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A Delay-Line DPWM Architecture With
Compensation Module and Delay-Adjustable
Unit Based on DLL

Daying Sun"”, Jiayi Hu

Abstract—Due to the increasing resolution, the duty cycle in
digital pulsewidth modulation (DPWM) is affected by the variation
of external clock frequency or temperature, and the time error
becomes larger and larger, even reaches a few nanoseconds. The
increment of the duty cycle will affect the regulation performance
of the converter and the output of DPWM. In this article, a
delay-line DPWM architecture with a compensation module and a
delay-adjustable unit based on delay-locked loop is proposed. The
delay-adjustable unit is realized by using a multiplexer and some
delay paths with different delay times, which effectively reduces the
influence of temperature or the frequency changes from the input
clock. Furthermore, a time compensation method is used to reduce
the error generated by the critical path delays. A 10-bit DPWM with
781-kHz switching frequency is achieved on A-7 (xc7a100tfgg484)
Xilinx FPGA, and the time error of the architecture decreases to
around 500 ps. The duty cycle range is from 1.63% to 98.44%.

Index Terms—Digital pulsewidth modulation (DPWM), delay-
adjustable unit, error compensation, field-programmable gate
array (FPGA).

I. INTRODUCTION

UE to the rapid development of semiconductor technol-
D ogy, the digital switching converter has obtained more
attentions and become the research hotspot of major companies
and scientific research institutions [1]-[3]. An analog-to-digital
converter (ADC), a digital compensator, and a digital pulsewidth
modulation (DPWM) module are necessary in the digital con-
trol loop of switching converter. To improve the performance,
an ADC with high accuracy and high resolution is often re-
quired. Meanwhile, higher resolution is necessary for DPWM
to avoid the undesired limited cycling [4]-[7]. Thus, as the
high-performance ADC exists, high-performance DPWM with
high resolution and stability is required.
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In order to improve the resolution and the stability of DPWM,
hybrid digital-analog systems are proposed in many literature
works [8]-[11]. Most of them add analog circuit designs or use
analog techniques to optimize the traditional DPWM structure.
The stability of the system and the utilization of resources are
improved via the aforementioned solutions, but the complexity
and the cost of the design are inevitably increased. For example,
Lukic et al. [8] demonstrate a flexible four-phase digital PWM
controller. The new proposed multiphase DPWM (MDPWM)
utilizes a programmable counter, a delay line, and a digital logic
circuit. The time of the transient response is reduced by the
MDPWM architecture, which means that the delay time of the
circuit is reduced, thereby the resolution is increased. However,
the resolution and the delay time of DPWM are still affected by
the process, voltage, and temperature (PVT) of the circuits.

Considering the high programmability and outstanding per-
formance of field-programmable gate array (FPGA), many
DPWM architectures based on FPGA have been proposed to
improve the DPWM resolution and reduce the design com-
plexity [12]-[17]. Architectures composed of the coarse-tuning
module and the fine-tuning module are often used, where the
coarse-tuning module uses the counter-comparator method and
the fine-tuning module uses the different control methods. In
[13], the DPWM architecture is based on the counter-comparator
method with a digital clock manager (DCM). The inherited
phase shifting characteristics of DCM simplify the generation
of the duty cycle and improve the regulation accuracy of the
converter. To implement the regulation of the delay line, the ar-
chitecture of the carry chain logic path is realized and simplified
in[14] and [15], respectively. However, a large amount of manual
works are required while designing the above DPWM modules,
which needs nonmonotonic operation and long designing time
to avoid time errors. The digital dithering technology is used in
[16] and [17], but the slow response in multicycle adjustment
cannot be avoided. In the above DPWM architectures, the time
error of the output signal is large. As their fine-tuning module
is consisted of the delay-unadjustable units, the time error of
the output duty cycle caused by the effect of the PVT or other
factors cannot be reduced.

In order to reduce the time error, considering the variation
of the temperature or the input clock frequency, a delay-line
DPWM architecture based on delay-locked loop (DLL) is pro-
posed to automatically regulate the total delay time of the delay
line. However, the critical path delays of the architecture make
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Fig. 1. Top-level of a delay line DPWM architecture with the compensation module and the delay-adjustable unit based on DLL.
the high-level duration of the output duty cycle larger than 0
the theoretical value. To compensate the critical path delays, compl  |—setl
a compensation module is used. In summary, a delay-line +
DPWM architecture with the compensation module and the " entfnm-1:0]
delay-adjustable unit based on DLL is proposed in this article. P Counter o
It is verified on FPGA.
. . . . +
The rest of this article is organized as follows. The delay- duty comfn-Im] comp2 st
line DPWM architecture with the compensation module and the = o -

delay-adjustable unit based on DLL is analyzed in Section II.
Then, the whole architecture of DPWM and experimental results
are committed in Sections III. Finally, Section IV concludes the
article.

II. ANALYSIS OF THE PROPOSED DPWM ARCHITECTURE

The top-level of the proposed DPWM architecture is shown
in Fig. 1. It consists of a clock generation module, a coarse delay
module, a fine delay module, a compensation module, and an
R-S latch.

