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A Wide-Range Low-Cost All-Digital
Duty-Cycle Corrector

Ching-Che Chung, Member, IEEE, Duo Sheng, Member, IEEE, and Chang-Jun Li

Abstract— A system clock with a 50% duty cycle is
demanded in high-speed data communication applications,
such as double data rate memories and double sampling
analog-to-digital converters. In this paper, a wide-range low-cost
all-digital duty-cycle corrector (ADDCC) is presented. The
proposed ADDCC uses a delay-recycled half-cycle time delay
line to reduce the required length of the delay line to half of the
input clock period. Thus, it can extend the operating frequency
toward a lower frequency with small area cost as compared with
the conventional design. The proposed design is implemented in
a standard performance 90-nm CMOS process, and the active
area is 170 x 170 pm?2. The input frequency of the proposed
ADDCC ranges from 75 to 734 MHz, and the input duty-cycle
ranges from 9% to 86%. The measured output duty-cycle error
is less than 1.78%. The proposed ADDCC consumes 4.59 mW
at 734 MHz and 0.9 mW at 75 MHz with a 1.0-V power supply.

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

I. INTRODUCTION

S THE operating frequencies of electronic systems
continue to increase, double edge sampling techniques

are increasingly used in high-performance systems. For
example, double data rate memories and double sampling
analog-to-digital converters require sampling the input data
via the positive and negative edges of the reference clock.
However, the duty-cycle error of the clock signal may be
as high as +20% when the clock signal is distributed to
other module blocks through clock buffers [1]. The duty-cycle
error of the clock signal causes unbalanced calculation times
for sequential circuits. Accordingly, a system clock with
a 50% duty cycle is demanded. Therefore, a duty-cycle
corrector (DCC) is used in a system-on-a-chip (SoC) to correct
distortions in the clock signal owing to process, voltage,
and temperature (PVT) variations. Furthermore, the corrected
clock signal should be phase aligned with the input clock to
avoid inserting an additional clock skew by the DCC circuit.
In recent years, many DCCs have been proposed and
can be classified into two categories: analog DCCs [2] and
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Fig. 1. Operation of the SMD-based DCC at unbalanced process corners.

(a) Pulse stretching. (b) Pulse shrinking.

digital DCCs [3]-[15]. Analog DCCs use a pulsewidth control
loop (PWCL) to correct the input clock by continuously adjust-
ing the feedback voltage of the control stage [2]. However,
PWCL-based DCC requires a relatively long settling time
and uses several large on-chip capacitors for filtering control
voltage ripples. Thus, PWCL-based DCC often occupies a
relatively large chip area. Furthermore, PWCL-based DCC
has a serious charge pump mismatch problem at unbalanced
process corners (i.e., slow-fast or fast-slow), and this problem
will affect the output duty-cycle error. In addition, the leakage
current of transistors in advanced CMOS process also causes
ripples on the control voltage and affects the stability of the
output clock. Moreover, the output clock is not phase aligned
with the input clock in PWCL-based DCC [2].

In contrast to analog DCCs, all-digital DCCs (ADDCCs)
utilize no passive components facilitating their integration
with other digital circuits. There are two major ADDCC
architectures: the synchronous-mirror-delay (SMD) type and
the time-to-digital converter (TDC) type. The SMD-based
ADDCC [4] uses a half-cycle delay line (HCDL) to measure
the period of the input clock. However, when short pulses pass
through the HCDL, the pulses can be stretched or shrank due
to the duty distortion caused by the delay line at unbalanced
process corners. As shown in Fig. 1(a), when a false pulse
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Fig. 2. Dual-loop ADDCC architecture.

is generated at node B due to pulse stretching, the output
duty-cycle error is increased. On the other hand, as shown
in Fig. 1(b), when the pulse at node B disappears due to pulse
shrinking, the SMD-based ADDCC suffers a malfunction.

The TDC is widely used in ADDCCs [5]-[9] to reduce
the lock-in time. The TDC can obtain input clock period
information, and therefore, the lock-in time can be greatly
reduced as compared with the DCC [11] using the successive
approximation register controlled or pulse shrinking/stretching
approaches [12]-[15]. However, in ADDCCs [5], [6], the TDC
has an extra area cost, and a delay mismatch problem also
exists between the TDC and the delay line. To reduce the chip
area and delay mismatch problem, ADDCCs [7]-[9] integrate
the TDC into the delay line. However, in ADDCCs [7]-[9],
since the fine-tuning delay stage is not added in the delay
line, the duty-cycle error of these ADDCCs is dependent on
the coarse-tuning delay stage resolution.

