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An All-Digital Phase-Locked Loop for High-Speed Clock Generation
Ching-Che Chung and Chen-Yi Lee

Abstract—An all-digital phase-locked loop (ADPLL) for ADPLL
high-speed clock generation is presented in this brief. The pro- REF CLE -
posed ADPLL architecture uses both a digital control mechanism PED @j Controller
and aring oscillator and, hence, can be implemented with standard [ -
dco.

| LOCK
out_divM coarse[5:0] — fine[50]

v Y

cells. The ADPLL implemented in a 0.3xm one-poly-four-metal
CMOS process can operate from 45 to 510 MHz and achieve worst

case frequency acquisition in 46 reference clock cycles. The power Freauency o
dissipation of the ADPLL is 100 mW (at 500 MHz) with a 3.3-V -
power supply. From chip measurement results, thé?,—P jitter of "MQ _ )
the output clock is < 70 ps, and the root-mean-square jitter of the outruT jOUT_CLK
output clock is < 22 ps. A systematic way to design the ADPLL -
with the specified standard cell library is also presented in this
brief. The proposed ADPLL can easily be ported to different
processes in a short time. Thus, it can reduce the design time
and design complexity of the ADPLL, making it very suitable for
system-on-chip applications.

Loop filter
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Fig. 1. Proposed ADPLL block diagram.

is worse than analog designs. The ADPLL proposed in [9]
Index Terms—All-digital phase-locked loop (ADPLL), clockgen-  can achieve fine resolution and fast lock-in time; however, its
erator, frequency synthesizer, HDL, low jiter. digitally controlled oscillator (DCO) needs to be fullly custom
designed, making it difficult for porting to different processes
|. INTRODUCTION as design requests. A complete cell-based ADPLL is proposed

HASE-LOCKED loops (PLLs) are widely used for fre_in [8], where fine-search delay matrix architecture is developed

. s N 0 improve the DCO'’s resolution. Also, two DCOs are used to
quency synthesis applications [1], [5], [7]-[3]. For portabl(%educe output clock jitter effectively. However, the proposed

or mobile applications, lock-in time is very important since thF e-search delav matrix occunies a large silicon area and has
PLL must support fast entry and exit from power manageme}riﬂ y P 9

techniques [9]. Jitter less thah4% of the clock cycle time is gh power consumption.

typically needed to avoid functional failures in a microprocessor In this brief, an ADPLL with a novel flne-tL_lnlng_ delay ceII_ S
[1]. Thus, how to design a fast-locking PLL with low-jitter Ioer_presented. It can reduce both cost and design time for building

formance in a short period is the goal for this research. a high-resolution cell-based DCO. The proposed frequency
racking algorithm, which uses an adaptive search step, can

Due to high integration of very-large-scale integration (VLSI% . .
systems, PLLs often operate in a very noisy environment. T 8h|eve fast lock-in time. The proposed ADPLL has been

7= o . rified on silicon using TSMC 0.3aim one-poly-four-metal
digital switching noise coupled through power supply an}@MM) CMOS process standard cells with 3.3-V power

substrate induces considerable noise into noise-sensitive an .
circuits [1], [3]-[7]. Many analog approaches are proposesdjgply' It has a frequency range of 45-510 MHz with DCO

to improve the jitter performance of PLLs, such as choosi SOIUF.'S” pette;zthan 5 g; T;e"glea_suregoroot—meant-ﬁ quare
a narrow bandwidth or using a low-gain voltage-controlle S) Jitter is <22 ps andP;—P jitter is <70 ps over the

oscillator (VCO) [5]. However, those analog approaches oft rrt?igeg% Eage I\(;If ADPLL. Powter dlst,.s |pdat|qn<sloo mV\r/1 that
result in long lock-in time and increasing design complexity B £. Moreover, a sysiematic design approach tha
the PLLS. uses the advantages of digital VLSI is proposed in this brief

Recently, all-digital phase-locked loops (ADPLLS) havéor a truly portable and cost-effective ADPLL-based frequency