The clock generation module is used to synchronize the
input clock signal. The counter-comparator module is used to
implement the coarse-tuning of the output digital pulse signal.
The delay line module and the delay control module are used
to implement the fine-tuning of the output digital pulse signal.
The compensation module is adopted to compensate the un-
avoidable delay time of the critical path. Furthermore, several
D flip-flops are used to remove the glitch of the signal. clk_in is
the external clock signal of DPWM, and duty_com[n-1:0] is the
duty command, where 7 is the resolution of DPWM. When the
output of the counter equals “0,” the counter-comparator module
outputs a high-level signal setl. setl is sent to a D flip-flop to
remove the glitch. The output set2 is sent to the compensation
module to generate set3 which changes the R-S latch output
signal PWM into a high-level signal. When the output of the
counter equals the most significant bits duty_com[n-1:m], the
counter-comparator module outputs a high-level signal rst1. rstl
is sent to a D flip-flop to remove the glitch. The output rst2 is sent
to the delay line module to generate rst3 which changes the R-S

Fig. 2. Proposed counter-comparator module.

latch output signal PWM into a low-level signal. Thereby, the
required output duty cycle PWM is obtained. Detailed analysis
of the operation will be explained in the following part.

A. Coarse Delay Module Based on Counter-Comparator
Module

Coarse delay function is realized by the proposed counter-
comparator module, as shown in Fig. 2. The timing diagram of
the counter-comparator module is shown in Fig. 3. It contains a
counter and two comparators (compl and comp2). The counter
counts at the rising edge of clock signal clk25M, which is gen-
erated by the clock generation module. The output cnt[n-m-1:0]
increases from “0” to “2"""*1”” by an increment of ““1” in a single
switching cycle. cnt[n-m-1:0] is compared with “0” in compl,
and the comparison result is set/. When cnt[n-m-1:0] equals
“0”, setl turns high. Otherwise, setl keeps low. cnt[n-m-1:0]
is compared with the most significant bits duty_com[n-1:m]
in comp2, and the comparison result is rstl. To compensate
for one cycle delay introduced by the D flip-flop, the output
of the counter is compared with duty_com[n-1:m]-1 instead
of duty_com[n-1:m], as shown in Fig. 4. Thus, when cnt[n-m-
1:0] equals duty_com[n-1:m]-1, rstl turns high. Otherwise, rstl
keeps low. setl and rstl are sent to D flip-flop to remove the
glitch.
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This coarse delay module generates a delay time and satisfies
the following relationship:

Tee =J Xt (0 <7 <277 = 1) ey

where j is the corresponding decimal number of duty_com[n-1:
m], T.. is an integer multiple of the clock cycle, and 7. is the
period time of clock signal clk25M.

B. Fine Delay Module Based on DLL

The architecture of the fine delay module is shown in Fig. 5.
Fine-tuning is realized by a multiplexer and a number of 2"
delay-adjustable units. The delay time of the delay-adjustable
unit is detected by the d_contp module and modified by the shift
register module.

1) Delay Line Module: Reset signal rst2 is first passed into
the delay line module with 2™ delay-adjustable units that are
connected sequentially, and each output of the units is connected
to a multiplexer. Assuming that the transportation time of a
delay-adjustable unit is #qelay, this delay time must satisfy (2). m
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Fig. 5. Architecture of the delay-adjustable unit.

is the bit width of the least significant bits of the duty command
duty_com[m-1:0], and the total delay time of all the serially
connected delay-adjustable units is equal to the input clock cycle
t.1x. The transportation time of kth output of the delay-adjustable
unit Ty (k) can be expressed in (3). Thus, selecting different
input signals by the least significant bits of duty command
duty_com[m-1:0], fine-tuning can be realized

telk = 2™ x tdelay ()
tclk m
le(k)ZkXtdelakaX2m(1§k§2 ). 3)

The output signal of the multiplexer rst3 is sent to the R-S
latch to pull down the output signal.

Owing to the variation of the input clock frequency or the
temperature, the input clock cycle 7.1 and the delay time of the
delay unit will change, respectively. If the delay time of the delay
unit is unadjustable, the average delay time of delay line module
is not equal to the theoretical value when the 7.y or the delay
time of delay unitis changed, and the larger the change value, the
larger the error value. Thus, the delay units are realized by the
delay-adjustable units. Considering (2), the delay time of each
delay-adjustable unit f4c1ay needs to be modified accordingly.
The architecture of the kth delay-adjustable unit is shown in
Fig. 6. A number of 2 (g—1) NOT gates are serially connected,
and the delay paths with different number of NOT gates are
selected by the control words “a; y~aq 1 1”. When the pth path
is selected, “a; y~ag4.1,;” makes the OR gate Sp outputs “0”
and the other OR gates such as S1, S2,..., Sp —1, Sp +1,....5¢
output “1.” The value of each control word satisfies the following
relationship:

0 i<
ai,k:{l p

<p<
i>p. (1<p<q)

“)

The specific procedure is as follows: when the delay signal iy,_;
enters the kth delay-adjustable unit, it first passes through a series
of NOT gates. Then, the outputs of the delay path with 2(p—1)
NOT gates and the OR gate Sp are sent to a dual-input NOR
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gate Np. When the Sp outputs “0,” other OR gates output “1,”
which means that the other delay paths are turn-OFF. The output
of Np is the same as its input signal and the other dual-input
NOR gates output “0.” Finally, all of the dual-input NOR gates
are connected to the multi-input NOR gate Nor to make the level
of i;, keep consistent with iy,_;.

