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A Novel Hybrid DPWM for Digital DC-DC Converters
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Abstract: We present a new hybrid digital pulse-width modulator (DPWM) for digital DC-DC converters that employs a
ring-oscillator/counter structure. Based on a temperature/process compensation technique and a novel digital controller,
the proposed DPWM can not only offer temperature/process-independent pulse widths,but also operate at a much higher
clock frequency than the existing delay-line/counter DPWM structure. Post-simulation results show that with our DPWM,
the system clock frequency reaches 156. 9MHz while the worst variation,in a temperature range of 0 to 100C under all
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process corners,is only £9.4%.
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1 Introduction

Digital pulse-width modulators (DPWM) serve as
the digital-to-analog (D/A) converter in a digital DC-
DC converter. The resolution of the DPWM deter-
mines the achievable output voltage. If the DPWM
resolution is not high enough, an undesirable limit-
cycle oscillation may occur'’ . For digital DC-DC con-
verters,the design of high resolution, high frequency
DPWMs is of great importance.

The basic principle of a DPWM is to count a
clock (generally the system clock) and compare the
accumulated sum with the required duty ratio' % .
This solution is the casiest to think of. However,it re-
quires a system clock of high frequency (to achieve an
n-bit resolution at the switching frequency f,.the re-
quired clock frequency will be 2"f;.) and can easily
result in difficult timing constraints and high power
consumption for the circuits. A DPWM of the tapped
delay-line structure"' ™' involves a long line of delay-
units, with the delay of every unit equal to the LSB of
the pulse width. By selecting the output of a delay-
unitaccording to the required duty ratio, a proper
pulse width is generated. This solution reduces the
clock frequency to the switching frequency f, at the
cost of a large digital multiplexer and a large delay-
line (a 2" © 1 multiplexer and at least 2" delay units
for an n-bit resolution). In recent years, DPWMs of
the hybrid delay-line/counter structure®™" have been
reported that make trade-offs between the system
clock frequency and the scale of the multiplexers (as
well as the delay-line). In the hybrid structures, the

+ Corresponding author. Email: fengzhou@ fudan. edu. cn
Received 19 August 2007, revised manuscript received 6 October 2007

Article ID: 0253-4177(2008)02-0275-06

system clock frequency is still higher than the switc-
hing frequency but much lower than 2"f,. The pulse
width corresponding to the least n, bits of the duty
ratio is achieved with the DPWM, whereas that corre-
sponding to the remaining (n — ny) bits is construc-
ted by counting the system clock.

There are some severe problems for delay-line-
based DPWMs. First, the pulse width’s LSB generated
by the delay-unit is susceptible to the temperature/
process variations, resulting in uncertainty about the
DC-DC converter ’ s performance. Meanwhile, the
smallest pulse width used in the digital circuits is T,/
2"« (for generating the non-overlapped sequent pul-
ses'®)), making this type of DPWM not suitable for
high-frequency applications, such as
156. 9MHz in this paper.

In this paper, we present a new hybrid DPWM
implementation called the ring-oscillator/counter
structure. In our DPWM, a ring-oscillator is used to
generate the system clock,and the delay of the inner
differential stages acts as the LSB of the pulse width.
A sensing circuit is designed to get information about
the temperature/process variations and accordingly a
controlling voltage is generated and imposed on the
ring-oscillator. When the frequency of the ring-oscil-
lator begins to deviate from the designed value due to

an f, of

the temperature/process variation. the controlling
voltage will act in the opposite direction and pull the
frequency back. Thus, the pulse width generated by
our DPWM is also temperature/process-independent,
ensuring the stability of the DC-DC’s performance.
Meanwhile, the smallest pulse width used in our digit-
al circuits is only T,/2,thus our DPWM can work at
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Fig.1 Block diagram of the proposed DPWM structure

a higher system clock frequency.

2 System architecture

Figure 1 shows the block diagram of the proposed
DPWM. It consists of a sensing circuit,a ring-oscilla-
tor and a digital synthesizer. The system frequency is
f« and the switching frequency is f; = fy/2" (n, =
n —ny). In addition to the system clock, the ring-
oscillator offers 2"« outputs for generating the pulse
widths between (1/2"¢) T and (2" — 1/2") Ty. d
[n —1.0] is the digitalized required duty ratio, in
which d [ ny —1:0] controls a 2"« ;1 multiplexer to se-
lect an output from the ring-oscillator and d[n — 1.
n.J] set the stopping condition for the system-clock
counter. The sensing circuit senses the variations of
the temperature and the process,and generates a con-
trolling voltage, V... Compensated with V.., f, and
the LSB of the pulse width are nearly temperature/
process independent.

