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Abstract—This paper describes a low-voltage low-jitter clock digital logic gates are required to convert a conventional DLL
synthesizer and a temperature-compensated tunable oscillator. jnto a wider range self-correcting DLL. For comparison, in [2]
Both of these circuits employ a self-correcting delay-locked loop a second DLL is added to achieve wider range operation

(DLL) which solves the problem of false locking associated with Th thesi tined in thi ¢ id
conventional DLLs. This DLL does not require the delay control € synthesizer outlined In this paper operates over a wide

voltage to be set on power-up; it can recover from missing refer- range of input reference clock frequencies and generates a low-
ence clock pulses and, because the delay range is not restrictedjitter output clock running at nine times the reference frequency.

it can accommodate a variable reference clock frequency. The Jitter measurements of 3.2 ps rms and 20 ps peak-to-peak, for
DLL provides multiple clock phases that are combined to produce a 2-V supply and 1-GHz output frequency, show that the core

the desired output frequency for the synthesizer, and provides .
temperature-compensated biasing for the tunable oscillator. with DLL compares well with recently reported DLLs [2], [3]. Mul-

a 2-V supply the measured rms jitter for the 1-GHz synthesizer tiple clock phases from the DLL are combined using digital
output was 3.2 ps. With a 3.3-V supply, rms jitter of 3.1 ps was logic to produce the synthesizer output [4]. An alternative ap-

measured for a 1.6-GHz output. The tunable oscillator has a 1.8% proach requiring a pair of on-chip tun&@-tanks is described
frequency variation over an ambient temperature range from in [5]

gigﬁaf%ﬁosc .p‘rl':cee;:;r.cunts were fabricated on a generic 0.5m The tunable voltage-controlled oscillator (VCO) is intended

. oo for use in a transceiver where the receive and transmit clocks
Index Terms—CMOS analog integrated circuits, delay-locked . . .
loops, frequency synthesizers, tunable oscillators, voltage con-ar€ pIeSIOChronous.. It 'S_ pos?'b'? FO tune the VCO afo‘%”d a
trolled oscillators. center frequency while still maintaining good temperature inde-
pendence. In some applications it may also act as a replacement
for a fractional-N-type synthesizer. This circuit is similar to the
oscillator described in [6] but it uses a lower jitter DLL in place
RADITIONALLY, phase-locked loops (PLLs) have beerof the PLL and can operate over a wider frequency range.
used for clock synthesis. The synthesizer and tunableln Section Il the DLL architecture is discussed, starting with
oscillator outlined in this paper employ a delay-locked loop review of a conventional DLL and progressing to the new
(DLL). A DLL is more stable than higher order PLLs andself-correcting architecture. Section Ill outlines the clock syn-
requires only one capacitor in its first-order loop filter. Orhesizer architecture. This is followed in Section IV by an out-
the other hand, a PLL generally requires a more complére of the temperature-compensated tunable oscillator archi-
second-order filter. This filter usually employs larger comtecture. Section V discusses the circuit layout and Section VI
ponents which may need to be off chip. Additionally, a DLlintroduces measured performance results for the two circuits.
offers better jitter performance than a PLL because phase errbhés paper then concludes in Section VIl with a summary of the
induced by supply or substrate noise do not accumulate owashievements of this work.
many clock cycles [1].
The self-correcting DLL overcomes problems of false II. DLL A RCHITECTURE
locking associated with conventional DLLs. A self-correctin
circuit detects when the DLL is locked, or is attempting to lockK,
to an incorrect delay and then brings the DLL into a correct A simplified block diagram of a conventional DLL is illus-
locked state. This DLL does not require the delay contrédated in Fig. 1. This circuit contains a voltage-controlled delay
voltage to be set on power-up; it can recover from missidime (VCDL), a phase detector, a charge pump, and a first-order
reference clock pulses and, because the delay range is Inop filter. The delay line, consisting of cascaded variable delay
restricted, it can accommodate a variable reference clock fegages, is driven by the input reference cladief The output
quency. This paper describes how a small number of additiomdlithe delay line’s final stage and thekref falling edges are
compared by the phase detector to determine the phase align-
Manuscript received July 19, 2000; revised October 24, 2000. This work waienterror. The phase detector output is integrated by the charge
supported by Parthus Technologies. pump and loop filter capacitor to generate the control voltage,
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Waveforms with false lock.

