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Abstract—This paper describes a low-noise phase-locked loop Phase/Frequency
(PLL) design method to achieve minimum jitter from a given PLL Detection Module
circuit topology. An optimal loop-bandwidth design method, de-
rived from a discrete-time PLL model, further improves the jitter ~ "e% Closkul (WM
characteristics of a PLL already somewhat enhanced by optimizing

Loop
Filter

individual circuit components. The described method not only es- ;
timates the timing jitter of a PLL, but also finds the optimal band- 1IN C'T Ring
width minimizing the overall PLL jitter. A prototype PLL fabri- Divider Oscillator
cated in a 0.6pm CMOS technology is tested. The measurement Output [ veo

shows significant performance improvement by using the proposed
method. The measured rms and peak-to-peak jitter of the PLL at Fig. 1.

. . . Typical ch - PLL.
the optimal loop-bandwidth are 3.1 and 22 ps, respectively. ypical charge-ptmp

Index Terms—Clock generator, clock synthesis, discrete-time  Theoretical loop analyses for a PLL in a steady state have
domain analysis, low-noise phase-locked loop, optimal 100p heen made for jitter minimization. The analyses are performed
bandwidth, timing jitter. either in continuous-time or discrete-time domain depending on

the type of phase detectors used in the PLL [10], [11], and are
|. INTRODUCTION mostly interested in the model itself. A more practical and sys-
E%natic loop analysis for low-noise PLL design was proposed

LOCK synthesizers have been widely used in high-spe gently [12]. In the paper, a method to find the optimum loop

data processing devices such as microprocessors, Dsg ; N .
and wireless transceivers. A clock synthesizer generates s %[ﬁdmdth of a PLL that minimizes the output jitter from the

eral sets of clock signals with different frequencies derived froflven individual noise sources is suggested. In addition, a way

a reference clock signal with a fixed frequency. Clock synthg—) construct a low-noise PLL from the given PLL components

. ) Is\shown here.
sizers are usually implemented by phase-locked loops (PLLg) . . . . I
because of low implementation cost and excellent noise perfor_Frequency-domam analy5|s has been investigated with Its ad-
mance [1], [2]. vantage of fast simulation and good accuracy. Although time-

As clock di i t oh . "td main analysis requires a longer simulation time, the analysis
s clock speed increases, more stringent phase noise (ji tr%r del provides more natural way of understanding the PLL dy-

requirements are imposed on the PLL's because the Shoﬁﬁf’nics and permits direct estimation of timing jitter without any

clock period cannot tolerate the same amount of absolyig, ersion. Moreover, it makes it easier to include the nonlinear

jitter. Previously, the design of low-jitter PLL's has focused 0Rftect of individual components of the PLL. Therefore, time-do-
reducing jitter caused by the individual PLL component. Ag,5in analysis is adopted in this paper.
a result, building blocks such as low-noise voltage-controlled |, this paper, detailed theoretical background of the loop
oscillators (VCO’s) [3]-[7], deadzone-free phase frequengyandwidth analysis is given and a low-noise PLL design
detectors (PFD’s) [4], [8], zero-offset charge pump circuits [9pxample obtained from the proposed optimization method
and low-noise frequency dividers have been widely studieid. shown. A prototype charge-pump-based PLL is described
However, it is not well emphasized that the overall noisghich minimizes the output jitter from the given individual
performance of the PLL not only depends on the design of theise sources. The measurement result shows that signifi-
individual components, but also heavily depends on the choicant performance improvement is obtained by the proposed
of the loop bandwidth. Therefore, a more thorough analysis wiethod. Section Il briefly reviews the jitter sources of a
the output jitter, taking into account loop bandwidth selectioLL and presents the bandwidth optimization method based
as well as individual noise source contribution, is desirable. on jitter analysis in the case of a charge-pump-based PLL.
Section Il describes the implementation of the PLL and jitter
measurement. Experimental results and computer simulation
are compared in Section IV. Finally, conclusions are drawn in
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choice of the loop bandwidth, but also on the performance Phase V€O Control

RO . . Detection A . Voltage Noise AV,
the individual components in a PLL. Therefore, the first step « Noise .
reducing the overall noise of the PLL should be to identify thinpu m Kd _,éD_X_ H(s)
components generating noise in the PLL. This section begi + - T
with a brief discussion on the PLL noise sources and their chs 0,,
acteristics Reference N

) ) ) Input Noise t
The major noise sources pf the charge—pump ELL include Output Noise © rz\ K/s
external reference input noise, VCO internal noise, phase ¢ no \ﬁ
tection noise, and VCO control voltage noise. These four noi VCO Output g

sources will be fully considered in analyzing the PLL jitter as Nolse

independent noise sourcé3.(;, ©,,2, Al,s3, AV, ) inthe later Fig. 2. Simplified PLL model with noise sources.
part of this section.

