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High-Resolution All-Digital Duty-Cycle Corrector
in 65-nm CMOS Technology

Ching-Che Chung, Member, IEEE, Duo Sheng, Member, IEEE, and Sung-En Shen

Abstract—In high-speed data transmission applications, such
as double data rate memory and double sampling analog-to-
digital converter, the positive and negative edges of the system
clock are utilized for data sampling. Thus, these systems require
an exact 50% duty cycle of the system clock. In this paper,
two wide-range all-digital duty-cycle correctors (ADDCCs) with
output clock phase alignment are presented. The proposed phase-
alignment ADDCC (PA-ADDCC) not only achieves the desired
output/input phase alignment, but also maintains the output
duty cycle at 50% with a short locking time. In addition, the
proposed high-resolution ADDCC (HR-ADDCC) without a half-
cycle delay line can improve the delay resolution and mitigate
the delay mismatch problem in a nanometer CMOS process.
Experimental results show that the frequency range of the
proposed ADDCCs is 263-1020 MHz for the PA-ADDCC and
200-1066 MHz for the HR-ADDCC with a DCC resolution of
3.5 and 1.75 ps, respectively. In addition, the proposed PA-
ADDCC and HR-ADDCC are implemented in an all-digital
manner to reduce circuit complexity and leakage power in
advanced process technologies and, thus, are very suitable for
system-on-chip applications.

Index Terms— All-digital duty-cycle corrector (ADDCC),
delay-locked loop (DLL), digitally controlled delay line (DCDL),
high resolution, phase alignment.

I. INTRODUCTION

UTY-cycle correctors (DCCs) are widely used in high-

speed devices, such as double data rate (DDR) memories,
double sampling analog-to-digital converters, and system-on-
a-chip (SoC) applications. Because both the positive and nega-
tive edges of the clock are utilized for sampling the input data,
these systems require an exact 50% duty cycle of the input
clock to ensure that the system meets the timing constraints.
However, as the clock signal is distributed over the entire chip
with clock buffers, the duty cycle of the clock is often far
from 50% because of the unbalanced rise and fall times of
the clock buffers, as a result of variations in process, voltage,
and temperature. To resolve this problem, many approaches
to correct the duty-cycle error and meet system requirements
are proposed; for example, an analog pulse-width control loop

Manuscript received August 22, 2012; revised December 29, 2012 and
February 24, 2013; accepted April 21, 2013. Date of publication June 4, 2013;
date of current version April 22, 2014. This work was supported in part by the
National Science Council of Taiwan under Grant NSC-101-2221-E-194-063.

C.-C. Chung and S.-E. Shen are with the Department of Computer Science
and Information Engineering, National Chung Cheng University, Chia-Yi
62102, Taiwan (e-mail: wildwolf@cs.ccu.edu.tw; shungen@s3lab.org).

D. Sheng is with the Department of Electrical Engineering, Fu Jen Catholic
University, New Taipei 24205, Taiwan (e-mail: duosheng@mail.fju.edu.tw).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVLSIL.2013.2260186

Ve [~ . CLK_OUT
k H 0Odd Number Buffers

%

Ring Oscillator

Fig. 1.

Conventional analog PWCL architecture [1].
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Fig. 2. Block diagram of SMD-based DCC [10].

(PWCL) [1]-[4], [24], an all-digital PWCL [5]-[7], and an all-
digital duty-cycle corrector (ADDCC) [8]-[12]. In addition,
in some applications, the DCC is combined with delay-locked
loop (DLL) located on the output side [13]-[18] to eliminate
the phase error caused by the DCC circuit.

A conventional analog PWCL [1] uses a feedback approach
to adjust the duty cycle of the input clock, as shown in Fig. 1.
Based on the architectural requirements, it requires a ring
oscillator to provide a 50% duty-cycle reference clock, and
thus, the operating range and the acceptable input duty-cycle
error are very restricted in this architecture [1]-[3]. A high
linearity PWCL [4] that employs a linear control stage and
a digitally controlled charge pump is proposed for extending
the range of both input and output duty cycles over a wide
frequency range. However, an analog PWCL usually requires
a large on-chip capacitor that occupies a large chip area. In
addition, the analog PWCL has a relatively longer lock-in time,
and the leakage current problem of the charge pump makes it
unsuitable for use in a nanometer CMOS process.

