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Abstract—This paper describes a dual delay-locked loop archi- iclk
tecture which achieves low jitter, unlimited (modulo 2r) phase H ¢
shift, and large operating range. The architecture employs a core

loop to generate coarsely spaced clocks, which are then used by
a peripheral loop to generate the main system clock through
phase interpolation. The design of an experimental prototype in i 7

a 0.8um CMOS technology is described. The prototype achieves 27

clk

h

an operating range of 80 kHz—400 MHz. At 250 MHz, its peak- PD
to-peak jitter with quiescent supply is 68 ps, and its jitter supply refelk
sensitivity is 0.4 ps/mV.

A

p

Fig. 1. Block diagram of a conventional DLL.

Index Terms—Clock synchronization, delay-locked loops, phase
interpolation, phase-locked loops.

I. INTRODUCTION . . .
conventional approaches, Section Il presents the dual inter-

PHASE'LOCKED loops (PLL’s) and delay-locked loopspolating DLL architecture. Section Ill discusses circuit design
(DLL’s) are routinely employed in microprocessor angssues that arose in the prototype implementation of the archi-
memory IC’s in order to cancel the on-chip clock amplificatiofecture in a 0.§sm CMOS technology. Section IV discusses
and buffering delays and improve the I/O timing marginghe experimental results, and concluding remarks follow in
However, the increasing clock speeds and integration levegsction V.
of digital circuits create a hostile operating environment for

these phase alignment circuits. The supply and substrate noise
resulting from the switching of digital circuits affects the PLL

or DLL operation and results in output clock jitter which
subtracts from the 1/0O timing margins. A. Conventional DLL's

In applications where no clock synthesis is required, DLL'S A simplified block diagram of a conventional DLL [1] is
offer an attractive alternative to PLL's due to their bett€sutlined in Fig. 1. The components are a voltage controlled
Jlttgr pgrformance, inherent sta_blhty, and simpler deS|gn. Tlﬁldyay line (VCDL), a phase detector, a charge pump, and a
main disadvantage of conventional DLL's, however, is theffrst-order loop filter. The input reference clock drives the
limited phase capture range. This paper presents a dual Dgjay line which comprises a number of cascaded variable
architecture which combines several techniques to achiqyéqay buffers. The output clocklk drives the loop phase
unlimited phase capture range, low jitter and static-phase ergétector (depicted in this example as a conventional flip-flop).
and four orders of magnitude operating frequency range. Thiie output of the phase detector is integrated by the charge
architecture is based on a cascade of two loops. The c@{fmp and the loop filter capacitor to generate the loop control
loop generates six clocks evenly spaced by 8fhich are yoltage V;. The loop negative feedback drives the control
then used by the peripheral loop to generate the output clogkjtage to a value that forces a zero phase error between the
under the control of a digital finite state machine (FSM). BYutput clock and the reference clock.
using pha_se ir_lterpolation, the dual loop can provide unIi_mitedThis simple design offers many advantages compared to
phase Shlf.t without the use of a VOltage controlled OSCl”atQ/CO_based PLL’s. Due to frequency acquisition constraints,
(VCO). Using an FSM for phase control offers the advantags | 's usually resort to a specific type of phase detector, the
of enabling the flexible implementation of complicated phasgate-machine-based phase frequency detector (PFD). In con-
capture algorithms in the digital domain. Finally, by utilizingrast, DLL’s can be easily implemented by using “bang-bang”
self-biased techniques, the loop achieves large operating raggfirol—i.e., the control signal of the loop, rather than being
and low jitter. _ . . ~ proportional to the phase error magnitude, can simply be a

This paper begins with a brief overview of conventlona‘},inary “up” or “down” indication. Thus, in a “bang—bang”
DLL design. After outlining some of the disadvantages qf_L the phase detector can be a replica of the input data
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Fig. 2. Dual interpolating DLL architecture.

