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Abstract—A self-biased phase-locked loop (PLL) uses a sampled specific circuit parameters, such as the charge pump current
feedforward filter network and a multistage inverse-linear pro-  and the loop filter resistance. Thus, these parameters must vary
grammable current mirror for constant loop dynamics that scale with output frequency and multiplication factor.

with reference frequency and are independent of multiplication The diverse values of output frequency and multiplication
factor, output frequency, process, voltage, and temperature. The o /
PLL achieves a multiplication range of 1-4096 with less than 1.7% factor can be addressed by designing a different PLL for each
output jitter. Fabricated in 0.13- um CMOS, the areais 0.182 mrd  ASIC. This strategy makes it easier to meet constrained target
and the supply is 1.5 V. specifications with less challenging circuits, but verifying all
Index Terms—Adaptive bandwidth, analog circuits, clock gener-  the designs in silicon for the ASICs that a company plans to
ation, clock multiplication, frequency synthesis, phase-locked loop build would be time consuming and costly. A better strategy is
(PLL), self-biased. to create a single PLL design that can be used for clock genera-
tion on a large set of ASICs. With only one design, verification
in silicon is much easier, but the design becomes more difficult
as loop parameters must adjust automatically to satisfy a wide
O NE CHALLENGE in designing phase-locked loopgange of output frequencies and multiplication factors.

(PLLs) for application-specific integrated —circuits gelf-pjased PLLs [2] can solve part of the problem by
(ASICs) is providing ample flexibility for a wide variety of 5qjysting for different output frequencies. Specifically, they
applications, including processors and video/chip interfaceghieve a fixed loop-bandwidth-to-reference-frequency ratio
PLLs commonly are used to take low-frequency off-chigng gamping factor, which are largely independent of process,
clocks, typically from crystals, and generate high-frequenggitage, and temperature. This property allows the bandwidth
on-chip clocks. The diversity of ASIC applications has also leg) pe set to a precise fraction of the reference frequency
to diversity in operating frequencies and multiplication faCtori%dependent of the actual reference frequency, which will
required from PLLs. minimize long-term jitter over a wide reference frequency

For each PLL output frequency and multiplication factor, th%nge. However, self-biased PLLs do not adjust for different
loop parameters must be adjusted to minimize jitter and to gugfytiplication factors. In particular, the bandwidth-to-refer-
antee stabili?_y. There_ are two jitte_r parameters of_ interest. OBRce-frequency ratio and the damping factor both vary with the
is long-term jitter, which is the deviation over time in the output,tiplication factor. Also, with an additional third-order pole,
clock edge time locations from those of an ideal clock outpyfe pole-frequency-to-reference-frequency ratio will also vary
that is perfectly periodic. The other is period jitter, which is thg;ith the multiplication factor. To handle a large multiplication
variation over time in the period of the output clock. For a C|00f‘ange, all of these ratios should be fixed and independent of the
generator PLL, the output clock should track the input clocks fultiplication factor.
close as possible to minimize long-term jitter. It is also impor- This paper describes a self-biased clock generator PLL ca-
tant to minimize the amount of period jitter. pable of multiplying by 1 to 4096 with near-constant period

These objectives pose a set of requirements on the IGRg:r over the whole range [1]. The PLL extends the self-biased
parameters of the PLL. The loop bandwidth, which describeg | architecture with a new loop filter structure that produces
the response rate of the PLL, should be about 1/20 of t@gnstant loop dynamics that scale with reference frequency and
reference frequency. The damping factor, which describes @ virtually independent of the multiplication factor, output fre-
stability, should be about one. The third-order pole, whi ency, process, and environmental conditions.
helps minimize period jitter, should be set at about 1/2 of the T paper begins by reviewing the fundamentals of a self-bi-
reference frequency. All of these loop parameters depend Qibq pPLL design and how it obtains tracking loop dynamics.

