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A 6.25-MHz 3.4-mW Single Clock DPWM Technique Using Matrix Shift Array
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Abstract— Recent digital pulsewidth modulation (DPWM) researches
use multiple clock inputs and long D flip-flop (DFF) arrays, which
makes scaling to different DPWM frequencies challenging. This brief
demonstrates a DPWM that utilizes a single clock and a Matrix shift
array, allowing it to be scaled to any frequency and reducing the effects
of clock skew. It has a clock gating technique that selects a specific row
of DFFs based on the required % duty cycle. The DPWM design has
a dead time generator to prevent shoot-throughs. The DPWM has been
fabricated using UMC 180-nm CMOS process. The performance and
functionality of the DPWM have been verified through the measured
comparisons of % duty ratio, dead time (7;;), and output frequency
(fout) at input clock frequency ( fdkin) equal to 10~100 MHz. The
DPWM design has a maximum % duty ratio of 90.6%, T;; = 1.8 ns, and
Jout = 6.25 MHz with 3.4-mW power consumption at fe, = 100 MHz.

Index Terms—Dead time, digital pulsewidth modulation
(DPWM), high efficiency, matrix shift array, single clock.

I. INTRODUCTION

Due to the growth of IoT demand, a decrease in the size and
weight of the power supply used in electronic devices has become
a necessity [1]. Digital controllers become an attractive candidate
for low-power high-frequency power supply applications because of
their advantages; programmability, low sensitivity, etc., [2]. digital
pulsewidth modulation (DPWM) is one type of digital controller
that can operate on a low quiescent current with a low voltage
supply, making it ideal for low-power applications [3]. Though
analog PWM (APWM) generates an accurate output, it is difficult
to use in low-voltage applications due to analog circuit headroom
challenges [4]. An additional circuit to compensate for the low power
dissipation of APWM compared to DPWM will not resolve the
analog headroom issues, because it depends on the MOS charac-
teristics. By contrast, DPWM requires a high-frequency clock signal
to deal with the control process. Because DPWM has no headroom
limitations, it can be easily adapted to the advanced CMOS processes.
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Fig. 1. Proposed DPWM block diagram.

A DPWM controller takes advantage of a current source selector
for high resolution with lower clock frequency requirements [5]. Even
though it operates at high resolution, the current source selector
is prone to Process, Voltage, Temperature (PVT) and capacitance
variation.

A prior study used two multi-phase clock arrays and a
time-inserting method to generate the PWM [6]. Different input clock
frequencies and multiple phases make scaling to different DPWM
frequencies infeasible. In addition, this can be only implemented in
FPGAs, which consume a large area, power, and cost.

A DPWM implemented in 40-nm CMOS utilized a long chain
of D flip-flops (DFFs) for low-power PWM buck converters was
reported [7]. The controller improves the power efficiency of the buck
converter through the automatic selection of discontinuous conduction
mode (DCM) or continuous conduction mode (CCM). However, it has
three clock inputs, making it difficult to synchronize and operate at
different frequencies. Another research used a long chain of DFF for
a low-power PWM buck converter design [8]. Though it only uses
two clock inputs, it is still prone to instability [9].

This research presents a DPWM technique that uses a single clock
input. A single clock will not require additional signal timing and an
extra circuit to synchronize all the clock inputs [10]. It implements
a Matrix shift array in which the DFF-based chain can be grouped
into several rows and columns to minimize the effect of clock skew.
The DPWM Dead time generator prevents shoot-throughs during any
operation. In addition, the dual-edge clocking mechanism reduces the
glitches generated by shift registers. The functionality and stability
have been verified through physical chip measurement.

II. MATRIX SHIFT ARRAY-BASED DPWM

Fig. 1 shows the block diagram of the proposed DPWM. Syn-
chronous count generator converts clkj, pulses into distinct timing
positions. The Matrix shift array contains 2 DFF chains arranged
into a 4 x 4 matrix (N = 4 in this work). The configuration of the
matrix reduces the clock skew of the DPWM. The Transition latch
circuit produced the standard DPWM signals (Voy g and Voye 1).
In addition, it generates a single clkj, cycle as the dead time to
avoid shoot-throughs [11]. Finally, the Timing control of the proposed
DPWM ensures that Tpwy = 2V x Tk, -