As compared with TDC-based ADDCCs, delay-recycled
ADDCC:s [8]-[10] have fewer delay cells in the delay line and
flip-flops in the TDC. Thus, the operating frequency range can
be extended to a lower frequency with less area cost and lower
power consumption. However, the binary-weighted delay line
in ADDCCs [8], [9] has a nonlinearity problem with on-chip
variations. To improve the resolution of the delay line, fine-
tuning delay cells are added in the ADDCC [10] to achieve
a relatively small duty-cycle error. However, the cascaded
delay line architecture usually needs to overlap the coarse-
tuning step by 20%-30% in design of the fine-tuning delay
stage to ensure that the controllable delay range of the fine-
tuning delay stage is larger than one coarse-tuning step with
PVT variations. However, the delay time versus control code
becomes a nonmonotonic response in [10], and there will have
a large cycle-to-cycle jitter when the DCC controller switches
coarse-tuning control code.

A dual-loop-based ADDCC [14], [15] that employs a DCC
and a delay-locked loop (DLL) is shown in Fig. 2. The dual-
loop-based ADDCC has high duty-cycle correction accuracy
while maintaining phase alignment between the input and
the output clocks. However, the dual-loop-based ADDCC
requires a relatively long lock-in time due to the dual-loop
operation. In addition, since the DLL is used to generate
two complementary duty-cycle signals, the duty-cycle error
caused by the delay line of the DLL cannot be corrected by
the DCC loop. Therefore, the duty-cycle error caused by the
digitally controlled delay line will directly affect the duty-cycle
error of the output clock (CLK_OUT).

In this paper, an ADDCC that can achieve a high
duty-cycle correction resolution and have a wide operating
frequency range (734/75 MHz = 9.78) while maintaining
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phase alignment and low area cost is presented. The rest
of this paper is organized as follows. The architecture of
the proposed ADDCC is presented in Section II. Section III
describes the circuit implementation of the proposed design.
Section IV discusses the theoretical performance of the
ADDCC. Section V shows the experimental results of the
proposed design. Finally, the conclusion is given in Section VI.

II. PROPOSED ADDCC ARCHITECTURE

A block diagram of the proposed ADDCC is shown in
Fig. 3. The ADDCC is composed of a multiplexer (MUX),
a pulse generator (PG), an AND gate, a HCDL, a phase
detector (PD) [16], an ADDCC controller, a TDC encoder,
and a D-type flip-flop (DFF). The PG transforms the input
clock (CLK_IN) and the feedback clock (CLK_FB or
CLK_OUT) into narrow pulses (in_pulse and fb_pulse). The
signal tdc_start selects CLK_FB or CLK_OUT to generate
fb_pulse. The AND gate before the pulse signal will be pulled
down to avoid unnecessary pulses triggering the DFF until
the reset signal (RESET) is pulled low. Once the reset signal
(RESET) is pulled low, the AND gate before the pulse signal
allows the short pulses to propagate through the HCDL.

The proposed TDC-embedded HCDL is composed of a 6-bit
TDC-embedded coarse-tuning delay line (CDL) and a 5-bit
fine-tuning delay line (FDL) [19], as shown in Fig. 4. The
proposed CDL is composed of 63 lattice delay units [20]
and embedded with a TDC. The dummy cells are added to
balance the capacitance loading of the NAND gates. Every
two NAND gates have a DFF for quantizing the period of the
input clock and output as tdc_data [63:0], and the resolution
of the CDL is the propagation delay of the two NAND gates.
To improve the delay line resolution, the FDL is added. The
FDL [19] is composed of two parallel connected tristate buffer
arrays operating as an interpolator circuit. In the proposed
ADDCC, the delay-recycled architecture reduces the required
length of the delay line to half of the input clock period.
As a result, the operating frequency range can be extended
to a lower frequency with less area cost and lower power
consumption.

Fig. 5 shows the overall timing diagram of the pro-
posed ADDCC. After the ADDCC is reset, the control code
(ctrl_code [10:0]) of the HCDL is set to the maximum value
(i.e., 11°d2047) that sets the HCDL to provide a maximum
delay time, and tdc_start is pulled high in the beginning.
Subsequently, the narrow pulses propagate through the HCDL.
At the next rising edge of the input clock (CLK_IN), the
TDC captures the propagated pulse signals and stores them as
tdc_data [63:0]. The TDC encoder searches for the bit location
of the first 1 in tdc_data [63:0], from the most-significant
bit (MSB) to the least-significant bit (LSB). Then, the TDC
encoder outputs the initial delay control code (tdc_code [5:0])
for the ADDCC to achieve fast lock-in.