The external reference signal always contains noise generated ._X
from a number of sources such as thermal noise, crosstalk, shot |
noise, and so forth. When noise is present in the signal wave-
fprm, the timing information is ;everely_ obscured. There is a G(z)=z[1—e'" Gp(s)-=(1—z_')~z|:L"[m]]
limit for the external reference input noise that a clock gener- s i §

ator PLL can tolerate [15]. Fa3 R on of the di ) it an ideal | d
. . . . .o, epresentation of the discrete-time system with an ideal sampler an
Noise generated from a ring oscillator VCO includesf Zgoth_ordef_’how [17]'. ' me system il ' P

noise, thermal noise, and power supply noise. The first two of

them are device-inherent noise, whereas the other is not. TheS | i hich idi | desi .
1/f noise usually modulated by the oscillator’s free-runnin everal assumptions, which are valid in most real design sit-

frequency creates sidebands roll-off from the center frequen \?tlons, are made in the analysis. First, the phase noise is rela-

and contributes low-frequency jitter. The jitter induced by th ely small compared to the period of the oscillation [10]. Wiih

1/ noise is somewhat suppressed by the PLL because the F; s assumption, we can consider the loop to be linear and repre-

behaves as a hiah-pass filter to the VCO noise. On the otﬁgrntthe noise contributions by the transfer function. Second, the
9n-p: . l80p filter (see Fig. 1) is approximated to the first order under the

hapd, the the-rmal noise and .the power supply hoise have W{:oendition that the shunt capacitop @G much smaller than the
noise bandwidths and contribute high-frequency jitter. Espse—rieS CaDACi . )

. . : pacitor Cfor stable operation. Finally, the rate of the
C'a"y? the power supply noise usually shows nonwhlte SpE3(:trr%(?ference signall(/T’) is much higher than the zero of the loop
dg nS||t y agéi-t(.)ftent: emr:) nstratgs strtog.?f peal: at (\j/arlqus fr-equ]%pe-r and the loop bandwidth of the PLL. These assumptions are
cies. In addition, the phase noise at difierent nodes inarng %?ﬂy for the mathematical analysis. In the computer simulation,
cillator shows strong correlation [14].

) _ _ ) these assumptions are not used in order to obtain results that are
Since a small fluctuation of the VCO control signal directly,ore accurate.

induces tones in the oscillator sidebands, the control signal ofrpe first step of analysis is to represent the jitter transfer
the loop filter should be as clean as possible. However, seva{@lction from each noise source in thelomain. The next is
noise sources can contaminate the control signal and therefgyéonvert thes-domain transfer function into the-domain
generate VCO jitter. For example, the power supply noise agg invoking impulse-invariant transformation [11]. Then, the
thermal noise generated from passive devices modulate the c@8erete-time domain representation is obtained by the inverse
trol voltage. z-transformation for a single noise event at tini€. Finally, the

The sequential PFD and charge-pump circuits have sevet@k values of the timing jitter are calculated for all events up to
well-known nonideal characteristics, such as deadzone, currgiie n7". At the same time, we can get the optimal loop band-
mismatch effects, and charge injection, etc., resulting in a sigidth by minimization of the timing jitter. The loop bandwidth
nificant amount of jitter in the PLL output signal [4]. Also, anis represented by the PLL component values, such as phase de-
unbalanced charge pump circuit causes charge injection to tbetion gain, VCO gain, loop filter value, etc. Therefore, once
loop filter and creates the frequency-modulated sidebands at the bandwidth has been optimized, we can get the design values
output, resulting in timing jitter [9]. for the PLL in a straightforward manner.