The timing diagram for the proposed DPWM is shown in Fig. 2.
Signal Sy[g—1:0], where R is the number of DFF rows in the matrix

1063-8210 © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: National Sun Yat Sen Univ.. Downloaded on March 24,2024 at 03:46:45 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-4565-9506
https://orcid.org/0000-0002-4120-382X
https://orcid.org/0000-0002-8014-8229
https://orcid.org/0000-0002-2426-2879

This article has been accepted for inclusion in a future issue

2
Va - e :
etk [ 1L TR L L ™™ L LT,
Sy| | Tj o i |,
SOEQ| P> 995 jneg cdge | | B
SOE[1:3] 3é6§?ﬁé6é££SQE3|i i i
SOE@n-3)| o 1] .
SOE@2N-2) %%v tat ﬁﬁv l_ i
EOs| [T | Teettro Taerton Tact100 I L
Vour[ ] | oo se=moo ]
Vout_L i T 77777 L777j7777 l “ 3 R

Fig. 2. Timing diagram of the proposed DPWM.

shift array, is a positive edge-triggered single clock pulse that provides
coarse timing for start-of-sequence (SOE) generation and repeats
every 2N clock cycle (Tpwm). SOE marks the position where the
QO of the SR latch in the Transition latch circuit starts to rise. SOE
signals are negative edge-triggered and have a half-clock cycle delay
from Sy[g_1.0] for sustaining the read and write margins of DFFs.
SOE position is varied depending on input slct,n _1.q; to modulate
the duty cycle. For example, when SICt[2N—1:0] = 1100, SOE =
SOE3, while the modulated duty cycle is Tgc1100- In contrast, the
position of end-of-sequence (EOS) is fixed for all SOEs. EOS marks
the end of the Tpwwm and ensures that it is equal to 2NV Teik,, -
Vout_# and Voye 1 is delayed by Ty, with respect to SOE to avoid
shoot-throughs. The maximum output voltage (V, max) is given by
the following equation:

Voﬁmax = |:

where Ty, is the dead time and N is the DPWM resolution. The
maximum % duty cycle for N = 3, 4, 5, and 6 are 75%, 90.6%,
96.1%, and 98.24%, respectively. As N increases, the number of DFF
and area (limited by the CMOS process) will also increase. However,
the additional % duty cycle is dropping. Therefore, choosing N =
4 will provide a high % output duty cycle with a smaller area.

QN — 1) Tay, — T,

dt
-100% | - V; 1
W T } g ()

A. Synchronous Count Generator

A positive-edge triggered Synchronous count generator shown in
Fig. 3 provides timing control for the DPWM. It converts clk;, pulses
to binary numbers based on the resolution of the DPWM, which state
changes at the positive edge of the clock. The N-bit counter pulse-
pipelining-based architecture converts each binary equivalent into
distinct pulses that indicate specific clock position (G[y—1.0}). The
number of Synchronous count generator outputs (R) is determined
by the arrangement of the DFFs in the Matrix shift array. Regarding
the selection of proper “R,” it is up to how the DFF is arranged
on the silicon. The prior works mainly used a single straight line
format [7], [8]. We, on the other hand, propose to arrange DFFs into
a 2-D format, namely a matrix array. If N = 4, then the number of
DFFs = 16. The possible arrangement of DFFs are 1 x 16 (R = 1),
2x8(R=2),4x4(R=4),8x2(R=28),and 16 x | (R =
16). Apparently, the 4 x 4 matrix array will most likely to generate
equal delays for each path from input to output.

B. Matrix Shift Array

The matrix shift array in Fig. 4 consists of DFF arrays that can be
re-arranged into a matrix architecture, where A = (ZN /R)—1,B =
(2N/C) — 1, C is the number of columns and R is the number of
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Fig. 4. Matrix shift array schematic (*proposed; N =4, R =4, and C = 4).

rows. For example, as R increases with respect to C, the DPWM is
less prone to clock skew. However, the size of the N-to-R decoder
in the Synchronous count generator will increase as shown by the
following equation:

ATCAN-(o-R decoder .

