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Abstract—A successive approximation register-controlled
delay-locked loop (SARDLL) has been fabricated in a 0.25-m
standard n-well DPTM CMOS process to realize a fast-lock
clock-deskew buffer for long distance clock distribution. This
DLL adopts a binary search method to shorten lock time while
maintaining tight synchronization between input and output
clocks. The measured lock time of the proposed SARDLL is within
30 clock cycles at 100-MHz clock input. The power dissipation is
3.3 mW (not including off-chip driver’s) at a 1.1-V supply voltage
while the measured rms and peak-to-peak jitter are 11.3 ps and
95 ps, respectively.

Index Terms—Clock skew, lock time, PVTL, SARDLL, static
phase error.

I. INTRODUCTION

W ITH the rapid advances in semiconductor technologies,
modern digital systems operated at several hundred

megahertz have been successfully developed for many years.
Since there are more and more IC modules integrated on the
same printed-circuit board (PCB), the clock-skew problem will
undoubtedly be significant and becomes one of the bottlenecks
for high-performance systems. The clock-skew problem exists
in several different situations. For example, the input clock
driver in any chip will somewhat introduce uncertain time delay
between the internal clock and the external clock. Thus, the
internal clocks in a multi-chip system become asynchronous
and problems will occur when data transfer between chips is
needed. This phenomenon will also become more serious for
chips operated at gigahertz in the future. In addition, on a large
PCB, the length of traces between different chips and the clock
generator may differ from each other. Hence, the clock-skew
problem will inevitably exist. Similar problems also happen in
a multi-board system in which different boards are connected
through cables. Briefly speaking, the clock-skew problem
comes from different propagation delays of system clocks on
the board or in a chip, and is usually dependent on process,
voltage, temperature, and loading (PVTL), which make it a
complicated issue.
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Reducing the clock skew can not only further increase
system clock frequency but also avoid system malfunction.
Phase-locked loops (PLL’s) and delay-locked loops (DLL’s)
have been widely adopted to solve the clock-skew problem.
Such kinds of circuits are called clock-deskew buffers. A DLL
consists of a phase detector (PD) or a phase comparator (PC),
a variable delay line, and a controller to convert the PD’s
output signal to a control signal for the delay line. It detects the
phase error between the input clock and its output clock and
automatically tunes the delay line to insert an optimal delay
time between them for clock synchronization.

The design of DLL’s can be classified into two types: analog
and digital. The delay line in an analog DLL is controlled
through a loop filter, as shown in Fig. 1 [1]. Two off-chip
transmission lines are involved in the clock-deskew system.
One connects the clock-deskew buffer’s output node with one
of the PC’s input nodes. The other connects the clock-deskew
buffer’s output node with the remote chip. Assume that the
two transmission lines, as well as the clock input buffers in
front of the PC, are identical. A parameter calledloop delay
[2] can be defined as the time delay for the input clock signal
to propagate through the input clock buffer, the variable delay
line, the output clock buffer, and the feedback transmission
line. It can be given as

(1)

where , , , and denote the delay time of
the input clock buffer, the variable delay line, the output clock
buffer, and the feedback transmission line, respectively. Another
propagation delay, , is defined as the time delay for the
input clock signal to propagate through the input clock buffer,
the variable delay line, the output clock buffer, and the forward
transmission line. It is given as

(2)

where is the clock delay time of the forward transmission
line. As long as the input capacitance of the clock-deskew buffer
and the remote chip are close to each other,is close to .
In other words, is close to . When the DLL is
locked, , as well as , becomes an integer multiple
of the clock period and the two input signals of the PC are syn-
chronous. At the same time, the remote clock will also coincide
with the input clock.

Since the delay line in an analog DLL is adjusted in a con-
tinuous manner, the analog approach can result in smaller static
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Fig. 1. Analog DLL.

Fig. 2. Register-controlled DLL.

phase error than the digital approach. Besides, low-power op-
erations and small chip area can be achieved in an analog DLL
[3]. However, it is not suitable for future low-voltage applica-
tions because it cannot provide enough delay range under low
supply voltages. Moreover, it is more susceptible to process
variations and less immune to power-supply noise. Contrarily,
the digital approach [1], [2], [4]–[6] can provide more robust
operations over power-supply noise and PVTL effects. Besides,
it has low standby current consumption and can exhibit shorter
lock time than the analog one at the expense of inherent quanti-
zation phase error.