Pattern jitter, a form of period jitter caused by multiplication,
is discussed in Section Ill. Section IV presents a loop filter
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Fig. 1. Classic second-order PLL. R=1/g, ley =X-Ip Fuco = gm/CB
Il. SELF-BIASED PLL FUNDAMENTALS Fig. 2. Simple self-biased PLL.

Before considering a self-biased PLL, it is helpful to first re- . .
factor will be proportional to the square root:of N, wherex

view a classic second-order PLL, shown in Fig. 1. This PLL f
composed of a phase-frequency detector (PFD), charge pugﬁﬁ,he charge pump current scale factor. Thus, both results are

loop filter, voltage-controlled oscillator (VCO), and a feedbackOnstant with output frequency, which is desired, but not with
divider. When in lock, the PLL generates an output frequendys Which presents a problem. _
that isN times the reference frequency. It does this by adjusting 7owever, before one can consider how to address this fre-
the VCO frequency until it detects no phase or frequency diffeflUency multiplication scaling issue, one nge.ds t_o first consider
ence between the reference and divided output clocks. Beca@@@ather problem related to frequency multiplication, called pat-
of the integration of charge on the loop filter and the integratidf"™ JItter or spurious noise.
of phase in the VCO, the system has a second-order closed-loop
response. [ll. PATTERN JITTER ISSUES

The frequency-domain phase response for the classigattern noise is caused by the phase corrections that occur on
second-order PLL, given by the ratio of the output phBsés)  every rising edge of the reference clock. These phase correc-
to the input phasé’; (s), can be represented in standard form agons can briefly disrupt the control voltagé:rr, and, in turn,

nearby output cycles, as illustrated in Fig. 3(a). The other output

Po(s) 1+2-¢: (ﬁ) cycles will be unaffected. This noise pattern Bgrr, and the
Pi(s) = . \2 resultant period jitter will repeat on every reference cyclé&or
1+2-¢ (E) (E) output cycles. Pattern jitter is typically caused by charge pump

) . L imbalances or leakage which gives rise to static phase offsets be-
wherewy, defined as the loop bandwidth (rad/s), is given by tween the reference clock and the output clock, similar to that
shown in the figure. A less periodic form of pattern jitter can

wN = % Icu- Ky - Ci result from jitter in the reference clock. The phase corrections
! resulting from this jitter can be concentrated in one of e
and(, defined as the damping factor, is given by output cycles, giving rise to a substantial amount of period jitter
1 relative to the much shorter output period.
(= 5 wN - R-C1. This pattern jitter problem is typically solved by adding a

shunt capacitor in the loop filter to create a third-order pole,

The loop bandwidth characterizes the response rate of thkich extends the disturbance Bprr, with reduced amplitude
system and the damping factor characterizes its stability. Theer many output cycles, as illustrated in Fig. 3(b). The reduced
system is underdamped with damping factors less than one amaise amplitude oW1, makes the output cycles less distorted
thus, less stable. and( are functions of the various circuit pa-from one another, reducing the overall period jitter. Ideally, the
rameters which are typically fixed for a particular design. Theseimber of output cycles for which the disturbances are extended
fixed parameters cause bath; and( to also be fixed. Ideally, should scale withV to maximize the filtering benefit over a
wy should scale witlvgrgr to handle a wide frequency range.wide range ofN. Unfortunately, the number of cycles is fixed