There is a well-known trade-off in the design of a PLL [13] A typical charge-pump PLL shown in Fig. 1 consists of a
between the loop bandwidth, jitter performance and the lockifd=D, charge pump, loop filter, ring oscillator VCO, and di-
speed. If the loop bandwidth is large, the PLL takes little timéders. The sequential PFD compares the transition of the refer-
for locking and has large jitter reduction of the internal VC@nce input and divider output signal. The output of the PFD can
noise, but cannot have a good suppression of the external inpetany of three logic states, and thus a charge pump is required
noise. If, on the other hand, the loop bandwidth is small, the Plftr digital-to-analog conversion. The loop filter integrates cur-
can have large input jitter reduction, but takes longer time foent pulse and gives an appropriate control voltage to the VCO.
locking and leaves much of the internal VCO noise unreducethe loop filter also removes short-term variations and shapes
Therefore, it is desirable to optimize the loop bandwidth sut¢he PLL characteristics.
that the PLL has sufficient noise reduction of both the external Fig. 2 shows the simplified PLL model with noise sources.
input and the VCO. A PLL using a sequential type PFD with a charge pump cir-

z.o.h [— G (s) [—e
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cuit can be more accurately described by a discrete-tie- where M is the input divider and” is the period of VCO'’s
main model [11]. To represent the PLL in the discrete-time doutput, which is necessary for the conversion of the noise
main, an ideal sampler and zeroth-order-hold are used. As ecattage pulse AV ,,4) to the phase noise.
be seenin[17], a sequential PFD operating at the data rate andBy the z-transformation of (4) with (2), similarly, the PLL
charge-pump can be modeled as an ideal sampler with samplingput noise transfer function due to all the noise sources is
periodT” cascaded with a zeroth-order-hold as shown in Fig. §iven by

The transfer function of the output noise,,,, due to the

VCO noise source,,1, can be calculated as follows. Equation (2) = N Op1(2)
(1) represents the noise sources in the continuous-time domain "’ N+ K,K . H (z) "
including an ideal sampler and a zeroth-order-hold. N K,K . H'(2) o
K, (1-¢7T 1 TMONT K,K H'(2) n2(%)
@no 1 + Kd s T H(S) N = @nl (1) NKVUH/(Z) N 1
where N+ KK, H'(z) et T
N value of the output divider, _ . NK, AV (). )
Ky = I, /2r—phase-detection module gain, N+ K, K, H'(z)
K, = (dw/dv)—VCO gain,
H(s) transfer function of the loop filter, The characteristics of each noise source are as follows. The
1, charge pump current, and phase noisé@,,;(z) from the ring oscillator can be modeled
T = T /N—period of VCO’s output. as a sequence of unit-step phase jump with random magnitude

In (1), thez-domain transformation of the ideal sampler, zd16] as (6). The phase noise,.,(z) represents the reference
roth-order-hold, loop filter, and VCO transfer characteristicdock phase noise. It is given by a sequence of single-phase
without its gain (1/s), can be obtained via impulse-invariafulse with random magnitudes as (7). The phase frequency de-

transformation [11] as tection module in Fig. 1 is composed of a sequential PFD and
L (H(s) a charge-pump circuit. This module generates a noise current
H'(z)=(1-2z"YZ [L_ <S—2> } pulse Al 3(») that results from its nonideal behavior such as
t=nT"

(1+8/2)2 — (1—b/2) deadzone, current mismatches, and charge injection. Finally, the
© (2) control voltage contaminated by the power supply or by the high
(z —1)? frequency thermal noise is also represented by a single voltage
whereH(s) = a(s + 21)/s is the transfer impedance functionpulse AV ,,,(z) with random magnitude
of the loop filter that is approximated to the first order. Here,
is the value of a resistog; is the zero of the loop filter with a

~ o

2 1

value of 1/RG, andb is the product of the zero of the loop filter Oni(2) = T 1_ -1 - Tr1 (6)
and sampling period, having value afI”, which is much less 6 _ 27 s -
than unity from the assumptions. n2(z) = T OTk2 7

From thez-transformation of (1) including (2), the transfer . .
function for the PLL output nois€.,(z) due to the VCO noise Wheres7x, andéry, are the random magnitudes of phase jump.

