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A bst r act : In this paper . a charge-pumped loop f i lter for
GHz-range phase- locked loops(PL L s) w as designed

using l 2 m l Ga s M E N ET - n e character ist ics of
charge-pumped loop f i lter and the stab il i- of PL L

system including th is circuit were analy zed . Som e
measures to evaluate the performm ce of the charge-

pumped loop f i lter were den ned, a d based on these

def in it ions, the per formm ce of the proposed circu it w as
ver i f ied by SPICE simulat ion .

2. Char ge-Pumped L oop F i lter

2.1 A r chitectu re and I ts Behav ior

A charge-pump PL L system is show n in Fig. 1. n e

charge-pumped lÄ p f i lter is connected betw een PFD a d

V CO , and generates tw o dif f erent ial mode control

voltages for V C0 according to the outputs of PFD .

~

Fig.l A block diagram of charge-- unp PLL

Th is circu it cm be conceptual- modeled as show n in Fig.
2 [2 ] . It consists of m o independent current sources, m o
ideal electr ic sw itches control led by tw o outputs of PFD,
U M d D , respect ively , a d a simp le RC loop f i lter . PFD

cm produce three di f f erent output states; U is H IGH a d
D is L 0 W w hen the r ising * l l ing edge of m input
reference sig 1al is pr ior to that of the output of V CO, U

is L 0 W a d D is H IGH w hen the r ising/ f al l ing edge of
the output of V C0 is pr ior to mat of m input refu - - e
si- al , M d U and D are both L 0 W when both two
r ising/fal l ing edges are coincident[3] . A ccord ing to the
output sa te of PFD , output vo ltage of charge-pumped

loop f i lter increases, decre- es or uncha l- -

V C

1. I n t r o d u c t i o n

The demand :or high-speed commun icat ion sy stems have

increased the need for higha m let- y PL L . n e PL L ,
one of the Cl ltical p- - s of communicat ion system has
three mñ or [docks; a voltage-contro l led osci l lato¢ V CO) ,

a phase/8 eq uem y detector(PFD )[ l ] w hich compares the
phase m d Hu nter- y of input reference signal w ith mat of
an output signal of V CO, a d a loop Glter(L PF) w hich is
general ly comprised of RC low-pass Glter a d converts

the output of PFD into the control voltage of V CO .
In ideal cases, w hen £ e PL L is locked w ith m input

reference signal hav ing a cong a H Hequem y , the Com ol
vo ltage of V C0 shou ld be unchanged SO that the

* equa - y of the output signal of V C0 is equal to that of
the input signal . In real cases, how ever , m ere is m output
decay ing of PFD due to discharging of capacitors and
this results m a per iod ic * equem y r ipp le of the output of
VCO. FInal- Im ore, when the PL L is locked at a * eq-

tlet- y which is d i f f erent to the n ee-running Hequem y of

VCO, mere always ex ists a Stat ic phase emor[2] . To solve

this, a circu it SO cal led charge pump had been introduced

[2] . A charge pump is located betw een PFD a d loop

f ilter , a d cm be modeled Ä m elec- - sw itch w hich

cuts OH the conduction path between PFD m d lÄ p Glt¤
d e d a l- w hen the PL L is lock ed . I n this paper , the
charge pump a d loop f i lter are named a a charge-

pumped loop f i lter because these m o c- cu i- must be
considered together .

A lthough a charge-pum ped loop f i lter is general ly

included in most present PL L s, som e measures to
evaluate the ped onn a - e of i t have not been proposed .

In this paper, f our measures were denned to do th is,
m d a cha s e-pumped loop f i lter integrated circuit for

Gf f a ta l- e PL L is designed w ith l 2 m 1 GaA s M EIN ET -

Final ly , the perfm ylar- e of proposed circuit is ver if ied

by SPICE sim ulat ion .

Fn i®.gg .2 A conceptual model of charge-pumped loop fi l ter

A ¹ oup mere are several possible im plementat ions,
we selected a second order act ive loop f i lter a show n h
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2 S a y -

Fig . 3[2] . h this circuit , C l is used to al lev iate the slew

rate Im itat ion of ope n- a d Cz acts j ust l ike C in Fig . 2 .
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Fig.4 An output wave- nn On t¤ charge-pumped loop

filter
Fi8.3 A second-order cha se-pumped loop f i lter

If £ e ope n- is m ideal one, tw o Mputs of ope n- a e
alw ays sa ne SO m at no current path ex ist s f or Cz when
both inputs of charge-pumped loop f i lter , U a d D ar e
L OW - n e v and a - & ncOon of this c ircu it , H (s) , is