In the pth path, there are a number of 2 (p—1) NOT gates, a
NOR gate, and a multi-input NOR gate. There is no NOT gate
on the path with the lowest delay time. The delay time of the
signal #3c1ay in the fine delay module satisfies

tdelay =2 (p - 1) X INOT F tnor + tmnor (O <p<gq- 1)
(&)
where t,,o; is the delay time of the dual-input NOR gate and
tmnor 18 the delay time of the multi-input NOR gate.

2) Delay Control Module: As aforementioned, the delay
time of the delay-adjustable unit should be adjustable by the
delay control module, which can be achieved via the basic
operation principle of DLL. The architecture of the delay control
module is shown in Fig. 7. In this article, a delay line module
with 2™ delay units is used.

In order to generate a signal that controls and adjusts the delay
time of the delay-adjustable units, shift registers are serially
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connected. The delay time of each individual delay-adjustable
unit is controlled by its corresponding shift register. The number
of shift registers in one delay-adjustable unit is equal to the
bit number of the control words. The kth delay-adjustable unit
control words are represented by “a; pas j...aq 2 xaq-1,1."

The inputs of the delay control module are signal Dr0,
Dt _last_1, and Dt_last, and these three signals are the outputs of
the first, the last but one [the (27" —1)th] and the last [the (27)th]
delay-adjustable units, respectively. Ideally, the total delay time
of the 2™ delay units should be equal to a single clock cycle ¢..
Therefore, the falling edge of the signal Dr0 should be aligned
with the rising edge of the signal Dt _last. The rising and falling
edges are checked by the edge trigger of the delay control module



1084

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

| Fine Delay Module :
Delay Control Module ||
I}
Dt last 1
D10 I}
d_contp | py juy g I
[err ::
1]
Shift Register 1
__________________________ 1
| mmmmmm oo = = e, !
a a,. a a, e -
:Iduty_com[n-l.‘m]—l ]I';I;h—yl: 4! ':)anr N A[,e,ay,qlk i
| adjustab adjustable i
l Unit Unit Unit | :
:I L7 I T | i N : |
l.
||dk25M > Counter ::
:I M ujx 1l
|
I|0 The critical pat : :
| === =======—=F —— Delay Line Module,,
|| ____________ C)! | rst3
LCounter-Comparator Module - |
R-S Latch j'{‘ﬁ"’

Fig. 10.

as in Fig. 8. Since jitter of the output of DPWM exists, the
falling edge of the signal D10 is often compared with the rising
edges which are considered to be be-tween the rising edges of
signal Dt _last_I and Dt_last in steady state, the detection result
err is assigned with “10” in this condition, the control words
keep unchanged. Assuming that the control is stable, all the
control words are serially connected as in Fig. 7. The pth delay
path is selected inside from the first delay-adjustable unit to the
(k—1)th delay-adjustable unit, while the (p—1)th delay path is
selected inside from the kth delay-adjustable unit to the 2"th
delay-adjustable unit.

The average delay time ofthe delay line module almost
reaches the theoretical value via the automatic regulation of 2™
delay-adjustable units.

If the falling edge of D10 is before the rising edge of Dt_last_1,
the delay time of delay-adjustable unit needs to be reduced and
the detection result err changes to “00.” If p is larger than zero,
“a,-1,;” turns high and the (p—1)th delay path in the kth delay-
adjustable unit will replace the pth delay path. Otherwise, the
delay-adjustable unit has reached the minimum delay time and
the warning signal Lowlim turns high.

If the falling edge of D10 is after the rising edge of Drz_last,
the delay time of delay-adjustable unit needs to be increased
and the detection result err changes to “11.” If p is smaller than
(g—1), “ap-4,;” turns low and the (p + 1)th delay path in the kth
delay-adjustable unit will replace the pth delay path. Otherwise,
the delay-adjustable unit has reached the maximum delay time
and the warning signal Uplim turns low.

When Lowlim goes high or Uplim goes low, the delay control
module cannot satisfy the requirement that the falling edge of
the signal Dr0 aligns the partial alignment between the rising
edges of the signals Dz _last_1 and Dt_last.

set3

A delay-line DPWM architecture with the compensation module and the delay-adjustable unit based on DLL.

C. Proposed Compensation Module

When a DPWM architecture works with higher switching
frequency and the resolution becomes smaller, the critical path
delays including logic elements and interconnects are close to
the same magnitude level as the switching period. Meanwhile,
the difference between two adjacent duty cycle values becomes
smaller, which means the critical path delays on the output signal
PWM becomes larger, so it is more necessary to optimize and
compensate the critical path [18].