(a) Three-stage VCDL. (b) Waveforms with correct lock.
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provide additional information about the nature of the locked
delay. In the prototype the delayed phasg4,9), are decoded
to indicate the VCDL delay. If the delay is outside an accept-
able delay range then the lock-detect circuit takes control of the
loop from the phase detector. The lock-detect circuit signals the
charge pump to charge or discharge the filter capacitor until it
is safe for the phase detector to regain control of the loop.

Three control signals are produced by the lock-detect circuit:
over to indicate that the VCDL delay is greater than 1.5 ref-
erence clock periodsjnderto indicate that the delay is less
than 0.75 clock periods, amdleaseis activated when the delay
reaches 1.25 clock periods. Theleasesignal clears thever
andundercontrol signals and removes the phase detector from
reset. The phase detector then regains control of the loop. If nei-
therundernoroveris active then the phase detector has control
of the loop and the DLL is either in correct lock or approaching
correct lock.

If the DLL is in lock and it is brought out of lock because
of missing reference clock pulses or a step in the input refer-
ence frequency, then the DLL may inadvertently try to lock to

(cfn incorrect delay. The DLL is allowed to attempt to reach the

undesired lock delay until it triggers either aweror anunder
signal at which time the lock-detect circuit takes control of the

DLL may lock or attempt to lock to an incorrect delay. In Fig. DLL loop.

we show correct and false locking for a three-stage delay line o

[Fig. 2(a)]. Fig. 2(b) shows the output phases at each stdge Lock-Detect Circuit

(91, ¢2, and¢3) with the delay line in correct lock. The DLL  The VCDL output phases are first level shifted to CMOS
control loop has aligne@3 and ckref The total delay is one levels. The level shift circuitry is designed to have high gain
period of the reference clock. In Fig. 2(¢B and ckref are and fast rise and fall times. This helps to minimize any jitter
again aligned but the total delay is two clock periods. The DLontribution from this circuitry. The level-shifted output phases,
can also falsely lock to three or more periods of delay or caf{1:9), are latched on the rising edge of the reference clock. The

attempt to lock to zero delay.

B. Self-Correcting DLL Architecture

outputs from these latches are processed by the decode circuitry
as shown in the schematic of Fig. 4. The inp}$1:8), corre-
spond to thes(1:8) output phases of the VCDL. Fig. 5 shows

Fig. 3 shows a block diagram of the new self-correcting DLLexample output waveforms for a nine-stage VCDL. In Fig. 5(a)
The problem of false locking is solved by the addition of a lockwhen the state of the VCDL output phases is decoded none of
detect circuit and by some slight modifications to the convethe control signals are activated as the VCDL is correctly locked
tional phase detector. The DLL incorporated in the two desigts one period of the reference clock. In Fig. 5(b) the VCDL is
reported in this paper employs a nine-stage VCDL as showniirtorrectly locked to two periods of the reference clock and the

Fig. 3.

state of the output phases is decoded to activatesbecontrol

In a conventional DLL, only the state of the output of thaignal.
last delay element is used. From the example in Fig. 2, we carlhe phase detector outputanddn, signal the charge pump
see that the state at the outputs of the other delay elementstoacharge or discharge the filter capacitor. An activeroutput
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A three-transistor VCR structure is adopted for better control
(@ (b) linearity. The DLL negative feedback control loop compensates

Fig. 5. Nine-stage VCDL waveforms with (a) correct lock and (b) false IoclJOr Var,latlons,ln the stage delay dueto process ar.]d tempergture.

The differential delay stage structure and coupling capacitors

L between bias lines and supply help to minimize supply-induced
from the lock-detect circuit disables the phase detector and ?rﬁ'er noise.

tivates theup control signal. Similarly, the lock detecinder

output activatesin. Following power-on reset the lock-detece charge Pump

circuit is initialized by settingveractive. This ensures a faster . i .
acquisition time for the DLL because the filter capacitor is conl; The charge pump charges or discharges the filter capacitor.

tinuously charged to a voltage level corresponding to 1.25 refbe voltz_;\ge on this capa_cnpr/,cntl, sets the VCDL _stgge
erence clock periods. At this VCDL delay, treleasesignal is propagation delay. To minimize the temperature variation of

activated and the phase detector gains control of the loop a{HS VC.DL delay, the charging and d|sc_harg|ng currents are
brings the DLL to lock. The state of the output phases corrBfoportional to absolute temperature. This helps to maintain a
sponding to a delay of nine reference clock periods is the saffrstant loop gain and phase margin over temperature.

as that corresponding to a single reference clock period delay.

