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All-Digital Fast-Locked Synchronous
Duty-Cycle Corrector

Shao-Ku Kao and Shen-Iuan Liu, Senior Member, IEEE

Abstract—An all-digital fast-locked synchronous duty-cycle cor-
rector is presented. It corrects the duty cycle and synchronizes the
input and output clocks in 10 clock cycles. The proposed circuit
has been fabricated in a 0.18-um CMOS technology. The mea-
sured duty-cycle error is between 1.5% and —1.4% for the input
duty cycle of 40% ~ 60%. The measured peak-to-peak jitter is
12.9 ps at 1 GHz. The measured operation frequency range is from
0.8 GHz to 1.2 GHz.

Index Terms—All-digital, duty-cycle corrector (DCC), fast-
locked.

1. INTRODUCTION

clock with 50% duty cycle is very important in many ap-
Aplications such as DDR-SDRAMs and double-sampling
analog-to-digital converters. To double the data rate, both posi-
tive and negative transition edges of a clock are utilized. How-
ever, the duty-cycle distortion of a clock occurs owing to the un-
matched rising time and falling time in the clocking paths. Thus,
the duty-cycle corrector (DCC) for a clock is needed There are
two categories to implement the DCC in literature: the feedback
type [1]-[6] and nonfeedback one [7]-[9]. The analog [1]-[3]
and digital [4]-[6] feedback DCCs had been presented. The
analog DCC [1]-[3] is normally embedded in the phase-locked
loop (PLL) [10] or delay-locked loop (DLL) [11] to generate
a clock with 50% duty cycle and achieves the synchronization.
However, the complementary clocks and the long locked time
are needed.

One [7] of the digital nonfeedback DCC:s utilizes the comple-
mentary clocks and the interpolation to generate 50% duty-cycle
clocks. The complementary clocks are needed and the interpo-
lator limits the operation frequency range. Another digital non-
feedback DCCs [8], [9] require only a single-ended clock and
achieve a fast locked time. In [8], [9], the time-to-digital conver-
sion is used to detect the period or duty cycle of the input clock.
However, the duty cycle of the input clock is distorted easily in
the delay line, which limits the accuracy of the recovered duty
cycle. Moreover, the skew between input and output clocks in
[8], [9] is not corrected.

In this brief, an all-digital fast-locked synchronous DCC is
presented to correct the duty cycle and skew of the clock si-
multaneously by using a single-ended clock. The proposed syn-
chronous DCC detects the rising and falling edges of input clock
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Fig. 1. Proposed all-digital synchronous DCC.
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Fig. 2. Timing diagram of the interpolator.

separately. The duty cycle of the input clock is not distorted by
the delay line compared with [8], [9]. The duty cycle and skew of
the clock is corrected in ten clock cycles. With a fast locked time,
the circuit can increase the interfacing speed and made a fast
wakeup function come true, such as in the SDRAM. This brief
is organized as follows. Section II gives the circuit description.
Section III gives the performance analysis. The experimental re-
sults are given in Section III. Finally, the conclusions are given
in Section IV.

II. CIRCUIT DESCRIPTION

The proposed all-digital synchronous DCC is shown in Fig. 1.
This DCC is composed of a clock generator, an interpolator
and a synchronization circuit. The clock generator realizes two
in-phase clocks, A and B, with the complementary duty cycles
as shown in Fig. 2 and their period is equal to that (T¢y)of the
input clock.

By using the time-to-digital conversion, the low-level
pulsewidth of the input clock is measured. The clock generator
realized the clock B with the low-level pulsewidth of 77, which
is approximately equal to that of the input clock. Similarly, the
clock A is realized with the inverse duty cycle with respect
to the clock B. The interpolated clock, “Clk-int,” is realized
by interpolating the clocks, A and B. After interpolation, the
level-level pulsewidth of the interpolated clock is given as

Tr, cikeint = 0.5(Tcwe — Tr,) + 0.57, = 0.5Tcne. (1)

Therefore, the interpolated clock with 50% duty cycle is
achieved. Furthermore, the synchronization circuit not only
generates the output clocks but also reduces the skew between
the output and input clocks as well. The detail circuit descrip-
tion is given as follows:
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(a) Clock generator. (b) Timing diagram for the clock generator.
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A. Clock Generator and Interpolator

The clock generator is composed of one-shot circuits, a di-
vided-by-two circuit, two delay lines, DFFs, latches, and some
logic circuits as shown in Fig. 3(a).

When the signal, “Enable,” goes high, the clock generator is
active. The input clock is divided by two to generate the signal,
“TDC-A,” for DFFs. The dummy delay is to mimic the delay
of the DFF which generates the signal, “TDC-A.” The falling
edge of the input clock passes the one-shot circuit to generate the
signal, “Fall.” The signal, “Fall,” passes through the first delay
line to generate the multiphase clocks for DFFs. The signals,
“Start-A” and “Stop-A,” are enabled by the rising edge of “Fall”
and the falling edge of “TDC-A,” respectively. The timing dia-
gram is shown in Fig. 3(b).

