the upper and lower transistors work in the triode region.” '

. However, at the same time the supply noise issue should be resolved because with the **

'transistors'working in the triode region the delay cell is not immunized against noise.

The goal is to have a fast delay-cell with a linear characteristic, while optimizing the

jitter performance and hz;\?ing a robust delay-cell against temperature change. - -
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All these reasoné led us to devise a new architecture for VCO which is fast enough to.
work in GHz area and at the same time provides a symmetric rail-to-rail output. Due
to the pseudo-differential arrangement and using fast switching and noh-clipping
method, thls block has a good supply noise power rejectlon. A compensatmg block
will be accompamed with thls VCO, which helps us have a linear transfer function for _
the VCO. Also, the compensating circuit helps have a VCO which is robust agamst |
temperature changes. In addmon the compensatmg cn*cmt adds a mechamsm for »A
rejecting the supply noise up to certain ﬁrequencxes. These attributes are elaborated in

Chapter 4 which gives a somewhat detailed description of the delay cell.

38 &



| Chépter 4
The PropOSed PLL

In this Chapter the de31gned PLL w111 be descnbed in two dlfferent levels: system

’ '.levcl and circuit level | (
‘ 4.1 System Level of the Design

. The followmg demslons were made in order to implement the top-level system Fn‘st
due to the advantages mentxoned in Chapter 2, a charge—pump conﬁguratlon has been
chosen for achieving a programmable wide-range frequency, i.e. 100MHz to 1GHz,
by a 50 MHz reference clock. , . ‘ | | ﬂ
Programmable dnvmg capability method [20] is used for achlevmg the wxdc
frequency range. As described .in Chapter 3, the frequency range is partmoned into
smaller ranges and adding the driving capability of the VCO will provide us vﬁth |
different ranges. Also attempt has been made to use the idéa of the method thﬁ uses

sofné circuitry [9] to make the VCO transfer function more linear in order to have a \
| wider range frequency. For this p@dse, anovel c;.riipensaﬁng circuit has been édded
to the VCO block. As the reference frequency is much lower than the output
ﬁ'equency, a d1v1der is used for bringing down the output signal frequency in order to
. be comparcd wﬂh the mput ﬁequency . |

In addmon to the basic sub-blocks used in a conventlonal charge-pump PLL -ie.
1 phase frequency detector (PFD), charge pump (CP), low-pass filter (LPF ), voltage-
“controlled oscxllator_ (VCO).- a programx_nablc dle}dqr, two comparators, a reference
voltage' block and a logic circuit are added'to' provide tl}e p;‘ogrammabiiity capaBilify.
'I'he; toia level ofltIAle deéign is shown in Fig. 4.1. | . |
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Fig. 4.1 The block diagram of the proposed PLL.

4.1.1 The Operatio;t of the System '

The output of the PLL (divided by N) is compared to the reference clock ina phase;
A frequency detector. The output of the phase frequt;ncj detector is fed to the charge-
pump followed by a low-pass filter. The latter combination provides a control voltage a
for the VCO. Using a voltage-reference block, twoﬁrqéml_ds are épe;:iﬁed for this
control voltage. Tyyo comparators compare the control voltage with these‘t_wo
thresholds. The outputs of the comparators are fed to a'logic gircui't.‘ If the
comparators show the. control kvoltag»e exceeds one of these thresholds, the logic -

circuit will decide to change the driving capability of the VCO by changing the
40 :: ‘



number of chains. This change will be transferred to the VCO using a translator called
- *MUX” block The “MUX” block, whxch isa cembmaﬂon of several mul‘uplexers, .
‘determines the dnvmg capabxhty of the VCO accordmg to what the logic circuit has

‘dwtated This is how the range of VCO is changed

_ jThe top levcl of the des:gn has been bu11t usmg AHDL blocks and the functlonahty of .

‘the system was verified. These are the blocks that are desxgned with Analog Hardware
' De51gn Language (AHDL) to mplement the desired funcnon.s Fig. 4.2 shows the top
.' level of the system usmg AHDL blocks Also, the system level was mplemented in . |
MA’ILAB by S]MULINK ThlS was done Jin order to0 check the dynamlcs of the *

system and the slablllty of the loop. This xmplementathn wxll be shown later.
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Fig. 4.2 Implementation of the top-level system with AHDL blocks.

.y

4.2 Circuit-Level Design of PLL Blocks - . ...= " .~ -
Design an_d _simulations have been done ' using CADENCE tooi and HSPICE
simulator. In this section the circuits designed for the delay cell, VCb, charge-pump,
( frequency-phase detector, and low-pass filter. are described.. The blocks that
implement the programmablhty are covered in the next sectxon. The most m:portam
block in . this PLL is the VCO which is a ring oscillator which has three delay cells in