Fig. 9 shows that the output duty cycle PWM_1 is obtained
by the signals set2 and rst3, the theoretical output duty cy-
cle PWM_2 is obtained by the theoretical signals set2_th and
rst3_th. Since the path delay of the critical path T},4; exists,
the high-level duration of PWM_1 is longer than PWM_2. T}, 41
satisfies the following relationship:

(6)

Tha1 = tmux + tine-

As shown in Fig. 5, fy\rux is the delay time of the multiplexer
inside the delay line module, #j;,,, is the delay time of inter-
connects. The rising edges of PWM_1 and PWM_2 arrive at
the same time during one switching cycle. However, the falling
edge of PWM_1 is after PWM_2 because of T},q1, and the
difference of high-level duration between PWM_1 and PWM_2
exactly equals T,q1. Furthermore, when the signal enters the
multiplexer, the delay time from the different input ports to the
output port is different. To mitigate the impact in this situation,
a multiplexer is used in the compensation module, as shown in
Fig. 10, the output PWM_3 is turned ON by set3 and turned OFF
by rst3.

The output of the multiplexer set3 in the compensation module
is after set2, and the difference of rising edges between set2
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Fig. 12. Timing diagram of the proposed DPWM architecture in 25-MHz

clock frequency.

and set3 equals Tj,q2. Compared to f\ux, fine 1S too short,
it is not considered in the design of T},q2. Therefore, to guar-
antee that Tq2 equals Tpq1, the type of multiplexer in the
compensation module is the same as the one which is used in
the delay line module, so this multiplexer also has a number
of 2™ input ports. In addition, when the multiplexer inside the
delay line module selects the output of kth delay-adjustable unit
by duty_com[m-1:0], the multiplexer inside the compensation
module also selects the input signal of kth port by duty_com|[m-
1:0], and the connection mode of the two multiplexers is same;
so Tpq2 satisfies the following relationship:

pdl- (N

As aforementioned, the high-level duration of the output is
equal to the total delay time Tiota1 Of the coarse delay module,

Tpd2 ~

Duty cycle range of the proposed DPWM. (a) Minimum duty cycle.

1085
clk -
rst
duty_com[9:0] 200
PWM .| 1 J |
lowlim
uplim
reg32  __ fTFFCARRCA 000000
Dt I fh
Dt30 I N I n
Dt31 I Il I | -
err[1:0] 10
set3 e 1 I ]
rst3 N |
PWM _ Nl I Il
cnt[4:0]

Fig. 13. Timing diagram after clock frequency is changed from 25 to 20 MHz.

the fine delay module, and Tpq1. Thus, the duty cycle satisfies
the following relationship:

Ttotal
PALULIDGS NP

_ ch + le (k) + Tpdl
2nmox Lo,

dutycycle =

_J X e+ k X tgelay + Tpd1
AL AP '

®)

III. EXPERIMENTAL RESULTS

The proposed DPWM is implemented in Vivado 2017.4 and
the implementation is built on the Xilinx Artix-7 FPGA devel-
opment board. The global working frequency is 25 MHz, and
the switching frequency is 781 kHz. The five most significant
bits of duty command duty_com[9:5] are used in the counter-
comparator module. Meanwhile, the five least significant bits of
duty command duty_com[4:0] are used in the delay line module
with 32 delay-adjustable units. There are 12 NOT gates in each
delay unit which is divided into four delay paths, and the delay
time of each NOT gate is approximately equal to 0.5 ns. The
maximum delay time of delay-adjustable unit equals 6.5 ns and
the minimum delay time of delay-adjustable unit equals 0.9 ns,
which means that the theoretical switching frequency range is
from 150 kHz to 1.1 MHz.

A. Duty Cycle Range of Proposed DPWM

When the input clock frequency is 25 MHz, the duty cycle
range can be adjusted from 1.63% to 98. 44% as in Fig. 11, and
the duty command are, respectively, set to 10’d16 and 10°d1008.
The duty cycle range is larger after using the proposed DPWM
architecture.

B. Stability of Proposed DPWM

As aforementioned, because the delay time in the delay unit
is unadjustable, errors of the final outputs are greatly increased
in prior DPWM architecture when the input clock frequency
changes. Thus, the product of 2" and #gc1ay 18 not equal to el s
where 7. is the actual input clock cycle. Due to the effects of
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Comparison of the duty cycle of the DPWM with and without the delay-adjustable unit when the input clock frequency change from 25 to 20 MHz.

(a) Delay-adjustable unit, 25 MHz, duty_com[9:0] = 10°d511. (b) Delay-unadjustable unit, 20 MHz, duty_com[9:0] = 10’d511. (c) Delay-adjustable unit, 20 MHz,

duty_com[9:0] = 10°d511. (d) Delay-adjustable unit, 25 MHz, duty_com[9:0] =

Delay-adjustable unit, 20MHz, duty_com[9:0] = 10°d400.

the PVT or other factors, the deviation from the theoretical input
clock always exists for the actual input clock.

