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Abstract—An all-digital delay-locked loop (DLL) and an all-dig-
ital pulsewidth-control loop (PWCL) with adjustable duty cycles
are presented. For the DLL, by using the flash time-to-digital
conversion, both the phase alignment and the duty cycle of the
output clock are assured in 10 cycles. For the PWCL, the sequen-
tial time-to-digital conversion is adopted to reduce the required
D-flip-flops and lock within 28 cycles. For both of the proposed
circuits, the requirement of the input clock with 50% duty cycle
is eliminated.

The proposed circuits have been fabricated in a 0.35- m CMOS
process. The proposed DLL generates the output clock with the
duty cycle of 25%, 50% and 75%, and the operation frequency
range is from 140 to 260 MHz. For the proposed PWCL, the duty
cycle is adjusted from 30% to 70% in steps of 10%. The operation
frequency range is from 400 to 600 MHz.

Index Terms—Delay-locked loop (DLL), duty cycle and time-to-
digital conversion, pulsewidth control loop.

I. INTRODUCTION

DELAY-LOCKED loops (DLLs) have been widely used to
minimize timing skews and jitters of the clock signals.

The traditional analog DLLs [1]–[3] generally have better jitter
and skew performances, but they need accurate analog and pas-
sive devices. It makes the analog DLLs sensitive to the process,
voltage, and temperature (PVT) variations. Conversely, the dig-
ital DLLs [4]–[9] can be migrated over different processes.

With benefits from scaling CMOS technologies, the digital
DLLs have the low supply voltage, the low power dissipation,
and the short locked time. However, some problems existed
in the conventional digital DLLs. Most of the digital DLLs
[4]–[10] require differential clocks or duplicate coarse delay
lines to achieve the output clocks of 50% duty cycle. It may
increase the power dissipation and active area. During the
coarse phase acquisition of a digital DLL, a binary searching
algorithm [9] or a time-to-digital conversion [10] is adopted to
shorten the locked time. In [9], it becomes an open loop when
the acquisition is finished. In [10], additional coarse delay line
is required to achieve a short locked time.

Furthermore, some special analog-to-digital/digital-to-
analog systems need the clock generators with programmable
duty cycles [11], [12]. In order to correct the duty cycle
distortion of the clock in multi-stage clock buffers, several
analog pulsewidth control loops (PWCLs) [13], [14] have been
presented. However, these analog PWCLs require accurate
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matched analog devices and the capacitors that may occupy
a large active area. Owing to the PVT variations, the analog
PWCL [13] may become unstable if the loop gain is not prop-
erly controlled. In addition, for analog PWCLs [13], [14], the
locked time will be long to have the desired duty cycle.

To deal with the above problems, a fast-locked all-digital
DLL and an all-digital PWCL with adjustable duty cycles are
presented. Both DLL and PWCL generate the acquired duty
cycle of the output clock by adjusting delay difference between
input signals of the SR latch. In addition, the short locked time
and the adjustable duty cycle are achieved. For the proposed
DLL, the phase is aligned and the duty cycle of the output clock
is programmable (25%, 50%, and 75%). For the PWCL, the duty
cycle is adjusted in 30%, 40%, 50%, 60%, and 70%, but the
PWCL does not align the phase. There is a tradeoff of speed and
hardware between two methods. Although the first method has
more D-flip-flops than the second method, it has a faster locked
time owing to the flash time-to-digital conversion. In DLL, the
unselected NAND gates are turned off to save power. In PWCL,
the delay line has to generate the multi-phase clocks and drive
the loads. Therefore, the current starving inverters are chosen
in a PWCL. The proposed DLL and PWCL will be introduced
in Section II and Section III, respectively. The experimental re-
sults will be described in Section IV. Finally, conclusions are
given in Section V.

II. PROPOSED ALL-DIGITAL DLL

The simplified building block of the proposed fast-locked
all-digital DLL with adjustable duty cycles is shown in Fig. 1(a).
The input clock, Clkin, is propagated through the constant delay
cell (CDC), the third 2-to-1 multiplexer (MUX3), and the coarse
delay line (CDL). Two clocks with different phases are selected
from the CDL by two 32-to-1 multiplexers, MUX1 and MUX2.
Then two clocks pass through two fine delay lines (FDLs), re-
spectively. The phase detector (PD) aligns the phase, and the
duty cycle calculation circuit adjusts the duty cycle.