A self-biased PLL, shown in Fig. 2, solves this problem witkith a fixed capacitor. Thus, for larg¥, the number of cycles
three important differences. First, rather than a fixed resistorwill be too small, leading to pattern jitter, while for small, the
series with a capacitor, a self-biased PLL uségg, resistance number of cycles will be too large, which will lead to instability,
from the VCO bias generator that is proportional to the outpas the increased loop bandwidth and this fixed third-order pole
period. Second, instead of a single charge pump to drilR@n become too close.
network, two separate charge pumps are used to drive the capadastead of a shunt capacitor, a switched capacitor or sampled
itor and resistor separately, where the voltages are summedfilter network can be used to address the filter scaling issue, like
side the VCO bias generator. Finally, the charge pump currentligt demonstrated in [3] and [4]. The basic idea is to scale down
scaled from a current generated inside the VCO in order to make amplitude of the error signal drizr1, and spread it uni-
the open-loop gain related to the output frequency. By makifigrmly over exactlyV output cycles with the same time integral,
these changes, the bandwidth-to-reference-frequency ratio &gl illustrated in Fig. 3(c). Th& output cycle duration is con-
be proportional to the square root of N, and the damping trolled directly by the switching network. The signal &arr,
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Fig. 3. Patten jitter on output clocks with (a) simple second-order PLL, DN — L 9m = BN

(b) added shunt capacitor, and (c) sampled feedforward network. -
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due to periodic phase errors will be mostly constant, except for v Biasing
small disruptions as the network switches to the next sample. e
Thus, the output cycles will be virtually undisturbed with very ©
little period jitter. The next section will describe a simple so-
lution using this approach that is compatible with self-biased T 1g,,
PLLs. UP — C: v g
DN—— cp %\— T Ven
IV. CLOCK GENERATORPLL ARCHITECTURE — \® e
) Ic, Replica-Feedback
To see how a sampled filter network can be constructed, con- I T Biasing
sider the original loop filter network from the previously dis- Ver

cussed self-biased PLL, shown in Fig. 4(a). A self-biased PLL
uses two charge pumps to drive the capacitor and resistor sep-

arately. The path with the capacitor is the integral control pafff- 4. PLL loop filter network (@) for simple self-biased PLL, (b) with
y P P 9 P sampled feedforward network, (c) with sampled feedforward network @jith

?—nd does not need a.dditional filtering. The.path with the rleSiStIQEet toC';, and (d) with sampled feedforward network with driven directly
is called the proportional or feedforward signal path. This pattto amplifier.

has no filtering and is the problem. Thus, a filter network should
be added between the charge pump and the bias generator inigg),,, stage will produce no current. Based on the stage
feedforward path. that is used in the implementation, this reset voltage must be
equal to the control voltage. Rather than attempting to buffer the
A. Sampled Feedforward Network control voltage and possibly introducing err6k can be reset
The feedforward filtering can be performed by samplindirectly to the control voltage, as illustrated in Fig. 4(c). This
the phase error and generating a proportional current thatclsange eliminates the need for the integral charge pump, since
held constant forV output cycles. The filter network shown inthe charge transferred fro6, to C in the reset process will be
Fig. 4(b) accomplishes this filtering. It stores the output chargémilar to the charge that the integral charge pump would have
from the charge pump on capacitos. This action generates transferred ta’ .
a constant error voltage that drives thg stage to produce a A further optimization to the loop filter is shown in Fig. 4(d).
feedforward current that is constant & output cycles. This Since the voltagé’rs acrossC, is reset toVorr, andVeg —
feedforward current develops a correction voltage across thiery, is summed with/crr, inside the bias generator resulting
1/gm resistor inside the bias generator, where it is summéd Vrs, Vrs can be simply driven to th&crr, input of the
with the control voltagé/cr.. bias generator instead &% rr, eliminating the need for the
The switch in Fig. 4(b) resets th&, capacitor voltage to a g¢,, stage. This solution is much simpler, but does not allow
zero bias voltage levélzst at the end of the reference cycle beany voltage scaling to be performed inside the transconductance
fore the next phase comparison. This voltage is the point whestage, which can provide more flexibility @y capacitor sizing.
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Fig. 5. Self-biased clock generator PLL architecture.
B. Loop Dynamics C. Complete Self-Biased Clock Generator PLL