its chain. L ~ U A R DL PRI P ,
2 . A L

A %




4.2.1 VCO Delay Cell
A new fast delay-cell with a linear transfer function and suitable for high speed, wide-
range applications is used for the VCO. The proposed delay-celi is shown in Fig. 4:3.
The trend for designing a fast delay-cell is an inverter baséd one [20,1 1,12].2A
modified inverter-based delay cell is used. The following are tﬁe modifications made
to improve the perfbrmance{of the delay cell.
'« Normally, the frequency of VCO is controlled outside of the delay-cell. It
wag decided to control the ﬁequenciy insid_‘t;&the d;:lay cell in order to reduce
the noise. For this purpose, two transistors (MO and Ml in Fig; 4.3) were
added at the top and bottom of the inverter. These transistors work in triode \
region and act as resistor. By changing the value of these resistors the VCO
frequency is fine-tuned. In this case we have a rail to rail output and the
symmetry of the circuit helps get undistorteci output waveform.
e As seen in Chapter 3, the differential con‘ﬁguration makes the delay-cell
slow. Therefore, the single-ended éoﬁﬁguréﬁLm was chosen. However, to take
advantage of a pseudo-differential configuration, two single—ended legs (i.e the
circuit of F ig. 4.3) are bound through two inverters in order to be synchronized.. - ©
as.if they are- differential (Fig. 4.4). In this pseudo-differential configuration - . <
the common-mode " noise is rejected: It can be seen that if the IN+ and IN-are.. - . -
increased, Vous+ and Vo, will decrease while the inverters which bind the two
outputs. dictate - opposite directions for two outputs. -This fight keeps. the. ../~ ~i
common ~ mode constant. They keep the zéro crossing at mid-supply and cause - ¢ - :

the two outputs to be symmetric.
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Fxg 4.4 Two ;ingle-ended delay-cells bound together with two inverters

: in order to make a pseudo- differential conﬁguranon

The transfer function of the VCO built with the mverter—based delay-cell isnot
linear. Another modification had to be made to make this transfer function linear.

The problem of nonlinear VCO gain has been fixed here by changing the

controlling voltage in such a way that it compensates the nonlinearlity of the VCO

gain. This circuit, shown in Fig. 4.5, is called mapper and consists of a V/I
(voltage to cﬁnent)tconvérter and an UV (éﬁﬁént to voltage) converter. Here is

how mapper works: the differential outputs of the'charge;pump are fe& to this
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_circuit. First, these outputs are converted to a current through the V/I biock, Then .
the current is converted to two oogtfoﬂmg voltages, but now. ;che controlling - -~
voltages are reshaped so that they mﬁxpensate the non-linearity 6f the aélay-cell_ gy
gain and therefore the VCO transfer function will be linear. |

o 4 »
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Fxg 4.5 The chrcmt of mapper‘ S
. For thc method of programmablllty utilized in thls desxgn, the VCO should be
&mscnsxtwe to the temperature change Th15 function is also realized in the mapper
The voltages prov1ded in mapper are insensitive to temperature changes: Fig. 4.6

is "a partial schematic of the mapper accompamed by the transmtor which acts as a

resistive load in the delay cell (transistor M2). Here is how g, of transistor M2 is

calculated Thc transxstor works in triode reglon. As VDS <<2(V Gs-Vm), we have

IR ﬂ,

gdsz dID/dV DS = [PnCox(Wz :’Lz )(V Gs2 - th )] 1/ [}lnCox(Wz /Ly )VGszl (4 1)

On the other ha;1d, for the transistors in the deep triode region, i.e. transistors M4
and MS, we have: . REEN AR SO RTINS
- Vpss=Ip/ [#ta Cox(Ws /Ls YV - V)] ETp/ [pa Cox(Ws /Ls }(Vo)]- (42

From Fig. 4.6 we have



Ves2=2Vpss + Vesu - (4.3)
But transistor M11 is a level shifter and Vo is mainly determined by Voss. -
Combining equations (4.1), (4.2) and (4.3) will yield - |
BT GV LT G CoWs L )Vo)) (4

2= (2 ToWa /La V(W /Ls XVoo) -

pjt)

1
vE €

.%[;%ﬂ R
-

N

Fig. 4.6 A partigl schematic of the mapper aiqcomﬁanied by the transistor wﬁich "écté‘ :

as a resistive load.
B N S T
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If Vppis considered constant:
o e g = K,

where K is a constant and Iy is insensitive to temperature.



. The other 1mportant point .in the delay-céll is .the‘supply noise rejeﬁon. The .
mapper provxdes good supply noise rcj jection for certain frequenmes that isup to
“around 200MHz: In F1g 4 7, whichisa partxal schematic of the mapper and the.

~ delay cell,; we qan write for tranmsftor MO |

. VG=YDD‘2VDS‘VGS9~ |

From this eqdation,‘. when ¥V, cﬁmges,'Ms change will appear in V. 1’heref§re,
we can write: - |

‘ ‘AV§= AVpp.
On the other hand we can see from F1g 2 7 that the change in Vm) dlrectly appears
‘on source of Trans1stor M0 and we can wnte

~ AVs=AVpp.

Th‘etl'efore,. VGS: ;f ﬁaﬁsiéior MO is indéperidex;t of Vp, change and hence
insensitive to supply noise. Researchers have shown that the iﬁ;/ener-bascd de_la‘y-.v

cells have good supply noise rejection because of the fast switching [6].
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Fxg. 4.7 Pamal schematic of mapper and delay cell.