The detail architecture of the proposed DLL is shown in
Fig. 1(b). It consists of a CDL with 32 delay cells, two 32-to-1
multiplexers, two FDLs, an SR latch, a check circuit, and a
phase detector with several control logic circuits. The input
period is detected by the time-to-digital conversion, which is
accomplished by the CDL, a check circuit and an encoder.
To coarsely align the input and output clocks, MUX1 selects
a delayed clock among 32 clocks, clk(0)-clk(31). The first
FDL (FDL1) reduces the phase error between input and output
clocks according to the phase detecting results. The second
control circuit (Control_2) receives the phase detecting result
of the PD to decide the controlling values of FDL1 stored in the

0018-9200/$20.00 © 2006 IEEE



WANG et al.: ALL-DIGITAL DELAY-LOCKED LOOP/PULSEWIDTH-CONTROL LOOP WITH ADJUSTABLE DUTY CYCLES 1263

(a)

(b)

Fig. 1. (a) Simplified diagram for the proposed all-digital DLL with adjustable duty cycles. (b) Proposed all-digital DLL with adjustable duty cycles.

forth latch (latch 4). The Control_2 also controls the last two
bits of the second FDL (FDL2).

In order to adjust the duty cycle, the delay difference between
inputs of SR latch are set by the calculation. According to the
external duty cycle setting codes, the duty cycle calculation cir-
cuit will calculate the code to control the MUX2 and two MSBs
of FDL2, and the duty cycle is determined. The MUX2 selects
a delayed clock among clk(0)-clk(31), and the first two bits of
FDL2 reduce the duty cycle error. Then the duty cycle of the
output clock will be 25%, 50%, or 75%. The operation of this
proposed DLL is divided into four steps. Its timing diagram is
shown in Fig. 2(a) and every operation step will be described as
follows.

The first step is to convert the period of the input clock into
a 6-bit binary code. In the first cycle, the first control circuit
(Control_1) will allow the input clock to enter into the CDC,
MUX3, and CDL. At the same time, the output of variable delay
cell (VDC) is preset to low and each check cell is reset to high.
Initially, the delay of VDC is set to equal to that of CDC. After
the first cycle, Control_1 will allow input clock to pass through
the VDC, and the check circuit captures the logic value of every
delay cell in the CDL. In Fig. 2(a), the time interval t1–t0 is

equal to the period of input clock, and it is converted to 5-digit
code, .

In the second cycle, the control bit of the VDC is set to in-
crease the delay of half a unit CDL cell, and the time-to-digital
conversion is repeated. Then the time interval t2–t1 is converted,
and it is equal to the input period plus the delay of half a unit
CDL cell, and it is converted to 5-digit code, . Although
the CDL is only 5 bits, both the measured results are compared
to get the sixth bit for duty cycle calculation. Then the accuracy
of the duty cycle is improved. If , the output of
comparator is set to “1”. Otherwise, the bit is set to “0”. The bit
will be stored in the last bit of the first latch (latch 1). The last
bit in latch 1 corresponds to the delay of half a unit CDL cell,
and the conversion accuracy is improved. Therefore, the final
6-digit code, , which denotes the period of the input clock,
is stored in latch 1.

Furthermore, thedecoderwillconvert thefirstfivebitsof latch1
to turn off the nonuseful CDL cells, and the power dissipation
is reduced. Three cycles are needed in the first step operation,
but the third cycle can be overlapped with the second step.

In the second step, the phases between the input and output
clocks will be coarsely aligned. The second, third, and fourth
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Fig. 2. (a) Timing diagram of the proposed DLL. (b) Duty cycle calculation in the proposed DLL.

latches are preset to zero and the input clock will pass through
the CDC and MUX1 to generate the output clock. Control_1
will change the control bit of MUX3 and allow the output clock
to enter into the CDL. Then the time-to-digital conversion is op-
erated again, and the result is stored in the second latch (latch 2),
named . The delay, , corresponding to the 5-digit code, ,
is generated from CDL and MUX1 and it can be expressed as

(1)

where is the period of the input clock, is the delay
time of CDC, is the delay time of MUX1, is the
delay time of the FDL1, is the delay time of the
SR latch with a pulse generator (PG) and is the delay time
of the output buffer. The code, , can insert a delay to coarsely
align the input and output clocks. However, the phase resolution
is poor. Two cycles are needed in the second step operation.