Ym ( s) - H OM O ) % w (s) - % w ( s)
H ( s) = ± ¯ =

%(s)- %(s) %(s)- %(s)

been done m Ref . [2] a d [3] , m ere has been no accurate
inter pretat ion about the stabi l ity o f charge-pum ped lÄ p

fi lter using second-order act ive n iter . However, by

redef ining som e param eters, the stab i l ity problem of

second-order act i ve n iter cm be approx im ately equalized

w ith mat of passive n iter .
n e equiv alent im pedance of the second-order act ive

f i lter show n h Fig .3, Z (s) , is

n u, , . ® ¢

z n =²Ì S2 l
b sq ²Ö +0

l l l +sð Û l
2 Û+¨ Sð l +2seda n- ) ( 5 )

w here V coM(s) is the common-mode voltage of m o

outputs, V FST(s) a d V a n s- Using Eq. ( l ) , £ e step
response of the charge-pumped loop n iter cm be easi ly

der ived as
where b M d q are denned Ä RG²7¤
-¢®.,-ab --±±±! ¤l¤v-R, --/g®-ó ,-=LU ( 6 )

A nd the closed- loop u a s ¤ r ¥ ncHon On t¤ charge-pump

PL L system , H (s), is
where V p is the magn itude of input pulse a d Z ú is

ð ¥ - 2 ð ( ¡ || Û )
A Y = %¹ r 2ð (Û + Û ) ( 3 )

( 7 )

H(0= d º s+©

» +S2+d · s+¨ D
I f the input pulse w idth is r , the increment of output

voltage aRer the input pulse is app l ied, J Vc, is

where the loop gam K is

( 4 )AZ = % rL 2(Û +Û )G G & - 2 ð ( í || Û )
K = K v î Z J l± 2ð (Û + Û) ( 8 )

Fig . 4 shows the output wave- m of charge-pumped

loop f i lter w hen a pu lse input is appl ied. where K V is the V CO gam m d is unit is [M Hµ V ] .

Since the parameters b, a , a d K are redefin ed, the
stabi l ity l im it o f second-order loop f i lter cm be obtained

by the method m Ref . [2] . Th is l im itat ion determ ines the

relat ionships betw een R 1, & , R3, C l, a d Cz. From this

l im itat ion, the numer ical values cm be determ ined as;
R I=400, R2=400, R,= l 5O, C l= 1pF, Cz=02 nF

22 Stab i l i ty

Relat ionships betw een resistors and capacitors m Fig .3

cm be determ ined by the stab i l i- conditions der ived
Rom the c losed- loop transf¤ ¥ m u on of PL L [2] .
A M oui- some researches on the stabi l ity of a charge-

pumped loop f i l ter using second-order passive f i l ter had
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dc gam of the ope n- must be h igh a d the result ing
hold t im e m ust be long .

23 Speci fi cat ions

Several basic speci f icat ions a e show n m table l . Th ey
are the requirements m ow l ~ 3 GH ¤ M . e PL L

systen1.
2.4 O p am p D esign

A s show n in Fig.3, m op art. for our appl icat ion must
be a di f f¤ ent ial ampl i f ier w hich has tw o dif ferent ial
input a d tw o dif ferent ial outputs. I ts common-mode

gaM must be sm al l to Mcrea e the resistance against the
var iat ion of temperature, process param eters, m d pow er
supp ly noises. A lso, is di f f erent ial-m ode gam must be

hi£ to Mcrease the hold t ime o f the charge-pumped loop

f i lter . By consider ing this considerat ion, m ope n- wa

designed using l 2 m Ga s M ESFET , which takes the
form of three stage cascade sVtu tu- to obtain hi£ dc
gam, m d each stage tak es the form of a dif fu -- u ial

am plif ier w hich includes a feedback loop to enhance the
CM RR character ist ics a d a sa u ce M low er to shin the

output level for the next stage. Fig . 5 show s the designed

amp li f ier stage. In th is c ircu it , J3, J4, J6, a d J7 * m £ e
feedback loop w h ich suppresses the var iat ion of the

voltage at node nc by ad ustMg the gate voltage of J5 m d

enhances the CM RR. n e overal l schematic is om itted
due to the space l im itat ion. Frequency compensation w as

per formed by capacit i ve feedback loops between fi rst
and £ ird stage a d betw een second a d £ ird stage[4] .