In contrast to PWCLs, all-digital PWCL and ADDCC do
not utilize any passive components and use digital design
approaches, making their integration into digital and low-
supply voltage systems easy [S]-[12]. There are two major
types of architecture in the digital approach: synchronous-
mirror-delay (SMD) and time-to-digital converter (TDC).
Fig. 2 shows the block diagram of the SMD-based DCC that
consists of a half-cycle delay line (HCDL) and a match delay
line [10]. The HCDL consists of a full-cycle delay line and a
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Fig. 3. Proposed PA-ADDCC.

mirror delay line. The full-cycle delay line is used for detecting
CLK_IN’s period information, and the mirror delay line then
generates the half-cycle delay time according to CLK_IN’s
period information. Subsequently, the 50% duty cycle clock
is generated by an SR latch [5], [6], [8]-[11]. However, the
two-delay-line architecture has a delay mismatch problem,
particularly in the nanometer CMOS process with on-chip
variations (OCVs). In addition, a high-resolution delay line
is required for reducing the output duty-cycle error. Hence,
the operating frequency range and the final duty-cycle error
are limited in this architecture.

The TDC-based DCC quantizes CLK_IN’s period informa-
tion into a digital code, and then this digital code is divided by
two to control the delay line for generating the half-cycle delay
time [8], [9], [11], [12], [14], [17], [18]. The TDC-based DCC
has a short locking time. However, the output digital code is
divided by two from the quantization digital code, and thus, the
duty-cycle correction resolution worsens along with the TDC
quantization error. In addition, it is difficult to design a high-
resolution TDC while maintaining a wide operation frequency
range with low power and a small chip area. Although the
TDC resolution has improved in recent years [19]-[21], this
architecture is still not suitable for applications with a wide
operating-frequency range.

Although the DCC can generate an output clock with a
50% duty cycle, the phases of the input and output clocks
are misaligned. To reduce the phase error between the input
and output clocks, the DCC is combined with a DLL located
on the output side [13]-[18]. However, the integration of the
DCC and DLL is a design challenge in these approaches. In
addition, the power consumption and circuit complexity of the
DLL have to be minimized to reduce the overall power and
hardware costs.

In this paper, two wide-range ADDCCs with an output
clock phase alignment are presented. First, the proposed
phase-alignment ADDCC (PA-ADDCC) that consists of a
DCC and a DLL not only achieves the desired output/input
phase alignment but also maintains the output duty cycle at
50% with a short locking time. Second, the proposed high-
resolution ADDCC (HR-ADDCC) uses a novel correction
method without a HCDL to improve the delay resolution and
mitigate the delay mismatch problem in a nanometer CMOS
process. As compared with the SMD-based and TDC-based
ADDCCs, the proposed designs can achieve high duty-cycle
correction resolution and a wide operating frequency range
easily while maintaining the phase alignment.
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The rest of this paper is organized as follows. The archi-
tecture of PA-ADDCC and HR-ADDCC is presented in
Section II. Section III describes the circuit implementation
of the proposed designs. Section IV shows the measure-
ment results of the PA-ADDCC test chip and the simulation
results of the HR-ADDCC. Finally, the conclusion is given in
Section V.

II. PROPOSED ADDCC ARCHITECTURE

The following sections present the two ADDCC archi-
tectures proposed in this paper: PA-ADDCC and HR-
ADDCC. In addition, a brief summary of their comparison is
given.

A. Phase-Alignment ADDCC

Fig. 3 shows the block diagram of the proposed PA-
ADDCC. It is composed of a DLL, a signal selector, and a
DCC. The DLL consists of a phase detector (PD), a coarse-
tuning digitally controlled delay line (coarse DCDL), a fine-
tuning digitally controlled delay line (fine DCDL), and a DLL
controller (DLL_CTRL). The DCC consists of a duty-cycle
detector (DCD), a coarse-tuning digitally controlled duty-cycle
correction delay line (coarse DDCC), a fine-tuning digitally
controlled duty-cycle correction delay line (fine DDCC), a half
coarse-tuning digitally controlled duty-cycle correction delay
line (half coarse DDCC), a half fine-tuning digitally controlled
duty-cycle correction delay line (half fine DDCC), and a DCC
controller (DCC_CTRL).

The inverted input clock (CLK_IN_B) passes through
the delay line of the DLL, and then DLL’s output signal
(DLL_CLK) is compared with the input clock (CLK_IN) to
align the positive edges of DLL_CLK and CLK_IN. The
PD of the DLL detects the phase error between CLK_IN
and DLL_CLK and then outputs PD_UP/PD_DOWN control
signals to the DLL_CTRL. Subsequently, DLL._CTRL adjusts
the delay line control code (DCDL_CODE) to compensate for
the phase error. When the positive-edge phase error between
CLK_IN and DLL_CLK is eliminated, the DLL is locked.
Thus, two clocks (i.e., CLK_IN and DLL_CLK) with the
complementary duty cycles are generated.