The third step operation is to reduce the static phase error
between the input and output clocks. The PD will detect the
phase error between the input and output clocks. The binary
search algorithm is used to speed up the acquisition. From the
most significant bit (MSB) to the least significant bit (LSB),
each bit is set to low initially. If the PD output is low, it means
the output clock lags the input one. Then the delay time of the
FDL1 is decreased, and the control bit is set to high. Otherwise,

the control bit is set to low. After the acquisition is completed,
the final four binary-weighted bits are stored in latch 4 to control
the FDL1. The phase error between input and output clocks is
decreased. Two LSBs of the FDL1 are also used to control those
of the FDL2. In this step, four cycles are needed.

The last step is to determine the desired duty cycle by control-
ling the falling edge of the output clock. The duty cyle calcula-
tion contains a 7-bit full adder and some logic gates to perform
the binary calculation. To have the output clock with 50% duty
cycle, the delay difference between two input signals of SR latch
must be equal to half a period of the input clock . The re-
quired relation is given as

(2)

where denotes the two MSBs of the FDL1.
The generated delay time of the MSB in is equal to that
of half a unit CDL cell, so the scaling factor is 0.25. If

, the required delay,
, for the falling edge of the output clock

is calculated as

(3)
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Fig. 3. (a) Constant delay cell and variable delay cell in proposed DLL. (b) Tri-state inverter in the CDC/VDC. (c) Fine delay line.

Right shifting operation actualizes these coefficients, and 2’s
complement is adopted to realize the subtraction. If

, the required delay is

(4)

Eq. (3) is calculated first by the duty cycle calculation circuit.
If the sign bit of this result is low, it represents

. Then and
are obtained. Otherwise, (4) is calculated. The result will be
updated and stored in the third latch (latch 3) where the first
five MSBs are used to control the MUX2 and the last two LSBs
are the two MSBs of the FDL2.

To obtain the different duty cycles, the external 2-bit duty
cycle setting (DCS) codes are used to scale , the code
stored in latch 1. In the above case, the DCS is set to “10” to
have the output clock with 50% duty cycle. If the DCS is “01”
and “11”, the duty cycle of output clock is 25% and 75%, re-
spectively. The circuit of the duty cycle calculation is shown
in Fig. 2(b). Two control signals, chl1 and chl2, are generated
from Control_2. Initially, chl1, chl2, and latch 6 are set to high.
After converting the period of input clock,

is calculated, and it replaces the term
in (2), (3) and (4). In Fig. 2(b), the term is
equal to , and means .
Then the signal chl2 is set to low, and the result is stored in the

latch 5. When and are determined, chl1
and latch 6 are set to low, and the required delay is calculated as

(5)

where is equal to
in Fig. 2(b). If the sign bit of the result is low, the

latch 3 will store the sum. Otherwise, the output of latch 6 is set
to high, and the result will be updated as

(6)

The error in the duty cycle calculation may be caused by three
factors. First, converting induces the quantization error.
Its maximum error is the delay of half a unit CDL cell, typically
160 ps. The maximum pulsewidth error after the calculation is
160 ps multiplied by the maximum scaling factor of 0.75. It
corresponds to the duty cycle error of 3% at 250 MHz. Second,
to calculate induces the error because the LSB of

is omitted. If DCS[0] is high, it leads to the duty cycle
error of 1% at 250 MHz. Third, the delay mismatch between
the setting and resetting paths in SR latch causes the duty cycle
error. The corresponding pulsewidth error is typically 100 ps.
To compensate the above error, the additional delay is added
to the second pulse generator (PG2) [15] to alleviate the delay
mismatch.
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(a)
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Fig. 4. (a) The 32-to-1 multiplexer. (b) The first 8-to-1 multiplexer.

In FDL1, four bits are used to align the phase difference be-
tween input and output clocks. In FDL2, two MSBs are used
to adjust the duty cycle, and two LSBs have the minor effect to
correct the duty cycle error, which is limited by the time-to-dig-
ital conversion. However, two LSBs in FDL2 are needed for two
purposes. One is to match the intrinsic delay between FDL1 and
FDL2. Additionally, if two LSBs in FDL2 are fixed, the duty
cycle changes when two LSBs in FDL1 are updated. To avoid
this problem, two LSBs in FDL2 are assigned by those in FDL1.