42.2VCO
'Ihé proposed VCO is a ring oscillator which has three delay cells in its chain. Fig. 4.8
shows the basic architecture of the VCO. Seven parallel chams have been prov:ded

' For prowdmg prog;rammable dnvmg capab1hty
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Fig. 4.8 Basic architecture of the VCO,

Fig. 4.9 shows the schematlc d1agram of circuits msxde each of the blocks of Fig. 48 -
(for simplicity only four chams out of the seven chams have been shown) As
mentloned in Chapter 3, the frequency range of the ring oscﬂlator VCO isatmosta
factor of three, whlch is hardly enough for the temperature and process vanatlon J
coverage. In order to attain the desired frequency range, seven chains of such a ring
have been put in para11e14 so that we can éplit our wide range into seven diﬁ'ereni
smaller ranges. The ranges have about 20% overlap and a proper number of chains
will be in operation in any desired rangc Alogxc CII’CUlt will decide the numbcr of
required chains. When a chain is not in operation, it is turned off so that the power
dissipation is optimized. ”

In order to have enough dnvmg capablhty at the output of the VCO a block
- consisting of a cham of mverters is used to brmg out the output of the VCO Thlsr
block, called TAP, is suifable for driving 2pF-‘cgapa§:1§1v¢ load at the output of the

VCO. Fig. 4.10 shows the TAP architecture.
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4.2.3 Charge-l’uxﬁp

For choosing the appropnate charge-pump archltecture different charge-pumps were

' studied. A snnphﬁed version of the ﬁnal architecture i is shown in Fig. 4. 11 In this
arch1tecture the switches M8 and M12 control the current flow to the charge-pump’s '
output. These switches are placed on tl;e éource side of &13‘ c;urrenf—séurce Adevices, ife:
M7 and M13, in order to a&enuate- any switching errors that may ai;pear at: the

" sensitive output node. In other words the output nodes are isolated from the sv‘ritches

‘ in order to avoid switching rii;ples appeér on outputs.

The dummy devices M49-M52 are employed to reduce bofh charge injection and -
clock feed-through errors [3]. These transistors introduce capacitors that“cancel ;ﬁ:
switches Cgq effects [11]. Transistors M41 and M44 are used to ensure a fast tum-oijf o

of the current sources.
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.’I.'he | challenge m ' bhafge-pump design was to make the _common-mé&e voltage -
constant. Usually, a  conventional common-mode- fgedback (CMFB) cﬁcﬁit
- accompanies the charge-pump. In the CMFB circuit, Fig. 4.12 the d‘iﬁ‘ereﬁ(’:e‘of the

differential outputs of the charge~pump is compared w1th the reference voltage ina
differential pair and a blas current is made whlch forces the common-mode voltage to
‘be constant.’ However," when the charge-pump doesn’ t sink or source charges, c.g.
~ when it is in locked condition, the swifches are open and the bias éurren_t cannot keep
A‘the common-mode ,v_oltagf’: constant. Tg resolve this issue, é dummy cirf:u'it Was added

to have constant common-mode voltage at all time, see Fig. 4.13. =~ . -

P
et - b mzﬂr
vp k“m—ﬂ-" u«}{—;—;—j-q"‘f i
a-m‘ o £
2t o
b"\‘“\' }' ‘ll i"\'
i K
» e i i g
. [ smnz . -
oo B L% " o
oy ! !
V88 N Leed N d R ety 1
DX T t-:&am . [
. et - L
) . . EEECE N |
- . o
Ty
i

Fig. 4.12 The CMFB circuit for the charge-pump.
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4.2.4 Phése-Freqhe’ncy Detector.
The phase; frequency detector (PFD) is a robust tri-state detector. ’I"he basic -
cénﬁguration of the PFD is shown in Fig. 4.14. The conﬁguration. is closé' to ihe one

" described m Chapter 2. Two main signals are fed to two lep-Flops as clock sxgnals :

When the rising edge of the leading signal appears, the output ofthe relevant th- o

Flop wxll be laglc onc and T.hlS output will be mamtalned in logxc one untll the nsmg

edge of the other mgnal appears At thls tune the reset sxgnal will be Ioglc one and |

P

‘both outputs w111 go to loglc zero.
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Fxg 4. 14 Basic archxtecture of the phase-frequency detector.
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The simulation result shows that this cu'cult functlons properly up to ZOOMHZ.-
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~ No challenge has been made for removing the narrow pulses appearing in reset time -
" -.in both outputs, because these small outputs assures that there is no dead zone in the

- charge pump [2]. The phase difference could be as small as zero. -

4.2.5 Low-Pass Filter

. As discussed in Chapter 2 and shown in Fig. 2.9, a proper low-pass filter is a resistor

¥

' ‘and a capac:tor in series, in parallel witha small capamtor The bandw1dth cf the Iow-

S pass ﬁlter has an important role in stability of the whole loop The SIZCS of the re51stor

and capacnors are chosen as follows As we have acharge-pump archltecture, the

damping factor of the system is

&=(Rp I12)y(IpCpK o) 27 .

| St;bility dictates to have a damping factor greater than 0.5 and not much bigéer tl\xan
.one for both extreme of the frequency range. In this folrmul'a,’i the only unknown 3
pa}mcters are R, and Cy. These values are chosen in a way to fulfill this f}equirement.
The second capacitors is chosen to be one’tenth of the main capacitor to maintain the

second order configuration.

First, the transfer function of whole loop was calculated using the formulas of chapter
2. Then using a system level simqlatiqn, done in Simulink, the stability’of‘ the :s§steni
was optixhizcd by choosing proper values for the elexﬁents‘ 9;‘ the low-pass filter.
| The Shﬂiﬂ system level Simulation helped in automating the opﬁnﬁzéﬁon process.

* Fig. 4.15 shows the low-pass filter apchitgémre.