In this paper, a low-voltage all-digital DLL-based clock-
deskew buffer is designed in a 0.25-m standard n-well
double-poly double-metal (DPTM) CMOS process for long
distance clock distribution. Two conventional architectures of
digital DLL’s will be reviewed and a successive approximation
register-controlled DLL (SARDLL) will first be discussed in
Section II. Section III describes the building blocks of the
proposed SARDLL. Experimental results are presented in
Section IV and Section V gives the conclusions.

II. CONVENTIONAL DIGITAL DLL’S AND SARDLL

Fig. 2 shows the block diagram of the register-controlled DLL
(RDLL) [1], [4], [5]. The feedback clock signal is the delayed
version of the input clock signal, and the shift register controls
the amount of the delay time. The PC compares the phases of
the input clock signal and the output clock signal. The outputs of
the PC,Fast, Just, andSlow, are used to control the shift register.
The input clock signal is a common input for every delay stage.
At any time, only one bit of the shift register is active to select
a point of entry of the delay line for the input clock signal. The
number of the delay stages which the input clock signal goes
through determines total amount of delay. WhenFast is active,
the feedback clock leads the input clock, and the high bit in the
shift register will be shifted left to increase the delay time. When

Slow is active, the situation is opposite and the high bit in the
shift register will be shifted right to decrease the delay time.
WhenJustis active, the phase error between the input clock and
the output clock is within one unit delay, and the data in the shift
register will be held. Under this circumstance, the loop is locked
and will not alter until the phase error exceeds the unit delay
again. The resolution of the RDLL is determined by the unit
delay of the delay line and the total delay time of the delay line
determines the DLL’s deskew range and the lowest operation
frequency. Wider deskew range or lower operation frequency
can be achieved by adding more delay stages in the delay line.
However, larger chip area would be the penalty.

In order to solve the problem stated above, a counter-
controlled DLL (CDLL) has been proposed [2], [6]. Fig. 3
shows the block diagram of the CDLL. It is similar to the
RDLL, except that an up/down counter substitutes for the shift
register to control the delay line. In addition, the delay line is
designed in a binary-weighted manner and no longer consists
of delay stages with equal delay time. The n-bit control word
from the up/down counter in Fig. 3 determines whether the
input clock goes through the delay stage or just passes it. The
principle of operation is similar to that case in a RDLL except
that the n-bit up/down counter counts up or down to control
the delay line. Compared with the RDLL, if 64 delay stages
are required in a RDLL, only 6 delay stages are required in
a CDLL. Besides, the 64-bit shift register in a RDLL can be
replaced by a 6-bit up/down counter. Assume that the 64-bit
shift register in a RDLL and the 6-bit up/down counter in a
CDLL occupy equal chip area. If both of RDLL and CDLL
achieve fine resolution through interpolation, then the delay
line of RDLL will have larger offset delay time than the CDLL
( ) and occupy larger chip area while the tuning ranges
are the same. Using a CDLL, the chip area of the DLL could
possibly be reduced while maintaining the same deskew range
and having the same limitation for low-frequency operation as
in a RDLL.
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Fig. 3. Counter-controlled DLL.

Fig. 4. Flowchart for weighing sequence.

Besides the cost of chip area, another important parameter
to evaluate the performance of DLL’s is the lock time. In the
case of the RDLL, if the point of entry of the delay line is
chosen in the middle at first, the longest lock time will be 32
input clock periods for the 64-stage delay line. In the case of
the CDLL, if the initial value of the counter is set as 32, the
longest lock time will also be 32 input clock periods when a
6-bit up/down counter is used. Both of the digital DLL’s men-
tioned above exhibit the same lock time. Shorter lock time is
preferable, especially in the design of high-speed memory ap-
plications. A principle called synchronous mirror delay (SMD)
has been proposed [7] to achieve fast-lock operation within two
input clock periods. More or less, it behaves like a measure-con-
trolled DLL [1]. However, tight synchronization between input
clock and output clock is not provided in this case since SMD
is an open-loop system, not a closed-loop system.

