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ABSTRACT main pole(s) have to be set well below the regulator bandwidth. In
A technique for designing DLLs and PLLs using CMOS buffers with a contrast the proposed design uses a single-pole regulating amplifier to
regulated supply is presented. By scaling the charge pump current anggulate the virtual-supply without compromising either noise rejection
the output resistance of the regulating amplifier, the proposed loop®r the overall loop bandwidth.
achieve a wide bandwidth that tracks the operating frequency, a  Figure 1 illustrates the VCDL/VCO design. The control voltage
constant damping factor, large operating range and low noiseVcpdrives a simple regulating amplifier which generates the delay ele-
sensitivity. Prototype loops designed in 085 CMOS processes ment virtual supply (¥). The delay element design is not limited to
exhibit >10« operating range and less than 1% input tracking jitter. inverters - any CMOS gate or differential element whose delay changes
Introduction with variations on its supply can be used for that purpose. TheTglay

of these buffers is proportional to their output time constant, i.e:

Delay and Phase Locked Loops are integral components of conte . .
porary digital and mixed signals ICs. Integrating these semi-analong:rl?ﬁgrzgg ECLig ’thvgh‘?)rnercél_s?stlzntgj’ Li?liﬁgg?aggli?f?‘f the delay
blocks in the environment of a large IC requires dealing effectively with Fon ’

the_unavoidable supply an_d subs_trate noise. To address _this is_sue, Ron = VIBAVe -V OV 0ngurr (1)
designers usually employ differential delay elements combined with

some form of high bandwidth biasing scheme [1], [2]. However, Wherep is the process transconductanégthe device threshold, and
decreasing supply-to-threshold voltage ratios, have also led to the adof@mpurr the transconductance of a device biasé¢afhe VCDL and
tion of buffers based on variants of static CMOS gates with regulated/CO gain is then given by:

supply which acts also as the control voltage [3]. The advantages of 2

CMOS based delay buffers are their simple and portable design and KoL OCLp/[BHVe—Vr)] )
their relaxed supply headroom requirements. Their main disadvantage, Ky OB/Clp (3)
however, is their high control-voltage to delay gain; typically 1-% of

delay per 1-% of regulated supply/control-voltage. This high gain does  The regulating amplifier, depicted in Figure 2, is a two stage current
not directly affect the buffer noise sensitivity in a well regulated envi- mirror based design. Since the inter-stage mirroring Rjjas kept
ronment. However, in order to compensate for high gain, designers ar®w, the amplifier is virtually a single pole system and does not require
forced to reduce the loop bandwidth - typically regulated supply PLLsStabilizing compensation. The differential pair bias current is set by a
and DLLs achieve loop bandwidths that are 1-2 orders of magnitudecurrent mirror driven by the loop control voltaggp/The transconduc-
lower than their theoretical maximum (1/10th of the reference clocktance of the amplifier in unity gain configuration is simply
frequency). This low bandwidth results in loops with long acquisition Imop = Ry Dmin - SINCeYmn tracksgmpurs the bandwidth of the
times, high phase error accumulation, and limited operating range. Thigegulating loopg,os” Cpgc tracks the operating frequency and does
paper discusses techniques that eliminate these shortcomings. The priaot compromise the enclosing PLL/DLL stability even with variations
posed Delay and Phase Locked Loops exhibit wide bandwidth, lowin process and operating environment. The current dissipated by the

noise sensitivity, short acquisition times, and large operating range. amplifier also scales with operating frequency. To minimize the offset

Delay Element Design betw_e_en \:p and _Vp and mal_ntaln high satu_ratlon margins in the

Conventional regulated-supply voltage-controlled delay lines andampllfler, the amplifier current is set to be 2-3 times larger than thg cur-
._rent consumed by the VCDL/VCO delay elements. The remaining

oscﬂllatorslt (VCDLS/VCtOS)tcomt[:]rlse ?] cars]_ca;]dfa of zuffers Vl‘"th thtelr small offset does not affect the DLL/PLL operation since the regulating
supply voltage connecte opY through a high impe ance element. I8op is enclosed within the larger phase or delay locked loop.
Typical designs employ a cascoded current source or a linear secon

order integrating regulator [3], [4]. The “virtual-supply” nod&-) is T T
heavily coupled to ¥gin order to isolate Mp variations and maked4 I 1
noise transparent to the delay buffers. Thus, conventional designs
exhibit an unavoidable trade-off between increased noise rejection and
regulator bandwidth. Maximizing noise rejection by decreasing the

frequency of the pole formed on nodg ®lso means that the overall V.
loop bandwidth has to be compromised. To ensure stability the loop —— f
VCP \5 - - Tl - :i