the main reason for the increased adoption of DLL’s ithe phase mixer is a clock with a slew rate inherently limited

applications that do not require clock synthesis. by 4 x V,,,/T, whereVj,, is the output swing of the phase
The conventional DLL architecture of Fig. 1 suffers frommixer and?" the period of the clock. This slow clock exhibits

two important disadvantages: clock jitter propagation ariicreased dynamic noise sensitivity, thus degrading the jitter

limited phase capture range. Since the VCDL simply delaperformance of quadrature mixing DLL’s.

the reference clock by a single clock cycle, the referenceThe approach presented here overcomes this limitation of

clock jitter directly propagates to the output clock. This allquadrature mixing DLL’s since it generates the output clock

pass filter behavior with respect to the frequency of tH¥ interpolating between smaller 3(phase intervals [3].

jitter of the reference clock results in reduced /O timingimultaneously, by avoiding the use of a VCO it eliminates the

margins, especially in “source-synchronous” interfaces whepBase error accumulation problem of similar approaches [4].

the reference clock emanates from another noisy digital chip.

To overcome this problem, a separate low-jitter differentigd pyal Interpolating DLL

clock can be used as the input to the delay line. This way the

. : - Fig, 2 shows a high-level block diagram of the proposed
on-chip common-mode noise and the reference clock jitter do_, * : : : .
o . architecture. This architecture is based on cascading two loops.
not affect the 1/0 timing margins.

A more important broblem is that a VCDL does not ha A conventional first-order core DLL is locked at '8phase
Imp prob! : AVEhift. Assuming that the delay line of the core DLL comprises
the cycle slipping capability of a VCO. Therefore, at a give

) L ix buffers, their outputs are six clocks which are evenly
operating clock frequency, the DLL can delay its input cloc aced by 30 The peripheral digital loop selects a pair of

by an amount bounded by a minimum and a maximu ocks, ¢ and ¥, to interpolate between. Clocks and
delay. As a consequence, extra care must be taken by (i@ 1o hotentially inverted in order to cover the full 0-360
designer so that the loop will not enter in a state in Whichh,se range. The resulting clocké,and<, drive a digitally

it tries to lock toward a delay which is outside these tWRqnirolied interpolator which generates the main cl6ckThe
limits. A compromising solution is to extend the VCDL ranggnase of this clock can be any of thé quantized phase steps
and use an FSM that controls the loop start-up. Howevefetween the phases of clocksands’, where0 - -- N is the
DLL'’s relying on quadrature phase mixing [2], [3] completelynterpolation controlling word range.

eliminate this problem. This approach is based on the fact thatrhe output clock® of the interpolator drives the phase
quadrature clocks can be easily generated, given a clockdgelector which compares it to the reference clock. The output
the correct frequency. The quadrature clocks are then fed tgfahe phase detector is used by the FSM to control the phase
phase mixer which can produce a clock whose phase can spalection, the selective phase inversion, and the interpolator
the complete 0-360phase interval. This approach eliminatephase mixing weight. The FSM moves the phase of the clock
the limited phase range problem of conventional DLL’s sinc@ according to the phase detector output. In the more common
it can essentially rotate the output clock phase infinite timease this means just changing the interpolation mixing weight
providing seamless switching at the quadrant boundaries. The one. If, however, the interpolator controlling word has
main disadvantage of quadrature mixing is that the output fached its minimum or maximum limit, the FSM must change
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the phase of clock) or i) to the next appropriate selection. Dy(s) Dy(s)
This phase selection change might also involve an inversion

of the corresponding clock if the current interpolation intervab,s) Dec(s)
is adjacent to the Vor 180 boundary. Since these phase 5
selection changes happen only when the corresponding phase
mixing weight is zero, no glitches occur on the output clock.
The digital “bang—bang” nature of the control results in dither-
ing around the zero phase error point in the lock condition. The
dither amplitude is determined by the interpolator phase step