However, the effect of input clock frequency variation on
the output duty cycle is reduced via the delay line with the
delay-adjustable unit, which is proposed in this article. In order
to analyze the stability of DPWM, the input clock frequency is
changed from 25 to 20 MHz, and the duty command is set as
10’h200. Considering the changes in temperature or the input
clock frequency, the delay time of delay unit should be auto-
matically modified to adapt the variation. In order to reduce the
set-up time, the best initial state of the delay units is obtained by
extensive experiments and it is as follows. Half of the delay units
are set to the maximum delay time, and the others are set to the
minimum delay time, then they are adjusted by the d_contp mod-
ule. The control signal of the shift register reg32 changes from
96’ hiftffftf ffffffff ffffc000 to 96 hfffffftf ffffffff fe000000 as
shown in Figs. 12 and 13, which means that the delay time of the

10°d400. (e) Delay-unadjustable unit, 20 MHz, duty_com([9:0] = 10°d400. (f)

delay line module is automatically adjusted as needed. reg32 is
adjusted based on the previously stable value, which will reduce
its modification period [19]. In addition, the theoretical value of
the high-level duration and the duty cycle are 801.563 ns and
50.10%, respectively. The simulation result is shown in Fig. 13,
it can be seen that the high-level equals 800.866 ns, and the duty
cycle equals 50.04%. The output duty cycle of proposed DPWM
architecture is stable when the input frequency is changed.

In order to verify the stability of the proposed DPWM ar-
chitecture, the results are shown in Fig. 14. When the de-
signed input frequency is 25 MHz, the control words are
96’ hffff-ffff ffffffff fffffe00. When the duty cycle command
duty_com[9:0] is 10’d511, the output of the DPWM with the
delay-adjustable unit is shown in Fig. 14(a). The duty cycle is
50.06% and the high-level duration is 640.799 ns. Compared to
the theoretical duty cycle 50% and the theoretical high-level
duration 640.000 ns, the duty cycle error is 0.06%, and the
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Comparison of the duty cycle when the temperature changes from 20 to 60 °C. (a) Delay-adjustable unit, 20 °C, duty_com[9:0] = 10°d511. (b) Delay-

unadjustable unit, 60 °C, duty_com[9:0] = 10°d511. (c) Delay-adjustable unit, 60 °C, duty_com[9:0] = 10’d511. (d) Delay-adjustable unit, 20 °C, duty_com[9:0]
= 10’d400. (e) Delay-unadjustable unit, 60 °C, duty_com[9:0] = 10°d400. (f) Delay-adjustable unit, 60 °C, duty_com[9:0] = 10°d400.

high-level duration error is 0.799 ns. When the input frequency
changes to 20 MHz and the control words are unchanged, the
duty cycle waveform is shown in Fig. 14(b). The duty cycle is
49.26% and the high-level duration is 788.120 ns. The duty cycle
error is 0.74%. The time error of output duty cycle increases
when the input frequency varies. When the delay-adjustable
unit is used, the duty cycle waveform is shown in Fig. 14(c).
The control words change to 96 hffffffff ffffffff f-0000000. The
duty cycle is 50.04%, and the high-level duration is 800.493 ns.
The duty cycle error is 0.04% and the high-level duration error is
0.493 ns. Compared to the DPWM with the delay-unadjustable
unit, the duty cycle error is greatly reduced. Similarly, when the
duty cycle command duty_com[9:0] is 10°d400 and the input fre-
quency changes to 20 MHz, compared to the duty cycle error of
traditional DPWM, the duty cycle error of the proposed DPWM
with the delay-adjustable unit is reduced from 0.49% to 0.05%.

When the temperature changes, the delay time of the com-
ponent varies. The delay time of the delay-adjustable unit will
change to make the output duty cycle of DPWM stable. Fig. 15
shows the comparison of the output duty cycle of the DPWM
with and without the delay-adjustable unit when the temperature
changes from 20 to 60 °C.

When the temperature is 20 °C and duty_com[9:0] equals
10°d511, the duty cycle of the DPWM equals 50.06%, as
shown in Fig. 15(a). The control words in this condition are
96’ hiffffftf ffftffff ffffe000. The duty cycle error is 0.06%
compared to the theoretical value, which is 50%. When the
temperature changes from 20 to 60 °C and the control words
keep unchanged, the duty cycle of the DPWM with the delay-
unadjustable unit equals 50.22%, as shown in Fig. 15(b). The
duty cycle error is 0.22% and it is increased in this condition.
When temperature changes to 60 °C, the duty cycle of the
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Fig. 16. The comparison between curves of the duty cycle of the DPWM with
and without the delay-adjustable unit when the input clock frequency increases
from 10°d512 to 10°d543.

DPWM with the delay-adjustable unit equals 50.07%, as shown
in Fig. 15(c). The duty cycle error is reduced to 0.07%.

The control words change to 96 hffffffff ffffffff ffffr800.
Similarly, as in Fig. 15(d)—(f), when duty_com[9:0] equals
10°d400, we have made the same comparison among the dif-
ferent outputs. When the temperature is 60 °C, the duty cycle
error is reduced from 0.05% to 0.02% after the delay-adjustable
unit is applied.