N function due to each noise source. As for the VCO internal noise
O0(2) O,1(2). (3) source, the transfer function is given by (8), shown at the bottom

= 7
. . N+ KoK H (f:) .of the page, wher®,,, 1(z) represents the output phase noise
Equation (3) considers only VCO jitter effect. More analys'ﬁwduced by a VCO internal noise source

is required to include other noise sources as mentioned abov<=Since the products .K ,aT” /N andb, are both much less

By combining the other noise sources in the PLL, and doiqﬂan unity, the termb - (KK ,aT" /N) is negligible in (8)
similar analysis, we can represent the overall transfer functiqﬂerefore' (8) can be rewr(iltté;] as '

as
®n2 ®no> :| o 1 1-— Z_l
®no = 2 a -K + AIn no, -
{ [( M N ¢ ° O, 1—(1—g)2 1’ ©)
—sT’
) <L> H(s) + T’AVn4} K, +0,, Whereeis defined as
s s
(4) e =Ky K,al'/N. (20)
_—1y2
@no,l _ (1 z ) (8)

®n1 KdK,Ua,T/ b KdK,Ua,T/ b
1 ————(1+=)—-2) 2! 1+ ———— (-1 22
+ < N + 5 4| 1+ N 5 z
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A step similar to the above can also be applied for the oth

H 14.318MH R Ch
noise sources as _I:_’. counter "1 PFD Pu“;‘%"
=
Ono N z L <
2) N e (11)
Op2(2) M 1-(1-g2zt o
N P/P+1 oltage
@n0,3(z) — E . ex ! (12) counter [ | Presc:ler 1 Veo Referegce
Als(z) Kyq 1—(1—¢)z71
® 4(2) , 1 Frequency Py Output
R, =KITr — 13 c i ontrol
AV,a(2) 1-(1—e)1 (13) Signals Block
where®,,, ;(z) represents the output phase noise induced byrg. 4. Block diagram of the clock generator.
noise Ssource;,
To see the overall phase noise in the time domain, (9) and
(11)—(13) are transf(_)rmed by an !n\(emansformanon after M1 I ,_' M2
substituting each noise characteristics. Then, for all events up tc
timenT’, the summations of the output phase shifts are given by I:M5
v : vco
Osor, 1(12T) ua |_‘ REF Driver supply
n—k 27T6Tk1
= Y (- u(n - k)T
k=—o0 T
(14) ’_”:‘
BOot, 2(nT) ]
" N ) 2167 Fig. 5. Schematic of the voltage reference.
= > -l — k- 1)1]- %
h=—o0 of é71,1. Note from the assumption that the sampling rigt&’
(15) is much higher than the loop bandwidih, =~ K K ,a/N.
Otot, 3(nT) Therefore, the: in (19) is much less than unity as
Z — &) *luf(n —k— DT] - Als KK ol T
k——oo £ = T = Wp - <N> < 1. (20)
(16)
Osot, 4(nT) Similarly, we can calculate the remaining quantities.
Superposition of the above results gives the PLL output phase
Z KT -(1-—)" % ul(n—KkT] AV, noise equation (rms) as shown:
k=—0c0
17
DB, (1))
where®,,,; ;(nT) means the summation of the phase shiftsre- _ (27 T2 KU 1
. ’ . . =\ 6Tr111s 1 + A‘/rms 4 1 o
sulting from a noise source, T N 2¢

To compute the rms timing jitter, we take expectations of the I N 6rupeo T N-Al.s
squared value of (14)—(17). This measure gives us the contri- T <7> : <T Tor T) : \/7
bution from each individual noise source to the overall phase 1)
noise. For example, the rms measure of (14) is given by

whered7ims 1, 67ems 20 Alrms 3, aNdAV, 44 are the rms values
[(n—k)T]- 2méTiL of 8711, 87r2, Algz, andAVyy, respectively.
T Substituting (20) into (21), and multiplying conversion factor
by (T"/2x), we obtain the rms PLL timing jitter equation as

(18) ATrxns = < rms 4) wn
o[ 27 1 T AI /N T
FE [G?Oty l(ﬂT)] = <T> . 67—rmsl : % =+ <6Tr11152 + — rlll‘i3> wn (22)

M
(19)