R «
clock skew

R >C. 2)
By varying the number of columns and rows, it will minimize
the clock skew of the DPWM [12]. The square matrix structure
offers an optimal trade-off between the number of Synchronous count
generator outputs and clock skew, which can be arranged using the

following equation:
R(Rows) - C(Columns) = 2%, 3)

Referring to Fig. 4, which is our example, the proposed DPWM has
N = 4 used DFF arrayed in a 4 x 4 matrix. It consists of 16 SOEs,
including SOE[O::),] in Ro, SOE[4:7] in Rl, SOE[&]]] in Rz, and
SOE[12:15] in R3. Matrix shift array number of inputs may vary
with the number of R in the DFF arrays, so as the output of the
Synchronous count generator. In addition, a half clk;, delay between
the Synchronous count generator and Matrix shift array eliminates
false triggering.

To reduce any redundant clock switches in the DFF array, a clock
gating technique is utilized to reduce the power consumption of the
Matrix shift array [13]. The Transition latch circuit MUX will trigger
specific R in the DFF array based on input slctjyv _.q). For example,
Rgy, R1, Ry, and R3 are triggered when SICt[ZN—l:O] is 11XX, 10XX,
01XX, and 00XX, respectively.

C. Timing Control

The Timing control in Fig. 1 ensures that Voy g and Voye g will
complete a 2N % clkj, period for every complete cycle. Its main
function is to send a reset pulse in the Transition latch circuit for
every Tpwm. When the output of the N-bit counter (Gg.x—1}) in
the Synchronous count generator is all high, a logic high EOS is
generated that resets Vo g and Vi g every Tpwm. The Timing
control ensures the stability of the DPWM.
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Fig. 5. Transition latch circuit of the proposed DPWM.
TABLE I
IDEAL AND MEASURED Ty, fout, AND % DUTY CYCLE COMPARISON
Tga: (ns) fout (MHz) Duty ratio (%)
feigin (MHz) | ideal | meas. | ideal | meas. | ideal | meas.
10 50.00 | 47.00 | 0.625 | 0.625 90.7
20 25.00 | 21.92 | 1.250 | 1.250 90.8
30 16.67 | 13.74 | 1.875 | 1.875 90.8
40 12.50 | 9.50 | 2.500 | 2.500 91.0
50 10.00 | 6.84 | 3.125 | 3.125 906 90.8
60 8.33 5.73 3.750 | 3.750 ' 90.9
70 7.14 4.17 | 4375 | 4.375 90.9
80 6.25 323 5.000 | 5.000 91.1
90 5.56 254 | 5.625 | 5.625 91.3
100 5.00 1.80 | 6.250 | 6.250 91.9

D. Transition Latch Circuit

The Transition latch circuit in Fig. 5 generates the modulated PWM
Vour # and Voyu 1. The SR latch and MUX generates a positive
edge PWM signal with a fixed falling edge and a modulated rising
edge. The MUX selector determines the position of SOE relative
to EOS and generates the corresponding modulated pulsewidth. The
MUX is updated at the positive edge of EOS during the transition
of selection inputs. A new SOE signal is generated once if EOS
ends. Since the MUX output transition is independent of the current
sletpn _p.q) input, false triggering is eliminated during the operations.
The SlCt[zN—m] is refreshed every 2N % clkip. Equation (4) defines
the Vo p effective pulsewidth (turn-on time) for a specific SOE
position (SOEj,n_y.p)) in the DFF array

Ter = [@Y = 1) = SOEp_pgp| - Ty = Tar: &)

When SOE[2N_1:O] = 2N _ 1, the SR latch provides an
invalid output. To avoid this, the MUX’s I input is connected
to the GND, resulting in a desired output of Vo g = low for
SlCt[2N71:O] = 0000.

The dead time generator uses auto dual edge triggering flip-flop
(Auto-DETFF) that generates Ty, delay between Vi g and Vioy f,
in reference with DFF output ¢ and ¢’, to prevent shoot-throughs.
Vout_z can be generated by connecting the input of the dead time
generator dti, to the Q’ of the SR latch. It then generates one clock
cycle of dead time from 2N clkyy cycles. A single Ty, can be
calculated using the following equation:

1

Ty = ———
' z'fout'zN

(&)

ITII. IMPLEMENTATION AND MEASUREMENT

Fig. 6 shows the proposed DPWM design fabricated on silicon
using a UMC 180-nm CMOS technology. The chip has an overall
area of 1285 x 1285 /un2 and a core area of 725.1 x 282.8 umz,
respectively.