I R
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Fig. 4.15 The low-pass filter architecture.
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43 Programmabxhty and Utlhty Devices
| In thxs section the blocks used for achlevmg on-cmp programmabxhty, such as

‘programmable dmder logic cm:mt, comparator are descnbed The circuits for

_voltage reference block (to set the threshold for programmability) and bandgap, and N

- current reference block (utlhty devices) are covered here.
B ‘4.3.1 Divider

... The divider used in this system was a chalienging one, :because wo‘nee'dedafsst
vdivid.er which could function up to 1GHz. Therefore, the dividerWas split to two
blocks, an asynchronous and a synchronous one. In the asynchronous block, or the
fast part of d1v1310n, we are only concemed with the delay of D-Flip-Flop whlch is
very small [about 200ps]. The synchronous block follows th?lasynchronous‘ one,
‘where the frequeno_y has been reduced by the asynchronous diniden I/n the
asynchronous block the signal is divided by aneven number, say 2,4.8, and in the
synchronous part the signal is divided by anodd number, say 3 5 7. The deIder is
programmable and any combination of the even and odd numbers can be chosen Fig. 5

4.16 shows the combination of the two dividers
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Fxg. 4,16 Combmatlon of two d1v1ders (synchronous and asynchronous)



- 43.1.1 Asynchronous Divider

" -The asynchronous divider is a combination of D}Flip-F-lops The main signal to be

d1v1ded is fed asa clock signal to the first th-Flop The output of each Flip-Flop, i.e. -~

Q, is fed as a clock to the followmg th-Flop and the mverted output of each Flip-
. Flop is fed as an mput to itself. F1g 4.17, shows the archltecture of the asynchronous
d1v1der The: output of the first Flip-F lop isa d1v1ded-by-two 51gnal the output of the

second th-F lop isa dlvxded-by-four signal and the output of the th1rd th-Flop is a

d1v1ded-by-e1ght signal.
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Fig. 4.17 Asynchronous divider.

| 43.1.2 Synchronous Dmder

Fig. 4 18 shows the synchronous d1v1der In this circuit the signal to be divided is the
input of the first ﬂ1p-ﬂop All the flip-flops have the same clock and the output of
each ﬂ1p-ﬂop is the mput of the succeedlng stage When the d1v1s1on by N is done the
system is reset. The value of N whlch could be 3, 5 7 and 9,is determmed by a’

VT

- decoder '



vob 4k

l wpp
! . ) . %7
- B o] § . o—l—-—is-——-'

038

T GLEJN ﬂ
B it

- D
. - . Q : . . . a »
- —-:-_—21—--— ¢ ¢ ole———ndo € ola"2_
\DFF - DFF
- BRI clm  os okl oa a2t
L HE i ¢ '
[2 % n
> ’ . . “ \fs ! .(GS,
CL_I i .
’ R5T1 - ’
o vDo
1 B {‘* ,‘/ " o
z e R3¥ o - - ( .
v ‘T‘lfj&ﬂﬁ o § piTaEOT0Y N
! I30om w;:*“""‘“ . - )
psre VNDDAGD A |—m é VIFF , g
® b CLK N
V58 H - s—{op G oLk a——

e g
.

. v +Fg,

*
Fig. 4.18 Synchronous divider. e
4.3.2 Loglc Cu‘cmt

-

. The loglc c1rcu1t isa dlgltal clrcmt that de<:1des how many chams of delay-cells are in

0

opcratlon This dcclslon is made by usmg the outputs of two comparators. F1g 4 19

.
Tl

shows the core of logic circuit. When the output of one of the comparators changes to 4

logic one, it shows that the controllmg voltage has exceedcd the absolute value of
threshold Thereforc, the number of delay»cell chams should be changed accordmgly
‘ Then, the logic circuit checks the number of ¢xisti’ng chain and brings in or takes outa |

chain. At this moment a reset signal is built which brings the controlling voltage to its
' 6 1 L * ‘ ’ . ' /



common—mode' value. Also, a feature has been provided that overrides the number of -

- chains manually. This feature could be used at start-ﬁp or for testing the chip. |
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- Fig. 4.19 Core of logic circuit.

4.3.3 Comparator

Two comparétors are used for determining the pomts where the controlling voltage

exceeds the upper or lower thresholds. Fig. 4 .20 shows the basic top-level arcmtecture

of the comparator. It consists of a bias Cll‘CU.lt, a pre-amphﬁcanon stage, a track and

latch stage and an R-S latch.
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| Fig. 4.20 Basic architecture of the comparator. .
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‘ Sh(;wn in Fig. 421, is the pre-amplifier configuration. The input signal is fed

“differentially. The pre;ampiiﬁer is usgd to obtain higher ,resolufion and to mmxmxze B
the eifects of kickback. Kickback referé to the charge traﬁsfer either iﬁto or éut of the |
mputs when the track and latch stage goes from track mode to latch modc [3]

~ The output of the pre-amphﬁer, although larger than the comparator mput, is stxll ‘

much smaller than the voltage required to drive digital cucultry The track and latch

stage further amplifies it again. dunng the latch phase, when positive feedback is

enabled.
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Fig. 4.21 Pre-amplifier configuration. -

The track-and-latch stage circuiéry is shown in Fig. 4.22. The dynamic oper;tion bf
this circuit is divided into reset and comparis;ori intervzils At the ;esét interva] the
clock (‘;inc’ 51gnal) is Iow, sfer gates M25 and M24 are “off “ and p-channel pre- .

charAge} transistors M18 and MZlare “on”. "Iherefore,h bpth the p-qhanncl flip-flop