In order to understand how this new loop filter affects the The complete self-biased clock generator PLL design, based
loop dynamics, consider how the feedforward gain has changed.the loop filter structure in Fig. 4(c), is shown in Fig. 5. In
Since the output current is generated Mroutput cycles, the order to allow ample time to reset tlig capacitor, the capacitor
output chargel)o will be proportional toN times the input is duplicated, where one is in reset while the other samples
chargeQ, so the added gain is proportional d. Also, since charge and generates an error voltage for a complete reference
the damping factor is proportional to the feedforward gain, dycle. The capacitors alternate function each reference cycle so

should be scaled by this added gain. that a continuous error signal is generated. Rather than trying
Thus, with the new loop filtetwy /wrgr is unchanged from to switch the output of one charge pump to the two capacitors,
before, but the damping factgr now given by two charge pumps which are alternately enabled are used for
simplicity. Also, the outputs of botts capacitors are summed
Qo T VT N as currents to further minimize the need for switches. Finally,
¢~ . ~Vz-N e
Qr the charge pump current bias is generated by the programmable

: ltinlied by this added aain fact hich i " It1/N current mirror using the multiplication factor input.
';m#h.'p '?1 y this ?( eb gain ;C or which 1s proE)'or |o|nta 0 Adding output switches to switch between the capacitor volt-
- This change makes bothandwy /wrer proportional to ages as done in [4] has the apparent advantage of avoiding any

the square root ofz - V), wherez is the charge pump current -
. extra pattern jitter caused by charge pump output current pulses.
scale factor. Thus, to keep both constantan be simply set s P J y ge pump outp P

0 1/N valently the ch ; b | #Ch a scheme would ideally allow the output error signal to
veith/l/!J\(;r equivaiently, the charge pump current can be scalg ange monotonically between reference comparison cycles.

L . owever, the added switches will disturb the output error signal
A more careful analysis, similar to that in [2], performe

. . . \ y an amount that does not dependddue to charge injection.
in Section IV-D, will show that the bandwidth-to-referencey,, proposed filter network will also cause a disturbance in the
frequency ratio and the damping factor are given by

output error signal, represented as the sum oftheapacitor
voltages Vrs1 + Vrs2), due to a difference between the charge

Wy o b . % pump charging and reset switch discharging rates for the two
WREF 2T e capacitors. Even though the charge pump current is scaled in-
1 /Cp-C] versely with/V, which would otherwise reduce the disturbances
(= 1, in the error signal, the worst-case phase errors tend to increase

linearly with N because of the reduced bandwidth, which tracks

whereC' is the equivalent VCO capacitance aril= C;+C> the reference frequency, and proportionally increased tracking
(if m + 1 Cy capacitors are used as discussed latés= C; + jitter. Thus, both approaches can lead to disturbances in the
(m+1)-C5). Thus, they are both constants times the square ramitput error signal.
of ratios of capacitors. Both results are independent®fr Because the switch discharge rate is faster than the charge
and N, as well as process, voltage, and temperature. pump charging rate with the scaled-down charge pump currents