Drer(s)
and the delay through the peripheral loop. F CORE f PERIPHERAL——T-E—F—i

In this architecture the output clock phase can be rotated, so
Fig. 3. Linearized dual DLL model.
no hard limits exist in the loop phase capture range: the Iooﬁ
provides unlimited (modulo 2) phase shift capability. This
property eliminates boundary conditions and phase relatiaere loopDoc(s) (in seconds) is the delay established by the
ship constraints, common in conventional DLL's. The onlgore loop delay line, while the input deld¥x(s) is the delay
requirement is that the DLL input clock and the referender which the core loop phase detector and charge pump do not
clock are plesiochronous (i.e., their frequency difference generate an error signal. Since the core loop VCDL spans half
bounded), making this architecture suitable for clock recovegyclock cycle,Dy(s) is equal to half an input clock period. By
applications. Since the system does not use a VCO, it daesing these loop variables, the input-to-output transfer function
not suffer from the phase error accumulation problem of the core loop can be easily derived
conventional PLL’s. Moreover, the input clocks of the phase
. . Doc(s) - 1
interpolator are spaced by just 30so the output of the =
phase interpolator does not exhibit the noise sensitivity of Dix(s)  1+s/pe
the quadrature mixing approach. Finally, the fact that theherep,. (in rads/s) is the pole of the core loop as determined
capture algorithm can be completely implemented in thsy the charge pump current, the phase detector and delay line
digital domain gives great flexibility in its implementationgain, and the loop filter capacitor. Similarly, the noise-to-delay
as will be discussed in Section Ill. Although the prototyperror transfer function of the core loop can be shown to be
described in this paper is implemented with an analog core
loo ible impl i i Duc(s) _ _s/pe
p, possible implementations of the architecture can use - =
digital control in both loops, further enhancing the system Dx(s)  1+4s/pe
versatility. Moreover, the architecture can be easily extend@ghere Dy(s) is the additional delay introduced in the core
to use a clock recirculating scheme in the core loop, so thgbp from supply or substrate noise, abhc(s) is the delay
the output clock frequency is a multiple of the input clock [7]error seen by the core loop phase detector. This transfer
function indicates that noise induced delay errors can be
tracked up to the loop bandwidth and that the response of
the loop to a supply step consists of an initial step followed
Cascading two loops can compromise the overall systdwy a decaying exponential with a time constant equdl/i..
stability and lead to undesired jitter peaking effects. However, Before proceeding to analyze the response of the dual loop,
as the analysis in this section will show, this dual-loofi should be noted that the linearized model of Fig. 3 uses
architecture does not exhibit any jitter peaking irrespectiva simplifying assumption. The assumption is that the delay
of the dynamics of the two loops. The behavior of the DLlerror Dx(s) introduced by supply or substrate variations is
can be analyzed with respect to two types of perturbatioridentical in both loops and does not depend on the state
i) input or reference clock delay variations and ii) delapf the phase selection multiplexers. Since the supply and
variations resulting from supply and substrate noise. Tlsebstrate sensitivity of the peripheral loop depends on the
frequency response of the dual loop can be analyzed by makpttase selection and will be typically higher due to the presence
a continuous time approximation, in which the samplingf the final CMOS system clock buffer, this assumption is
operation of the phase detectors and the digital nature of &t necessarily accurate. However, it does not affect the
peripheral loop are ignored. This approximation is valid faronclusions drawn below about the stability of the loop, since
core and peripheral loop bandwidths at least a decade belibwnly removes a modifying constant, which is equal to the
the operating frequency. This constraint needs to be satisfratio in the delay sensitivities of the two loops. This constant
anyway in a DLL in order to eliminate the effects of higheonly affects the relative location of the poles and zeros of the
order poles resulting from the delays around loop. resulting transfer function, and, as it will be shown below,
Fig. 3 shows the dual loop linearized model includinghe loop is unconditionally stable irrespective of the relation
both the loop clock®x(s) and Drer(s), and delay errors between the individual poles and zeros. Using the model of
introduced by supply or substrate noi9g (s). Each of the two Fig. 3, it is straightforward to show that the transfer function
loops is modeled as a single pole system, in which the inpd2o(s)/Drer(s) of the peripheral loop is identical in form to
output, and error variables are delays, similar to the single-lotmat of the core loop. This result agrees with intuition since
analysis published in [7]. For example, the output delay of thie the dual loop system reference clock perturbations do not