ﬁbdes, formed By M19 and M20, are charged {Jp to power-supply voltage level and n-
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. channel F lip—Flop nodes, formed by M24 and M25, are discharge’d to ground lével -
‘ through n-channel discharge transistors. When the clock gocs lngh, chargmg current
starts to flow from the p-channel 31de to the n-channel th-Flop A part of the current
is dlscharged through discharge transmtors M26 and MZ'? whose gates are controlled
‘ by the differential amplifier. Since these two mscharge transistors hgve different
éurteﬁts, ‘a large voltage | difference is obfained when th.e n-channel flip-flop drain
véltage;q exceed &e ﬂneshoid voltage. ’ﬁm amplified difference is uansfe&ed to ihe p-
| ’channel ﬂ1p-ﬂop, and is amphﬁed toa voltage swxng nearly equal to the power supply
 voltage [21]. | | |
The output of the track-and-latch circuit is fed to the R-S Iatch- Auﬁng thé clock |

: penod Flg 423 shows the R-S latch.
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Fig. 4.23 R-S latch of the comparator.

4.3.4 Band-Gap Circuit - ‘

The purpose of reference voltage circuit is to establish a DC voltage or current that is
~ independent of the supply and processﬁ and has a well-defined behavior wﬁh ‘
temperature. Since most process parameters vary with temper;xuue, ifa ;eféfencg ié
tempera@re-ipdep;:ndent, thfm it is usually process independent as well [3]. The
underlying idea is to have two ‘quantities | havixig opposite temperature coeﬁicier;s
(T C) and add them with proper weighting. The résult will shéwazero‘temperamre
coefﬁciént. ' | |
Bipolar transistors have proven to;'brca;{ride{ t;he most reproduélble and well-defined

quantities that' can provide positive and negative TCs. Even though many parameters
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of MOS devices have been considered for the task of referenee generatxon, bipolar
operanon st111 forms the core of such cn'cmts [3] | ’ |
The base-emitter voltage of blpolar transmtors or, more generally, ;che forward voltage
of a pn-junction diode exhibits a negatwe TC.F ora blpolar dewce we can ;&nte.
| Ic =Is exp(V se/V Tl,
-where VT=KT/q
It can be shown that W1th VBE -—750mV and T-300° K, dV del‘ =-L 5mV/° K [3]
It was recogmzed that iftwo blpola; tran31stors operate at unequal current densmes
then the dxfference between theu' base-—emxtter voltages is dzrectly proportlonal to the
ahsolute temperature [3] As shown in F1g 4 24, 1f two identical tran51stors ( 131 =gy ) \
are blased at colleetor currents of nIo and Io and thelr base currents are neghglble,
‘then: | | ‘ |
AVBE VBEl- Vesz,
AVBE = V‘r ]n (nIO/ISI)‘ VT 1fl (Ioflsz)
AVBE VT ln (n) |
- Therefore, the VBE dlﬁ‘erenee has epoeltxve temperature ooeﬁiclent T

- deE/dr Kfq ln(n)

Fig. 4.24 Generation of positive temperature coefficient [3].
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B The core of the band—gap cn:cult is shown in Fig. 4. 25 [22] The low-temperature -
coefficient of the bandgap voltage is obtained by addmon of a negative temperature
coeﬁiment (TC) base-enntter voltage of a blpolar transistor, thh a ‘positive TC
voltage obtamed from the d1fference of two oase-emlttef voltages bxased at dﬁferent’
current densities. o
: The supply mdependence as well as the temperature mdependence are aclneved by a
feedback mechamsm that forces node 2 in Flg 4. 25 to be at the same potentlal asv |
node 1. This snnultaneously ensures that IMz isan accurate copy of In. K
From Fig. 4 25 we can wnte . | ' | -
Vag = VBEz+NI *R2 R ‘ ‘(4.'1) -
Since nodes 1 and 2 are at the same potentml we can wﬁte o -
Vpe1 +I*R, = VBizz, s
Vrin (I/(M"‘Io)) +I*R, = Vr In ((NH)I/Io),
Vrln (1/(M*(N+I)) = -I*R1 . i ~ , T 42
Deriving “I” from Eq.(4.2) and substltutmg itin Eq (4 1) ylelds -
Vi = Ve + N*VT ln [lf(M*(N+1))*(R2/Rl)]
Vpez has a temperature coefﬁcmnt of —2 2mV/° C at 25° C, while VT has a
temperature coefficient of +0.085 mV/” C. By proper ch01ce of Rz/Rl, M and N '
" temperature coeﬁ'xclent of Vg can be compensated to be Zer10, | X
The band-gap core circuit is accompamed w1th an op-amp which is used to force node

'1to be at the same potential as node 2.
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VREG

+ Yo Control Loop

Fig. 4.25 Core of the band-gap circuit [22].

'4.3.5 Voliage Reference Circuit
In order to prov1de thresholds of contrellmg voltages of the VCO a voltage reference
~block is needed These threshold voltages are fed to the comparators Flg 4.26 shows

the top-level circuit of the voltage reference block.
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Fig. 4.26 Top-level of the voltagé reference block.
This block is made of a bias circuit, a folded-cascode op-amp, and a string of the
resistors. The reference voltage built m the band-gap circuit is 'fed to the positive inp;lt
| of the folded-cascode op-amp. A negative feedback dicgteé a constant voltage at the
resistor based voltage divider. This voltage divide:, the strmg of the resiétors, allovyé

us to have specified quantized reference voltages.
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A combinatioﬁ of a multiplexer and a decoder is used to add programmability to the
' >-threshold voltgges, in order to be able to k;heck the functionality of the system with ,‘
different threshold ivoltages during the test mode of tﬁe chip. - ‘
436 Current Réfetjence Circuit

. We nee.d a pfecise 25—ﬁA current for different parts of the circuit, such as biés circuits.
'i‘his current is made avéilable"in a current reference blobk. Fig. 4.27 sho&s the top-

lé{:%el circuit of thxs block. . .