Fig. 4 shows the timing diagram of the DLL. The period
of CLK_IN is T. If the duty cycle of CLK_IN is A/T and the
duty cycle of DLL_CLK is B/T, then the period T is equal
to (A + B). In addition, the pulse width difference between
the CLK_IN and the DLL_CLK is AE (=B — A). After the



1098

WIDE

[

SIGNAL J L \—‘ :

Yo e (L T TR

DDCC_CLK |_||_ | |_| Lﬂ
: X

Negative
phase aligned

[
DDCCfCODE?( 040 080 Y - Y 2c2 ¥ 2ca X 2G3
[ T
CLK_OUT [AETAE:L[JZ T2
ppcc Lock| || |1 1

[ [

Fig. 5. Timing diagram of DCC in the PA-ADDCC.
CLK_IN CLK?OUT
System System
Start Finish
v 4
DLL YES
Positive phase| <—|
aligning Is negative

phase aligned 9

Is positive
phase aligned 9

DCC

Duty-Cycle
adjusting

s input clock
duty-cycle over
50%?

YES WIDE_SIGNAL <= CLK_IN
INARROW_SIGNAL <= DLL_CLK

NO NARROW_SIGNAL <= CLK_IN
WIDE_SIGNAL <=DLL CLK

Fig. 6. Operation flowchart of the PA-ADDCC.

DLL is locked, the positive edges of CLK_IN and DLL_CLK
are phase aligned. The signal selector detects the pulse widths
of these two clocks, and the clock with a wider pulse width
is output as WIDE_SIGNAL. In contrast, the clock with a
shorter pulse width is output as NARROW_SIGNAL.

Fig. 5 shows the timing diagram of the DCC. After the DLL
is locked, the proposed all-digital DCC starts to compensate
the duty-cycle error (A E/2) of the output clock (CLK_OUT).
NARROW_SIGNAL passes through the coarse DDCC and the
fine DDCC to increase the pulse width and is then output
as DDCC_CLK. The DCD detects the negative-edge phase
error between WIDE_SIGNAL and DDCC_CLK and then out-
puts DCD_UP/DCD_DOWN control signals to DCC_CTRL.
Subsequently, DCC_CTRL adjusts the duty-cycle correction
DDCC_CODE for increasing the pulse width of DDCC_CLK.
When the negative-edge phase error is eliminated between
WIDE_SIGNAL and DDCC_CLK, the DCC is locked.

The pulse width of NARROW_SIGNAL is increased by AE
and outputs as DDCC_CLK. Since the period of CLK_IN is
T,(A+AE/2)isequalto T/2 (=A+(B—A)/2 = (A+B)/2).
Therefore, the proposed DCC utilizes the half coarse DDCC
and the half fine DDCC to increase the pulse width of CLK_IN
by AE/2. Therefore, after the DCC is locked, the duty cycle
of CLK_OUT should be 50%. However, if there has duty-cycle
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distortion caused by the coarse DCDL and the fine DCDL, the
duty-cycle of CLK_OUT will have a residual duty-cycle error
after the DCC is locked.

Fig. 6 shows the operation flowchart of the proposed PA-
ADDCC. In the beginning, the DLL performs a positive-edge
phase alignment. Until the positive edges are aligned, two
clocks (i.e., CLK_IN and DLL_CLK) with complementary
duty cycles are generated. At that time, if CLK_IN’s duty
cycle is more than 50%, CLK_IN and DLL_CLK are assigned
to WIDE_SIGNAL and NARROW_SIGNAL, respectively.
In contrast, if CLK_IN’s duty cycle is <50%, CLK_IN
and DLL_CLK are assigned to NARROW_SIGNAL and
WIDE_SIGNAL, respectively. These two signals are sent to
DCC, and then NARROW_SIGNAL is compensated the duty
cycle until its negative edge is aligned to WIDE_SIGNAL’s
negative edge. Then, CLK_OUT is generated, and the system
is locked.

The proposed PA-ADDCC uses a sequential search with a
high-resolution delay line, which can improve the accuracy
of the duty-cycle correction as compared with the existing
approaches. However, because of the half coarse DDCC and
half fine DDCC inside it, PA-ADDCC may induce a delay mis-
match problem when there are serious OCVs, particularly in an
advanced CMOS process. Thus, HR-ADDCC is proposed for
solving the possible delay mismatch problem in PA-ADDCC
and for improving the accuracy of the duty-cycle correction
further.

B. High-Resolution ADDCC

Fig. 7 shows the block diagram of the proposed HR-
ADDCC. It is composed of an ADDCC and an all-digital DLL.
The ADDCC consists of a DCD, a coarse-tuning digitally
controlled duty-cycle correction delay line (coarse DDCC), a
fine-tuning digitally controlled duty-cycle correction delay line
(fine DDCC), and a DCC controller (DCC_CTRL). The all-
digital DLL consists of a PD, a coarse DCDL, a fine DCDL,
and a DLL_CTRL.