. : - synthesizer solution.
become more attractive because they yield better testabﬂﬁ?;n . o . .
programmability, stability, and portability over different pro- This brief is arranged as follows. Section Il describes the

osed ADPLL architecture. The implementation of the pro-
cesses [2], [8], [9], and they can reduce the system turnarodfi@P . !
time. The digitally controlled PLL (DCPLL) [2] has beenIoosed ADPLL using TSMC 0.3pim 1P4M CMOS process is

proposed to achieve fast lock-in time, but due to the low SeWesented in Section Ill. Section IV shows simulation and mea-
sitivity of the frequency detector and the resolution Iimitatiorciurement results of the prototype chip. Section V concludes with

of the digital-to-analog (D/A) converter, its jitter performancg1 summary.
Manuscript received February 4, 2002; revised August 26, 2002. This work Il. PROPOSEDADPLL ARCHITECTURE
was supported by the National Science Council of Taiwan, R.O.C., under Grant )
NSC90-2215-E-009-105. Fig. 1 shows the block diagram of the proposed ADPLL.
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two DCOs in the ADPLL; one is used for tracking the reference TR ﬂLHJ" il
clock and the other is used for generating the output clock. IEvAVAVAVAVAVAVAYS A Aty vt

The output clock of INNER DCO is divided byl then con- L N [
nected to the PFD. The PFD detects the frequency difference ., |
and phase error between reference clock (REF_CLK) and di- o T — =
vided output clock (dco_out_divM). It then generates an up Lo—{h —Tn — ] T
(P_UP) signal or down (P_DOWN) signal to indicate that the NV <7 '
INNER DCO should be speeded up or slowed down respec-
tively. Then the ADPLL controller updates the INNER DCOs ‘ oUT CLK
control code: coarse [5:0] and fine [5: 0] to adjust the output | ] [
frequency of INNER DCO. This INNER DCOs control code is
also sent to the loop filter. @

In ADPLL controller, an adaptive search step is used when
it searches for the target frequency. The frequency acquisition ! 1\;\
starts from the middle frequency band of the DCO. If DCO can Lo
providen different frequencies, the search stepjd in the ini- F\Jf\lfl Pﬁw
tial state. When the output frequency is lower than the target fre- L 1
guency, the ADPLL controller adds a current search step to the | | Aol 1 L OA T
DCO control code, and this increases the output frequency of the " _D—I:\\C t;’> Y out
DCO. Oppositely, when the output frequency is higher than the fu oyl 7% ,U
target frequency, the ADPLL controller subtracts the DCO con- | i R
trol code to lower the output frequency of the DCO. Whenever Al Bl A2B2
the PFDs output changes from P_UP to P_DOWNMice versa (b)
the search step is divided by two. After the search step redug%s_z_
to 1 (i.e., one fine-tuning step of the INNER DCO), the fre-
guency acquisition is done. Then the ADPLL controller enters
phase-acquisition and phase-maintaining mode. In this mogtge and a fine-tuning stage. In the coarse-tuning stage, the
the ADPLL controller adjusts the fine-tuning control code of theoarse-tuning delay chain with 64-to-1 select-path architecture
INNER DCO to eliminate the phase error between REF_CL'ﬁ used to provide different delays for coarse tuning. The 64-to-1
and dco out divM whenever it receivesthe P UP or P DOWA€lect-path architecture is implemented with tristate buffers.
from PED. B B The DCO coarse-tuning encoder will enco6ie=1log,(64))

The ADPLL’s closed-loop response time is determined by tHts coarse-tuning control code into 64-paths selection control
response time of the DCO, the delay time of the ADPLL corfignals. This architecture has the advantage of minimum
troller, and the frequency divider. Therefore, the DCO's contrétrinsic delay time in the path selector to improve operating
code can on|y be updated at evewcydeS, instead of every frequency of the DCO, and it can be eaSin modified to meet
reference clock cycle. Herey is determined by the closed-different specifications for different applications. To avoid
loop’s response time. The worst case lock-in time for this fré large loading capacitance appearing in the path selector's
guency acquisition algorithm, in terms of reference clock cycle@utput, the path selector is partitioned into two stages. In the
isT(n) = m (1 +2x%log,(n/2)) = m= (2xlog,(n) —1).  first stage, every 16 coarse-tuning delay blocks will select a

After the ADPLL has finished frequency acquisition andpartial output, and the second-stage path selector will select the
phase acquisition, the INNER DCO’s control code becomé&8al output. The delay time difference between two neighbor
converged to a fine-tuning range. However, the control cofi@ths is determined by one coarse-tuning delay cell. The
has small variations due to the following factors: the PFD*5raz + T'pLr Of One coarse-tuning delay cell is about 300 ps.
dead zone, the DCO's finite resolution, and input jitter. Téhus, when the DCO’s coarse-tuning control code increases
further improve the jitter performance of the APDLL, the looy one or decreases by one, the amount of the output clock’s
filter is used to filter out the resultant noise into the OUTPUPeriod will be changed by-300 ps.