' This block is self biased and consists of a two-stage §?‘amP (a p-type differentialop- . < .

'é{mp followed bya common-sdurce output stage) and a feedback loop which forces a
constant current to flow in ‘an external resistor. This constant current is mirrored in '
~ several branches to be used in différent parts of the system.
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Fig. 4.27 Top-level circuit of the current reference block.



4.3.7 Aligning Delay Blocks -
As .the ontnut : frequency is _-oivided by N in the divider, before being coxnpa:‘ed with .
~ the input reference clock, we have to consider the delay i‘eéulted ﬁ'orn this ;iivision in |
R order to’ align the input reference clock and the ouiput For this purpose, two de]ay' :
 cells have been bu11t in order to copy the delays applied by the asynchronous and the .
' synchronous dlvxders.‘ Figs. 4.28 and 4.29 show’ the cncmts which copy thc delay
: applied by the asynchronous d1v1der and the synchronous divider respectxvely This

~ block, tltled “HINDELAY” in the dxagram, copies the delay of a th-FIop
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Fig. 4.28 Aligning delay block for asynchronous divider. '
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4 4 Testablhty of the Chip .
" In order to. imprqve the_ testability of the « design, it 1s ljequired to be alé:le to force
different blocks from outside and look at the output 'o.f different not{e;, In this way, in
the test mogé we can see hqw Fhe performance of each block in the real chip mee}sures ‘
up with the desired speeiﬁcatgops defined in the design - |
The following features have been added to the system to facilitate the testability of the ‘

L Forcing‘ signals from outside to the inputs of the PFD' Itis possible to" feeel the

PFD from outside. Therefore, if there is any problem i in the loop, the loop can.

be broken and two mputs w111 be forced from out81de to the PFD and the :

functionahty ofa part of the loop will be checked.
2. Manual control on the number of delay cell chams 'Ihe number of delay cell -
) chams can be determmed from outside the chlp Tlns feature is used e1ther at .
the untlal pomt of operanon or for the test purposes. |
'3 Forcmg sxgnals from outmde to the mputs of the charge-pump
4.3 Forcing the controlling \{oltage 9f the YCQVﬁo’m. ?l{tSldE’_.. )
5. Bringingou the ouputof e charge pump_
6 Beiegmg out the six clocks with different phases.

7. Bringing out the clock and the inverted clock.



8. Power down feature for the whole loop.

4.5 Extra Features of the Dét;ign :

The fo}ldwings are some ext;ra' featgrés provided in makmg the &esigx:;f,;d ?LL as
general-purpose and as testablé. | o | | |

1. Since no MIM capacitor has been considered in digital technology, all capaci;tprs _
required in the design for 10W—p?.§§. filter and for ‘conipengt_ion of different 6p-amps
have been built with transistors and no MIM capacitors has- been'used. This is
 consistent with our géal to build a PLL that can be fabricated with both digital and
mixed-mode technolo gy- |

2. An option has been provided so that the chip.could also use the 25uA current Built

by the band—gap as the reference—current By using this option the system doesn’t need

any external component ThlS is also another feature that makes the PLL appropnater‘
for any design when there is no chance for adding external component.

3. As already meritipned in S‘ecti‘onw4.3.5, four options have béen ;:onsidercd for fhe :
controlling voltage thresholds.

4. There are ‘th:ree' options for the reéiétbrs usedﬁ in the ldw-pass ﬁltiei. The default is
R=4K. However, §ve have two o';he; options: we can Me the ;esist‘oArﬁ half sme or
double it in order to test the ﬁilnctiénaiity of the circuit in different situations. -

" 5. Tflfée ol;tions have been Eonéidei’eci fm; ﬁroviding the reference DC current (25uA):
(a) The precise current generated Ey our reference c_urréht'éi-réuif, (b) 'i‘he cui'fent
generated by the band-gaﬁw reférénce; qér (c) A'réfcfen;ce émfent from Sﬁtsizle. Tl;e
third option is for the situgtioﬁ that the PLL comes aiéhg with another iblock that
already has a reference current. Therefore, the PLL canuse the same referénce current

Lo . . s P . e
M 3 EN PR *

that the other block does. Tt

~
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| Chapter §
~ Simulation Results and Layout

. The results of mmulatlon for some of the ma]or blocks of the ch1p are shown and

dxscussed in th15 chapter Layout issues of the ch1p are also exp]amed

5.1 Simulation Results for Some Major Blocks

5.11VCO Simulation N -

VCO was the first block to be designed. VCO traxisfor ﬁlhotion oyer tho whole rangc ‘
is shown‘ in Fig. 51 It can be seen that there is 20% oﬁﬂap‘ hotweoil each two |

| successive sub-ranges.‘ ” o

The threshold voltages *are considered ‘to be -5 OOmv to +600mv (though it is:

programmable and can be changed dunng testmg) S0 that only the linear part of the

~ range will be used. As it canbe seen in the Fig. 5.1 the gain is constant for all sub-

: ranges Let us compare this result with the result that Brynjolfson and Zilic [8] have
reported (Fig. 5.2) for programmab1hty by changmg the number of inverters. One can
see that in thexr diagram tho VCO gain doesn’t remam constant when the number of
mvertcrs is changed This change in VCO gam wﬂl affect the dynamlcs of the loop

‘Moreover, for high frequenmes the VCO gam is high and the system is prone to noise.