After the system is reset, both the DUTY_SELECT signal
and the PHASE_SELECT signal are set to 0. The input clock
(CLK_IN) is passed through DCC’s delay line and output as
an X signal. Subsequently, the inverted X signal is then passed
through DLL’s delay line and output as a Y signal. The PD of
the DLL compares the phase error between the positive edges
of X and Y, and then, it outputs DLL_UP/DLL_DOWN control
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signals to DLL_CTRL. DLL_CTRL adjusts the DCDL_CODE
to compensate for the phase error. When the phase error
between X and Y is eliminated, the DLL is locked. Then,
two clocks (i.e., X and Y) with complementary duty cycles are
generated. Thus, if the period of the input clock (CLK_IN)is T
and the duty cycles of X and Y are A/T and B/T, respectively,
the period T is equal to (A + B).

If CLK_IN’s duty cycle is more than 50%, DLL needs a
second relocking procedure for ensuring that the duty cycle
of the X signal is always smaller than 50% before the DCC
operation. Fig. 8 shows the DLL timing diagram when the
input clock’s duty cycle is more than 50%. After the first
locking procedure, if the negative edge of the X signal lags
behind the negative edge of the Y signal, which means the
duty cycle of the input clock (CLK_IN) is larger than 50%,
the DUTY_SELECT signal is set to 1, and therefore, the
input clock is switched to inverted CLK_IN (I_CLK_IN)
to guarantee that the duty cycle of the X signal is always
< 50%. In addition, the output clock is switched to the inverted
Y (I_Y) signal, and the DLL eliminates the phase error
between CLK_IN and CLK_OUT.

After the DLL is locked, the proposed all-digital DCC
starts to compensate for the duty-cycle error of the out-
put clock (CLK_OUT). The DCD detects the phase error
between the negative edges of X and Y, and then, it out-
puts DCC_UP/DCC_DOWN control signals to DCC_CTRL.
DCC_CTRL adjusts the duty-cycle correction DDCC_CODE
to increase the pulse width of the X signal according to the
outputs of the DCD. Fig. 9 shows the timing diagram for the
DCC operation when the input clock duty cycle is < 50%.

In the first cycle, the DCC extends the pulse width of
the X signal. Then, in the next cycle, the positive edge of
the Y signal lags behind the positive edge of the X signal
because of the pulse extension in the previous cycle. Thus, in
the second cycle, DCDL_CODE is decreased for aligning the
positive edges of X and Y. The same process is repeated until
both the positive edges and the negative edges of X and Y are
phase aligned; then, the DCC is locked. For loop stability, in
each clock cycle, only one loop (DCC or DLL) is working.

The pulse width of the X signal is increased by AP,
which is equal to (B — A)/2. Since the period of CLK_IN is
T,(A+ AP)isequal to T/2 (=A+ (B—A)/2 = (A+
B)/2). Therefore, after the DCC is locked, the duty cycle
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of CLK_OUT is 50%. Further, once the DCC is locked, the
PHASE_SELECT signal is set to 1. The inputs of DLL’s
PD are switched to CLK_IN and CLK_OUT. Then, DLL
adjusts DCDL_CODE to compensate for the phase error
between CLK_IN and CLK_OUT. Therefore, the output clock
(CLK_OUT) can be phase aligned with the input clock
(CLK_IN).

Fig. 10 shows the DCC timing diagram when the input
clock’s duty cycle is more than 50%. After the DLL is
locked, the DCC starts to correct the duty cycle of the output
clock. Before the DCC is locked, the correction action is
the same as in the case when the input clock’s duty cycle
is <50%. Nevertheless, the positive edge of CLK_OUT is
not aligned with the positive edge of CLK_IN. Therefore, we
select I_Y as the CLK_OUT signal as the positive edge of
inverted Y (I_Y) lags to CLK_OUT. Thus, DLL just reduces
DCDL_CODE, which in turn reduces the delay time of DCDL
until the positive edges between CLK_IN and CLK_OUT are
aligned.