At this point, the frequency multiplication scaling problenin the proposed filter network, the disturbance in the error signal
has been completely solved: the loop dynamics are constant arililbe in the direction of less error. It is important to note that
independent ofV, and the pattern jitter is minimized for @l.  minimizing the disturbance in sum of tli& capacitor voltages
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will reduce the maximum change in the output period from oriEhus
cycle to the next (cycle-to-cycle jitter). However, the maximum Qo Cp
deviation in the output period over all cycles (period jitter) is S5 =N =
e . . Qr Co
minimized as long as the error signal is spread out &veutput
cycles, independent of a disturbance caused by the sum of tféich is proportional taV as previously concluded. Substitut-
Cy Capacitor V0|tages ramping up from a zero bias level eab’]'g these relationships, the bandWidth-to-reference-frequency
reference cycle. This result allows the proposed network to pf@tio and the damping factor are given by
duce less period jitter than one with added output switches. :
A further optimization can be made to avoid any disturbance wN (N) -N Cg
in sum of theC, capacitor voltages without introducing extra WREF 2. Vo
output switches. Rather than immediately resetting one of the 1 1]
C, capacitors at the beginning of the phase comparison cycle =57\
by closing the corresponding reset switch, the polarity of the
charge pump driving the capacitor could be reversed so that the .
charge pump discharges the capacitor at the same rate that the ¢ 4 N \cp
other charge pump charges the other capacitor. The reset switch
would then be closed after the charge pump turns off to reset _ L Cp-Cf
any residual error voltage, exposing the net change in the sum 4 Cy
of the C5, capacitor voltages without any added disturbance.
More filtering can be obtained by usimg + 1 C» capacitors
where each is active fon cycles with a gain ofl /m. Also,
the filter network from Fig. 4(d) can be implemented with two
or moreC, capacitors by subdividing the differential pair and V. Kev PLL CircuITs
tail current source of the amplifier in the bias generator. The The next sections discuss some of the actual circuits used in-
negative inputs can be connected to e@gltapacitor while the side the PLL, including the filter network, the programmable
positive inputs would be shorted together and connected to theV current mirror, and the VCO. This self-biased clock gener-

both of which are independent dfoyr and IV, as well as
process, voltage, and temperature.

1/g.. resistor as before. ator technique can be applied to most VCO circuit families. In
. . fact, we have implemented it with four different families. In this
D. Detailed Analysis implementation, the VCO circuits were similar to those previ-

The exact relationships for the bandwidth-to-reference-fréusly published [5].
quency ratio and the damping factor can be derived from the

equivalent relationships for a simple self-biased PLL, similar to Self-Biased Sampled Filter Network

that shown in Fig. 2. For a simple self-biased PLL [2] The circuits for the filter network are shown in Fig. 6. The
stages are implemented with the same half-buffer replica stages
WN _ VT N ) /@ used inside the VCO bias generator. The select block alternately
WREF 2. C1 enables the charge pumps on opposite reference cycles as the
Y z [C corresponding reset switches. The charge pumps are enabled by
(= 4 \/; Cp gating the UP and DN input signals just before the beginning

) _ . of the comparison cycle in order to maximize the period that
wherez is the ratio of the charge pump to the buffer bias curren%s1 (Vrs2) Stays constant.
y is the ratio of thel/g,, resistance in the bias generator to g reset switches used in the filter network pose a small
that in the VCO buffer stages, arids is the equivalent VCO ,qh1em because they must effectively switch bias voltages that
capacitance. For the self-biased clock generator PLL based gp range from ground 6o To solve this problem, a simple
the sampled feedforward networkis settol /N andy is equal  \\0s pass gate is used with a bootstrapped gate voltage that
to Qo/Q for the f_eedforw_ard network. Sinag; is allowed ranges fromVorr, to approachind/op + Verr, as shown in
to charge share witli’, during the reset phas€;, becomes rig "7 This circuit provides a constaoh gate bias of/pp.
C1 + Ca. . , ) The gate bias is generated by a simple bootstrapped circuit. The
The exact relationship fapo /Q can be derived as_follows. Ve, level is generated by using another VCO replica stage.
The charge pump dumps some cha@geonto capacitoCs,  The circuit works by alternately driving the lower voltage
which generates a voltage that drives ghestage, and produces|gye| tg v, and then allowing the capacitors to bootstrap
a current for a duration Gfrgr, SO that the voltage up bypp ignoring charge sharing. This solution
Q makes it possible to properly switch bias voltages independent
— I T
Qo = Cy "9m - LREF- of their common-mode level, eliminating a possible supply

. . . i voltage headroom constraint.
For a simple self-biased PLL is defined ass = Tyco -

gm, SO that B. Inverse-Linear Current Mirror

7 N Cp In order to scale down the charge pump currents by a factor of
REF = ¥ 7 N, aprogrammable current mirror is needed that can implement