The measurement set-up for this study is illustrated in Fig. 7. Power
supply Agilent N6700B provides 1.8 V Vpp and Agilent E8403A for

3
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Fig. 6. Floor plan and die photo of the proposed DPWM.
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Fig. 7.

Measurement set-up of the proposed DPWM technique.

e
ok
] r,,ﬂm I aAAAan T ‘rm, i
‘QJKJQ“MN.M HLWHMLu LNHHLJMMML UL
Vout H u TchQQ1 \.‘:adet h Tde1111 4}?
- H 1 I I
Mout_L 8 i \
S, | H 16 x clkin -
y
b 005 o eeess

tral=2.99 ns  trise=7.47 ns
. fout=6.25 MHZz Tdc=146.98 ns

(b)

Fig. 8. Waveforms of Vyy gy showing its fge, ffall,
sletpn _p.,9) = (a) 0001. (b) 1111.

fout 6 25 MHz Tdc=7. 17 ns

(a)

fout, and Ty at

the clock input of the DPWM. Keysight DSAV134 high-frequency
oscilloscope is used to observe the DPWM output waveforms.

Fig. 8(a) and (b) shows the rise time (#:se), fall time (#gy);), output
frequency (fout), and modulated duty cycle (7y.) for SICt[ZN—I:O]
input equal to 0001, and 1111, respectively, at Cjoaq (probe capaci-
tance) = 30 pF. The ideal modulated frequency (fout(ideal)) can be
calculated using (6). The value of foyg(ideal) = 625 MHz at fei,,
of 100 MHz, which is the same for all measurements, demonstrating
the DPWM'’s accuracy. The complementary signals Viu g and
Vout_t (including Ty,) and Syir—1.0] (generated every 16 cycles)
also show the DPWM functionality

Selkin
N

f out(ideal) = (6)

Illustrated in Fig. 9 is the comparison of ideal (7y.(ideal)) and mea-
sured (Tyc(meas.)) for all sletpn ) inputs at fepx,, = 100 MHz.
Notice that both lines almost overlapped. The highest variation
occurs at SlCt[ZN—l:O] = 0001 with values of 2.17 ns. The average
error of the DPWM is 1.9 ns, which is close to the highest value.
At sletppn_y.gp = 1111, Tyc(ideal) = 145 ns and Tyc(meas.) =
146.98 ns, a negligible error of 1.98 ns is derived. The DPWM is less
affected by clock skew, which is verified by the linear relationship
between Tyc and sletpyv . input. Notice also in Fig. 9 that as the
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TABLE II
DPWM DESIGN PERFORMANCE COMPARISON
[71 [14] [8] [15] this work
Year 2014 2019 2019 2021 2023
Publication JSSC ICCE-TW ICEIC AICSP
Technology 40-nm 180-nm 180-nm 65-nm 180-nm
Verification Meas. Post-sim Post-sim Meas. Meas.
Vupply V) 0.6 ~ 1.1 1.8 0.6 1.3 1.8
Vout (V) 0.3 ~ 0.55 N/A 0.1 ~0.5 0.4 ~ 0.9 0.05 ~ 1.6
Output frequency (MHz) 0.1 1 1 1.5~2 0.625 ~ 6.25
Resolution (bits) 6 6 6 5 4
No. of clk input 3 3 2 2 1
Load 220 uH - 4.7 uH 2.2 pH & 10 uF 30 pF
Duty ratio range (measured) 0~50 % 4~50 % 0~ 50 % 30 ~ 70 % 0~ 90.6 %
Core area (mm?) 31.43 - 31.73 2.25 0.205
Power diss. (mW) 0.038 - 0.180 17.8 3.400
FOM 1.12% - 0.23* 0.085* 5.40
*Computed based on the V,/I, and efficiency relationship.
t —&— Tac (meas.) —o— Tdo (ideal) 146,98 ns.145 ns W =150.00 ns
137,07 ns, 135 ns 0 =33.18 ps
127.05ns,125ns 2, min = 149.89 ns

120 115.71.ns,115 ns
106.75ns,105 ns,
100 97.03ns,95 ns
87.05.08,85n8 071

76.35ns,75ns,
,,,,,,,,,,,,,,,,,,,, 67.00ns, 6,5,,n,8,

57.10ns,55 ns
46.74 ns, 45 ns

78ns

N
o

éG 81.ns,25ns, A
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Fig. 9. Modulated duty cycle comparison between Tyc(ideal) and Ty.(meas).