Fig. 11 shows the operation flowchart of the proposed HR-
ADDCC. At the beginning, DLL performs a positive-edge
phase alignment. When DLL is at the first time lock, DCC
determines whether CLK_IN’s duty cycle is < 50% or more.
If CLK_IN’s duty cycle is <50%, then DCC duty cycle is
adjusted. Otherwise, DCC sets DUTY_SELECT to 1, and the
DLL phase alignment is carried out until the second time lock.
When DLL is locked, we start the DCC duty-cycle adjustment.
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In the first cycle, DCC extends the pulse width of the X signal.
Then, in the next cycle, the positive edge of the Y signal lags
behind the positive edge of the X signal because of the pulse
extension in the previous cycle. Thus, in the second cycle,
DLL aligns the positive edges of X and Y. The same process
is repeated until both the positive edge and the negative edge
of X and Y are phase aligned, and then, DCC is locked. After
DCC is locked, DLL sets PHASE_SELECT to 1 and keeps
tracking the phase between the output clock (CLK_OUT) and
the input clock (CLK_IN).

C. Comparisons of the Two Proposed ADDCCs

The proposed PA-ADDCC employs a high-resolution phase
tracking method that can improve the accuracy of 50% duty-
cycle correction as compared with the existing approaches.
However, the duty-cycle detection is carried out by the full-
cycle delay line, and the output clock is compensated by the
half-cycle delay line. The duty-cycle compensation code from
the full-cycle delay line to the HCDL is shifted by one bit.
Thus, the HCDL reduces the duty-cycle correction precision.
In addition, if the detect circuit and the output circuit are
not the same, there would be a delay mismatch problem
with serious OCVs. In the proposed PA-ADDCC, the final
duty-cycle error mainly comes from PD’s dead zone, DCDL’s
resolution, DCC’s DCD dead zone, DDCC'’s resolution, and
the delay resolution of half DDCC. In addition, because the
proposed PA-ADDCC has an intrinsic delay that comes from
the signal selector and the half DDCC, there still has residual
phase error after PA-ADDCC is locked. In contrast, the phase
error between input and output clock can be reduced by a DLL
after duty-cycle correction in the proposed HR-ADDCC.

In contrast to PA-ADDCC, the proposed HR-ADDCC also
uses the high-resolution phase tracking method but eliminates
the delay mismatch problem and half DDCC’s resolution
problem. Therefore, the output clock duty-cycle error mainly
comes from DCDL’s resolution, PD’s dead zone, DDCC’s
resolution, and DCD’s dead zone. Thus, HR-ADDCC can
improve the accuracy of duty-cycle correction. According to
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the experimental results, the duty cycle correction resolution of
PA-ADDCC and HR-ADDCC is 3.5 and 1.75 ps, respectively.

Further, after the duty-cycle correction, the proposed
HR-ADDCC can keep tracking the phase error between the
external clock (CLK_IN) and the output clock (CLK_OUT).
Thus, the output clock can deskew the phase error and reduce
the intrinsic delay of the circuit. Nevertheless, the duty-cycle
correction algorithm of HR-ADDCC has two steps in each
duty-cycle correction operation, and thus, HR-ADDCC has
a longer locking time than PA-ADDCC. For example, with
a 1-GHz 20% duty-cycle input clock, the lock-in time for
PA-ADDCC and HR-ADDCC is 24 and 120 cycles, respec-
tively.

III. CIRCUIT IMPLEMENTATION

The important components of the proposed ADDCC are
presented in this section. The key functional blocks in DLL
including a PD and a digitally controlled delay line (DCDL)
are discussed first. Next, the DCD and the digitally controlled
duty-cycle corrector (DDCC) delay line in the DCC are
presented.

A. Key Components in DLL

Fig. 12 shows the multiplexer (MUX)-type DCDL architec-
ture, which combines the coarse DCDL and the fine DCDL.
The circuit operating path is from Signal_In to Signal_Out,
which is selected by control code coarse_dcdl [n:0]. The
coarse DCDL has n + 1 coarse-tuning delay cells, and each
coarse-tuning delay cell is combined with a buffer and a
multiplexer. Therefore, the coarse DCDL can provide n + 1
different delay times and easily cover a wide frequency range.
Nevertheless, the coarse DCDL resolution is not sufficiently
good, and thus, the fine DCDL is added to achieve a high-
resolution DCDL.

Fig. 13 shows the fine-tuning component of DCDL, which
is based on digitally controlled varactors (DCVs) [23]. Each
DCYV cell is composed of four NAND gates. The fine DCDL
can provide m + 1 different delay times by controlling the
DCYV cells. When the control bit of a DCV cell is enabled,
the capacitance at the output node of the inverter is changed
and the delay time is increased accordingly. Thus, the reso-
lution of DCDL can be improved by the use of fine DCDL.
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Fig. 14. Proposed phase detector (PD). (a) Sampled-based PD. (b) Sense-
amplifier-based PD [22].

According to the application requirements, the resolutions of
coarse-tuning and fine-tuning components are 51 and 2.75 ps,
respectively; the number of bits of coarse-tuning and fine-
tuning components is 7 and 5, respectively.