(1)

(2)

C. Dual-Loop Dynamics
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Fig. 5. Dual DLL detailed block diagram.
Fig. 4. Dual loop response to: (a) step change in input clock and (b) supply
noise step.

error later. When the pole frequencies of the two loops are

affect the core loop. More interesting is the transfer function oY close, the system overshoots since the perlpheral loop
) . compensates for the output delay error at approximately the
the input clockDyx(s) to dual-loop errog(s) since changes

in the period of the input clock will cause both the core angf e r_ate as the E)erlphera_l !qop. _The worst case overshoot of
peripheral loop to react. Based on (1) and (2), this transf%pprommately 4.5% of the.mlthl disturbance occurs when the
function can be shown to be per!pheral loop bandwu_:lth is twice that of the core loop. As the
peripheral loop bandwidth increases, the overshoot becomes
Dx(s) 5/Pp 3 progressively smaller since the peripheral loop corrects for

" Dix(s) — (T+s/pe) - (1+s/pp)’ both the peripheral and core delay errors. Subsequently, the

This bandpass transfer function exhibits no peaking at alffluence of the slower core loop correction on the output
frequency regardless of the relative magnitudeg.oind p,. delay error is compensated by the peripheral loop. Therefore,

The step response of the system, shown in Fig. 4(a), reve&Y§" in the worst case, the dual loop cascade exhibits only

that unit-step changes iP(s) (i.e., step changes in theMnOr overshoot.

input clock period) will initially peak at a less than unity

value determined by the ratio of the two polelsloreover, as [ll. CiIrRcuUIT DESIGN
the magnitude op,, increases, the disturbance on the output

is reduced since the peripheral loop compensates quickly far Overview

disturbances at the output caused by changes of the input cloclsA more detailed block diagram of the dual loop is shown in

) Finally, the transfer function from supply or substrate nois%g_ 5. This design uses a separate local differential clock as
induced delay error®)x(s) to the delay error of the dual IOOpthe input to the delay line. Although the use of this clock

Dr(s) can be derived is not inherent in the loop architecture, it minimizes the
_Dg(s)  (1+2s/pc)-s/pp @) supply sensitivity in applications such as “source synchronous”
Dn(s) — (1+s/p.)-(1+5/pp) interfaces. To minimize the effects of input clock duty cycle

) o ) . imperfections and common-mode mismatches, a duty cycle
Equation (4) also exhibits no peaking at any frequency singgjster (DCA) [2] is employed after the first clock receiving
the location of the last zero can never be above that Qfiter The 50% duty cycle clock drives the core DLL. The
the poles. The step response of the system is plotted dgye gelay line consists of six differential buffers. An extra pair
Fig. 4(b) for various ratios of the core to peripheral polgf buffers B, B generate two clocks which drive the core
frequencies. Under all conditions, the initial delay error iﬁ)op 180 phase detector. The output of the phase detector
equal to twice the injected unity err(b)_N(s) since this error_is controls the charge pump which forces clocks @d G to
added on both loops. When the peripheral loop bandwidthf 18 out of phase. Since all the buffers in the core delay line
!ess than half that of the main Ioop, there is no OVerShOGﬁcluding B, and By) have the same size, all the core VCDL
in the dual-loop step response. This result occurs beca_g%gges have the same fan-out and delay. Therefore, forcing
the core loop (_:ompensates for its delay error quickly, Whl@0 and G; to be 180 out of phase will generate six evenly
the slower peripheral loop compensates for the output de@aced by 30clocks at the outputs of the core delay line.

11t should be noted that in case-CLK and ref-CLK are identical or ~ The phase selection and phase inversion multiplexers are

correlated, the resulting transfer function exhibits a low-pass peaked behavigifferential elements controlled by the core loop control volt-

Nevertheless the resulting peaking is small, exhibiting a maximum of 15% | d limi .. . | lock I
whenp, = pc, while it is less than 5% as long ag andp. are an order of age. In order to eliminate jitter-sensitive slow clocks, a

magnitude apart in frequency. buffers in the clock path need to have approximately the same
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Fig. 7. Core loop phase detector.