Im
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the inverse-linear relationship. A simple way of accomplishing : . . ?('.4. .x.z. X1 .................. ).“? . x2 .x.1. :
this task is to use switches to adjust the effective device size on ©
the input side of a current mirror, as shown in Fig. 8(a). The in-
dividual input devices are binary weighted to allow any intege C o o }lowr
value of N to be programmed. However, to support a range « Voy—] o N v
1-4096, twelve binary-weighted legs are needed with a devi * (N=1... 4009) ¥ *
size ratio of 2048 : 1, which will require too much area. A bette Vao

solution would be to somehow segment the input side of the ct l_i_l
rent mirror into different device groups operating from differen 31?1:{ E
gate biases so that only a small device size ratio is needed. |

To see how this result can be accomplished, it is instru T T TE,
tive to review how to make a multistage linear current mirro >
In this case, multiple groups of binary-weighted devices ope
ating from different but related current biases can be used
that they operate at different current densities. Fig. 8(b) shows
an example of a multistage linear current mirror with two de- @
vice groups of three devices and two current mirrors to establg. 8. Programmable current mirrors. (a) Simple inverse-linear current
lish a 1/8 current ratio between the two groups. This examm&rror. (b) Multistage linear current mirror. (c) Multistage inverse-linear

. . . . . cuyrrent mirror. (d) Complete multistage inverse-linear current mirror.

can cover a range of 0—63 with a maximum device size ratio of
4:1. While this circuit example gives us a solution for a linear
current mirror, the PLL actually needs an inverse-linear curreinbm any device groups can be used to drive the current sources
mirror. in order to obtain additional fixed scaling factors. Also, even

Consider the devices inside the box in Fig. 8(b). They impléhough the feedback is more complicated than that for diode-
ment a programmable-width device with some gate bias whicbnnected devices, the network is completely stable as long as
is used as a current source. To create an inverse-linear pte gain stages used are gain reducing and not increasing.
grammable current mirror, this complex device can be diodeFig. 8(d) shows the complete programmable current mirror
connected and used as the input side of a current mirror, wed in the PLL to scale the charge pump currents. It is sim-
shown in Fig. 8(c). It is important to note that the gate biasdar to that in Fig. 8(c), but four groups instead of two are used.
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As such, the mirror will divide the input current By, whereN Ver Ver

ranges from 1-4096. Also, a fixed least significant bit (LSB) d¢ "'—I

vice is added in order to offset thé programming by one and

so that the block does not attempt to output an infinite currely, E.__;_ Ven

In addition, the switche&; andE; are added to bypass unuse(
stages when programming small For smallV, the first two Y
gain stages would do nothing except reduce the gate voltage
the last two current-source groups. However, the volfége
needed at the input of the gain-reducing stages could be exc
sive for moderate output current levels, which would drive tt
input pMOS current-source device into the linear region. By b Ven —5
passing the unused gain stages, the voltage needéeghas re-

duced for the same output current level. Since the output big 11. Modified VCO circuits with shorted differential pair tail nodes.
is tapped from the second to last group, the last gain-reducing