Fig. 14 shows the proposed PD; it detects the positive-edge
phase error between COMP and BASE. The proposed PD
is composed of a sampled-based PD (SBPD) and a sense-
amplifier-based PD [22]. To improve the detectable phase
error, a sense-amplifier-based PD that can detect a small phase
error larger than 1 ps in a typical case simulation is used in
the PD design.

Although the sense-amplifier-based PD can detect a small
phase error, it has incorrect detection results when the phase
error between two inputs is large because of the leakage
current of the transistor in the 65-nm CMOS process. For this
reason, we use the SBPD to detect the large phase error at
the beginning and then use the sense-amplifier-based PD to
improve the overall phase error detection capability. Although
the SBPD does not have a small dead zone because of the
setup/hold time requirements of the D-Flip/Flops, the SBPD
can be designed easily and can be built with standard cells.
It can prevent the incorrect operation of the sense-amplifier-
based PD.

At the beginning, the PD controller receives SBPD’s outputs
(PD_UP_1 and PD_DOWN_1). After the SBPD is locked,
the PD controller switches to receive sense-amplifier-based
PD’s outputs (PD_UP_2 and PD_DOWN_2). Therefore, the
proposed PD can correctly detect a small phase error between
COMP and BASE.
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Fig. 15. AND-OR-Type coarse-tuning component of the proposed DDCC.

B. Key Components in DCC

Fig. 15 shows the AND-OR-type DDCC architecture, which
is combined with the coarse-tuning component (coarse DDCC)
and the fine-tuning component (fine DDCC). The circuit
operating path is from Signal_In to Signal_Out, which is
selected by control code coarse_ddcc [i:0]. The Coarse DDCC
has i + 1 coarse-tuning delay cells, and each coarse-tuning
delay cell is combined with an AND cell and an OR cell.
Therefore, coarse DDCC can provide i +1 types of pulse-width
adjustments and easily cover the wide pulse-width adjustment
range. Nevertheless, the resolution of coarse DDCC is not
sufficiently good. For this reason, the fine-tuning component
is added to increase the DDCC resolution.

The fine DDCC fine-tuning component is based on the
architecture of DCV [23], which is the same as that of fine
DCDL. Each DCV cell is combined with four NAND gates,
which are controlled by enable code fine_ddcc[j:0]. The fine-
tuning component has j 41 types of delay times brought about
by controlling the DCV cells. An OR gate is connected after
the DCV output and the dummy delay output. The dummy
delay is used for reducing DCV’s intrinsic delay.

The architecture of the proposed DCD is similar to that
of the proposed PD, as shown in Fig. 14. It also consists
of a sample-based DCD and a sense-amplifier-based DCD.
However, the proposed DCD detects the negative-edge phase
error between COMP and BASE. Thus, in the proposed DCD,
there are two inverters in front of PD’s inputs (COMP and
BASE). Then, PD can easily transform into the proposed DCD,
and the operation behavior is same as that of the proposed PD.

IV. EXPERIMENTAL RESULTS

The proposed PA-ADDCC is fabricated using a standard
performance (SP) 65-nm CMOS process, and the micropho-
tograph of the PA-ADDCC is shown in Fig. 16. The active
area is 100 x 100 xm?, and the chip area with I/O pads is
644 x 644 um?. The test chip consists of a test circuit, a
DLL, and a DCC. The input frequency ranges from 262 MHz
to 1.02 GHz. Because the maximum input and output signal
frequencies are restricted by the I/O pad speed limitation,
which is approximately <300 MHz, the test circuit needs to
provide a high-frequency clock signal with a programmable
duty cycle as the input clock to the ADDCC circuit. In
addition, if the output clock frequency is higher than 300 MHz,
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Fig. 16. Microphotograph of the proposed PA-ADDCC.
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Fig. 17. Block diagram of test chip.

it should be divided into low frequencies before being output
to the I/O pad.

Fig. 17 shows the block diagram of a PA-ADDCC
test chip. The test chip is combined with a test mode
control circuit (TEST_MODE_CTRL), a digitally con-
trolled oscillator (DCO), a duty-cycle generator delay line
(DUTY_DELAY_GEN), and a divider circuit (DIV_FOUR).
The input FREQ_SELECT determines the DCO output fre-
quency. DCO is designed on the basis of the MUX-type
DCO architecture, and its output frequency ranges from 242
to 1094 MHz. The input DUTY_SELECT is encoded into
DUTY_CODE, which determines the delay time from A to B,
as shown in Fig. 17. Then, A and B are combined by an OR
gate to adjust the duty cycle of the DCO output clock. If a
duty cycle of <50% is required, the inverted signal (I_C) is
selected as the input clock to ADDCC. The ADDCC input
clock (SYSTEM_CLK) can be an external low-frequency
clock (INPUT_CLK) or the internal high-frequency clock
(DCO_CLK).