T able l . Several basic spec if icat ions

Speci fi cat ions
-O.705V /-O2 6V

-O4 825V ¾ O.5V

+ 33 V /-2.OV

more than 3OOf-4Hz

C oÌ Inm1n ẗ e nm t s

I n p u t p u l s e l e v e l

O u t p u t r a n g e

P o w e r s u p p l y

M aximum operat ing |
* equem y |

Pow - dissipa- - Ç ¹ less tha t m olt1W

A l£ OUi- a cha se-pumped loop f i l ter is general ly

used h present PL L s, some measures to evaluate the
perform ance of charge-pumped loop f i lter have not been

proposed . In th is paper , fou measures are den ned to do

this M d they are 8 fo l lows:
Ma lm- m Ogp u, cw renf : n e output current of charge
pump f low s ¹ to or out of capacitor Cz. T h is can be

increased by reducing the numer ical v alues of RIA L M d
R,, whi le maintain ing iB ratm. L a ger output OUTerH
means mat me charg ing or d ischarging of Q cm be made
faster, i .e. the desired increment or decrement of output
voltage of charge-pumped loop f i lter cm be obtained by

narTOwer input pulse w idth. H ow ever , w hen the output
current of charge pump increases, the common-mode
voltage of output port, V c0M decreases due to the non-

zero output resistance of op-amp. In this paper , the

max imum output current is denned as the current w hich
maintains the relat ive error of V c0M w ith in O.5% .
MMM um Mp ur p adse wd r* : Th is means £ e m in im um
input pulse w idth which cm generate the output
waveform a predicted M Eq. (3) a d (4 ). Th is def in it ion
may be mean ing less because the charge-pumped loop

niter takes the output of PFD a iB input, a d w hen the
PLL is locked, the input pulse w idth is to be O. How ever ,

£ is is a gÄ d measure to evaluate how accurately it can
operate. In th is paper , the min im um input pulse w idth is

denned a less than 33 ns w hich corTesponds to the

max imum operat ing Hequa - y , 300M Hz.
$ mmm y : n e sy tTUne- y of m o outputs of charge-

pumped loop f i lter , V FST a d V sLw is a very im portant
property which aff ects on the per form ance of PU s- Th is
can be def ined a m o types; one is the sYonne- , ,

between the increment or decrement of one output and
mat of the other , M d the other is the sp rune- , , betw een

the increment M d decrement of both tw o outputs.
Hofd rime: A n ideal charge-pumped loop f i lter has m

infinite hold tm e- Th is means £ ø the output voltage is

unchanged when the PL L is locked . How ever , the output

of a real circu it is exponent ial - decay ed tow ard its M inal

value because the dc gam of ope n- inc luded h that

ckcuit ha a mute value. So, to take a max imum
advm a ge n om the use of charge-pumped loop n iter , the

Fig.6 Bode plot of op-- np

Fig. 6 show s the results of sim ulat ion to est imate the
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3 . S i m u l a t i o n R esu l t s

n e max imum output current of the charge-pumped loop

f i l ter w as determ ined by sim ulat ion aRer the capac itors

Q is removed. W hen the num er ical values of R l, Å , and
Å decrease w ith sa ne scale f actor w hich is deten tti t- d

by stabi l i- l im itat ion ment ioned M Sec.Z ¸ the output

current increases. From this sim ulat ion, the max imum
OUé ut OUTerH w as determ ined to O4954mA at R =R2=

400 Q , m d R,= l 50 Q .

Fig . 7 show s the results of sim ulat ion to detem ir-
the m inimum input pulse w idth. From this figure, it is
veri f ied £ at our circuit cm operate w ithout a se rum - 1t
prob lem w ith 1ns Mput pulse w idth, a d th is mem s £ ®

our circu it cm operate up to 500M H z m d, thus, cm be
applied to GHz-range PL L sy stems.
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4. Conclusion
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Fig. 8 show s the resu lts of sim ulation to evaluate the
syIntr¤ - y betw een tw o dif f erent ial mode output s, FST
M d SL W , a d betw een increm ent a d decrement of each
outputs, fo l low ing the sa ne m ount of U a d D pulses.

From this f igure, the relat ive e- or of the output common

mode voltage to the init ial voltage aHer l 20 U pulses
w ith 4ns per iod a d 50% duo rat io are appl ied, cm be
calculated as O.34% , shOWIng very good sH Ym en-y

betw een FST a d SL W . Furtherm ore, since the relat ive
error of one output voltage an er sa ne num ber of U M d
D pulses to the in i t ial voltage is too small to be calculated,

increment of FST or SL W due to U or D input is exact ly
sa n e a decrement of FST or SL W due to D or U input .

Fig. 9 show s £ e resu I- of s® ulanon to evaluate £ e
hold t imes of output voltages. From this f igure, the

relative errors of tw o outputs, FST a d SL W , to each

init ial voltage aRer 5O as cm be calcu lated a O.59 a d
O.7 l %, respect ively , show ing very long hold tm e-

VsLW

-O.54
O l O 20 3O 4O 50

T i m e ( , sec )

FHi.gg .9 S im u l at io n r esu lts to d et erm in e h oÌ lM d t m ½.e
k ¤m g m k P h * m ¤m gM m m Ä ¹ Î
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