The sensitivity of the dual-loop architecture to the core loop
phase offset depends on the particular application. For the
case that the dual DLL is used to just generate a clock whose
phase is directly controlled by the phase detector output, the
phase offset of the core loop does not affect the system phase
offset. In this case, the loop operation will not be affected as

. . long as the core loop phase offset is bounded. An absolute
Ven 1 : 1 core loop offset less than 3@nsures monotonic switching at

= = the @ and 180 interpolation boundaries, so the interpolating

(b) loop functions correctly, albeit with a larger than nominal

interpolation phase step. Core loop phase offsets larger than
this amount will result in a hysteretic locking behavior at the
) ) o ) guadrant boundaries, which will increase the dither jitter if the
bandwidth. For this reason, the phase selection in this desi@ference clock phase forces the dual loop to lock at this point.
is implemented as a combination of a 3-to-1 and & 2-t0-11he gual-loop operation becomes more sensitive to core
multiplexers, instead of a single 6-to-1 differential mulUpIexelE)op phase offsets in case the designer wants to use this
with lower total power. Since the phase selection multiplexgfepitecture to generate an additional clock that is offset by
can affect the phase shift of the core delay line through day rejative to the reference clock. In such an application, the
dependent loading, the six output clocks are buffered befgtg, yrature clock would be generated by using an extra pair
driving the phase selection multiplexers. This way, changing ;nase selection and inversion multiplexers whose selects
the multiplexer select does not affect the core delay line phagg |4 pe offset by three relative to those generating the main
shift. . ) . . clock. This would create a 90interpolation interval offset,

The outputs¢, W of the_phase Inversion multlple_xer (_jr'veresulting in the required quadrature phase shift. In this case
the phase interpolator which generates the low swing dlﬁeretrrll—e core loop phase offset would impact the quadrature phase

tial CIOCkQ' This CIOCk.'S then amp-l|f|ed and pUﬁered th-rougr?f the selects of the extra multiplexers happen to wrap around
a conventional CMOS inverter chain generating the main clo e @ or 180 interpolation interval boundaries

(CLK). The peripheral loop phase detector [1] compares thatEven though the prototype does not implement quadrature

clock to the reference clock, generating a binary phase er ar :
S . ase generation, a low offset phase detector and careful
indication that is then fed to the FSM. The FSM based on t atching of the layout were used to ensure uniform spacing

phase detector (PD) output selects phases and controls of the six clocks. A self-biased DLL requires a linear phase

the phase interpolation. detector. To avoid start-up problems that would result from the
use of a conventional state machine PFD [7], the core loop uses
B. Core Loop the phase detector depicted in Fig. 7. This design comprises
To minimize the jitter supply sensitivity, all the delay buffer@n S—R latch augmented with two input pulse generators. The
in the design, from the input clockntCLK) to the output absence of extra state storage in this design eliminates any
of the phase interpolatorl®), use differential elements with start-up false locking conditions. Additionally, its symmetric
replica feedback biasing [6]. In order to linearize the looptructure and the use of pulse triggering minimize the core
gain and obtain large operating range, the core loop chalgep phase offset.
pump current is scaled along with the VCDL buffer current as The core of the phase detector is an S—-R latch-based phase
illustrated in Fig. 6 [7]. Voltagel,,, is generated through thedetector. The S—R latch ensures a 1§bhase shift between
replica-feedback biasing circuit whilg’, is a buffered version the falling edges of its inputs only when the duty cycle of
of the charge pump control voltagé,,. In addition to the core the two input clocks is identical. However, when the duty
VCDL buffers, voltages C’p and V., control the differential cycle of the two input clocks is different, this mismatch will
buffer elements of the peripheral loop. This ensures that pllopagate as a core loop phase locking offset. This happens
the buffers in the design have approximately equal delays amecause an unbalanced overlap of the two input clocks causes
that the edge rates of the interpolator input clocks) scale the output of the S—R latch to have a duty cycle deviating
with the operating frequency of the loop. from 50%. To compensate for this effect, the S-R latch is