The maximum output signal frequency is restricted by the
I/O pad speed limitation, and thus, ADDCC’s output clock
(OUTPUT_CLK) is divided by four before output. Fig. 18
shows the block diagram of the DIV_FOUR circuit. CLK_P is
triggered by CLK_IN’s positive edge, and CLK_N is triggered
by CLK_IN’s negative edge.
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Fig. 19 shows the timing diagram of the DIV_FOUR circuit.
If CLK_IN’s period is T, then CLK_P’s and CLK_N’s period
is TD (=4 x T). In addition, CLK_IN’s duty cycle is A/T,
and the phase difference between CLK_P’s positive edge and
CLK_N’s positive edge is A. Therefore, we can measure the
period of CLK_P and CLK_N to obtain TD, and the phase
difference between CLK_P and CLK_N is A. Then, the duty
cycle of CLK_IN can be calculated as A/(TD/4), which is
equal to A/T. In addition, the enable-bit DIV_OPEN controls
the output clock gating for saving power. If DIV_OPEN is set
to 0, CLK_P and CLK_N are gated and ORIG_CLK is the
enabled output. If DIV_OPEN is set to 1, ORIG_CLK is gated
and CLK_P and CLK_N are the output.

Fig. 20 shows the duty-cycle measurement results of the
proposed PA-ADDCC. In Fig. 20, signal #1 is CLK_P, and sig-
nal #4 is CLK_N. In Fig. 20(a), the phase difference between
CLK_P and CLK_N is 1.898 ns, and the period of CLK_N
is 15.241 ns; thus, the duty cycle of the ADDCC’s output
clock is 49.8% (=1.898/(15.241/4) x 100%) at 262 MHz.
Fig. 20(b) shows that the phase difference between CLK_P
and CLK_N is 484.7 ps and the period of CLK_N is 3.92 ns;
thus, the duty cycle of ADDCC’s output clock is 49.4%

=1(0.4847/(3.92/4)) x 100%) at 1020 MHz.

Fig. 21 shows the output clock duty-cycle measurement
results of the proposed PA-ADDCC. The input clock fre-
quency ranges from 262 to 1020 MHz, and the duty cycle of
the input clock ranges from 14% to 86%. In addition, the core
power supply voltage is 1.0 V, and the pad power supply volt-
age is 2.0 V. The power consumption is 6.5 mW (at 1.02 GHz),
2.68 mW (at 442 MHz), and 1.96 mW (at 262 MHz).

Fig. 22 shows the output clock jitter histogram of the
proposed PA-ADDCC. The root mean square (rms) jitter and



CHUNG et al.: HIGH-RESOLUTION ADDCC IN 65-nm CMOS TECHNOLOGY

File Control Setp Measure Analze Utilities Help

()

Fig. 20. Duty-cycle measurement results of the proposed PA-ADDCC at
(a) 262 MHz and (b) 1020 MHz.
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Fig. 21. Measurement results of the proposed PA-ADDCC.

peak-to-peak (pk—pk) jitter at 262 MHz are 8.85 and 85.46 ps,
respectively. In addition, the rms jitter and the pk—pk jitter at
1021 MHz are 3.2 and 23.64 ps, respectively. Fig. 23 shows
the measurement results for a 20% duty-cycle input clock and
the 50% duty-cycle output clock at 250 MHz. In Fig. 23, signal
#1 is the external input clock and signal #2 is the ADDCC
output clock with a 50.8% duty cycle. Because the proposed
PA-ADDCC has an intrinsic delay that comes from the delay
of the signal selector and the intrinsic delay of the half DDCC,
the output clock has residual phase error with the reference
clock. In addition, the MUX of the test circuit and the output
clock gating control circuit also causes an additional phase
error in the measurement result shown in Fig. 23.

The proposed HR-ADDCC is implemented using a SP
65-nm CMOS process, and the layout of the HR-ADDCC is
shown in Fig. 24. The active area is 100 x 100 xm?, and
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Fig. 22.  Jitter histogram of the proposed PA-ADDCC at (a) 262 MHz and
(b) 1021 MHz.
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Fig. 23.
250 MHz.