DCO. Thus, the loop filter detects the maximum INNER DCO To increase the frequency resolution of the DCO, a
control code and minimum INNER DCO control code witin fine-tuning delay cell is added after the coarse-tuning stage.
reference clock Cyc'es and then Outpmo control Codg‘ax The schematic of the ﬁne'tuning delay cellis shown in F|g 2(b)

+ DCO control codg,;,)/2 as the average DCO control codd10]. The fine-tuning delay cell consists of amD-OR-INV
for the OUTPUT DCO. (AOI) cell and anor-AND-INV (OAl) cell. Both the AOI cell

and the OAI cell are shunted with two tristate buffers. Shunted
. CIRCUIT DESIGN tristate buffers can increase the controllable range of the
fine-tuning delay cell. The controllable range of the fine-tuning
A. DCO delay cell should cover one coarse-tuning step (i.e., 300 ps). In
The proposed cell-based DCO is shown in Fig. 2(a). Thbe fine-tuning delay cell, in total 6 bits (EN1, Al, B1, EN2,
DCO is implemented with TSMC 0.3pm 1P4M CMOS stan- A2, B2) can be controlled. Thus, in totél(=2%) different
dard cell library. It is separated into two stages: a coarse-tunidglays can be used. After HSPICE simulation, the lookup table

SEP[(N/I6)-1]% SEP[(N/16)-2)y SEP[(N/16)-3]'y SEP[0]

FINE-TUNE ‘

(a) Architecture of the proposed DCO. (b) Fine-tuning delay cell.
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Fig. 4. Digital pulse amplifier.

for mapping the fine-tuning control code can be created. The - TOt URES TREY TERY SRR T

DCO resolution can be improved to about 5 ps by adding a

fine-tuning delay cell. The maximum output frequency of the

DCOis 545 MHz (1.833 ns) and the minimum output frequency f . v
of the DCO is 41 MHz (24.261 ns) by HSPICE simulation.

B. PFD ;
NNER
The schematic of the proposed PFD is shown in Fig. 3. When ' Lq:»
the divided output clock (FB_CLK) leads the reference clock [ ‘
(IN_CLK), flagD generates a low pulse and flagU remains high. l
Oppositely, when FB_CLK lags IN_CLK, flagU generates a low ' l
pulse and flagD remains high. The ADPLL controller will be i) ‘
triggered by those signals. Since the ADPLL controller only i [
needs to know thatthe FB_CLK leadsIN_CLK or FB_CLK lags
IN_CLK, the digital pulse amplifier can effectively minimize
the dead zone of the PFD. Fig. 5. Microphotograph of the ADPLL.
The schematic of the digital pulse amplifier is shown in Fig. 4.
It uses the cascaded two-inpAND architecture to increase theD. Systematic Design Approach
pulsewidth of OUTU and OUTD. The digital pulse amplifier From the above description, a systematic way is provided
enlarges t.he pha_se error between l.N—CLK and FB_CLK, th%’ design the ADPLL with the specified standard cell library.
the following D-flip-flops can detect it, When th? p'has'e error IIs—irst, HSPICE simulation of the fine-tuning delay cell should
less _tharH_—S_O PS, .bOth flagU and flagD will remain in high, andbe performed and a lookup table for mapping the fine-tuning
no trigger signal is sent to the ADPLL controller. control code can be created after transistor-level circuit simula-
o ] tion. When the controllable range of the fine-tuning cell is deter-
C. ADPLL Controller/Frequency Divider/Loop Filter mined, the suitable coarse-tuning cell, whase; 1, + Trrs is
Hardware Description Language (HDL) is used to describess than or equal to the controllable range of the fine-tuning
the ADPLL controller, the frequency divider, and the looglelay cell, can be selected from the cell library. The specifi-
filter. We use a logic synthesizer to synthesize those modulestions of the output clock frequency determine the number of
to gate-level circuits with TSMC 0.3pm 1P4M CMOS cell select paths in the coarse-tuning stage. The other modules of the
library. ADPLL can be synthesized to the gate-level circuit by the logic

- GHR
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Fig. 6. Transient response of the ADPLL (at 200 MHz).

synthesizer. Thus, design time and complexity of design for the Reeding Floppy Disk Orive
ADPLL can be reduced, and the proposed ADPLL architecture ‘
can easily be ported to different processes in a short time. A j

ke | | g

Fig. 5 shows the microphotograph of the ADPLL chip. We ~| | B} Uqu O O T LJA
use auto placement and routing (APR) tools to generate thi = N S A R T ““"J
layout of the ADPLL. Since different interconnection delays L
may result in mismatches between INNER DCO and OUTPUT b s
DCO, we use APR tools to generate one DCO layout first and E : !
then duplicate this DCO layout in the final APR process. Both .
the DCO and the PFD should have a maximum occupied are y’
constraintto minimize the wire-loading effects during APR. The |