[Gtot 1

n
Z 1 Enk
z": 1-—¢) —ly

whereAr,,,s represents the rms timing jitter.
whereédy;andér; are uncorrelated with different time instants, From the above analysis, it is found that the total rms output
i.e., E[6m1 - 671] = 0 whenk # [, andé7p¢1 IS the rms value jitter is inversely proportional to the square root of the loop
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Fig. 6. (a) Minimum frequency of VCO without the voltage reference
showing negative temperature coefficient. (b) Minimum frequency of VCO
with the voltage reference. (c) Voltage reference output showing positive

temperature coefficient. Fig. 8. PLL die photograph.
TABLE |
1 F SUMMARY OF PERFORMANCE
2 ns +
0.50 v y j (ﬁ p\ {* {/'\ Technology 0.6-um, 3-Metal, 2-Poly CMOS
\ f f( \EE \ ;{ /I \l\ Area 4 mm®
I . i
2 ns i i \ J \ g‘ \ ﬁ \ f \ F \ Frequency range 300-400MHz @ 3.3 V power supply
158 vV .S A /
% f 1 f \b : f “ { \‘ I Output Jitter 3.1 ps rms, 22 ps peak-to-peak @ 300 MHz
v } \h i h ‘E [ ‘h I t\ Supply voltage range 30Vto55V
‘ T ’ it TR
\j \ *{ J _\\/ \{\ J \/ Output duty cycle 50.7 %
EE 3 Current consumption 13.5 mA from 3.3 V
1252 sweeps: average low high sigma
sdlyt4, 1) 2.86 ns -2.88 0.13 8.0l Phase
pkpk (1) 2.746 Vv 2.783 2.?731 éaéé Detootion
duty(tl) 56.71 % 41.87 57.61 . ¢
B SaeETT 8.58 ns 0.3¢ 0.71  8.82 Input Noise Noise
2 ns RIS F88-20%(1 NN 8.7 ns 8.28 8.7 0.82 y |
Input ! Loop
Signal ™| i ™ eep [™ Charge ) Filter
Fig. 7. Output waveform of the prototype clock generator. Pump R
[ c cz
bandwidth,w, = K,K.a/N, when the internal VCO jitter 1N [ VCO
and the VCO control voltage noise are considered, and is pr N
portional to the square root of the bandwidih), = K K ,a/N, oo vl Control
when the external input jitter and the phase detection noise & olse Voltage
taken into account. Therefore, increasing the loop bandwidt —er olse

will suppress the effects of the internal VCO jitter and the VCC

control voltage noise; whereas, decreasing the loop bandwig@ 9. Jitter simulation setup.

will reduce the external input and the phase detection noise.
The minimization of the PLL jitter equation (22) gives a so-

lution at thew,,; as

I1l. DESIGN EXAMPLES

To verify the completeness of the PLL jitter analysis, a
5 CMOS 300-400-MHz clock generator was fabricated in a
Wopt = <l) } <5Trmsl +(T /27r)KuAVrms4/N) . (23) 0.6:um CMOS process. Fig. 4 shows the block diagram of the
T OTems2/M + (T/2m) Al rms 3/ Ko PLL for the clock generation, and each block is designed so as
to minimize the jitter caused by the individual PLL component.
The optimum bandwidthw,,; gives the best jitter perfor- AVCOisthe most critical component and should be carefully
mance for a given PLL architecture. It is expressed in terms désigned to reduce the output jitter of the clock generator. The
the rms value of noise sources and known physical parameté30 type used in [18] shows good jitter performance because
such as VCO gainK,), phase detection gaitK(;), input data it allows a full switching. A ring oscillator employing a delay
rate ('), input divider ratio §4), and output divider ratioN). cell capable of full switching (from a fully turned-on state to a
The rms value of the noise sources in (23) can be estimated fréutly turned-off state or vice versa) can generate a clock output
jitter measurements at different loop bandwidths. signal with lower timing jitter, because the amount of the jitter is
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Fig. 10.  Jitter simulation procedure. (VCO control input voltage.)
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Fig. 11.  Jitter simulation results with the analytic model. Fig. 12. Jitter simulation results with the behavioral model.

proportional to the percentage turned-on time of each SV\”tCh'@gentually stabilizes the temperature fluctuation. Fig. 6 shows

devices in one oscnlat_lon per_lc_)d [18]. : the measured minimum VCO frequency over the temperature
Howevert the VCO is sensitive to the supply noise and 1)z riation before and after compensated by the voltage reference

perature drift. Therefore, a voltage reference and driver circ Wth a positive temperature coefficient. The opposite tempera-

is added to reduce the effect of the power supply flugtuatlon. re coefficients of the VCO frequency and the reference voltage