After setting the initial control code, the input (CLK_IN)
and output (CLK_OUT) clocks still have a residual phase
error due to the finite TDC resolution. Hence, the pro-
posed ADDCC increases or decreases the delay-line control
code (ctrl_code [10:0]) according to the outputs of the PD.
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A binary search scheme is adopted in the ADDCC controller
to accelerate the fine-tuning process. Whenever the PDs output
is changed from UP to DOWN or vice versa, the search step
(step [4:0]) is divided by 2 until the step is reduced to one.
Once the step is equal to one, the ADDCC is locked, and
the output clock (CLK_OUT) is phase aligned with the input
clock (CLK_IN). In the proposed ADDCC, the required delay
time of the HCDL is reduced to one half of the input clock
period. Thus, for wide-range operation, chip area and power
consumption of the ADDCC can be reduced as compared with
other ADDCCs [5]-[7].

The detail timing diagrams of the TDC with a low-frequency
input clock and a high-frequency input clock are shown in
Figs. 6 and 7, respectively. In Fig. 6, after the ADDCC

is reset, the first rising edge transition of the toggle signal
triggers the DFF to pull up the output clock (CLK_OUT)
to logic 1 state, indicating that the period of the input
clock (CLK_IN) is longer than the maximum delay time
of the HCDL. Then, the PG generates the feedback pulse
(fb_pulse) from CLK_OUT. Subsequently, the combined pulse
signal propagates through the HCDL and produces the next
rising transition of the toggle signal. The first 1 bit loca-
tion of tdc_data [63:0] from the MSB to the LSB is 16.
However, the logic 1 state of CLK_OUT indicates that the
pulse signal has already propagated through the HCDL and
looped back to the HCDL again. Therefore, the period of the
input clock (CLK_IN) is quantized as 80 (= 16 4 64) coarse-
tuning delay unit’s delay time. For the proposed ADDCC, the
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HCDL needs to provide a half-cycle delay time of the input
clock such that tdc_code [5:0] output by the TDC encoder
is 40 (=80/2).

When the period of the input clock (CLK_IN) is smaller
than the maximum delay time of the HCDL, the short pulses
require more than one input clock cycle to pass through the
full delay line, as shown in Fig. 7. Thus, at the next rising edge
of the input clock (CLK_IN), the output clock (CLK_OUT)
does not have a rising transition in this case. In Fig. 7, the first
1 bit location of tdc_data [63:0] from the MSB to the LSB
is 20. Therefore, tdc_code [5:0] should be 10 (=20/2). With
the TDC, the proposed ADDCC can achieve fast lock-in time
within 15 input clock cycles.

III. CIRCUIT IMPLEMENTATION

Fig. 8 shows the block and timing diagrams of the PG.
The PG generates narrow pulses to propagate through the
HCDL at rising transitions of the input clocks (CLK_A and
CLK_B). The OR gate outputs the short pulses (PG_OUT)
to the HCDL from signals a_pulse and b_pulse. Fig. 8
also shows that the PG can generate pulses with a
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Fig. 9. Duty-cycle distortion caused by the TDC-embedded CDL.

fixed pulsewidth when the duty cycle of the input clock
(CLK_A or CLK_B) is greater than or smaller than 50%.
When the pulsewidth of the input clock is longer than the
buffer chain delay, the PG generates pulses whose pulsewidth
is equal to the buffer chain delay. Oppositely, when the
pulsewidth of the input clock is shorter than the buffer chain
delay, the PG generates pulses whose pulsewidth is equal to
the input clock. Hence, once the pulsewidth is too small and
cannot trigger the DFF, the proposed ADDCC will not work
correctly.

After integrating the DFFs of the TDC into the CDL,
the capacitance loadings of the individual NAND gates
are not equal. Fig. 9 shows the duty-cycle output of the
TDC-embedded CDL at the Nth coarse-tuning stage with a
50% duty-cycle input clock. The maximum duty-cycle distor-
tion caused by the CDL is 4.8% at all process corners. Since
the proposed PG generates pulses with a fixed pulsewidth, and
the CDL increases the pulsewidth at all process corners, the
toggle signal can always trigger the DFF at all process corners.
As a result, the input duty-cycle range will not be affected by
the duty-cycle distortion caused by the HCDL.