: ooy 1©
i r Addadanndnndnndnndnn
H E1nnana ‘ fnan

%,WLJ LLWHW\N,\WWL“LL‘JjN

e

09

|
|
all
e
'L
I
I
Il
L

OQO L -

ee055 0o

Tdt = 47.0 ns
fout = 625 kHz s =6.25 MHz
& ety s Duty ratio= 90.7 % Duty ratio =91.9 %
(a) (b)
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binary equivalent of input slctnv ;.o increases, the Tppwm also
increases. For slct[zN_I:O] = 0001 and 1111, the Tppwm = 7.17 and
146.98 ns, respectively. The user may vary slct[zN_ 1:0] input depends
on the required % duty cycle.

Fig. 10(a) and (b) shows the Ty, fout, and % duty cycle measure-
ment for clkj, frequency equal to 10, and 100 MHz, respectively.
As the fei,, rises, it becomes more distorted, resulting in a slight
variation between ideal and measured 7y, and % duty cycle. In addi-
tion, this also affects Vo g and Vi waveforms.

Table I summarizes the comparison between ideal and measured
T4cs fout, and % duty cycle for clk;, frequency of 10 to 100 MHz
in decade increments. The highest variation of dead time and %
duty cycle occurs at the highest clk;, frequency with a low variation

max = 150.11 ns

Fory oo ]

~@e>1)

(=

FEF

Jeye 194.5 ns
(a)

Fig. 11. Proposed DPWM’s. (a) Eye diagram. (b) Jitter histogram.
M
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Fig. 12. DPWM’s Vou g showing its (2) frise_delay and (b) ffall_delay
measurement at slctlzg\LI:OJ = 1111 and f¢g,, = 100 MHz.

290

range of up to 3.2 ns and 1.3%, respectively. Notably, the modulated
frequency for both ideal and measured cases is the same, showing
that the propagation delay is not affecting the DPWM performance.

The eye diagram measurement for the proposed DPWM is shown
in Fig. 11(a). The eye diagram has a height of 1.1 V, a width of
74.3 ns, and 194.5 ps jitter for 108.186 k samples. The eye is more
relaxed and has a wide open area indicating that it can operate in the
presence of interference and has a high signal-to-noise ratio (SNR).
It also features a smaller slope, showing the design is less affected by
timing error. The Vi g jitter histogram for the proposed DPWM is
shown in Fig. 11(b). It follows the normal distribution curve generated
by random activity, with a mean (u) = 150 ns and a deviation
(o) = 33.18 ps.

The propagation delay can be determined using Fig. 12(a) and (b),
with a value of 7.085 ns at SICt[ZN—l:O] = 1111 and fop,,
100 MHz.

The performance comparison with prior DPWM designs is tab-
ulated in Table II. Compared to [7] and [8], our DPWM employs
a single clock and is tested in different feiginput, demonstrating
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a wide range of scalability. The proposed DPWM also attained
the highest output frequency of 6.25 MHz and an actual % duty
cycle of 90.6%. At 6.25-MHz frequency with power dissipation
of 3 mW, the proposed DPWM can be implemented into a dc—dc
buck converter for IoT applications [16]. The Matrix shift array
resolves the issue [7] and [8] long-chain DFF array and has been
validated through the linear relationship between SICt[szl;()] input
and modulated frequency. Using the following equation, our work
achieves the highest FOM:

V35 (V) X fout_max (MHz) x %duty_cylce

FOM = -
Power_diss.(mW) x No._of_clk

O]

IV. CONCLUSION

This research demonstrates a DPWM technique that utilizes a
single clock and Matrix Shift Array fabricated using UMC 180-nm
CMOS process. The DPWM technique reduces the effect of clock
skew and can be implemented in different input clock frequencies.
A 1.8 ns dead time prevents shoot-throughs during operations. The
linear relationship between % duty cycle and slct[zN_l:O] input
proves the design resistance from clock skew. It attains a max-
imum duty cycle of 90.6% and an fout equal to 6.25 MHz at
felk,, = 100 MHz.
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