To further verify the validity of the delay-adjustable unit
and the stability of the proposed DPWM, the total comparison
between the DPWMs with and without the delay-adjustable unit
is made, as shown in Fig. 16. Assuming that the theoretical
input clock frequency is 25 MHz, the theoretical duty cycle
increases linearly when duty_com[9:0] increases from 10°d512
to 10’d543. For the DPWM with the delay-adjustable unit, when
the input frequency of DPWM is 25 MHz, the time error of the
duty cycle is rather small, and the largest error of duty cycle
is 0.09%. When the input frequency of the above traditional
DPWM changes to 20 MHz, the time error of the duty cycle
gets larger when the five least significant bits duty_com([4:0]
gets larger. The largest duty cycle error is 0.25%. When the
DPWM with the delay-adjustable unit is applied, the input
frequency changes to 20 MHz. The time error of the duty cycle
is still small and is within 0.08%. Thus, when the input clock
frequency changes, the delay time of the delay-adjustable unit
is automatically modified and the time error of the duty cycle is
reduced.

C. Compensation Module of Proposed DPWM

In order to verify the function of the compensation mod-
ule, the proposed DPWM architectures with and without the
compensation module are compared to observe the effect of the
critical path delay on the output duty cycle. The parameters of the
proposed DPWM architecture without the compensation module
are shown in Fig. 17. It can be seen that when the input frequency
is 25 MHz, the high-level duration is 637.983 ns, and the
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Fig.17. Timing diagram of the architecture without the compensation module.

TABLE I
EXPERIMENTAL DUTY CYCLE FOR DIFFERENT DUTY COMMANDS

Duty com- Uncompensated Error Compensated Error
mand (ns) value(ns) (ns) value(ns)

10000_00000 642.017 0.767 641.295 0.045
10000_00010 645.343 1.593 642.301 -0.199
10000_00101 649.748 2.248 646.321 0.071
10000_01100 658.496 2.246 656.363 0.113
10000_10010 665.882 2.132 663.829 0.079
10000_11111 683.438 3.438 681.180 1.180

signal reg32 changes from 96 hffffffff ffff0000_00-000000 to
96’ hiftffftf ffffffff fffffe00. The duty command equals 10°h200,
and the theoretical high-level duration equals 641.250 ns. Thus,
the time error is reduced when the compensation module is used,
as shown in Fig. 14.

In order to further demonstrate the validity of the com-
pensation module, the DPWM architectures with and without
compensation module are implemented on FPGA, and the duty
command is changed to increase the universality of the result.
Fig. 18 clearly shows the merits of the compensation module.
When duty_com/9:0] equals 10’d511 and the input clock fre-
quency is 25 MHz, the ideal duty cycle equals 50.00% and the
ideal high-level duration equals 640.000 ns. As in Fig. 18(a), the
results of the case without the compensation module are 50.24%
and 643.038 ns, respectively. As in Fig. 18(b), the duty cycle of
the DPWM with the compensation module is 50.06% and the
high-level duration is 640.799 ns. Comparing with the theoret-
ical value, the time error of the DPWM with the compensation
module is smaller. Similarly, when duty_com[9:0] changes from
10°d511 to 10°d80, the ideal duty cycle equals 7.91% and the
ideal high-level duration equals 101.250 ns. As in Fig. 18(c), the
duty cycle of the DPWM without the compensation module is
8.12% and the high-level durationis 103.996 ns. Asin Fig. 18(d),
the duty cycle of the DPWM with the compensation module
is 7.88% and the high-level duration is 100.918 ns. The duty
cycle error is reduced from 0.21% to 0.03%. Therefore, the
compensation module can reduce the time error of the output
duty cycle.

Several additional results are presented in Table I to further
verify the compensation method. It can be seen that the error
value of DPWM with the compensation module is obviously less
than the case without the compensation module. The maximum
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Fig. 19. High-level duration of the duty cycle from 10’d512 to 10°d543.

error values are 1.180 and 3.438 ns, respectively. High-level
duration of the duty cycle with and without the compensation
module has been investigated in Fig. 19. Assuming that the
theoretical input clock frequency is 25 MHz, the theoretical
duty cycle increases linearly when duty_com[9:0] increases
from 10°d512 to 10’d543. The minimum time error of the duty
cycle between actual time and theoretical time is 0.044 ns, while

the maximum time error is 1.180 ns, and the range of the rest
of time errors is from O to 500 ps. The curve of actual time
overlaps the curve of theoretical time, indicating that the pro-
posed DPWM has excellent linearity means that the high about
1.25 ns which can be concluded that the high mono resolution
and monotonicity can be obtained. Furthermore, the difference
between the neighboring duty command units is tonicity, and
resolution is achieved via the architecture of the proposed
DPWM.

D. Comparison With Prior DPWM Architectures

Table II provides a summary index of the proposed DPWM
and a comparison with the prior DPWM architectures. All
architectures use delay-unadjustable units, without considering
the effect of changes in temperature or changes in input clock
frequency and the effect of duty cycle increment caused by the
critical path delays. The resolution of the proposed DPWM is
lower than the resolution of the DPWMs in Table II. However,
the stability of the proposed DPWM is relatively high com-
pared with other works in Table II when the input frequency
or temperature varies after working. And this wide range of
the input clock frequency and the working temperature means
that the proposed DPWM has high compatibility and stability.
In addition, the proposed DPWM can compensate the critical
path delays to decrease the time error of the output duty cy-
cle, which means that the precision of the DPWM output is
improved.
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TABLE II
EXPERIMENTAL DUTY CYCLE FOR DIFFERENT DUTY COMMANDS