Six cycles are needed in the last step operation; however, four
of them are overlapped with the third step. According to the
timing diagram in Fig. 2(a), the phase of this DLL locks in 8
cycles and the correct duty cycle is available in 10 cycles. Not
only the phase alignment of the input and output clocks can
be achieved, but also the duty cycle of the output clock is pro-
grammable.

All the building blocks of the proposed DLL in Fig. 1 are
described as follows.

A. Coarse Delay Line (CDL)

The CDL consists of 32 delay cells, and a unit delay cell is
composed of two NAND gates as shown in Fig. 1(b). After the
first step operation, the period of the input clock is converted to a
binary code, . The PVT variations and mismatches among
the delay cells affect the performance. So, the size of delay cells
is enlarged to alleviate the PVT variations, and the layout of the
CDL is folded to improve the matching. The decoder generates
the control signals to turn off the nonuseful NAND gates. For
a clock with higher frequency, fewer NAND gates are needed,
and then turning off more nonuseful NAND gates saves more
power consumption.

Fig. 5. Check circuit.

(a) (b)

(b)

Fig. 6. (a) First stage of the encoder. (b) Second stage of the encoder. (c) En-
coder cell.

B. Constant Delay Cell (CDC) and Variable Delay Cell (VDC)

The circuit for the CDC and VDC is shown in Fig. 3(a). It
is composed of three NAND gates, two inverters, and a tri-state
inverter. The tri-state inverter is adopted rather than an inverter.
It is because the tri-state inverter is designed to have a faster
transition time than an inverter with a smaller aspect ratio of

. The schematic of the tri-state inverter and the size of the
device are shown in Fig. 3(b). The CDC is similar to the VDC
except that the control bits ( and ) of the CDC are fixed;
i.e., and . and control the delay path of
the cell. The delay time difference of the two paths equals to the
delay time of half a CDL cell. Ideally, the delay of CDC is equal
to that of VDC with Control_1 in Fig. 1(b). If the skew is smaller
than the delay of one-quarter unit CDL cell, the inaccuracy has
a minor effect upon the conversion result.
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Fig. 7. (a) Proposed all-digital PWCL. (b) Timing diagram of the proposed PWCL.

C. Fine Delay Line (FDL)

The FDL is shown in Fig. 3(c), and four binary-weighted
bits, c1–c4, control the delay of FDL. The c4 is MSB and c1
is LSB. The corresponding delays generated by c1–c4 are listed
in Fig. 3(c). The tuning range of an FDL is 320 ps that should be
larger than the delay of a unit delay cell in the CDL. The simu-
lated minimum timing resolution is 20 ps.

D. Multiplexer

The 32-to-1 multiplexer, as shown in Fig. 4(a), is composed
of four 8-to-1 multiplexers and a 4-to-1 multiplexer. The 4-to-1
multiplexer is actualized by two NAND gates and a NOR
gate. Pseudo-NMOS circuits realize the 8-to-1 multiplexer as
shown in Fig. 4(b). A conventional 32-to-1 multiplexer needs
32 5-input NAND gates to realize the decoder. The decoder
of the multi-stage 32-to-1 multiplexer only needs four 2-input
NAND gates and eight 3-input NAND gates. So, the multi-
stage multiplexer is chosen. In Fig. 4(b), the first two MSBs
( and ) control the load PMOS. Because there is only
one multiplexer needed to pass the delay clocks from the
CDL, three nonuseful multiplexers are turned off to save power

consumption. For example, if , the gate of
the load pMOS in the first 8-to-1 multiplexer will be low
and three other outputs, Y2, Y3, and Y4, are fixed to high.
For the nMOS parts, the last three LSBs ( , , and )
control the upper stage, and the delay clocks from the CDL
control the lower stage. For example, if
and , the outputs, Y2, Y3, and Y4 are
fixed to high and the signal clk(7) will pass through the first
8-to-1 multiplexer.