The operation mechanism of the general DLL’s can be treated
as a searching sequence. The closed loop tends to search for an
optimal delay and tries to insert it between the input clock and
output clock. From this point of view, the binary search algo-
rithm can be applied to reduce the searching time. The flowchart
in Fig. 4 illustrates the algorithm when a 3-bit binary-weighted
delay line is used [8]. In the beginning, the most significant bit
(MSB) of the control word is set to 1, and all the other bits are
set to 0. The PC examines whether the output clock leads the
input clock or not. If so, the MSB remains high. If not, it is set
to be low and held constant. In this way, the MSB is determined.
The process is then repeated for each following bit until the least
significant bit (LSB) is determined. The binary search algorithm
is the main operation principle of the proposed SARDLL. The-
oretically, when a 6-bit binary-weighted delay line is used, a
SARDLL can achieve lock time of six clock periods, which is

faster than a RDLL or a CDLL. In this paper, the SARDLL is
developed to shorten the lock time while maintaining tight syn-
chronization for the purpose of long distance clock distribution.

III. CIRCUIT DESCRIPTION

The block diagram of the SARDLL is shown in Fig. 5. It
consists of a PC, a digital-controlled delay line as in the con-
ventional digital DLL’s, and an additional frequency divider, an
initial circuit (INCKT), and a 6-bit SAR [8], [9] to provide a
control word for the delay line. Again, two off-chip transmis-
sion lines are involved in the clock-deskew system. Each block
in the SARDLL is described as follows.

A. Digital-Controlled Delay Line

Fig. 6(a) shows the entire binary-weighted digital-controlled
delay line. The number on the top of each stage denotes the
number of unit delay it provides. The delay line is divided into
two sections,coarsesection andfine section. The coarse sec-
tion consists of 7 delay stages, and each stage provides 8 unit
delays. Instead of combining the stages controlled byor
into two stages with longer delay time, the 16-unit delay stage
(controlled by ) is composed of two 8-unit delay stages and
the 32 delay stage (controlled by) is composed of four 8-unit
delay stages. This is due to fact that the longer the delay time
per stage is, the more difficult it is for the rise time and fall time
of the delay stage to match with each other. Moreover, delay
stages with longer delay time will suffer from larger variations
in the clock duty cycle, especially in the case of low supply volt-
ages. To avoid such potential variations, more stages with equal
delay time are cascaded in the design at the cost of the slightly
increased chip area.
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Fig. 5. SAR-controlled DLL clock-deskew buffer.

Fig. 6. (a) Binary-weighted digital-controlled delay line. (b) Schematic of
each delay stage employing interpolation.

The schematic of each delay stage is shown in Fig. 6(b). In the
design of delay stages, one of the important things is to preserve
50% clock duty cycle. Usually, the propagation delay through a
delay stage resulting from aHIGH-to-LOW transition is not equal
to that of aLOW-to-HIGH transition. This nuisance inevitably will
result in the undesired pulse shrinkage and duty cycle distor-
tion of the output clock. Here, the concept of symmetrical delay
stages is very similar to that in [5]. In order to achieve high res-
olution in a low-voltage digital DLL, the unit delay is obtained
from the difference of the delay time of the two different signal
paths in Fig. 6(b). When the control signal is 0, the upper path
is selected and vice versa. The two paths are the same except
the added capacitors in the lower path. The numberdenotes
the amount of unit MOS capacitors used in this stage. Instead
of using larger-size MOS capacitors, MOSFET’s with the same
size are combined in parallel to obtain better linearity. The gate
area of each MOS capacitor is 4 4 m . According to the
simulation results, at 1-V supply voltage, a unit delay of about
160 ps is obtained and the full delay range of the delay line
is about 10 ns. Therefore, for an input clock of 100 MHz, the
SARDLL can always exhibit a full deskew range no matter how
long the two transmission lines are. Although fine unit delay can
be achieved by the method, however, there still exists a disad-
vantage. The delay line has an offset delay about 9.2 ns (sim-
ulation result), even when the control word is 0. The larger the

Fig. 7. (a) Schematic of the PC. (b) Operation principle.

offset delay is, the longer the loop delay would be. Now,
can be rewritten as

(3)

where , , , and denote the constant delay,
excess delay, unit delay, and the control word of the delay line
respectively.