T LT ?'Phase Detector
This circuitry is therefore only capable of detecting incorrect o _
delays up to eight periods of the reference clock. This is not aThe phase detector, shownin Fig. 7, employs the conventional
limitation of the design as any delays above this would be ofequential-phase-frequency detection scheme [7] but extra gates
side the delay range of the VCDL. In general, the error detectibave been included. This extra logic enables the lock-detect cir-
|ogic can detect an incorrect lock de|ay upNO_ 1 periods of cuit to over-ride the phase detector control of the |00p. The lock-
the reference clock, whet¥ is equal to the number of VCDL detect output signal@verandunder, now have direct control

output phases. of the charge pump. The lock-detect circuit can therefore charge
or discharge the VCDL control voltagegnt], to a voltage from

D. Voltage-Controlled Delay Line (VCDL) which it is safe for the phase detector to regain control of the
loop.

Fig. 6 shows one of the VCDL delay stages. The stage IS
designed to operate from a supply as low as 1.8 V and is similar
to that used in [7]. The stage propagation delay is proportional
to the tail current for the output charging and to the voltage- The clock synthesizer generates a differential output clock
controlled resistor (VCR) resistance for the output discharginginning at nine times the input reference frequency. The clock

I1l. CLOCK SYNTHESIZER ARCHITECTURE
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synthesizer employs the DLL structure shown in Fig. 3 to gen- ckveo
erate the multiple clock phases that are then combined to pro- vco
duce the output clock. There are two steps in the generation of

the output clock. The first step combines the nine DLL outp(it9- 11- Tunable VCO architecture.
phasesy(1:9), to generate three clocks ck1, ck2, and ck3. Fig. 8

shows the clock waveforms. These three clocks are phase sef
arated by one-ninth of a reference clock period and have a fre- vbias Vbias2
guency three times that of the reference clock. Fig. 9 shows how

the¢l, 4, ands7 output phases are combined in an optimized
AND-OR structure with symmetrical delays to generate the ckl
clock. Using identical logic the2, ¢5, and#8 phases produce
the ck2 clock and thé3, #6, and¢9 phases produce the ck3

clock. . in+— b-in-
The second step in generating the synthesizer output clock . o
out- oul

is to combine these three clocks in anothe&D-OR structure tune - IEL
to produce a differential output clockk+ andck—, running at 1 1 VCR VCR

veasc Vcasc2

nine times the reference clock frequency; see Fig. 8. This design ventl
produces a 1.62-GHz output clock frequency for a 180-MHz
reference clock frequency. For a Q51 3.3-V CMOS process Fig. 12. Tunable VCO stage block diagram.
there is a bandwidth limitation of approximately 500 MHz for
reliable on-chip clock transmission [8]. The high bandwidth
available at the chip outputs is utilized (determined by the ex-
ternal pull-up resistor and load capacitance) [8] to produce the
1.62-GHz clock as shown in Fig. 10. TheD function of the The temperature-compensated oscillator utilizes the control
clock generation is performed in the chip core and the armafog loop voltage ventl, of the DLL (Fig. 3) to compensate for any
function is performed in the I/O ring. External pull-up resistoreemperature and supply voltage induced frequency fluctuation
set the output swing and match the output impedance to thaimmfr VCO. Fig. 11 shows how the VCO and VCDL stages are
the test equipment. Damping resistors are included to avoid amgth connected tacntl. (For ease of illustration a conventional
oscillations resulting from the combination of the lead and piDLL is shown in Fig. 11 but in practice the new DLL architec-
inductance and load capacitance. This removes the necessitiyte of Fig. 3 is employed). The VCDL in the DLL tracks tem-
double bond these high-frequency outputs. perature and process variations in the VCO circuit. The VCO is

|||—
i1

IV. TEMPERATURECOMPENSATED TUNABLE VCO
ARCHITECTURE
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composed of the same delay stages as the VCDL and its temp&y-17. VCO frequency variation with temperature.
ature (and process) variations will therefore be the same (apart
from some minor random mismatch effects and thermal gradi- 480 |-

ents across the diejcntl thus compensates for the VCDL and _ Zzg

VCO temperature fluctuations. The last VCO stage has anaddi- = 45,

tional tuning voltagetune which fine tunes the VCO frequency. E, 440

By varying the tune voltage it is possible to tune the VCO center g gg
B

frequency to withint3%. A wider tuning range can be achieved

by varying the frequency of the DLL reference clockref 400
The schematic of the last VCO stage is shown in Fig. 12. This 390

stage is identical to the other VCO and VCDL stages except that Lo 15 2-91, 25 30 35

the VCR contains a transistor which is connected to the external une (V)

tuneVOltage. In all other stages this transistor is connected It@ 18. VCO frequency variation with tune voltage.

ground. The extra charging current required in this VCO stage

is provided by the controlled current source bidg.s:. ature-compensated tunable oscillator has an active area of
0.7 mn?.