Cascaded delay line architectures [10], [12], [14]-[18],
[20], [21] not only increases the area cost and power consump-
tion of the chip but also causes a large cycle-to-cycle jitter
when the coarse-tuning control code is switching. Therefore,
the interpolator-based FDL [19] is used to enhance the reso-
lution of the HCDL and guarantees that the controllable delay
range of the FDL is equal to one coarse-tuning step with
PVT variations.
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Fig. 10 shows the architecture and the timing diagram
of the proposed FDL. The propagation delay of the FDL
is controlled by the driving strength of two parallel con-
nected tristate buffer arrays. The rising edge of the output
clock (OUT) will be close to CA_OUT when the fine-tuning
control code (code [30:0]) sets to the maximum value
(i.e., 31’h7FFF_FFFF). In contrast, the output clock (OUT)
will be close to CB_OUT when the fine-tuning control code
sets to the minimum value (i.e., 31°h0). By adjusting the num-
ber of turned-ON tristate buffers in the arrays, the resolution of
the FDL can be enhanced to be 1/31 that of the coarse-tuning
step. Therefore, the output duty-cycle error of the proposed
ADDCC can be further reduced. The proposed FDL has a
maximum differential nonlinearity (DNL) of —0.71 LSB, as
shown in Fig. 11. DNL is a term describing the deviation
between two delay values corresponding to adjacent input
digital control codes. DNL of the proposed FDL is higher
than —1.0 LSB, and this indicates that the proposed FDL has
a monotonic response at all process corners.

IV. PERFORMANCE ANALYSIS

A bang-bang PD [16] is used in the proposed ADDCC to
compare the phase relationship between the input clock and
the output clock. When the ADDCC is locked, the following
equation should be satisfied:

Teik_out = TeLk N
= 2(Tpg + Tanp + TucpL + Torr)
= 2(TpGg + Taxo + TroL + TepL + Torr) (1)
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Fig. 12.  Microphotograph of the proposed ADDCC.

where Tcrk 1N is the period of the input clock, TcLk out
is the period of the output clock, Tpg is the delay time of
the PG, Tanp is the delay time of the AND gate, TycpL is the
delay time of the HCDL that includes the delay time of the
FDL (TgpL) and the delay time of the CDL (7¢pr), and Tprr
is the clock-to-g delay of the DFF.

The maximum operating frequency of the proposed
ADDCC is determined by the total intrinsic delay from the
input clock (CLK_IN) to the output clock (CLK_OUT), as
shown in (2). In (2), TycpLmin 1S the intrinsic delay of
the HCDL. Oppositely, the minimum operating frequency of
the proposed ADDCC is given by (3). In (3), THcDLmax 1S the
maximum delay time of the HCDL. In our design, the CDL
is composed of 63 coarse delay units to extend the operating
frequency range to a lower frequency

ToLk INpin = 2(TpG + Tano + THCDL i, + TDFR) 2)
ToLK N = 2(TpG + Tanp + THCD g + TDFF).  (3)

When PVT variations are considered, the input frequency
range at all PVT corners is shown in (4) and (5). The slow-
slow corner and fast-fast corner dominate the maximum and
minimum input operating frequencies, respectively

TCLK _INmin = 2(TpG,ss + Tanp,ss

+ THCDLuyinss + TDFE,SS) “4)
TCLK INmax = 2(TpG,FF + Tanp,FF
+ THCD Ly e + TDFF,FF)- ©)

The proposed TDC quantizes the input clock period into
digital codes. If the ADDCC is in high-frequency operation,
as shown in Fig. 7, the input clock period in high-frequency
operation (TcrLk IN,H) after TDC operation can be expressed
by (6), where Tcpy is the delay time of the coarse delay
unit. After TDC operation, the CDL turns ON (n/2) CDUs
to provide a delay time close to half of the input clock
period. However, the output clock period in high-frequency
operation (TcLk out,n) has a quantization error Ap. This
error can be further compensated by the ADDCC controller
after TDC operation, but this quantization error will increase
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Fig. 14. Block diagram of the DIV_FOUR circuit.