/ D—E% Figure 2: Regulating amplifier

Ve = As long as the amplifier output PFETJMemains saturated, the

________________ static supply rejection of the design is dictated by the regulating ampli-
i ,M .......... “&O—“ fier open loop gain. The dynamic supply rejection is determined by the
i low-pass filter formed by the output impedance of &hd the total
TCDEC i capacitance on nodexVThe regulating loop attenuates supply steps by
= more than a factor of 15 achieving a worst case supply sensitivity of less

than 0.06%-delay/1%-supply. The maximum operating frequency of

Figure 1: VCDL and VCO design
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the VCDL or VCO is determined by the “virtual supply” voltage
needed to run the delay buffers at the required clock period, plus the El_

voltage headroom required to keep, M the saturation region. _up
DLL Design — 5|— [ [ —

A common property among regulated-supply and current starved delay CKin \ |__|

buffer designs is that their delay range is very broad. However, as “l

Equation (2) indicates, this broad delay range comes at the expense of =
a non-linearly varying delay gain over the operating frequency range.
This property causes DLLs employing this type of buffers to either have

a very narrow range or increased jitter. Consider a conventional charge
pump DLL with a single poleufp) transfer function: CKrer %_49_

H(s) = — 1

dn
1+s/wp  1+sUCcp/(Icp Kp [FRep) @ IS?}“‘ {>°—[>°—‘_|
whereCcp andlcp are the charge pump capacitor and current |_
respectivelyKp, the delay line gain arfkggthe operating frequency. h]_ —

Increasing<p means that the ratiop/wregincreases with decreasing =

Freg This effect undermines the loop stability and limits the DLL Figure 4: Core DLL phase detector
operating range. Even when a broad operating range is not a. . . . . .
requirement, minimizing the DLL'’s steady state ripple requires that the>™ pseudo-differential outputs span 2&d drive the interpolating

I p/Cep ratio must be set to an appropriately low value considering theperipheral loop which generate the I/O interface clocks, under the con-

Gh dlay Gaor (sl e sowest processand temperatre [ . °C2ET120 pase Sleclor s e St eching, To
at a particulaFggp. To eliminate this problem we can linearize the P P P

loop gain by adopting a technique similar to the differential buffer self- dither jitter that is constant in degrees, the peripheral loop and the rest

biasing proposed in [2]. If the DLL charge pump current is setdy V of the transceiver are powered by a switched power supply that repli-

: . - ._cates the core DLL's control voltage-M
through the same scheme used in the regulating amplifier, the resultlnﬁ . .
charge pump current will be given by: Although the analysis above assumes a linear DLL, the proposed

technique can be also applied to a “bang-bang” type DLL. In the latter
lep = SCCpEB [(VC_VT)2 (5) type of design, scaling the charge pump current ¥ results in a
DLL whose dither jitter is a constant fraction of the reference clock
wheresc is the scaling factor in the charge pump bias current mirror. period. However, since typical designs strive to minimize dither jitter
By combining Equations (2), (4) and (5) we obtain: by decreasing the:p/Ccp ratio, a “bang-bang” DLL will usually
®) exhibit a lower “bandwidth” than its linear counterpart. For that reason
the prototype DLL uses the linear phase detector shown in Figure 4.
Equation (6) shows that the process and environmental conditionThis precharged design is a Phase-Only-Detector which, similarly to a
dependent termsV/, B) cancel, and the loop bandwidth tracks the state machine Phase-Frequency-Detector (PFD), outputs two overlap-
operating frequency. The ratio @b to Frep is determined by a well  ping pulses of equal duration when the input phase error approaches