410

V. CIRCUIT LAYOUT

The synthesizer and temperature-compensated tunable VI. TESTRESULTS

oscillator were fabricated on a standard @r-triple-metal Fig. 14 shows a histogram of the edge jitter on the 1.62-GHz
single-poly digital CMOS process. The die photomicrograpsynthesizer output clock for a supply of 3.3 V. Edge jitter of
of the device, containing both the synthesizer and tempefal ps rms and 20 ps peak-to-peak were measured. The jitter
ture-compensated tunable oscillator, is shown in Fig. 13. Theeasurements of 3.2 ps rms and 20 ps peak-to-peak, for a 2-V
synthesizer has an active area of 0.6 Tnamd the temper- supply and 1-GHz output frequency, show that the DLL core ex-
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TABLE |

MEASURED SYNTHESIZER CHARACTERISTICS

1GHz Edge jitter (peak-to-peak) < 20ps
1GHz Edge jitter (rms) 3.2ps
1GHz inter-period jitter 100ps
Power supply 1.8-3.3V
Current consumption @ 2V:
Synthesizer 20mA
Output Driver TmA

Output Clock Frequency Range @ 2V

600MHz to 1GHz

Output Clock Frequency Range @ 3.3V

900MHz to 1.6GHz

On chip loop filter capacitor 20pF

Loop Bandwidth IMHz

Active area 0.6mm”
Process 0.5um CMOS
Device package 44-pin CLCC
PCB substrate FR4

TABLE 1l

MEASURED TUNABLE OSCILLATOR CHARACTERISTICS

400MHz frequency variation over | 1.8%
temperature range 0 to 85°C
Frequency Tuning Range 200MHz to 500MHz
400MHz Edge lJitter (rms) 29ps
400MHz Edge Jitter (peak-to-peak) 180ps
VCO supply sensitivity (open loop) 0.83%/V
Power supply 3.3V
Current Consumption @ 3.3V:

DLL + Tunable VCO 42mA

Output Driver 6mA
Active area 0.7mm’
Process 0.5pm CMOS

hibits better jitter performance than that reported for the higher
voltage DLLs (3.3-V supply, 0.3 CMOS, 4-ps rms jitter) in

[2] and (5-V supply, 0.7:m CMOS, 10-ps rms jitter) in [3]. The
measured jitter (rms) variation versus synthesizer output fre-m
quency for a 3.3-V supply is shown in Fig. 15. With the supply
reduced to 1.8 V, the rms jitter was measured at 4.9 ps for an
output frequency of 720 MHz. Fig. 16 shows this 720-MHz syn-
thesizer output. Mismatched propagation delays and interblock
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the tune voltage. As can be seen from the plot, the relationship
is close to linear. It is possible to tune the frequency around a
center frequency in the range from 200 to 500 MHz by selecting
an appropriate input reference frequency. This ensures that this
scheme can be used for a wide variety of applications. The mea-
sured jitter on the 400-MHz output was 29 ps rms and 180 ps
peak-to-peak. Table | shows the measured synthesizer charac-
teristics. Table Il summarizes the measured characteristics of
the temperature-compensated tunable oscillator.

VIl. CONCLUSION

In this paper, a robust self-correcting low-jitter DLL was used
as the basis for a low-voltage high-frequency synthesizer and a
temperature-compensated tunable oscillator. The DLL does not
require the VCDL control voltage to be set on power-up. The
DLL can recover from missing reference clock pulses and it
can track step changes in a variable reference clock frequency.
The synthesizer has significantly lower edge jitter than the tradi-
tional PLL-type synthesizer [9] and other reported DLL circuits
[10], [11]. The temperature-compensated tunable oscillator pro-
vides a temperature-stable tunable frequency that varies by just
1.8% over the 0C to 85°C temperature range.
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