The time between the rising edge of “Fall” and the falling
edge of "TDC-A” is equal to that between the rising edges of
“Start-A” and “Stop-A.” It is equivalent to measure the low-
level pulsewidth 77, of the input clock. This time difference is
quantized by the AND gates in the first delay line [the first delay
line in Fig. 3(a)] and it is expressed as

T, ~n-Tp 2

where T'p is the delay of an AND gate in the first delay line and
n (1 < n < 15) is the measured number of the AND gates. The
signal, “Start-A,” enables the DFFs and the signal, “Stop-A,’
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Fig. 5. (a) Synchronization circuit. (b) Timing diagram of the synchronization
circuit.

latches the measured code. The measured code is decoded by the
exclusive-OR (XOR) gates to determine the transition point from
logical ONE to logical ZERO among C1-C15. One of CI1-C15
will turn on the corresponding transmission gate to generate the
signal, “Fall-A.”

The dummy DFFs are connected to the second delay line to
match the first one. In the next cycle, the signal, “Rise,” is also
delayed with the same time to generate the signal, “Rise-A.”
The rising and falling edges of the clock A are set and reset by
“Fall-A” and “Rise-A,” respectively. Similarly, the rising and
falling edges of the clock B are also set and rest by “Rise” and
“Fall,” respectively. Therefore, the duty cycle of the clock B is
equal to that of the input clock. The clock A has the inverse duty
cycle with respect to the clock B.

The interpolator is realized by three inverters [12] as shown
in Fig. 4. And, the clocks, A and B, are interpolated to realize
the interpolated clock,“Clk-int,” with 50% duty cycle.

B. Synchronization Circuit

The synchronization circuit is composed of one-shot circuits,
two matched delay lines, DFFs, latches, XOR gates, two dummy
delays and some logic circuits as shown in Fig. 5(a). Since the
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same circuit is adopted for the clock generator and synchro-
nization circuit, there are several advantages: First, since the
rising/falling times of the clock for both circuits are equal, the
50% duty cycle of the clock through the synchronization circuit
is kept. Second, since the same circuit is used to detect the duty
cycle and skew, the operational frequency range for both the
clock generator and the synchronization circuit are equal under
process and supply variations. Third, it saves the layout time as
well.

The rising and falling edges of the interpolated clock, “Clk-
int,” are regenerated by the one-shot circuits. The rising and
falling edges pass the two matched delay lines to maintain the
duty cycle. Therefore, the output clock, “Clk-out,” still keeps
the 50% duty cycle. The dummy delay A is to mimic the delay
of the DFF which generates the signal, “TDC-A.” The dummy
delay B is to mimic the SR-latch and the output clock buffer.
That is

Tdummy—delay—B = TSR—latch + Toutput—buffer (3)

where TsR.ateh 1s the delay of the SR-latch and T5utput-buffer
is that of the output clock buffer. Initially, the digit D1 is set to
high and the remaining digits among D2-D15 are set to low. And
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the dummy delay B is selected by the multiplexer. When both
the signals, “Stop-B” and “RST,” go high, the multiplexer will
select the path without the dummy delay B. The skew between
Clk-in an Clk-out is corrected as follows. The synchronization
circuit is turned on by the signal, “RST,” after the four cycles of
the signal, “TDC-A.” The timing diagram is shown in Fig. 5(b).
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Fig. 12. Measured jitter of the output clock at 1 GHz.

The skew between the input clock, “Clk-in,” and the signal,
“Rise-int,” is expressed as

Toew =11 + Tdummy—delay—B “4)

where 77 is the skew between the input clock, “Clk-in,” and in-
terpolated clock, “Clk-int,” and Tqummy-delay-B 18 the delay of
the dummy delay B. The rising edge of the signal, “Rise-int,” en-
ables the signal, “Start-B.” “Start-B” allows the time-to-digital
conversion to detect the skew of T¢jx — Tikew- The falling edge
of the signal, “TDC-A,” enables the signal, “Stop-B “ to stop
the time-to-digital conversion. Similarly, the signal, “Rise-int,”
passes through the third delay line to generate the multiphase
clocks for DFFs. The signal, “Stop-B,” also latches the codes,
D1-D15, and stops the DFFs. By using the similar time-to-dig-
ital conversion, the skew, T¢jx — Tskew, 1S quantized as

Tc]k - Tskew ~k- TD (5)

where Tp is also the unity delay of an AND gate in the third
delay line and k is the measured number of the AND gates. The
digital codes D1 ~ D15 will turn on one of the corresponding
transmission gates in the synchronizaion circuit. It is equiva-
lent to insert the fixed delay between the signals, “Rise-int”
and “Rise-delay.” Moreover, assume the third and fourth delay
lines are matched. The same delay is also inserted between the
signals, “Fall-int” and “Fall-delay.” After two cycles that the
signal, “RST,” goes high, the delay between the ouput clock,
“Clk-out,” and the input clock, “Clk-in,” is corrected as

Tskew + (Tclk - Tskew) + Tl + (Tclk - Tskew) + TSR—latch
+Toutput—buffer =2 Tclk- (6)

Thus, the output clock is aligned with the input clock. The total
locked time needs 10 cycles.