The proposed design, therefore,_ has advantage in this respect oyer thoxrs. -
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5.1.2 Phase-Ffequency Detector . | |
- Fig. 5.3 shows the result of the snnulatlon for phase-frequency detector c1rcu1t This |
result is for the - 51tuat10n that the oscﬂlator frequency is ahead of the reference'
frequency. Therefo;e, at the nsmg edge of this signal the “DOWN-mgnal becomes
_ logic ene' and shows 'that\the output ﬁequeﬁcy should be lowered to fnatch the
i‘efer_ence frequency.'ThisA .signal will stay high until the rising-edge of the reference |

frequency appears. At this time both “ DOWN” and “Up” signal will reset.
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Fig. 5.3 Phase-frequency detector simulation.

5.2 MATLAB Simulation Result

After simulating each single bléck the whole loop was simulated in MATLAB with
Simulink in order to optimize the filter components and check the stability of the .Io‘op
for both extremes of the rénges Fig. 5. 4 shows the diagram 6f the system in Simulink
f Shown in Fig. 5.5 is the 1oop behavior for dlvxdmg factor N=4, Calculanons based on '
" the loop transfer functlon derlved in Chapter 2 shows that for N=4 and with charge- '
pump current of 50 uA the dampmg ratio is equal to 1.1 and hence the system is
stable. ’Ifhe: number of rings in the simulation result of Fig. 5.5 confirms the stabxhty .

4

of the designed system.
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- The frequency response of the PLL was derived in MATLAB. Figs. 5.6 and 5.7 show
the transfer function of the PLL for N=4 _and N=20 ‘r.espcctively. The . and,

hence, the bandwidth of the PLL for these two dividing factors are 3*10° and 6*10°
| .Si e zl ) ; -
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Fig. 5.4 System level schematic in Simulink.
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Flg. 5. 5 Loop behavior in Simulink for the dividing factor N—4 Low-pass output
voltage (V ) versus time (us). '
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Flg 5 7 Frequency response of the PLL for dividing factor N-—20
5.3 PLL Loop Simulation
Thg Whole loop was simulated in CADENCE environment for both ;:xtrelhes of the
range md for the frequencies m bet‘w‘een. A 2pF i:apacitive loéd has been considered
at the output of the PLL in order to consider the output load effects in the simulation.
A15_ﬂ; capacitor has been added for simulating the routing capacitance effect. The
results of the simulation are discussed ﬁext‘ | |
F igure 5.8 shows the VCO otrtput. We can see that the output, as expected, is a rail-to-
rail signal. Figure 5.9 is the output of the chargefpurnp and the low-pass filter. 'I’lus
voltage is ‘the basé of comparison. We can see that the system decides on the number

of delay-cells chains twice before the system reached to a lock condition.

Flg 5.10. shows. the output signal of PLL for 1GHz frequency. Shown in Fig. 5.11 is

the dividers response. One can see that the duty cycle of the synchronous divider
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output is ﬁot 50%. However, as. the PFD responds to the nsmg edge this imperfect

* - duty cycle dbgsn’t cause any problem. | |

‘Fig. 5.12 shows the jitter éf the system for 10mV (rms) random supply noise. It is

‘attamed by sweepmg the output by a sawtooth signal generator. For 1GHz frequency

the amount ofj jitter is seen to be 1ps peak—to—peak.

Fmally, Fig. 5.13 shows the phase difference between mput and output s1gnals in the
lock condmon. It should be mentioned that the input pad delay has not been

con51dered in this measurement.
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5.42Lay0ut Coﬁ&id»eratio‘ns |

PLL has been laid out m 0.18u technology. In layout design following aspects have
been considered:

- In floor planning stage the blocks were arranged in such a way that the routing;

between different blocks were minimized.
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Analog blocks' and digital blocks were separated and two different supplies were -

used for. them.

In choosing the width of the routings‘of signals and supplies the maximum current

(or the worst case) was considered.

Shielding ‘was considered for the VCO and PFD in order to immune these blocks
to the noise of other blocks (especially digital blocks). |

In order to mnumme mismatching between the transistors that should be matched,

dummy devxces were added to iso Iate matched transistors.
5.5 Pads, Package and Chlp Size

- 1/0 buﬁ'ers and Pads of TSMC hbrary “tpz9'73 g” have been used for connectmg

the core to the output.

- Package no. 68PGA was used for the chlp - ) . | o ' ) |
- The chip has 52 pins (13 pms in each side) and its total area (mcludmg pads)
is;.Smm X1.5 mm. The core of the chxp occupies 0.6X0.6 um® from which 9%
belbngs to logic circuit and utilities. VCO layout occupies 0.2%, charge puinp layout
occupies' 8%, Low-pass filter occupies 10% and PFD and dividers anci deiay blocks
occupies 7%. Compa_rato;s and reference voltage block occupy 13% and PLL bias
circuit oécupics 16%‘ of thg: chii) area. Teéfability and pi"dgrazﬁniébility bi;Jgks have - -

occui:ied the remaining space. Figure 2.10 shows the layout of the chip.
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Fig. 5.14 Layout of the PLL core.