B. Phase Comparator and Frequency Divider

The schematic as well as the operation principle of the PC is
shown in Fig. 7. Two true-single-phase clocking (TSPC) D-flip-
flops (DFF’s) are used to sample the input clock signal. The
buffers connected tofb andref lines are the same as those used
in the digital-controlled delay line and the numbers below each
buffer represent thecontrol signal. The clock inputs of the two
sampling DFF’s have a timing difference equal to the unit delay,
thus forming alock detecting window. When the input clock is
located outside the window, the SARDLL is said unlock and
LD is always 0 in this situation. If the feedback clock leads the
input one, both outputs of the DFF’s are 0, andCompis 1. If the
feedback clock lags the input clock, both outputs of the DFF’s
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Fig. 8. SAR timing diagram.

are 1, andCompturns to be 0. Once the input clock enters the
window, the outputs of the DFF’s will be 0 and 1, respectively,
and the SARDLL is locked. Once the SARDLL is locked,LD
will become 1 and disable the 6-bit SAR control logic imme-
diately. The maximum static phase error between the input and
output clocks will be equal to the unit delay.

Since the PC is realized with two DFF’s to detect the rising
edge of the input clock signal, the metastable problem is of great
concern because theclock and the data input canswitchexactly at
the same time in this case. When the metastable problem occurs,
the SARDLL can still be locked although the decision result of
the PC is ambiguous. However, the static phase error between
input and output clocks would be larger than one unit delay.

Theoretically, the number of bits of the control SAR deter-
mines the number of clock periods needed for the SARDLL
to achieve lock. However, this is not true in practice. In some
applications, after receiving a decision signal from the PC, the
DLL will need time to respond before receiving the next deci-
sion result. The needed response times are the times the input
clock propagates through the variable delay line , the feed-
back transmission line , and buffers. The longer the transmis-
sion line is, the more clock periods the DLL needs to respond.
Otherwise, the decision results of the PC will not be faithfully
reflected. This will result in DLL malfunction. Thus, a nega-
tive-edge triggered divide-by-4 frequency divider is used in the
design to lower the frequency the SAR operates at. The division
ratio of the frequency divider determines the maximal length of
the transmission line which can be used in the deskew buffer
without system malfunction. Fig. 8 shows the timing diagram.
The 6-bit SAR control logic operates at one-fourth of the input
clock frequency. Obviously, the side effect is an increase in lock
time. The lock time of the SARDLL becomes 24 ( ) clock
cycles for a 6-bit SAR.

C. Successive Approximation Register

The SAR in the DLL determines the value of each bit of the
control word in a sequential manner, based on the output of
the PC. From the chip area’s point of view, it is an important
building block in the SARDLL. The more compact and efficient
the SAR is, the less chip area the SARDLL will occupy. The
conventional SAR is composed of two sets of registers: one set
stores the conversion results and the other one is used to guess
the result. A nonredundant SAR, which needs only one set of
registers, has been proposed and adopted in the design of the
SARDLL [9].

The basic structure of the 6-bit SAR is a multiple input shift
register, as shown in Fig. 9. Fig. 10 shows the internal struc-
ture of each multiple input shift register and the associated truth
table. It consists of a positive-edge triggered DFF, a decoder,

and a multiplexer. By adding a multiplexer and a decoder to each
flip-flop, the three different inputs can be selected according to
the truth table in Fig. 10. Whenever the flip-flop’s are triggered,
the th flip-flop will have three different data inputs coming
from: 1) the output of the th flip-flop (shift right); 2) the
output of the PC,Comp(data load); and 3) the outputs of the

th flip-flop itself (memorization).
To start the sequence, all the flip-flop’s are forced to be in