the lock-in time of the ADDCC

Tcrk N, g = Teg+ Tano+TrpL + nTcpu
1
TepL = > (nTcpu)
1
=3 (Tek_1N,# — Tpg — Tano — TrDL)
Terk out,# = 2(TpG + Tano+ TepL + Tepr + Torr)
= Tk N, H +Tpc+ Tano+ TepL +2TDFF
= TcLK IN,H + Al (6)
Terk N,z = 2(TpGg+ Tano+ TrpL) + Torr + nTcpu
1
TcpL = > (nTcpu)
1
=3 [Terk N, — 2
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When the proposed ADDCC is in low-frequency operation,
as shown in Fig. 6, the input clock period at low-frequency
operation (Tcrx In,z) after TDC operation can be expressed
by (7). The output clock period in low-frequency operation
(Tcrx _our,r) has a small quantization error Ay. This error
can also be compensated by the ADDCC controller after
TDC operation.
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The TDC quantization errors will be at least one DFFs
propagation delay time. After TDC operation, the ADDCC
controller with the proposed PD can reduce the residual
duty-cycle error caused by the finite TDC resolution.

V. EXPERIMENTAL RESULTS

The proposed ADDCC is fabricated using a 90-nm standard
performance CMOS process, and the microphotograph of the
ADDCC is shown in Fig. 12. The core area is 170 x 170 ym?,
and the chip area including I/0 pads is 734.24 x 734.24 um?.

The chip consists of an ADDCC and a test chip circuit.
Due to the speed limitations of the I/O pads, signals with
a frequency higher than 300 MHz are not able to transmit
through the I/O pads. Hence, we use a digitally controlled
oscillator (DCO) and a duty-cycle generator (DUTY_GEN)
to generate an on-chip high-speed clock (DCO_CLK) with
various frequencies and duty cycles for testing the proposed
ADDCC, as shown in Fig. 13. The DCO is designed as a
MUX-type DCO, and its operating frequency ranges from
144 to 734 MHz. The DUTY_GEN sets the output duty
cycle from the duty selection bits (DUTY_SELECT). The
DCO and the DUTY_GEN can only generate an output
clock (A) with a duty cycle higher than 50%. Thus, a clock
with a duty cycle smaller than 50% can be provided by
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an inversed signal (I_A). The system clock selection bits
(OUT_SELECT) select the on-chip clock (DCO_CLK) or the
external clock (INPUT_CLK) to be the ADDCCs input clock
(SYSTEM_CLK).

The divide-by-four (DIV_FOUR) circuit is designed to
divide the high-frequency signal to a lower frequency for
measurement considerations, as shown in Fig. 14. DFFs trig-
gered by the positive and negative edges of the CLK_IN
signal are used to divide the CLK_IN frequency by
four. After frequency division, the low-frequency signals
(CLK_P and CLK_N) are able to be sent to the output pads.
When the CLK_IN frequency is low, we can directly send the
input clock to the I/O pads without frequency division.

The timing diagram of the DIV_FOUR circuit is shown
in Fig. 15. If the period of the CLK_IN is 7 and its
pulsewidth is A, the duty cycle of the CLK_IN is A/ T. After
frequency division, the period of CLK_P and CLK_N becomes
TD (=4 x T). Since the phase difference between the rising
edges of CLK_P and CLK_N is still A, the duty cycle of the
input clock (CLK_IN) can be computed as (4 x A)/TD.

Fig. 16 summarizes the measurement results of the proposed
ADDCC. As shown in Fig. 16, the input frequency ranges
from 144 to 734 MHz, and the input duty-cycle ranges from
9% to 86%. The maximum output duty-cycle error is 1.78%.
In addition, the core power is 1.0 V and the pad power is 3.3 V.
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TABLE I