5.6 PLL Specifications

The noise of devices has been measured using RF Spectre analysis. The analysis
shows the noise is 0.56% p-p

An AHDL block power meter inserted in the route of the main supply has measured
power dissipation. The simulation shows 11 mW power dissipation for I00MHz and
17 mW power dissipation for 1GHz. Main figures in specification of the PLL are

summarized in Table 5.1



Table 5.1 Main figures in the specification of the designed PLL.

Supply 3.3V
Frequency Tuning
100MHz -1GHz
Range
Less thanl.5 ps P-P ( with 10mVrms
Jitter
random noise)
Power Consumption 17mW for 1GHz at Vpp=3.3 V
Output Signal Rail-to-Rail digital clock
VCO Gain 250 MHz/V
Extra Outputs for Data
6 Clock Taps with different Phase Offsets

Recovery
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Chapter 6

Conclusion

Phase-locked-loops are one of the main blocks in many system on-a chip (SOC)
communication and /or computation blocks. They are used for jitter reduction, skew
, reduction, data recovery and frequency synthesis. Programmable PLLs could be used
for clock management in the chips which include many independent elements with
different clock rates.

The goal was to build a general-purpose wide-range (100MHz —~ 1GHz) on-chip
programmable CMOS PLL which is power-efficient, suitable for low-power design,
robust against temperature changes and has a good noise rejection.

6.1 Features of the Designed PLL

A simple and robust method was chosen for programmability. In this method the
wide-range frequency is partitioned to smaller ranges and these smaller ranges are
achieved by changing the driving capability of the voltage-controlled oscillator
(VCO). For making the system stable against any temperature change twenty percent
overlap has been considered between different partitioned ranges. Any sub-circuit that
is not in use will be disabled in order to make the system power-efficient. The design
is suitable for low-power applications when there is limitation on supply voltage.

A logic circuit has been added for providing on-chip programmability. Using this
method, the system could decide how much driving capability is required for the
desired frequency.

Quality performance of the system is due to the novel architecture chosen for the
VCO. This architecture along with a compensating circuit (mapper) provides a VCO

with a linear transfer function with a constant low-gain for all frequency ranges. This
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makes the system less prone to noise. Also, this architecture benefits from fast
switching for reducing the noise [6]. The compensating circuit adds an extra
advantage which makes the system more robust against temperature changes.
Choosing differential architectures for all sub-blocks (except for the VCO which has a
pseudo-differential architecture) provided better noise rejection.

The designed system is a general-purpose PLL which provides a rail-to-rail digital
clock signal from a 50-MHz reference clock. The design is implemented with 3.3V
supply, while the system is capable of handling 1.8V. The output jitter came out to be
1ps P-P for 1GHz output when 10mVrms random noise was injected in the supply
line. The power consumption was 11mW for 100MHz and 17mW for 1GHz.

This PLL is suitabie for both analog and digital technology because the required
capacitors were built with transistors and no MIM capacitor has been used.

The supply of the digital sub-blocks is separated from the supply of the analog sub-
blocks in order to block the switching noise to the analog circuits.

6.2 Layout and Post-Layout Simulation

The PLL was laid out in CMOS 0.18u technology and was verified for design rules
and matching with schematics. The total area was 0.6X 0.6 um? out of which 48%
was for programmability and utility blocks. The results of post-layout simulations
were in reasonable consistency with those found in the design process.

6.3 Comparison

Table 6.1 shows the simulation results of the implemented PLL along with the results
reported for some of the recent wide-range and/or programmable PLLs. The table
shows the advantages of the proposed PLL over its counterparts: VCO low gain which
is constant over the whole range, VCO linear transfer function, on-chip

programmability and small area.
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Power

. On-chip vCo vCO A Chip
Author Prog le J Program | Frequency | VCO gain | transfer Dls(s;g;au Supply Process Area
sty -mability range function mW um mm’
Rhee [5] | Programming PMYV | Linear | 35
(VCO loading No 54M-1G case(Dia but (VCO 2.5V 0.35 e
only) capacitors am) 81 | variable only)
Sutoh Programming A0OM/Y
[1o0y: NO. of inverter yes SM-400M . nonlinear 13.7 AY 0.25 0.14
(diagram)
stages
Enlarging Linear
Sung [4] driving Yes 75M-1G 430M/V and 92 3.3V 0.6 1.05
capability constant
Programming .
Chen driving No 13M= | 071MV | nonlinear | 452 | 18V | 035 | 016
[20] 1.02G .
capabilities
. Programming Linear,
Bryoolls | number of yes | L5M-1.8G 37(2;‘)’“‘ but @;%M 18V | 018 | <
-on 8] inverters variable
. Enlarging .
Joesbin | Driving yes DoMe | 460Mv | linear 53 25V | 025 | e
%) capabilities (diagram)
0.18
+
P Programming 100MHz- Linear 17@ f 18
roposed | iving yes 250MH/V | and 33v | o018 | (Program
PLL e 1GHz 1GHz mability
capabilities constant and
testabilit
)

Table 6.1 Main works on wide-range and /or programmable PLLs and the proposed

PLL.

6.4 Suggestions for Future Works

The following suggestion could be considered for the next version of the chip.

A band-gap could be designed for 1.8 volt so that the whole system could be

implemented with 1.8V supply.
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e A regulator could be added tothe VCO architecture, as shown in Ingino and
Von Koenel work [17], in order to have a better noise rejection.
¢ Investigation should be carried out to seeif it is possible to have less power

consumption without losing the frequency range.
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