Fig. 6. (a) Core loop delay buffer and (b) charge pump.
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g. 8. Phase detector and charge pump simulated transfer function.

case, the interpolation step is 1/16 of the &tterval resulting
augmented with two pulse generators which propagate a lawapproximately 2 peripheral loop nominal dither. Another
pulse on the positive edges of the input clocks. Since potentimportant requirement is that the design should provide for
overlaps are minimized, the design can tolerate large dugamless interpolation-boundary switching. This means that
cycle imperfections and still provide an accurate 218@ck when the input code is such that the weight on one of the
in the core loop. input clocks is zero, this clock should have no influence on
Fig. 8 shows the simulated transfer characteristics of thige output.

phase detector and charge pump over three extreme proce$tig. 9 shows a schematic diagram of the interpolator used
and environment conditions. The cycle time of the two input the prototype chip. This design is a dual input differential
clocks is set at 4 ns, while their duty cycles are mismatchedffer which uses the same symmetric loads as all the core
by 0.5 ns such that the duty cycle @, is 37.5% while VCDL buffers and peripheral loop multiplexers. The bias
the duty cycle of clockCy is 62.5%. It can be seen thatvoltagesV, and V., are identical with those biasing the rest
the transfer function is linear and has no offset or dead-bapfithe loop, ensuring that its total delay is approximately 30
around the 2-ns point where the loop actually locks. Howevest the clock period which is the same as the rest of the loop
the combination of input pulsing and duty cycle imperfectionguffers. Therefore, the transition time of the interpolator input
results in nonlinear transfer function characteristics at thgocks is larger than the minimum delay through the inter-
vicinity of the boundaries of the locking range (i.e., O angolator, and the two input transitions overlap. This condition
4 ns). The only effect of this nonlinearity is that the corensures that the interpolator outputs never settle at half of
loop can exhibit an initial slew-rate limited reduction of itshe swing range. The current sources of the two differential
phase error, since the output of the phase detector and chajgigs are thermometer controlled elements. The thermometer
pump is constant. After the phase error has been reducggdes are generated by a 16-b long up/down shift register
such that the phase detector Operates within its linear regiWhiCh is controlled by the periphera] |00p FSM. By Changing
the core loop will exhibit a conventional single-pole responsgye thermometer code, the FSM adjusts in a complementary
Harmonic locking problems, common in PLL's using S—Rashion the currents of the two input differential pairs resulting
phase detectors, are eliminated in this design since the cgyeg mixing of the two input clock phases. This design

loop is reset to its minimum delay at system start-up. (type-1) does not completely satisfy the seamless boundary-
) switching requirement. Even when the current through one of
C. Phase Interpolator Design the differential pairs is zero, the input still influences the output

The most critical circuit in the design of the peripheradf the interpolator. This influence is due to the capacitive
digital loop is the phase interpolator. The phase interpolatepupling of the gate-to-drain capacitance of the differential
receives two clocksp, ¢ and generates the main clogk pair input transistors.
whose phase is the weighted sum of the two input phasesFig. 10 shows an alternative design which does not suffer
Essentially, the phase interpolator converts a digital weighiom this problem. In this design (type-Il), the interpolator dif-
code generated from the FSM to the phase of clézk ferential pairs consist of unit cell differential pairs. Therefore,
Linearity is not important in the design of this digital-to-phaswhen one of the interpolation weight thermometer codes is
converter since it is enclosed in the peripheral loop feedbadlero, the corresponding input is completely cut off from the
The important requirement is that the interpolation processitput, eliminating the gate-to-drain coupling capacitance.
is monotonic to ensure that no hysteresis exists in the loopFig. 11 shows the simulated transfer function of the inter-
locking characteristics. Additionally, the phase step must Ipelator alternative designs. This simulation includes random
minimized since it determines the loop dither amplitude. In th{sc20 mV) threshold voltage offsets in the thermometer code
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Fig. 12. (a) Simplified FSM algorithm and (b) resulting loop behavior.