PERFORMANCE COMPARISONS

JSSC’08 TVLSI’13 TVLSI’'13 TVLSI’'12 TCAS-II’06 JSSC’09 ISSCC’08
Parameter Proposed
[2] [21] [15] [3] [5] [6] [22]
Phase Alignment Yes No Yes Yes No Yes Yes Yes
TDC/ Sequential
TDC/ Analog TDC/
Type HCDL/ Search/ TDC DCC/DLL DCC/DLL
HCDL PWCL HCDL
Interpolator HCDL
Process 90 nm 0.18 um 0.18 um 65 nm 0.18 um 0.18 um 0.18 um 66 nm
Supply Volt:
APy HOTAEE 1.0 1.8 1.8 1.0 1.8 1.8 1.8 15
™)
Frequency (MHz) 75~ 734 50~ 1100 250 ~ 625 262 ~ 1020 | 400 ~2000 800 ~ 1200 440 ~ 1500 | 100 ~ 1000
Input Duty-Cycle
9~86 30~70 30~70 14~ 86 20 ~80 40 ~ 60 40 ~ 60 40 ~ 60
Range (%)
Maximum Output
Duty-Cycle Error 1.78 1.0 1.6 1.4 3.5 1.5 1.8 1.0
(%)
Lock-in Time
<15 <138 <36 N/A <35 <10 <15 N/A
(Cycle)
RMS Jith 4.11ps 1.95ps 2.56ps 3.23ps 3.55ps 1.5ps 0.9ps 5.26ps
itter
@734MHz | @1.3GHz @625MHz | @1.02GHz @1GHz @1GHz @1.5GHz @1GHz
0.9mW 8.4mW 1.96mW 1.76mW 4.2mW
Power @75MHz 4.8mW @250MHz | @262MHz | @400MHz 15mW 43mW @100MHz
Consumption 4.59mW @1.3GHz 10.8mW 6.5mW 3.6mW @1GHz @1.5GHz 20mW
@734MHz @625MHz | @1.02GHz | @2GHz @1GHz
Area (mm?) 0.0289 0.2068 0.09 0.01 0.025 0.23 0.053 0.111
PBR (mW) 0.47 0.02 0.78 1.66 N/A 0.94 0.95 0.89

The proposed ADDCC consumes 4.59 mW at 734 MHz, and
0.9 mW at 75 MHz.

Fig. 17 shows the duty-cycle measurement and the jitter
histogram at 734 MHz. Signal No.3 is CLK_P and
Signal No.2 is CLK_N, as shown in Fig. 15. As shown
in Fig. 17(a), the frequency of the ADDCC output clock
(OUTPUT_CLK) should be four times faster than Signal No.3.
Hence, the frequency of the output clock (OUTPUT_CLK) is
734 MHz (=182.8109 x 4). The phase difference between
two rising edges of Signal No.3 and Signal No.2 is 688.4 ps.
Therefore, the duty cycle of the output clock (OUTPUT_CLK)
is 50.3% (= 4 x 0.6884/5.47367). As shown in Fig. 17(b), the
peak-to-peak (Pk-Pg) jitter and the root-mean-square (rms)
jitter are 27.13 and 4.1 ps at 734 MHz, respectively.

Fig. 18 shows the duty-cycle measurement and the
jitter histogram at 144 MHz. As shown in Fig. 18(a),
the frequency of the output clock (OUTPUT_CLK) is
144 MHz (= 35.933667 x 4). The phase difference between
the two rising edges of Signal No.3 and Signal No.2 is
3.45 ns. Therefore, the duty cycle of the output clock
(OUTPUT_ CLK) is 49.63% (= 4 x 3.452491/27.826028).
As shown in Fig. 18(b), the Pg-Px jitter and the rms jitter
are 84.09 and 12.44 ps at 144 MHz, respectively.

Fig. 19 shows the duty-cycle measurement of the proposed
ADDCC from an external 75 MHz clock input. Signal No.2 is

the input clock, and Signal No.3 is the output clock. In Fig. 19,
these two signals are phase aligned. Hence, the proposed
ADDCC does not insert an extra skew between the input clock
and the output clock.

Table I lists the performance comparisons of the proposed
ADDCC with current DCCs. A power bandwidth ratio (PBR)
[8] is adopted to provide a fair performance comparison,
as expressed in (8). The proposed ADDCC has the lowest
PBR as compared with current ADDCCs. Although analog
PWCL-based DCC has a small PBR, it occupies a relative
large chip area as compared with other DCCs due to the
on-chip loop filter. In addition, the output clock is not phase
aligned with the input clock in the analog PWCL-based
DCC [2].

The HCDL of the ADDCC [3] has only coarse-tuning delay
units, and thus the duty-cycle error is higher than that of
the other ADDCCs at high-frequency operation. Therefore,
we did not include the ADDCC [3] in PBR comparisons.
Furthermore, DCCs [2], [15], [21] are easily affected by
unbalanced process variations, and thus, their architectures are
not suitable for mass production. As compared with current
DCCs, the proposed ADDCC not only has a relatively wide
frequency range but also has a relatively wide input duty-
cycle range with small area cost and low-power consumption.
Thus, the proposed ADDCC is suitable for high-speed on-chip
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VI. CONCLUSION

A wide-range and low-cost ADDCC is presented in this
paper. The proposed ADDCC uses delay-recycled architecture
to reduce the delay line length to half of the reference
clock period. Thus, the area cost is lower than other DCCs.
In addition, the proposed ADDCC can achieve a wide-range
operation with an input frequency ranging from 75 to 734 MHz
and the input duty-cycle ranges from 9% to 86%, so it
can be integrated into the SoC to correct duty-cycle error.
Furthermore, the proposed ADDCC still works at unbal-
anced process corners, and it is therefore suitable for SoC
applications.