III. EXPERIMENTAL RESULTS

The proposed circuit has been fabrication in a 0.18-um
CMOS process. Its die photo is shown in Fig. 6 and the active
area is 0.86 x 0.26 mm?2. The supply voltage is 1.8 V and the
power consumption is 15 mW. The open-drain output buffers
are used in the proposed circuit. In the circuit simulations, the
pad, the bond wire, and the output load are considered. The
capacitance of the pad is 150 fF and the inductance of the bond
wire is 2.4 nH. The output load is around 20 pF parallel with
a resistor of 50 €. These side effects are added in HSPICE
simulation to mimic the measurement environments. Figs. 7-9
show the measured output clocks with the corrected 50% duty
cycle while the input clock of 1 GHz with 40%, 50%, and 60%
duty cycles, respectively.

Fig. 10 also gives the measured and HSPICE simulated duty-
cycle errors with resepct to different input duty cycles at 1 GHz.
In Fig. 10, the simulated duty-cycle errors are between —1.5%
and 1.3% with 40 ~ 60% input duty cycles at 1 GHz. And,
the measured duty-cycle error is between 1.5% and —1.4% with
40 ~ 60% input duty cycles at 1 GHz.

Fig. 11 gives the measured and HSPICE simulated static phase
errors with different input duty cycles at 1 GHz. From Fig. 11,
the measured phase error is between —55 ps and 44 ps. And the
simulated phase error is less than 53 ps. The circuits are sim-
ulated by HSPICE with the typical corner and temperature of
40 degree. The supply voltage is 1.8 V. There are several rea-
sons why the measurement results deviate from the simulation
ones. First, the delay time among the unit delay cells varies owing
to the processing variations. Second, the unmatched bond wires
among pads and the board may cause the disagreements between
measurement and simulation results. Third, the measured error
comes from the unmatched cables connecting between the input/
output clock and the testing equipment.
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TABLE 1
COMPARISON WITH PREVIOUS WORKS

This work [4] [5]* [6]* [71 [8]* 9]
Type Non-feedback Feedback Feedback feedback Non-Feedback | Non-feedback | Non-feedback
Frequency 0.8-1.2GHz 25-250MHz 0.8-1.7GHz 1GHz 2.5GHz 400MHz 250-600MHz
range
Correction 40%~60% 14% ~ 86% 20%~80% 15%~85% 30% ~ 70% 2%~98% 40%~60%
range
Align with input Yes Yes No No No Yes Yes
clock
Total locking <10 cycles NA NA >50 cycles NA >30 cycles >10 cycles
cycle
Duty cycel error| -1.5% ~ 1.4% NA +0.25% +0.6% +3% -1.2%~2.2% +0.7%
Jitter 12.9ps @ 1GHz 44ps @ NA NA NA NA 64ps @
250MHz 600MHz
Power 15SmW NA 3.2mW 8.2mW NA NA 10mW
Area 0.23mm’ NA 0.0075mm’ NA NA NA 0.37mm’
Process 0.18um 0.11um 0.18um 0.18um 0.25um 0.25um 0.35um
* Simulation Result
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Fig. 13. The measured output clock with input clock of 1.2 GHz and 50% duty
cycle.

Fig. 12 shows the measured peak-peak jitter of the output
clock at 1 GHz is 12.9 ps. Fig. 13 shows the measured output
clock with the desired 50% duty cycle when input clock is
1.2 GHz with 50% duty cycle. The measured input frequency
range is 800 MHz ~ 1.2 GHz. The comparisions among the
proposed circuit and several previous works are listed in Table I.
The proposed circuit achieves a fast-locked time among these
works. It allows the fast wakeup time once the circuit is enabled
after power down. The proposed circuit synchronizes the input
and output clocks simultaneously by using a single-ended input
clock. The input duty-cycle range of the proposed circuit is
limited by the interpolator [12].

IV. CONCLUSION
An all-digital synchronous DCC is presented. The duty cycle
and skew are corrected in 10 cycles. The proposed all-digital
synchronous DCC operates with the frequency range of 0.8 ~
1.2 GHz and 40% ~ 60% duty cycles. The proposed circuit has
been fabricated in a CMOS 0.18-um porcess.
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