. o o I:gl'fccessfully cancel each other and gives the resulting tempera-

mize the sensitivity to the temperature variation. ture dependency, even less than 0.04 Migz/At the same time,

Fig. 5 shows a simplified schematic of the ref_erence VOltagl’?e enhanced temperature immunity allows improved jitter per-
generator used for the VCO power supply. The internal voltafgL

) mance by reducing the design margin of the VCO tuning
reference not.only supp!les a s'FabIe power supply voltage w ge over the temperature variation. Therefore, a decreased
a reduced noise to the ring oscillator and the output buffer, Eo frequency gain is allowed, which means lower frequency
also compensates the temperature dependency of the VCO fre-_... . :

; . sitivity to the supply noise.
guency. The VCO used in the prototype clock generator is the
same type as the one used in [18] and decreases the oscillation
frequency as the control voltage increases. Here, the output ref- IV. EXPERIMENTAL RESULTS
erence voltage VREF (Fig. 5) shows a slight positive tempera-
ture dependency as a function of the device sizes of M1, M3,In the previous sections, we have shown all the possible noise
M4, M5, and M6 and the value of the resistor R1. The poseurces and their characteristics that can affect the PLL output.
itive temperature coefficient of the reference voltage is desin addition, we have shown how we can construct a low-noise
able because it decreases the VCO frequency when temperaRlte from the given PLL components already somewhat opti-
increases, and therefore reduces the temperature increasesvdred at the circuit level. To verify these results, this section
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Fig. 13. Measured jitter versus loop bandwidth of a 300-MHz clock generator. The measured jitter histogram at the optimum bandwidth (300 kHzds compa
with the one at another loop bandwidth (20 kHz).

will describe behavioral simulation that supports the theordiandwidth. Fig. 10 explains the simulation procedure in more
ical analysis from the C language model that is verified by ttaetail. First, the simulator sets up the loop bandwidth and the
HSPICE simulation of the prototype clock generator. Furthéop filter values with a fixed value of VCO gain, charge pump
verification has been made by measurement of the fabricatdrent, etc. The rms values of the output jitter are calculated for
clock generator. each different loop bandwidth after the PLL locked to the input.
The clock generator successfully operates from 300-408e simulated control voltage of the VCO shown in the right
MHz at any power supply voltage from 2.7 to 5.5 V althougbf Fig. 10, as an example, is verified by HSPICE simulation in
the data in the figures was measured at 3.3 V supply voltageder to maintain the accuracy of the C language model.
Fig. 7 shows the waveform of the two output signals. The whole In order to calculate the output jitter in the simulation, it is
chip including an output buffer consumes 13.5 mA at 3.3 ¥ecessary to measure the jitter or noise power coming from each
power supply voltage. Fig. 8 shows the microphotograph of tleise source. Jitter coming from the external reference signal
fabricated chip and the die size of the entire clock generatoransd the VCO can be separately measured and readily used in
4 mn¥. Table | summarizes the measured results of the clothe simulation. However, the phase detection noise, which is
generator. mainly caused by the PFD deadzone and current mismatch in the
Fig. 9 shows the jitter simulation setup. In the C-model, an adharge-pump circuit, is not measurable. Likewise, it is very dif-
ditive white gaussian noise model is used for each noise sourdesilt to measure the VCO control signal noise directly. There-
The values of the loop filter are adjusted for each different lodpre, indirect estimation of those quantities is required.
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PLL jitter is measured in several points with different loop [3] B.Razavi, “A study of phase noise in CMOS oscillatot§EE J. Solid-

bandwidths. Since the amount of jitter coming from the refer- _ State Circuitsvol. 31, pp. 331-343, Mar. 1996. _
. | and th fthe VCO | dv k h [4] 1. Novof et al, “Fully-integrated CMOS phase-locked loop with 15 to
ence signal and that of the are already known, the two un- 240 MHz locking range anét 50 ps jitter,” inISSCC Dig. Tech. Papers

knowns, the phase detection noise and the VCO control noise, Feb. 1995, pp. 112-113.

are obtained after performing the least squares estimation with®l !- A- Young, J. K. Greason, J. E. Smith, and K. L. Wong, “A PLL clock
generator with 5to 110 MHz lock range for microprocessors|SBBCC