(1]

[2]

[3]

[4]

[5]

[6

=

[7]

[8]

[9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

(19]

[20]

[21]

[22]

2495

REFERENCES
R. Mehta, S. Seth, S. Shashidharan, B. Chattopadhyay, and
S. Chakravarty, “A programmable, multi-GHz, wide-range duty cycle
correction circuit in 45 nm CMOS process,” in Proc. Eur. Solid-State
Circuits Conf. (ESSCIRC), Sep. 2012, pp. 257-260.
K.-H. Cheng, C.-W. Su, and K.-F. Chang, “A high linearity, fast-
locking pulsewidth control loop with digitally programmable duty cycle
correction for wide range operation,” IEEE J. Solid-State Circuits,
vol. 43, no. 2, pp. 399-413, Feb. 2008.
J. Gu, J. Wu, D. Gu, M. Zhang, and L. Shi, “All-digital wide range
precharge logic 50% duty cycle corrector,” IEEE Trans. Very Large Scale
Integr. (VLSI) Syst., vol. 20, no. 4, pp. 760-764, Apr. 2012.
Y.-M. Wang and J.-S. Wang, “An all-digital 50% duty-cycle correc-
tor,” in Proc. IEEE Int. Symp. Circuits Syst. (ISCAS), May 2004,
pp. 11-925-11-928.
S.-K. Kao and S.-I. Liu, “All-digital fast-locked synchronous duty-cycle
corrector,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 53, no. 12,
pp. 1363-1367, Dec. 2006.
D. Shin, J. Song, H. Chae, and C. Kim, “A 7 ps jitter 0.053 mm fast
lock all-digital dll with a wide range and high resolution DCC,” IEEE
J. Solid-State Circuits, vol. 44, no. 9, pp. 2437-2451, Sep. 2009.
S.-K. Kao and S.-I. Liu, “A wide-range all-digital duty cycle corrector
with a period monitor,” in Proc. IEEE Int. Conf. Electron Devices
Solid-State Circuits (EDSSC), Dec. 2007, pp. 349-352.
Y.-M. Wang, J.-T. Yu, Y. Surya, and C.-H. Huang, “A compact delay-
recycled clock skew-compensation and/or duty-cycle-correction circuit,”
in Proc. IEEE Int. SOC Conf. (SOCC), Sep. 2011, pp. 42-47.
S.-N. Wei, Y.-M. Wang, J.-H. Peng, and Y. Surya, “A range
extending delay-recycled clock skew-compensation and/or duty-cycle-
correction circuit,” in Proc. IEEE Int. Symp. VLSI Design, Autom.,
Test (VLSI-DAT), Apr. 2012, pp. 1-4.
R. Swathi and M. B. Srinivas, “All digital duty cycle correction cir-
cuit in 90 nm based on mutex,” in Proc. IEEE Comput. Soc. Annu.
Symp. VLSI (ISVLSI), May 2009, pp. 258-262.
Y.-J. Min et al., “A 0.31-1 GHz fast-corrected duty-cycle corrector
with successive approximation register for DDR DRAM applications,”
IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 20, no. 8,
pp- 1524-1528, Aug. 2012.
J.-W. Ke, S.-Y. Huang, and D.-M. Kwai, “A high-resolution all-digital
duty-cycle corrector with a new pulse-width detector,” in Proc. I[EEE
Int. Conf. Electron Devices Solid-State Circuits (EDSSC), Dec. 2010,
pp. 1-4.
P. Chen, S.-W. Chen, and J.-S. Lai, “A low power wide tange duty cycle
corrector based on pulse shrinking/stretching mechanism,” in Proc. IEEE
Asian Solid-State Circuits Conf. (ASSCC), Nov. 2007, pp. 460-463.
D.-H. Jung, K. Ryu, J.-H. Park, and S.-O. Jung, “A low-power and
small-area all-digital delay-locked loop with closed-loop duty-cycle cor-
rection,” in Proc. Eur. Solid-State Circuits Conf. (ESSCIRC), Sep. 2012,
pp. 181-184.
C.-C. Chung, D. Sheng, and S.-E. Shen, “High-resolution all-digital
duty-cycle corrector in 65-nm CMOS technology,” IEEE Trans. Very
Large Scale Integr. (VLSI) Syst., vol. 22, no. 5, pp. 1096-1105,
May 2014.
C.-C. Chung and W.-C. Dai, “A referenceless all-digital fast frequency
acquisition full-rate CDR circuit for USB 2.0 in 65 nm CMOS tech-
nology,” in Proc. Int. Symp. VLSI Design, Autom., Test (VLSI-DAT),
Apr. 2011, pp. 1-4.
H.-J. Hsu, C.-C. Tu, and S.-Y. Huang, “A high-resolution all-digital
phase-locked loop with its application to built-in speed grading
for memory,” in Proc. IEEE Int. Symp. VLSI Design, Autom.,
Test (VLSI-DAT), Apr. 2008, pp. 267-270.
C.-C. Chung and C.-Y. Lee, “An all-digital phase-locked loop for high-
speed clock generation,” IEEE J. Solid-State Circuits, vol. 38, no. 2,
pp. 347-351, Feb. 2003.
C.-C. Chung, D. Sheng, and W.-D. Ho, “A low-power and small-area all-
digital spread-spectrum clock generator in 65 nm CMOS technology,”
in Proc. Int. Symp. VLSI Design, Autom., Test (VLSI-DAT), Apr. 2012,