the initialization state (Step 0) with the control word equal to be
100 000, i.e., all the outputs of the flip-flops are 0 except that
of the 6th flip-flop ( ). This is accomplished by connecting the
setinput of the 6th flip-flop and theclear input of all the other
flip-flops to a control signal,Start, which sets the 6th flip-flop
and clears all the other bits during the initialization state. The
delay line now provides an excess delay of where
denotes the maximal excess delay provided by the delay line.
The PC examines whether the feedback clock leads the input
clock or not and generates the comparison result,Comp. As-
sume thatComp is 1, i.e., the feedback clock leads the input
clock. This means that the excess delay which the delay line
provides is not enough. Since all the outputs of the flip-flop’s
except that of the 6th one are 0, the 6th flip-flop will be in the
data load mode. Thus,Compwill be loaded into the 6th flip-flop
when SAR entersStep 1. Besides, since all of the other bits are
enabled and all of their outputs are 0, they are all in theshift
right mode. When the 6-bit SAR entersStep 1, the output of the

th flip-flop will be loaded into the th flip-flop.
After enteringStep 1, the control word becomes 110 000 and

the delay line now provides an excess delay of since
is now “guessed” as 1. Again, the PC repeats the same procedure
to check the phase error between the feedback clock and the input
clock. Assume thatCompis 0 this time, i.e., the feedback clock
lags the input clock. This means that the excess delay the delay
lineprovides is too large.Since the 5th flip-flop is in thedata load
mode, Compwill be loaded into the 5th flip-flop when the 6-bit
SARentersStep2.Thismeansthat the“guessed”1willbecleared
from the 5th flip-flop, otherwise the delay will be too long. Now,
the 6th flip-flop is in thememorization modeand the rest of the
flip-flopsare in theshift rightmodeexcept the5th flip-flop.

The SAR keeps on “guessing” a digital control word to see
whether the delay is properly provided or not. Tostop the se-
quence, a control signalStopis applied to theOR chain. When
Stopis active, all the flip-flops will be forced to be in thememo-
rization modeimmediately. TheStopsignal is activated either
when the last step of the successive approximation sequence
ends or when the DLL is locked, which is indicated by one of the
outputs of the PC,LD. At this moment, the optimal excess delay
is inserted to deskew the clock signal. There exists two criteria
to stop the operation of the SAR and this is different from the
design of SAR analog-to-digital converters (ADC’s). The addi-
tional DFF in the right end of Fig. 10 is to represent whether the
DLL is locked. In the beginning, it is cleared by theStart signal
to enable all the other flip-flops. After the searching sequence is
finished or the SARDLL is locked, the output of this DFF will
be 1 and all the other flip-flops will be disabled.

D. Initial Circuit

Finally, the SARDLL needs an initial circuit to properly reset
the SAR whenever theStartsignal is active. The initial circuit,
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Fig. 9. 6-bit SAR circuit [9].

Fig. 10. Internal structure of thekth flip-flop.

as well as its timing diagram, is shown in Fig. 11. TheOR gate
acts as a switch to enable/disable the clock signalck1 of the
SAR. WhenStart is 1, the SAR is forced to be in the initializa-
tion state (Step 0), and the two DFF’s in Fig. 11 are also cleared
to disableck1. Thus,ck1 is forced to be 0 until nodebecomes
0. The number of input clock cycles thatStep 0needs depends
on when the negative-edge ofStartoccurs, and it will not exceed
10 cycles. Therefore, the longest lock time of the SARDLL be-
comes 30 input clock cycles, or 300 ns for an
input clock of 100 MHz.

IV. EXPERIMENTAL RESULTS

The proposed SARDLL has been fabricated in a 0.25-m
standard n-well DPTM CMOS process. Fig. 12 shows the mi-
crophotograph of the SARDLL. The active area of the chip is
about 800 170 m .

First, the digital-controlled delay line is measured at the
supply voltage of 1.1 and 1 V. Fig. 13 shows both the exper-
imental results of coarse and fine tuning sections of the delay
line and the associated nonlinear characteristics. The average
unit delay is 120 and 150 ps and the full excess delay time
the delay line can provide is 7.48 and 9.49 ns, respectively.
However, the measured curves are not very linear. It mainly

Fig. 11. (a) Schematic and (b) timing diagram of the initial circuit.