Fig. 13.

Prototype chip microphotograph.

current sources. The type-I design exhibits a nominal step @f, every cycle of its operation, the FSM might undertake two
approximately 2. However, due to the gate-to-drain capacitivg .ions.

coupling effect, the maximum step of 38.&ccurs at the
interpolation boundary when the input clogkis switched to

the next selection. In the lower power implementation where

In the more frequent case of in-range interpolation (i.e.,
weight # 0), the FSM simply increments or decrements
the interpolation weight by shifting up or down the

no buffering is used at the core delay line outputs (type-

I-unbuf), the data-dependent loading on the previous stage
results on a double phase step at the interpolation interval
boundaries. Although the alternative design (type-Il) does not
exhibit a boundary phase step, it was not used since it occupie$
more layout area and exhibits more nonlinear characteristics
due to data-dependent loading of the previous stage. So in

interpolator controlling shift register. The direction of the

shift is decided based on the phase detector output and
the current value of the statgEarly.
If the peripheral loop has run out of range in the current
interpolation interval, the FSM seamlessly slides the
current interpolation interval by switching phager 1 to

the present implementation, worst-case dithering occurs at
the interpolation interval boundaries and has an approximate

magnitude of 3.8

D. Finite State Machine

A simplified version of the peripheral loop FSM algorithm

is outlined in Fig. 12(a). The single stag&arly of the FSM

indicates the relationship of the two interpolator input clocks.

the next selection. The fact that the interpolation has run
out of range in the current interval is simply indicated by
a combination of the current value of the statearly, the
most or least significant bit of the thermometer register,
and the output of the phase detector. In case the current
selection of phase or ¢ is adjacent to the 0 or 180
interpolation interval boundary, switching to the next
selection involves toggling the select of the second-stage
phase inversion multiplexer.
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Fig. 14. Noise generation and monitoring circuits.

The loop phase capture behavior resulting from this simpheore complicated algorithms can be implemented requiring
algorithm is illustrated in Fig. 12(b). The phase error decreasminimal effort from the designer. Faster phase acquisition
at a linear rate until the system achieves lock. Subsequentign be obtained by disabling the front end counter/filter and
the loop dithers around the zero phase error point with changing the interpolation step by a larger amount while the
dither magnitude of one phase interpolation interval. Thieop is not in lock. The loop can also implement a periodic
occurs because in this type of “bang—bang” system, the outpliase calibration algorithm. In this case, the FSM is activated
of the phase detector is just a binary phase error withaduitially to drive the loop to zero phase error. Then it is
any indication of the magnitude of the phase error. Thehut down to save power and it is periodically turned on to
complementary interpolation weights slew linearly, changingpmpensate for slow phase drifts. Since the FSM can run
direction at the interpolation interval boundaries. Once th a frequency slower than that of the system clock, the
system finds lock, they either dither by one or they stagplementation of different algorithms is not in the system
constant if the dither point happens to lie on an intervaritical path.
boundary.

The magnitude of the peripheral loop phase dither is IV. EXPERIMENTAL RESULTS
determined by the minimum interpolation step and the To verify the dual DLL architecture, a chip has been
delay through the feedback loop. In conventional analdgbricated through MOSIS in the HP CMOS26B process. This
“bang-bang” DLL'’s, the loop delay is largely determined bys a 1.0um drawn process with the channel lengths scaled to
the delay through the delay line and the clock distributiod.8 m. Although the gate oxide in this processﬁiel.?OA
network. However, this digital implementation has a largedllowing 5-V operation, the loop design and testing was done
minimum loop delay. The underlying reason is that drivingiith a 3.3-V power supply voltage.
the FSM directly from the phase detector output might lead Fig. 13 is a micrograph of the chip. The chip integrates the
into metastability problems, especially since the whole loagual DLL, along with noise injection and monitoring circuits
operation is driving the phase detector to its metastable po&rid current-mode differential output buffers. The dual DLL
of operation. For this reason, in this implementation theccupies 0.8 mi of silicon area, the majority~60%) of
output of the phase detector is delayed by three metastabilithich is devoted to the peripheral loop logic. This is mainly
hardened flip-flops. This increases the mean time betwedune to the relatively large standard cell size of the library used
failures (MTBF) of the system to a calculated worst case of this implementation.
approximately 100 years, but at the same time increases th&he block labeled NOISE-GEN in Fig. 13 is used to inject
peripheral loop delay by three cycles. To compensate for tteaid measure on-chip supply noise. Fig. 14 shows a schematic
delay and decrease the loop dither, the FSM logic implemefiagram of these circuits. The 10Q@r wide transistord/;