When FDL runs out of the adjusting range, the binary codes
used to control the MUX1 and MUX2 need to add or subtract
by one. When the pre-selected clock leads the present clock
for MUX2, the propagation time of MUX2 (typically 500 ps)
is longer than the delay difference between the two clocks (the
delay of a unit CDL cell, 320 ps). When the pre-selected clock
lags the present clock for MUX2, the sum of the propagation
time of MUX2 and the delay difference between the two clocks
is smaller than the minimum pulsewidth of the input clock

MHz ps So, when the MUX2 output
is rising to high, both the pre-selected clock and the present
clock are assured at high. The third pulse generator (PG3) [15]
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(b)

Fig. 8. (a) Delay generator. (b) Timing diagram of the delay generator.

in Fig. 2(b) is to detect the rising edge of the MUX2 output.
When the rising edge is detected, updating the value stored

in the latch 3 will have no effect upon the MUX2 output, and
glitch or larger jitter can be avoided.
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(a)

(b)

Fig. 9. (a) TDC in the pulsewidth detector. (b) Timing diagram of the pulsewidth detector.

Similarly, the fourth pulse generator (PG4) is used to detect
the rising edge of the MUX1 output. The latch 2 is updated when
the rising edge is detected.

E. Check Circuit and Encoder

The check circuit captures the outputs of all delay cells in the
CDL. It is composed of 32 unit cells to save D-flip-flops com-
pared to the traditional method. A unit cell is shown in Fig. 5.
It is composed of three transistors and an inverter. The gated
clock from the VDC output controls M1 and M3. The inverse
output from the CDL, and , controls M2. In
the initial state, the output of each cell denoted is preset
to high. When the next rising edge goes into each check cell,

discharges if is high, and then is equal to
.

The first stage of the encoder circuits consist of 32 NOR
gates as shown in Fig. 6(a). First, the signals from the
check circuit are converted to another series of signals .
If the is high and is low, the signal
is high. Otherwise, the signal is low. Then only one of
the signals is high. The second stage of the encoder is
shown in Fig. 6(b). It is composed of 5 encoder cells as shown
in Fig. 6(c). It converts the signals, , to a 5-digit binary
code, b1–b5. The conversion results are stored in the latches. To
save the power dissipation, the decoder is required to turn off
the nonuseful delay cells in the CDL.

III. PROPOSED ALL-DIGITAL PWCL

The architecture of the proposed all-digital PWCL with ad-
justable duty cycles is shown in Fig. 7(a). This all-digital PWCL
consists of a pulse generator, a delay line, a delay generator, a
pulsewidth detector, a duty cycle correction circuit and a driver.
Its timing diagram is shown in Fig. 7(b). In PWCL, the duty
cycle error is detected by the pulsewidth detector, and it adds or
subtracts the duty cycle setting code to controll the delay of the
signal “RESET”. Then a lookup table is established to obtain
the desired output duty cycle. When the power is on, the LSB of
the second decoder (Decoder-2) is set to high and the remaining
bits are set to low. The one-shot circuit [15] generates the pulse
train, “SET”, to set the SR latch. The pulse train “SET” will pass
through the delay line to generate the delayed pulse trains. One
of the delayed pulse trains is selected by the second multiplexer
(Mux-2) and the second decoder to reset the SR latch. While the
input clock passes through the one-shot circuit, the SR latch and
the driver, the output clock will be generated. The duty cycles
of the input and output clocks may be different due to the dis-
tortion caused by the pulse generator and driver.

When the signal “Start” is active, the delay generator is en-
abled. The delayed pulse trains allow the pulsewidth detector to
convert the inverted duty cycle and the period of the output clock
into digital codes. These two converted codes are used to gen-
erate the duty cycle error. The calculated duty cycle error and
the desired duty cycle setting code are combined in the duty
cycle correction circuit. The calculated information is used to
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Fig. 10. Photo of the proposed DLL.

reset the falling edge of the output clock without taking care of
the duty cycle of the input clock. Thus, the desired duty cycle
is obtained. Based on the timing diagram in Fig. 7(b), 28 cycles
are needed to generate the output clock with the desired duty
cycle. The detail circuit descriptions are given as follows:

A. Pulse Generator and Driver

The pulse generator is composed of a one-shot circuit [15]
and an SR latch as shown in Fig. 7(a). This one-shot circuit pro-
duces an internal pulse train, “SET”, with a fixed duty cycle
no matter what the duty cycle of the input clock is. The SR
latch produces the output clock with different duty cycles ac-
cording to the delay difference between “SET” and “RESET”.
The driver is realized with tapped inverters to drive the load.