stage cannot be bypassed. currents actually oscillate over some ranyé&; . If the supply
voltage increases, shown by the dashed lines at the right of the
plot, the replica will adjust the gate bias to keep the current in
Another circuit with some challenges is the VCO. The VCG@he bias generator constant at the same level. The range of cur-
used in this design is a modified version of the differential ringents inside the VCOA Iy, becomes smaller because of the
oscillator with replica-feedback biasing from [5], shown irdecrease in slope of thie-V characteristics. This difference in
Fig. 9. The VCO bhias generator uses an amplifier to establislazerage buffer current at different supply voltages gives rise to a
bias current such that the voltage across a replica load elemsmpply voltage frequency sensitivity. This sensitivity makes the
equalsVerr,. Since thel—V characteristics of the load elemenPLL more jitter sensitive to supply noise.
do not depend obpp, the bias current will also be independent The root cause of the difference in average buffer current is
of Vpp. By operating with a constant current, the VCO cathe nonlinear output conductance of the current-source device,
generate a frequency that does not depend on supply voltage equivalently, the changing slope in itsV’ characteristics.
This supply voltage independence helps to minimize the jittérsimple solution to resolve this problem, shown in Fig. 11, is
produced by supply noise for the PLL. to short all of the tail nodes in the VCO so that their voltage
However, for the VCO current to remain constant, the voltage more or less constant and matching more closely to that in
at the differential pair tail nodes (in the VCO) must match thihe bias generator. With all of the tail nodes tied together, the
same point in the bias generator replica. Furthermore, these thfilerential ring becomes two single-ended rings. To ensure dif-
nodes tend to oscillate with the other VCO nodes, making tferential operation, the input transistors of one prior stage pair
voltages match less well. Fig. 10(a) shows a plot ofther;, are split and crossconnected to the stage outputs. Other cross-
node from the ring oscillator and tH&gp node from the bias coupling points can be used to marginally increase or decrease
generator as a function of time. Because of the oscillations, thée oscillation frequency [5].
is some range of deviatiah V" in these voltage levels. Fig. 10(b) Fig. 12 shows the simulated frequency as a function of supply
shows these voltage levels mapped onto the current-sourcedstage for three different control voltages at worst-case process
vices’ Iy versusipg characteristics and the resultant drain curand temperature. The solid curves are after shorting and the
rent. The solid line is the current in the replica based/en;,. dashed curves are before shorting. As evident from the flat-
The first group of dashed lines on the left show the voltageess of the solid curves, this change substantially improves the
and resultant currents at a low supply voltage. Because of gtatic supply-noise rejection of the VCO. Given a target min-
finite output resistance of the current-source device, the bufiexum supply voltage of 1.2 V, the VCO can be operated at

11-Stage Ring Oscillator‘\..
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CK+
CK-

C. Voltage-Controlled Oscillator
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700 TABLE |
------- PLL SPECIFIED DESIGN TARGETS

-
-
-
.-
-

%‘ Proceés Technology 0.13pum N-well CMOS
= | S ecamm————-
; Nominal Supply Voltage 1.5V (designed for 1.2V)
2
w Total Occupied Area 0.38 x 0.48mm”
=2
(¢
|Elc-| VCO Frequency Range 30 ~ 650 MHz
L — SHORTED
.-- ORIGINAL Multiplication Factor Range N=1~4096

0 ! ! ] I I ] ! Power Dissipation TmW @ 240 MHz, 1.5V
0.7 0.8 09 1.0 11 1.2 1.3 14
Vpp (V)
Fig. 12. VCO frequency as a function of supply voltage for three control = = &
voltages before shorting (dashed line) and after shorting (solid line) differential ¢ Period Jitter :
pair tail nodes. 100ff © Tracking Jitter
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—
.v..».l r:LI
13-

]
r\r:.'

=="Na

Fig. 13. Die micrograph of the self-biased clock generator PLL. 1 4 16 64 256 1024 4096
Multiplication Factor (N)
about three times the frequency of the original circuit with goo®lg. 14. Jitter versus multiplication factor at fixed 240-MHz output.

supply-noise rejection.