(22) and measured PLL jitter' ) ) Dig. Tech. PapersFeb. 1992, pp. 50-51.
The amount of the VCO control signal noise and the phase[6] J. Craninckx and M. Steyaert, “A 1.8-GHz low-phase-noise CMOS

detection noise calculated from the indirect measurementis 1.23 V€O using optimized hollow spiral inductors|EEE J. Solid-State
Circuits, vol. 32, pp. 736744, May 1997.

pV (rms) and 1.9 nA (rms), respectively. Here, the measured(7; v, Kaenel, D. Aebischer, C. Piguet, and E. Dijkstra, “A 320-MHz,
jitter of the external reference signal is 0.6 ps (rms). Also, the ~ 1.5-mW at 1.35 V CMOS PLL for microprocessor clock generation,”

i i |EEE J. Solid-State Circuitsol. 31, pp. 1715-1722, Nov. 1998.
VCO jitter measured from a separate VCO is 2 ps (rms). The[8] H. O. Johansson, “A simple precharged CMOS phase frequency de-

design parameter of the prototype PLL was chose&as— tector,”IEEE J. Solid-State Circuits/ol. 33, pp. 295-299, Feb. 1998.
1/27 mA, K, = 27 x 250 MHz/V, M = 13, N = 300, and [9] J. Maneatis, “Low-jitter process-independent DLL and PLL based on
T =1 us self-biased techniques,” ilSSCC Dig. Tech. Paper§eb. 1996, pp.

’ 130-131.

F|g 11 ShOWS the est'mat'on Of the t|m|ng ]Ittel’ based On[lo] F. M. Gardner’ “Charge_pump phase.k)cked |00pEEE Trans.
the jitter analysis. It is a concave function. The minimum point ~ Commun.vol. COM-28, pp. 1849-1858, Nov. 1980.

: : - P " [11] J. P. Hein and J. W. Scottz*Domain model for discrete-time PLL's,”
is the optimum loop bandwidth. The timing jitter of the PLL IEEE Trans, Circuits Systvol. 35, pp. 1393-1400, Nov, 1988,

increases below the optimum bandwidth and increases aboyg] k. Lim, C.-H. Park, and B. Kim, “Low noise clock synthesizer design
the optimum bandwidth. Fig. 12 shows the simulation results  using optimal bandwidth,” inProc. ISCAS vol. 2, June 1998, pp.

; ; 163-166.
of the C-language model and agrees well with the theorenc:ﬂs] F. M. GardnerPhaselock Techniquegnd ed. New York, NY: Wiley,

estimation shown in Fig. 11. 1979.
The jitter measurements supporting the jitter analysis havi4] A. Hajimiri, S. Limotyrakis, and T. H. Lee, “Jitter and phase noise in

been made using a Tektronix 11 801C 50 GHz digital sampling rligggscillators,ﬂEEE J. Solid-State Circuitwol. 34, pp. 790-804, June

oscilloscope. The |OOP bandwidth was Varie_d in the range of 19Q5) . kim, “High speed clock recovery in VLSI using hybrid analog/digital
kHz-2 MHz by changing the external loop filter values such as  techniques,” Univ. California, Berkeley, UCB/ERL Memo., June 1990.

resistor and capacitors. Fig. 13 shows the measured jitter ag%¥] B-Kim.T.C.Weigandt, and P. R. Gray, “PLL/DLL system noise analysis
for low-jitter clock synthesizer design,” iRroc. ISCASvol. 4, June

function of the loop bandwidth. With optimized PLL compo- 1994, pp. 31-34.
nents, further improvements of the jitter characteristics can bg7] B. C. Kuo, Automatic Control Systems Englewood Cliffs, NJ: Pren-

achieved by the choice of the loop bandwidth to the optimum___ fice-Hall, 1991. o . .
. h d d k-to-peak iitter of the PLI£18] C.-H. Park and B. Kim, “A low-noise 900-MHz VCO in 06m
point. The measured rms and pea p J CMOS,” in Symp. VLSI Circuitslune 1998, pp. 28-29.

at the optimum bandwidth are 3.1 and 22 ps, respectively. The
measured results are consistent with the theoretical estimation
and computer simulation.
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V. CONCLUSION
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