20% duty-cycle input clock and 50% duty-cycle output clock at

the chip area with I/O pads is 644 x 644 um?. The test chip
consists of a test circuit, a DLL, and a DCC. Fig. 25 shows
the simulation results of the proposed HR-ADDCC. The input
clock frequency ranges from 200 MHz to 1.066 GHz, and the
duty cycle of the input clock ranges from 20% to 80%.
Table I shows a performance comparison with prior works.
In the case of TDC-based all-digital DCC architecture, it is
difficult to achieve a high duty-cycle correction resolution
while maintaining a wide operation frequency [6], [8], [12],
[16]. Although analog PWCLs [4], [7] have precisely a 50%
duty-cycle output, they require a large on-chip capacitor
that occupy a large chip area, and they also have a long
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TABLE I
PERFORMANCE COMPARISONS
Proposed Proposed s s JSSC’09 s R R ESSCIRC’12
Parameter PA-ADDCC HR-ADDCC JSSC’06 [6] | TCAS-II’07 [12] [16] VLSI’12 [8] [ JSSC’08 [4] | JSSC’05 [7] [24]
. . Analog
Sequential Sequential TDC/Analog| Analog i
Type Search/HCDL Search TDC TDC TDC/HCDL | TDC/HCDL PWCL PWCL, dual-loop
PWCL
Process 65 nm 65 nm 0.35 ym 0.18 um 0.18 mm 0.18 um 0.18 um 0.35 um 45 nm
Supply voltage| 1.0V 10V 33V 18V 18V 18V 18V 33V B
Max.
Frequency 1020 1066 600 1200 1500 2000 1100 1270 2000
(MHz)
Min.
Frequency 262 200 400 800 440 400 50 1000 1000
(MHz)
10% ~ 90%
Input Duty - - - - 40% ~ 60% | @400 MHz - -
Cycle Range 14% ~ 86% 20% ~ 80% 30% ~ 70% 40% ~ 60% @1.5 GHz | 20% ~ 80% 30% ~ 70% N/A 25% ~ 75%
@2 GHz
—0.4% ~ 0.6% | —0.9% ~ 0.4%
Output 50% @262 MHz @250 MHz +1%
—1.6% ~ 0.8% | —0.6% ~ 0.9% —1.5% ~ 1.4% @400MHz 2%
Puy O¥cle | @aan M, | @500 MHz +0.6% @1 GHz +1.8% +3.5 % | e125cH| 2P
—1.4% ~04% | —1.0% ~ 1.0% @1 GHz
@1.02 GHz @1 GHz
Duty Cycle
Corrector 3.5 ps 1.75 ps 120 ps 78.1 ps* 17.75 ps** 78.1%x* N/A N/A N/A
Resolution
.A lign with Yes Yes Yes Yes Yes No No No No
input clock
1.96 mW 1.52 mW
@262 MHz @250 MHz 1.76 mW
Power 2.68 mW 3.03 mW 20 mW 15 mW @1 GHz 43 mW @400 MHz | 4.8 mW 150 mW 1.4 mW
consumption @442 MHz @500 MHz @500 MHz @1.5 GHz 3.6 mW @1.3 GHz | @1.25 GHz @1 GHz
6.5 mW 5.83 mW @2 GHz
@1.02 GHz @1 GHz
. 23.64 ps 16.7 ps 7 ps 28.45 19.6 ps
ppliter |\ G100 GHz N/A @500 MHz |20 P @GRl 61 5'6h, | @rohz | B2 erascu| NA
Area(mm?) 0.01 0.01 0.68 0.23 0.053 0.025 0.2068 0.141 0.01
ERZEEE;H%;?; Measurement Simulation Measurement | Measurement |Measurement|Measurement{Measurement|Measurement| Measurement
*: 1250 ps/16 = 78.1 ps (@800 MHz)
**: 7 =2272.7 ps/16 = 142 ps (@440 MHz)
resolution is 7 % 0.125 = 142 % 0.125 = 17.75 ps
##%: 2500 ps/32 = 78.1 (@400 MHz)
515
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s ~ . 0
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Fig. 25.  Simulation results of the proposed HR-ADDCC.

Fig. 24. Layout of the proposed HR-ADDCC.

lock-in time. In addition, the output clock of the PWCL is not
phase aligned with the input clock [4], [7], [24]. Compared
with prior works, the proposed ADDCC not only has a wider

frequency range and a higher duty-cycle correction resolution
but also has a wider input duty-cycle range and a phase
alignment capability.
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V. CONCLUSION

In this paper, phase-alignment and HR-ADDCCs were pre-
sented. The proposed PA-ADDCCs not only exhibited the
phase alignment of the input and output clocks but also
corrected the duty cycle of the output clock to 50% with a
short locking time. The HR-ADDCC used a novel correction
method without a half-cycle delay line, which can solve the
delay mismatch problem in an advanced CMOS process with
serious OCVs. In addition, the proposed ADDCC architectures
can operate across a wide frequency range and achieved a wide
range of input duty cycle. Thus, it is very suitable for duty-
cycle correction applications, such as the DDR memory, /O
bus interface, and SoC applications.
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