Ref. Architecture Switching Time Input frequency Compensation Bit Adjustable Delay
Frequency Resolution range for Path
[14]  Carry flag delay time 1 MHz 90 ps 50 MHz No 12 No
[15] Carry chain 1 MHz 90 ps 50 MHz No 11 No
[16] Dual clock 5 MHz 30 ps 100 MHz No 12 No
[20] DCM and LUT 781 kHz 625 ps 200 MHz No 11 No
[21] DCM 781 kHz 625 ps 200 MHz No 11 No
This DLL and delay- 781 kHz 1.25ns 20-25 MHz Yes 10 Yes
paper adjustable unit

IV. CONCLUSION

This article introduces a delay line DPWM architecture with a
delay-adjustable unit and compensation module based on DLL.
The DPWM has a clock generation module, a 5-bit coarse delay
module, a 5-bit fine delay module, a compensation module,
and an R-S latch. When the input clock frequency varies or
the delay time of the component is changed by the temperature
variation, the required total delay time of the delay line module
needs to be changed. Otherwise, the total delay time of the delay
line module is not equal to the clock cycle, and the time error
of the output duty cycle will increase. The proposed DPWM
architecture can solve these problems by automatically adjusting
the delay time of the delay-adjustable unit in the delay line
module. The delay time of delay-adjusta- ble units is adjusted by
the 96-bit shift registers and the signal detector. Furthermore, as
the critical path delays of the delay line module lead to a larger
high-level duration than the theoretical value, a compensation
module is proposed to compensate the critical path delays in
this article. The compensation module consists of a multiplexer,
which is controlled by the least significant bits of duty command
duty_com[m-1:0]. It has been implemented through a 10-bit
DPWM with 781-kHz switching frequency, and it can achieve
a wide duty range from 1.63% to 98.44% and the resolution is
within 1.25 ns. The future work will focus on the verification
of the proposed control method through experiments when the
input frequency is higher.

REFERENCES

[1] B. J. Patella, A. Prodic, A. Zirger, and D. Maksimovic, “High-
frequency digital PWM controller IC for DC-DC converters,”
IEEE Trans. Power Electron., vol. 18, no. 1, pp. 438-446, Jan.
2003.

A. V. Peterchev, Jinwen Xiao, and S. R. Sanders, “Architecture and IC im-
plementation of a digital VRM controller,” IEEE Trans. Power Electron.,
vol. 18, no. 1, pp. 356364, Jan. 2003.

H. C.Foong, Y. Zheng, Y. K. Tan, and M. T. Tan, “Fast-transient integrated
digital DC-DC converter with predictive and feed forward control,” IEEE
Trans. Circuits Syst. I, Reg. Paper, vol. 59, no. 7, pp. 1567-1576, Jul.

(2]

[3]

2012.
[4] A. V. Peterchev and S. R. Sanders, “Quantization resolution
and limit cycling in digitally controlled PWM converters,”

IEEE Trans. Power Electron, vol. 18, no. 1, pp. 301-308, Jan.
2003.

H. Peng, A. Prodic, E. Alarcon, and D. Maksimovic, “Modeling of quanti-
zation effects in digitally controlled dc-dc converters,” IEEE Trans. Power
Electron., vol. 22, no. 1, pp. 208-215, Jan. 2007.

(3]

[6] Y.-C.Huang, H.-C.Chen, T.-J. Tai, and K.-H. Chen, “Dual-section-average
(DSA) analog-to-digital converter (ADC) in digital pulse width modu-
lation (DPWM) DC-DC converter for reducing the problem of limiting
cycle,” in Proc. IEEE Asian Solid-State Circuits Conf., Nov. 3-5, 2008,
pp. 145-148.

H. Peng, A. Prodic, E. Alarcon, and D. Maksimovic, “Modeling of quan-
tization effects in digitally controlled DC-DC converters,” IEEE Trans
Power Electron, vol. 22, no. 1, pp. 208-215, Jan. 2007.

Z. Lukic, C. Blake, S. C. Huerta, and A. Prodic, “Universal and fault
tolerant multiphase digital PWM controller IC for high-frequency dc-dc
converters,” in Proc. Int. Conf. IEEE Appl. Power Electron., Feb. 2007,
pp. 42-47.

Z. Sun, K. W. R. Chew, H. Tang, and L. Siek, “A 0.42-V input
boost dc-dc converter with pseudo-digital pulse width modulation,” IEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 61, no. 8, pp. 634-638, Aug.
2014.

C. Huang and P. K. T. Mok, “A delay-line-based voltage-to-duty-
cycle controller for high-frequency PWM switching converters,” IEEE
Trans. Circuits Syst. 1I, Exp. Briefs, vol. 62, no. 8, pp. 751-755, Aug.
2015.

K. Wu, B. Hwang, and C. C. Chen, “Synchronous double-pumping tech-
nique for integrated current-mode PWM DC-DC converters demand on
fast-transient response,” IEEE Trans. Power Electron., vol. 32, no. 1,
pp. 849-865, Jan. 2017.

S. C. Huerta, A. de Castro, O. Garcia, and J. A. Cobos, “FPGA-
based digital pulse-width modulator with time resolution under 2 ns,”
IEEE Trans. Power Electron., vol. 23, no. 6, pp. 3135-3141, Nov.
2008.