dynamic range olN. The period jitter is fairly constant over the
complete range, mostly between 1% and 1.5% of the output pe-
riod, which corresponds to 42 to 63 ps at 240 MHz. This period
This PLL was implemented in a generic 1.5-V 048 jitter data clearly demonstrates the effectiveness of the sampled
n-well CMOS process. A micrograph of the fabricated PLL ifeedforward network. Without it, one would expect the period
shown in Fig. 13 and the specified design targets are sumnitier to scale withV or, equivalently, be a fixed faction of the
rized in Table I. While the nominal operating voltage for theeference frequency, because the magnitude of the steady-state
PLL was 1.5V, it was designed to operate down to 1.2 V toroportional signal, due to various noise sources, would scale
provide a 10% dc and 10% ac noise margin. The specified VGQ@th the reference period, yet be dumped into only onéVof
frequency range is 30-650 MHz under worst-case conditiomsjtput periods.
which was divided by two before the output to improve duty Fig. 14 also shows that the tracking jitter scales linearly with
cycle. The underlying VCO circuits could easily have beelV, as expected, since the loop bandwidth scales inversely with
configured to run at much higher frequencies if the PLLV to be a constant fraction of the reference frequency. This rela-
application required them. Because the VCO supports a witkenship results because for low-frequency noise, the VCO wiill
frequency range and the PLL has a tracking bandwidth, thecumulate phase error for a duration that is inversely propor-
PLL can be operated at frequencies well below 30 MHz, similéional to the bandwidth. The tracking jitter is less than the pe-
to that described previously [2]. The frequency multiplicatioriod jitter for low multiplication factors because it is measured
range is 1-4096. between the edges of the reference clock and the output clock,
The focus of the measured results is on jitter in order to eand thus, does not include the effect of the period jitter on the
plore the effectiveness of the sampled feedforward netwodutput edges between reference edges.
Fig. 14 is a plot of the measured peak-to-peak tracking jitter Table Il summarizes rms and peak-to-peak jitter levels under
and period jitter as a function of the multiplication facférfor various operating conditions. The sensitivity to supply noise,
a fixed output frequency of 240 MHz. Both the jitter and multilike other implementations using the same underlying VCO cir-
plication factor are plotted on a log-log scale to cover the largeits, is very good.

VI. EXPERIMENTAL RESULTS
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TABLE I
PLL JTTER MEASUREMENT SUMMARY

Period Jitter (quiescent) 30.5ps (p-p), 4.0ps (rms) @ N=1
@ 240MHz Output . 37.2ps (p-p), 4.2ps (rms) @ N=1024

42.7ps (p-p), 4.3ps (rms) @ N=4096

John G. Maneatis (S'90-M'92) received the B.S.
degree in electrical engineering and computer science
from the University of California, Berkeley, in 1988
and the M.S. and Ph.D. degrees in electrical engi-
neering from Stanford University, Stanford, CA, in
1989 and 1994, respectively.

While at Stanford University, from 1988 to 1994,
his research interests included high-performance cir-
cuit design for phase-locked loops, microprocessors,
data conversion, and clock recovery. From 1994 to
1998, he was a Lead Circuit Designer with Silicon

72.6ps (p-p), 18.8ps (rms) @ worst-case Graphics, Inc., Mountain View, CA, working in the area of microprocessor de-
sign, clocking, and phase-locked loops. Currently, he is the President of True

S : _ Circuits, Inc., Los Altos, CA, a company that designs and licenses a variety of
Period Jitts * 44.6 -p), 4. N=1024 S :
eriod Jitter (noise™) ps (p-p), 4.9ps (rms) @ circuit-level intellectual property (IP) and CAD software.

Tracking Jitter (quiescent) 43.9ps (p-p), 4.6ps (rms) @ N=1

@ 240MHz Output 7.47ns (p-p), 939ps (rms) @ N=1024
Tracking Jitter (noise*) 7.62ns (p-p), 1.07qs (rms) @ N=1024
Reference Sidebands -35 dBc @ N=1024, 240MHz Output

* At 240MHz output with 100mV of 100KHz square wave supply noise.
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VII. CONCLUSION

The proposed PLL achieves a wide multiplication and outp! 't
frequency range, satisfying the objective of using one clot
generator PLL design without modification in a large set ¢
ASICs. The PLL is self-biased with constant loop dynamic
independent of multiplication factor, output frequency, proces
voltage, and temperature. The sampled feedforward netwc
suppresses pattern jitter with an effective third-order pgle
that trackswgrgr. The PLL also achieves relatively consta
period jitter of less than 1.7% of the output period isis
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scaled from 1-4096 phase-locked loops and high-speed logic.
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