a front-end filter which counts eight continuous phase deteckitorts the on-chip supply rails creating a voltage drop across
“up” or “down” results before propagating this signal to theéhe off-chip 4€2 resistor R;. In order to monitor the droop
core FSM. This causes the FSM to delay its next decisiam the on-chip supply, devic&/, and the external % load

until the results of its previous action have been propagatedrésistor R, form a broadband attenuating buffer which drives
the phase detector output and reduces the inherent periphral50€2 scope. The gain of the buffer is computed during an
loop dither to one phase interpolation interval. initial calibration step. The use of these circuits enables the

The digital nature of the peripheral loop control enabled thrjection and monitoring of fast{1-ns rise time) steps on the
implementation of the FSM to be done through synthesis ofoa-chip supply.
behavioral verilog model followed by a simple standard cell The dither jitter of the loop with quiescent on-chip supply
place and route. The FSM behavioral model was verified aries with the input phase. This occurs because the offset of
simulation in conjunction with a behavioral core loop modethe interpolator and the phase selection multiplexers change
The significance of this automated methodology is that othaccording to the point of lock. Fig. 15 shows the worst-
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Fig. 16. Jitter histogram with 1-MHz 750-mV square wave supply noise.

case jitter (68 ps) with quiescent supply. The jitter histograthe reference clock to a constant voltage while the input clock
consists of the superposition of two Gaussian distributioman at its nominal frequency of 250 MHz. The histogram
resulting from the switching of the peripheral loop betweewalleys correspond to the interpolation interval boundaries.
two adjacent interpolation intervals. The distance between thke spacing of the valleys is within 10% of their nominal
peaks of the two superimposed distributions is about 40 [833-ps distance, indicating good matching of the delays of
which is in fair agreement with the simulation results. Witlthe core loop buffers. The absence of one valley at the 180
the noise generation circuits injecting a 750-mV 1-MHz squaneterpolation boundary indicates a slight offset in the core
wave on the chip supply, the peak-to-peak jitter increaseslémp. The fact that the magnitude of the highest peak of the
400 ps (Fig. 16). It should be noted that simulation resultdstogram is smaller than the magnitude of the deepest valley
indicate that approximately 50% of this jitter is not inherent tindicates that the interpolator achieves the 4-b target linearity
the loop, but is due to the supply sensitivity of the succeedilfthe 4-b linearity of the interpolator was also confirmed by
static CMOS clock buffer and off-chip driver. a similar histogram of a single interpolation interval). Thus
Fig. 17 illustrates the linearity of the interpolation procesthe overall linearity of the DLL is limited by the steps at the
in the peripheral loop. The figure shows the histogram afterpolation interval boundaries.
the output clock with the peripheral loop FSM continuously Table | summarizes the loop performance characteristics.
rotating that clock. The histogram was generated by keepif¢th a 3.3-V supply, the loop operates from 80 kHz to
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Fig. 17. Interpolation process linearity.
TABLE | complicated phase alignment algorithms in a straightforward
PROTOTYPE PERFORMANCE SUMMARY manner.
Process 1 um (drawn), 0.8 um (effective) CMOS nwell A prototype using a linear self-biased core loop has been

implemented in a 0.8m technology. The prototype achieves
68-ps peak-to-peak jitter, 0.4-ps/mV supply sensitivity, and
Supply Voltage 33V 0.08-400 MHz operating range.

Power Dissipation 102 mW (@ 250 MHz)

Active Area 0.8 mm?
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