Wp 08¢, tFrepCy p/ Cep

controlled scaling fact@c,, and the ratio o€ p to Ccp SinceC, p and zero. The absence of extra states eliminates loop start-up problems,
Ccp consist predominantly of gate capacitance their ratio tracks verywhile (unlike the phase-only detector proposed in [6]) the resulting
well over process resulting in predictable loop characteristics. steady state ripple and offset are minimized without impactingo
eliminate the deadband of the original precharged design in [7], extra
Ph. Detect Vep delay is inserted between the master and slave stages and the interme-
Chg. Pmp. c diate nodes of the NFET stack are precharged.
PLL Design

Conventional PLLs (Figure 5), lock the phase of the output clock of
their voltage-controlled oscillator to the phase of the incoming
reference clock. This is accomplished under the feedback provided by

combination of the loop PFD, charge pump, and filter. Since, the loop
transfer function contains two poles at the origin (one from the filter
integrator and one from the VCO), a zero is required to stabilize the
loop. This zero is commonly implemented by using a resistor in the
loop filter. A higher order pole is usually employed to filter the high

_ lep cO
Figure 3: DLL block diagram KV v
PFD —_—
The proposed design technique has been applied in a DLL inte- S
grated in the parallel I/O transceiver discussed in [5]. The DLL imple- (*)ROEF lep R

ments the dual-interpolating architecture proposed in [6]. The core
loop, shown in Figure 3, consists of a regulated-supply delay line com- T Cep
prising six pseudo-differential delay elements, the regulating amplifier = =

of Figure 2, a self-biased charge pump, and a linear phase detector. The Figure 5: Conventional PLL block diagram
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frequency phase noise resulting from the resistor charge-pump

combination. The closed-loop transfer function of the conventional up/dn
PLL can be shown to be [8]: CP;
1+20 3/ wg
H(s) = N @) Kooy

1+2[0 ES/wB+(s/wB) leT
PFD cp
where the loop damping factgrand bandwidthwg are given by: — ! |
C, V,

¢ = 05RO/lep Ky Eep/N and wg = 2[Z/(ROC;p) (8) T P ¢
Achieving a non-overly uderdamped loop response reqqitesger
than 0.7, while minimizing phase error accumulation requires c l
maximizing the loop bandwidttag. Both of these goals are difficult to PEC
achieve under varying process, environmental conditions and loop I
multiplication factorN. PLL designs have to first satisfy stability

Amp

constraints under worst operating conditions. As a result conventional L] -y CKouy
PLLs achieve relatively low bandwidths and accumulate phase error for
a large number of cycles. Regulated supply delay elements exhibit a )
static supply sensitivity which is typically 2-3 times larger than the Figure 7: PLL block diagram

sensitivity Of. thelir differential counte.rparts (although.their qunamic inverters whose “virtual supply” is regulated by the amplifier of Figure
supply rejeqtlon IS usua_lly be“‘?')- This propert_y cc_)_mblned with a low 2. The VCO output clock is converted to full CMOS levels by a simple
PLL_bandW|dth results in relatlvg_ly poor tra_lcklng Jiter performan_ce, two stage current-mirror based amplifier. The clock feedback path con-
albeit acceptable cyclg-tp-cycle jitter for microprocessor appl'C‘F’lt'ons’sists of a 2-8 programmable divider whose output drives the loop PFD.
[3] Attemdptlng to [Eaxmlze th%I%OIPLbandw:gth by varyleg al?rr:e | The output of the phase detector drives two charge pumps. The first
(?Sb\’;l?sb one 'T edproposet | )f wou compi/lilohmlses ed %Op‘lntegral" charge pump CPRgenerates the loop integral control voltage
;at ”g. 3{ over ybre ucm%rjl ovr\]/ei;] ;gqlztljeln(:les atis neet et V|nT- This voltage is then buffered by the regulating amplifier whose
Instead 1s to vary otfp andR such thatR O cp remains constant output is shunted with the output of the second “proportional” charge
over_the ope_ratlng f_requency range. According to Equa_tlon ) thlspump CRB to form the VCO control voltagé.. The PLL higher order
refct];:lremerllt LS saﬂsﬂeﬁlﬁﬂj 1/p [(.VCN_ VT}’)l'b'.tT:]he' output |rtnPedance pole is determined by the “virtual supply” capacita@ggc and the
of the regulating amplifier conveniently exnibits this property: amplifier output impedance and tracks the operating frequency as well.
Rop= 1/9mop = 1/ (S¢p Wmpurp) (9) By combining quatlons (3), (5), (8), 9 we can shovy that the loop has
the same properties as a differential self-biased PLL:

Furthermore, if the loop’s stabilizing resistor is formed by the output Cc
impedance of the VCO regulating amplifieng will track wg OnFgree0/sc, [N CL Z[I— o)==k CC (10)
Frer = Ompupe/ (2 OC 5 [N)  (wherenis the number of VCO N cp Sop N N Cip
buffers). Implementing a PLL stabilizing resistor through active A side benefit of the loop configuration of Figure 7 is taag andl cp,
components has been originally proposed in [9] and adopted by theéan be scaled independently to compensate for varying frequency
self-biased differential PLL in [2]. As illustrated in Figure 6-(a) the multiplication factorN, thus enabling the loop to always achieve close
to optimal characteristics. Figure 8 shows the charge pump that was

used in the prototype PLL to take advantage of this fact. The charge

y f I cp(T)dr pump is biased through a current mirror based DAC whose bias is
P Vep(t) = 0 ~ 4 lcp(t) [R established by the loop integral control voltaggr. In the prototype
C PLL the bias DAC control words are externally configurable to allow
lep R testing flexibility. In a production-grade PLL the two charge pump
T Cep control words can be generated by a lookup table drivéxh e 3-2
= = @) predriver circuit is also optimized such that the charge pump output

currents overlap over varying conditions to minimize period jitter.

VCPVcP(t) —'r e (O IC 2() _

Cep Imor oI >0
Cep
= T = (0) Vour

Figure 6: Implementing the PLL stabilizing zero

lcpz

control voltage of a conventional PLL at any point in time is determined

by the aggregate charge stored on the loop capacitor plus theﬁo_[>o_[>°_[>°_|

instantaneous voltage across the filter resistor. This configuration is

equivalent to the one depicted in Figure 6-(b) where the integral voltage = = N S A
acrossCep is first buffered by the unity gain amplifier and then Cs C; Co

augmented by the instantaneous voltage formed by the second charge
pump and the amplifier output impedance.

Figure 7 illustrates the proposed PLL. The VCO consists of five Figure 8: Charge pump schematic
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Operating Range 33-500 MHz

Active Area 0.035 mrh

Phase Offset <20-ps

Core-loop Jitter 22-ps peak

Dual-loop Jitter 45-ps peak

Power Dissipation 37-mW (core) @3.3-V
19-mW (peripheral) @3.3-V

Technology 0.35:m HP/CMOS10B

Table I: DLL performance summary (@400-MHz)

Figure 9: DLL core loitter )
Results g @l Operating Range 30-650 MHz

Both the DLL and PLL have been designed in CMOS processes offered

by MOSIS. The DLL has been fabricated along with the transceiver Active Area 0.047 mrh
chip described in [5] in the 0.35m HP CMOS10 process. The DLL Phase Offset <15-ps
core loop operates from 33-500 MHz, while the peripheral loop
operating range was more narrow 100-500 MHz (limited by the input Tracking jitter <80-ps peak (10% Vdd noise)
receiver design). Figure 9 shows the loop jitter (22-ps pk-pk) while o )
operating at 400-MHz with an active transceiver core. Table | Period jitter <20-ps peak (10% Vdd noise)
summarizes the measured DLL chargcteristics. Power Dissipation 21.5-mW @3.3-V

The proposed PLL has been designed for the MOSIS/TSMC 0.35-
um process and is currently being fabricated. Simulation results (per- Technology 0.33m TSMC/CMOS
formed with backannotated netlists) indicate that the operating range is
20-600 MHz. Figure 10 shows the simulated acquisition and noise Table II: PLL performance summary (@500-MHz)
response while the PLL is operating at 500-MHz with N=2 (PFD input Acknowledgments

offset, output cycle time and output clock duty cycle are plotted). After
the control voltag®/ T is reset to &+ drop below the supply the loop
acquires lock within 100 cycles. A 10% supply bump with 1-ns rise
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Figure 10: Simulated PLL acquisition and noise response
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