4 e -
B 50 ns 1.008 V ] 26 ps 18.9 &

gate count of the ADPLL is 4800. The core size of the ADPLL 210735 suesps: average . low  high sigms

. . R . R . Freq(2) MmN 22.5769 MH? 22.5164 22.6353 0.8115
is 840 um x 840 um and the chip size including I/O pads is duty@lv(2) 5107 56.8 512 0.8

ool Tre ] eé 2 gg a s?
2010pm x 2010pm. ) EEEEE%? %% 36s 3ed 0.0
o AUTO
IV. EXPERIMENTAL RESULTS (@)

Fig. 6 shows the transient response of the ADPLL, where the
reference clock is 5 MHz, and the division rafié is 40. Thus
the output frequency is 200 MHz=5 MHz x40). The code N I B ] ]
[11:0], which means {coarse [5: 0], fine [5 : O]}, is convergedto 2™} /\\ /\ =\ \\ AR A A m
a fine-tuning range of the INNER DCO in a short time. By using " | \J} J i \ \Vl U} \V/ \VI \Vf \
an adaptive search step in frequency acquisition, the ADPLL - ;
can finish frequency acquisition i6(=2* (2 xlog,(2'?) — 1))
reference clock cycles, where = 2 in this worst case. -

Due to the speed limitation of the I/O pad, the output fre- ——
guency of the ADPLL must be lowered for testing. Fig. 7 shows |
the measured output waveform of the ADPLL with noisy digital b

Reading Floppy Disk Drive

Bl

circuitry (=600 mVpp supply noise) at 45 and 450 MHz, respec- 3w 7 o6 v T s

tively. The signal at Channel 2 shows the OUT_CLK signal di-  ¢..23)% %55 3o wie 205905 234636 308

vided by two and the signal at Channel D shows the long-tern  fugiv@® L

P,—P;, jitter histogram over 200 000 sweeps. We use LeCory % VA A S

LC584A to measure the PLL’s output signal. The rms jitter and e
P,—P;, jitter at 45 MHz is 7 and 20 ps, respectively. The rms (b)

jitter and P,—P, jitter at 450 MHz is 22 and 70 ps, respectivelyFig. 7. Jitter histogram of the ADPLL at (a) 45 MHz and (b) 450 MHz.
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TABLE |

PERFORMANCE COMPARISONS

351

Performace | Proposed ADPLL [1] [2] [8] [9]
Parameter
Process 0.35um CMOS 0.25um CMOS 0.60um CMOS 0.6um CMOS 0.5um CMOS
Area 0.71mm’ 0.09mm’ 0.83mm’ 2.75mm’ 0.71 mm>
Approach All-Digital Analog Semi-Digital All-Digital All-Digital
Cell-Based Cell-Based
Power 100mW 25mW 105mW 315mW 39.6mW
dissipation (@500MHz) (@400MHz) @(800MHz) @(100MHz)
Max. Lock <46 cycles < 720 cycles < 16 cycles <25 cycles < 50 cycles
time
Min. 45MHz 8.5MHz 300MHz 360MHz 50MHz
Frequency
Max. 510MHz 660MHz 800MHz 800MHz 550MHz
Frequency
Supply 3.3V 1.9v 3.3V 3.3V 3.3V
voltage
Output jitter 70ps 80ps 149ps 60ps 125ps
(Py-Py)
Table | lists the comparisons among different PLLs. The pro- REFERENCES

posed ADPLL has shorter lock-in time and better jitter perfor- (1
mance than the analog PLL [1] and the ADPLL [9]. Although
the DCPLL [2] can achieve fast locking, its jitter performance 2]
is worse than the proposed design. The proposed ADPLL haé
smaller area and lower power consumption than the cell-based

ADPLL [8]. The proposed ADPLL can achieve fast locking in
46 reference clock cycles, and it has better portability than the

other designs in Table I.

V. CONCLUSION

(3]

(4]

In this paper, an ADPLL is presented. The ADPLL can be im-
plemented with standard cells, and it has good portability over

different processes. The ADPLL is implemented in a 0.3%-

1P4M CMOS standard cell library and can operate from 45 to
510 MHz. TheP,—P; jitter of the output clock is less than 70 ps,
and the rms jitter of the output clock is less than 22 ps. A sys—[G]
tematic way to design the ADPLL is also presented in this brief.
The proposed ADPLL can reduce design time and circuit com-
plexity. Therefore, it is very suitable for system-on-chip appli- [7]

cations.
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