. 14,

lI;I.)—J. Yang and S.-I. Liu, “A 40-550 MHz harmonic-free all-digital
delay-locked loop using a variable SAR algorithm,” IEEE J. Solid-State
Circuits, vol. 42, no. 2, pp. 361-373, Feb. 2007.
Y.-G. Chen, H.-W. Tsao, and C.-S. Hwang, “A fast-locking all-digital
deskew buffer with duty-cycle correction,” IEEE Trans. Very Large Scale
Integr. (VLSI) Syst., vol. 21, no. 2, pp. 270-280, Feb. 2013.
W.-J. Yun et al., “A 0.1-to-1.5 GHz 4.2 mW all-digital DLL with dual
duty-cycle correction circuit and update gear circuit for DRAM in 66 nm
CMOS technology,” in IEEE Int. Solid-State Circuits Conf., Dig. Tech.
Papers (ISSCC), Feb. 2008, pp. 282-283.



2496

-
—
#_1—

.

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 23, NO. 11, NOVEMBER 2015

Ching-Che Chung (S’01-M’03) received the
B.S. and Ph.D. degrees in electronics engineer-
ing from National Chiao Tung University, Hsinchu,
Taiwan, in 1997 and 2003, respectively.

He served as a Post-Doctoral Researcher with
National Chiao Tung University from 2004 to
2008, where he was involved in system-on-a-
chip (SoC) design methodologies and high-speed
interface circuit design. In 2008, he joined the fac-
ulty of the Department of Computer Science and
Information Engineering, National Chung Cheng

University, Chiayi, Taiwan, where he is currently an Associate Professor.
His current research interests include wireless and wireline communication
systems, low-power and SoC design technology, mixed-signal integrated
circuits design and sensor circuits design, all-digital phase-locked loop,
all-digital delay-locked loop, and its applications.

- e

—
—
5 y

-
B

Duo Sheng (S’07-M’12) received the B.S. and
M.S. degrees in electrical engineering from National
Chung Cheng University, Chiayi, Taiwan, in 1997
and 1999, respectively, and the Ph.D. degree in
electronics engineering from National Chiao Tung
University, Hsinchu, Taiwan, in 2010.

He was with Macronix Group, Hsinchu, from
1999 to 2009, where he was involved in system-
on-a-chip (SoC) design, high-performance clocking
IP development, and high-speed interface circuit
design. He joined the faculty of the Department of

Electrical Engineering, Fu Jen Catholic University, Taipei, Taiwan, in 2010,
where he is currently an Assistant Professor. His current research interests
include low-power and high-speed digital integrated circuits and systems,
all-digital clocking generator, and low-power SoC for biomedical applications.

Chang-Jun Li received the M.S. degree in computer
science and information engineering from National
Chung Cheng University, Chiayi, Taiwan, in 2013.

He is currently a Hardware Engineer with the
Department of Research and Development, Himax
Technologies Incorporated, Hsinchu, Taiwan, where
he is involved in driver integrated circuits applica-
tions. His current research interests include system-
on-a-chip design methodologies and duty-cycle
correctors design.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