M. G. Batarseh, W. Al-hoor, L. Huang, C. Iannello, and I. Batarseh,
“Window-masked Segmented digital clock manager FPGA based digital
pulse width modulator technique,” in Proc. Int. Conf. Power Electron.
Spec., 2008, pp. 3036-3042.

L.S.Ge,Z.X.Chen,Z.J.Chen, and Y. F. Liu, “Design and implementation
of a high resolution DPWM based on a low-cost FPGA,” in Proc. IEEE
Energy Convers. Congr. Expo., Sep 2010, pp. 2306-2311.

D. Costinett, M. Rodriguez, and D. Maksimovic, “Simple digital pulse
width modulator under 100 ps resolution using general-purpose FPGAs,”
IEEE Trans. Power Electron., vol. 28, no. 10, pp. 4466—4472, Oct. 2013.
C. Xiao, W. Tingcun, and C. Nan, “A novel DPWM architecture with high
time resolution and low clock frequency,” in Proc. 5th. Int. Conf. Intell.
Control Inf. Process., 2014, pp. 386-389.

J. Fang, X. Yang, L. Zhang, and Y. Tang, “An optimal digital pulse-
width-modulated dither technique to enhance the resolution of high-
frequency power converters,” IEEE Trans. Power Electron., vol. 32, no. 9,
pp. 7222-7232, Sep. 2017.

X. Cheng, R. Song, G. Xie, and Y. Zhang, “A new FPGA-based segmented
delay-line DPWM with compensation for critical path delays,” IEEE
Trans. Power Electron., vol. 33, no. 12, pp. 10794-10802, Dec. 2018.

V. Yousefzadeh and D. Maksimovic, “Sensorless optimization of dead
times in DC-DC converters with synchronous rectifiers,” IEEE Trans.
Power Electron., vol. 21, no. 4, pp. 994-1002, Jul. 2006.

H. Song, N. Jiang, S. Hu, and H. Li, “FPGA-based high resolution DPWM
control circuit,” J. Syst. Eng. Electron., vol. 29, no. 6, pp. 1136-1141,
Dec. 2018.

D. Navarro, L. A. Barragan, J. I. Artigas, 1. Urriza, O. Lucia, and
O. Jiménez, “FPGA-based high resolution synchronous digital pulse
width modulator,” in Proc. IEEE Int. Symp. Ind. Electron., Jul. 2010,
pp. 2771-2776.

(71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]



Daying Sun received the M.S. and Ph.D. degrees
in integrated electronic engineering from Southeast
University, Nanjing, China, in 2011 and 2015, respec-
tively.

In 2015, he joined the School of Electronic and Op-
tical Engineering, Nanjing University of Science and
Technology, Nanjing, China, where he is currently
an Associate Professor. His research interests include
mixed-signal integrated circuits and deep learning.

Jiayi Hu received the B.S. degree in 2017 from the
School of Electronics and Optoelectronics Engineer-
ing, Nanjing University of Science and Technology,
Nanjing, China, where he is currently working toward
the M.S. degree.

His research interests include digital pulse width
modulation and single-inductor dual-output.

Chong Wang received the B.S., M.S., and Ph.D.
degrees in electronic engineering from Southeast Uni-
versity, Nanjing, China, in 2012, 2015, and 2018,
respectively.

In 2018, he joined the School of Electronic and Op-
tical Engineering, Nanjing University of Science and
Technology, Nanjing, China, where he is currently a
Lecturer. His research interests include digital circuit
design and low-power design.

SUN et al.: DELAY-LINE DPWM ARCHITECTURE WITH COMPENSATION MODULE AND DELAY-ADJUSTABLE UNIT BASED ON DLL 1091

Xiong Cheng received the B.S. degree in micro-
electronic science and engineering, in 2017, from
the Nanjing University of Science and Technology,
Nanjing, China, where he is currently working toward
the Ph.D. degree.

His research interests include deep learning accel-
erator and low-power design.

Wenhua Gu received the B.S. degree in physical
electronics and optoelectronics from Tsinghua Uni-
versity, Beijing, China, in 1999, the M.S. degree in op-
toelectronics from National University of Singapore,
Singapore, in 2001, and the M.S. and Ph.D. degrees in
electronic engineering from the University of Illinois
at Urbana—Champaign, Chicago, IL, USA, in 2005
and 2008, respectively.

From 2008 to 2012, he was a Staff Engineer with
the Infinera Corporation, Silicon Valley, USA. Since
2012, he is a Professor with the School of Electronic
and Optical Engineering, Nanjing University of Science and Technology, Nan-
jing, China. His research interests include flexible electronic devices, mixed-
signal integrated circuits.

Mr. Gu was the recipient of the Core Member of the High-Level “Innovation
and Entrepreneurship” Education Team in Jiangsu Province, Jiangsu Province
high-level "Innovation and Entrepreneurship”" Key Discipline Talents Intro-
duction Program, Nanjing University of Science and Technology “Zijin Star”
Outstanding Talent and Henry Ford II Award in the University of Illinois at
Urbana—Champaign.




<<
  /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
  /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 true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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

  /CreateJDFFile 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 "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