B. Delay Line

To cover the operation frequency range, the number of the
delay cell is around 25 based on the simulation results. So, the
5-bit counter is used. The delay line consists of 25 delay cells and
every delay cell is composed of two current-starving inverters.
The dummy buffer is inserted in the last stage of the delay line to
match the loading of each stage. The delay time of each delay cell
is 120 ps. The output of each delay cell is connected to a buffer for
better driving capability. It generates 25 delayed pulse trains,
C1–C25, with respect to the internal pulse train “SET”.

C. Delay Generator

The delay generator and its timing diagram are shown in
Fig. 8(a) and (b). This delay generator is composed of a 5-bit
counter, a 5-to-25 decoder, and a 25-to-1 multiplexer. When the
signal “Start” in the delay generator is enabled, the 5-bit counter
will start to count. The output of the counter is a 5-bit code and
the first code is “00001”. According to this 5-bit code, the first
decoder (Decoder-1) will generate 25 control bits (D1–D25) to
select a delayed pulse train to pass through the first multiplexer
(Mux-1). The first control bit, D1, enables the pulsewidth de-
tector. The Mux-1 sequentially generates a signal, “SET-D”,
which is selected from the delayed pulse trains, C1–C25.

D. Pulsewidth Detector

The pulsewidth detector includes two parts: TDC and a 4-bit
subtractor. The TDC in the pulsewidth detector is shown in
Fig. 9(a). It converts the period and inverted duty cycle of the

(a)

(b)

(c)

Fig. 11. (a) Input clock of 250 MHz with the duty cycle of 50%. The measured
output clocks with the duty cycle of 25%. (b) Input clock of 250 MHz with the
duty cycle of 50%. The measured output clocks with the duty cycle of 50%.
(c) Input clock of 250 MHz with the duty cycle of 50%. The measured output
clocks with the duty cycle of 75%.

output clock into digital codes. Its timing diagram is shown in
Fig. 9(b). The time-to-digital conversion is performed as fol-
lows. After the enable signal (D1) is active, the signal selected
from the delayed pulse trains, “SET-D”, is sequentially gener-
ated from the delay generator to sample the inverse output clock.
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Fig. 12. Measured output clock with the duty cycle of 50% when the input duty
cycle is 70%.

The sampled output signal, “Duty_Recovered”, will be gener-
ated and its duty cycle is equal to that of the inverse output clock.
However, the frequency of “Duty_Recovered” is much slower
than that of the output clock. The counters are used to convert the
period and duty cycle of “Duty_Recovered” into digital codes.

The counters are activated by two signals, “D-window” and
“P-window” as shown in Fig. 9(a). The first-rising-edge finder,
the first-falling-edge finder and an SR latch are used to generate
“D-window” and “P-window” in Fig. 9(a). “D-window” will en-
able the counter to count within a time interval when “Duty_Re-
covered” is high, kB in Fig. 9(b). This time interval is also por-
portional to the duty cycle of the inverse output clock. So the
converted digital code will represent the duty cycle of the in-
verse output clock. Similary, “P-window” opens a time interval
that is porportional to the period of the inverse output clock, kA
and kB in Fig. 9(b). The output of the counter with “P-window”
is shifted one bit to represent as half a period of the output clock,
i.e., 50% duty cycle. The output of the counter with “D-window”
represents the duty cycle of the inverse output clock. Finally, the
pulsewidth detector subtracts the calculated duty code and half a
period code to generate a 4-bit duty cycle error code. This error
code denotes how far the current duty cycle away from the duty
cycle of 50%. The time-to-digital conversion not only reuses the
delay line with the pulse generator, but also saves a lot of D-type
flip-flops (DFFs) compared with the traditional method [16].

E. Duty Cycle Correction Circuit

The duty cycle correction circuit will calculate the desired
duty cycle. It will combine the duty cycle error code from the
pulsewidth detector and the external duty cycle setting code as
shown in Fig. 7(a). If the MSB of the duty cycle setting code
is zero, subtract the duty cycle setting code from the duty cycle
error code. If the MSB of the duty cycle setting code is one, add
the duty cycle setting code and the duty cycle error code. The
remaining 3 bits are used to control the duty cycle. Then the
final code will converted by the second decoder (Decoder-2) to
control the seceond mutliplexer (Mux-2) in Fig. 7(a). Then the
delayed pulse train, “RESET”, will be selected from the delay
line to reset the falling edge of the output clock. The final duty
cycle can be adjusted from 30% to 70% in steps of 10%.