Fig. 12. Microphotograph of the SARDLL.

results from the device mismatch of either MOS’s or capacitors
between the delay stages. In addition, the measured absolute
delay time is much longer than the simulated result due to the
extra propagation delays of the input and output buffers.

There are two kinds of transmission lines involved in the
test of the SARDLL at the supply voltage of 1.1 V: on-board
microstrip lines and coaxial cables. Since the characteristic
impedance of the transmission lines is 50, it is difficult to
drive the line only by the on-chip output buffer under the 1.1-V
supply voltage. As a result, an off-chip driver is included for
test convenience.

A microstrip line with length of 45 cm is laid out on the test
PCB. The propagation delay of the transmission line is about
2.76 ns. Experiments using input clocks with different frequen-
cies, 100 and 90 MHz, are performed. Fig. 14 shows the wave-
forms of the two clock signals when the SARDLL is locked. All
the digital signals, such asStart, Stop, and the control word are
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Fig. 13. Measured delay line characteristic. (a) Coarse tuning. (b) Fine tuning.
(c) Integral nonlinearity (INL) error. (d) Differential nonlinearity (DNL) error.

also measured by HP16500B Logic Analysis System to show
the transient lock-in process and to determine the lock time.
Table I summaries the measured results, including the control
word and the lock time when the SARDLL is locked. Coaxial
cables with different length are also tested at the input clock fre-
quency of 100-MHz. Fig. 15 shows the associated waveforms.

TABLE I
MEASUREDRESULTS FOR45 cm MICROSTRIPLINE.

TABLE II
MEASUREDRESULTS FORDIFFERENTCOAXIAL CABLE AT 100 MHz.

TABLE III
PERFORMANCESUMMARY OF THE SARDLL.

*not including off-chip driver’s

Again, Table II summaries the measured results. Both the wave-
forms in Figs. 14 and 15 are sinusoidal-like. This is due to the
LC-tank load of the off-chip driver.

According to the measured results, the SARDLL can always
achieve lock within 30 clock cycles. However, the measured
skew between the two input signals of the PC is somewhat larger
than the unit delay. One possible reason is that the minimum
detectable phase error for the PC is larger than the unit delay.
Another reason would be the nonlinearity of the delay line. The
metastable phenomena of the PC also accounts for the larger
static phase error. All of the nonideal features mentioned above
would result in a control word which is different from the de-
sired one when the SARDLL is locked. If a PC with higher
resolution and a delay line with better linearity are available,
a SARDLL clock-deskew buffer with high performance can be
realized. Moreover, if the SARDLL can respond to the decision
results of the PC quickly, the division ratio of the frequency di-
vider can be reduced, i.e., the 6-bit SAR control logic can op-
erate at higher clock frequencies. This will also help to shorten
the lock time.

The measured rms and peak-to-peak jitters of the 100-MHz
output signal of the SARDLL are 11.3 and 95 ps, respectively, as
shown in Fig. 16. The measured power consumption is 3.3 mW
including the input and output buffers (not including off-chip
drivers) when the SARDLL is locked at 100-MHz clock input.
Table III summaries the performance of the proposed SARDLL.

V. CONCLUSION

In this paper, a low-voltage clock-deskew buffer fabricated in
a 0.25- m standard CMOS technology is presented. The clock-
deskew buffer utilizes a SARDLL technique. This architecture
uses a binary-search method to quickly find an optimal delay
time between the input and output clocks for clock synchroniza-
tion, and achieves short lock time, compared to the conventional
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Fig. 14. Test results with microstrip lines. (a) 100-MHz clock. (b) 90-MHz clock.

Fig. 15. Test results with coaxial cables. (a) 30 cm cable. (b) 60 cm cable.

RDLL or CDLL. When the input clock frequency is 100 MHz,
the measured output clock rms and peak-to-peak jitter are 11.3

and 95 ps, respectively. The chip dissipates a power of 3.3 mW
(not including off-chip driver’s) at 1.1-V supply voltage. The
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Fig. 16. Measured clock jitter.

measured lock time is within 30 input clock cycles, and the
proposed SARDLL is very suitable for high-speed low-voltage
low-power clock-deskew applications.
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