Fig. 13. Measured duty cycle error.

Fig. 14. Measured jitter of the output clock at 250 MHz.

In the PWCL, both the period and duty cycle of output clock
are detected and the duty cycle error is calculated. In the DLL,
only the period of input clock is detected. Although the PWCL
needs an extra look-up table to obtain the desired duty cycle, the
distortion caused by the SR latch and buffer is considered when
the duty cycle of output clock is detected. In the DLL, the duty
cycle calculation does not need a look-up table, but the offset
exists.

IV. EXPERIMENTAL RESULTS

The proposed circuits have been fabricated in a two-poly
four-metal (2P4M) 0.35- m CMOS process.

A. DLL

The photo of the DLL is shown in Fig. 10. Its core die area
is 0.3 0.25 mm . The supply voltage is 3.3 V and the input
frequency range operates within 140–260 MHz. When the input
duty cycle is 50%, the measured output clocks with the duty cy-
cles of 25%, 50%, and 75% are shown in Fig. 11(a)–(c). Fig. 12
shows the measured output clock with duty cycle of 50% when
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TABLE I
PERFORMANCE SUMMARY OF THE PROPOSED DLL AND PWCL

TABLE II
PERFORMANCE COMPARISONS AMONG THE PROPOSED DLL AND OTHERS

the duty cycle of the input clock is 70%. From Fig. 12, this DLL
can generate the output clock of 50% duty cycle even the duty
cycle of the input clock is not 50%. The output duty cycle can be
programmable. The measured duty cycle errors with respect to
different input frequencies are shown in Fig. 13. The measured
peak-to-peak jitter of the output clock is 24.4 ps at 250 MHz
as shown in Fig. 14. The power consumption at 250 MHz is
9.9 mW. Table I gives the performance summary of this work.
Table II gives the performance comparisons among the pro-
posed DLL and others.

B. PWCL

The die photo of PWCL is shown in Fig. 15. The active area
of this circuit is 0.65 1.05 mm . The supply voltage is 3.3
V with input frequency range of 400–600 MHz. The open-drain
output buffers are used in the proposed circuit. Fig. 16 shows the
output clocks with different duty cycle setting codes. The mea-
sured duty cycle of the output clock can be adjusted form 30%
to 70% in steps of 10%. Initially, the duty cycle is designed for
10%–90% with a step of 5% and 3 bits are used. The simulation
results confirm that. After the chip was measured, the range is
only from 30%–70% with a step of 10%. It is believed that the
output buffer distorts the duty cycle to result in the mismatch

Fig. 15. Die photo of the proposed all-digital PWCL.

between the simulation and measurement results. Fig. 17 shows
the simulated and measured duty cycle errors at 500 MHz with
different duty cycle setting codes, and the measured duty cycle
error is less than 0.6%. When the desired duty cycle of the
output clock is 50%, Fig. 18 shows the simulated and measured
duty cycle errors at 500 MHz with respect to different input duty
cycles. The measured duty cycle error is less than 0.64% when
the duty cycle of input clock is within 30%–70%. It is con-
cluded that the output clock with 50% duty cycle is obtained
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Fig. 16. The ouptut clocks with different duty cycle setting codes.

Fig. 17. The simulated and measured duty cycle errors with respect to different
desired duty cycle setting codes at 500 MHz.

Fig. 18. The simulated and measured errors with respect to different input duty
cycles when the desired duty cycle of the output clock is 50% at 500 MHz.

even the duty cycle of input clock is not 50%. The measured
peak-to-peak jitter of the output clock at 500 MHz is 16.7 ps.
The power consumption is 20 mW. The performance summary
of this work is also listed in Table I.

V. CONCLUSION

In this paper, an all-digital DLL and an all-digital PWCL with
adjustable duty cycles are presented. In the proposed all-digital
DLL with programmable duty cycle, the design of single coarse
delay line reduces the active area, and to turn off the nonuseful
delay cell can save the dynamic power dissipation. The correct
duty cycle is available in 10 cycles and the phase is aligned
in 8 cycles. For the all-digital PWCL with adjustable duty cy-
cles, the delay line is shared between the pulsewidth detector
and the pulse generator, so the active area and power can be
reduced. The proposed PWCL generates the output duty cycle
from 30%–70% in steps of 10%.
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