3 Multi-phase ring-oscillator with sens-
ing circuit (analog block)

3.1 Multi-phase ring oscillator

Figure 2 shows a 16-phase ring-oscillator, which
is based on an 8-stage differential ring-oscillator.
Buffers are added to drive the digital circuits. The
structure of the individual delay unit is shown in
Fig. 3"). The frequency of the oscillator is given
by[9: .
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Fig.2 Schematic of an 8-stage ring-oscillator
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Fig.3 Schematic of the delay cell in Fig.2

where N is the number of delay stages,and ¢, is the
delay time of a delay cell. We have'" ;
CLVsw

ISS

where C. is the output capacitor, Iss is the biasing

tg = (2)

current of the delay cell.and Vy is the output swing.
Here, Vsw approximately equals the supply voltage
Vb . Iss can be calculated by:

1 W
I = ?#pcox<r>c(vnn = Vere = Vap)? (3D

Substituting Egs. (2) and (3) into Eq. (1) ,we ob-
tain;

w ‘

g Cox (1) Voo = Ve = Vi)’
/= ANC, Vo “
Because the parameters such as the threshold
voltage and the mobility of charge carriers are tem-

perature/process dependent, the frequency of the

ring-oscillator is unstable for a fixed Verr. We
change the Ve according to the temperature/
process to keep the frequency constant.

Expression (4) can be rewritten as:

Verre = Vop — Vi — % (5
#pCOX(f)C

where p, s Coxsand Vi are the temperature-depend-

ent parameters'' ;

T -m
Mp = Mpo <ﬁ> (6)
Vip = VTP()[l +avT(T - To>] 7
Ci = Cyll +ac(T-Ty] (8)

By substituting Eqs. (6) ~ (8) into Eq. (5),and
using the first-order approximation of the Taylor se-
ries expansion: [1+ac, (T - T)] '~1~ac, (T -
T,), the temperature characteristic of Vg can be
obtained:

Verme &= Viop —

VTP()[I + OIVT(T - To)] -

4NV pp CLOf[l + (acL - acox)(T - Ty T3

Hpo COXO (LE )c o

9
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Fig.4 Required Ve under three process corners

Because m =2 and ac, Nacy, » the above expres-
sion can be simplified as:

V(‘TRL - A - BT (10)
where
A= Vpp = Vip + av, T, (1D
B — VTPOQVT + 4NVDD‘§}L(1]“ (12)
Hpo Coxo (f) (')”

In Eq. (12), the second term is positive and at
least 10° times larger than the first one for [ =
157MHz, N = 8, and the typical 0.35ym CMOS
process (i.e.,Charted). Therefore, to keep f a con-
stant, Ve should have a negative temperature coef-
ficient, which can be obtained by Ve of a BJT tran-
sistor. Meanwhile, since the value of Vi in Eq. (9)
depends on a specific process,different process condi-
tions may lead to different Vip,and ultimately differ-
ent required Ve curves. Thus, Ve, is also designed
to compensate process variations.

Figure 4 gives an example of the required com-
pensating curves. Here the Verr curves under differ-
ent process corners are shown. It is required that the
compensation should be done well at all three process
corners.

3.2 Sensing circuit (control-voltage generator)

A temperature/process-sensing circuit, called a
basic control-voltage generator, shown in Fig. 5, can
offer the temperature/process compensation curves
shown in Fig. 4. Vg is given by:

R, + R.
Ve = _TS(VDD -V = Via + D) —
3
B2 R aD(Voy = Vi = Vi = Vo) + D7
3
(13)
where
1 1 z

_ 1 +
PR (), men(E),]

The negative temperature coefficient of Vg is

Fig.5 Basic process-sensing control-voltage generator

achieved through Vg and can be tuned by R,,
(W/L)p sand (W/L)y . Meanwhile,due to Vi and
Vins Ve also accounts for information from the
process variation.

The larger the variation of Ve under different
process corners is, the better the compensation that
can be obtained"'* . Based on this relationship.we pro-
pose an enhanced control-voltage generator,shown in
Fig. 6.1t is a cascade of the basic control-voltage gen-
erators. The output of the former stage is the supply
voltage of the latter. The expression of Vrgy is simi-
lar to Eq. (13) except that Vpp in Eq. (13) is replaced
with V.Then,we have:

dJ V(‘TRL —
a( VI'P + V'I'N> basic
R, + R, (\/ D
— -1)<<0
R3 2( VDD_ V'I'Pl - V'l'Nl - VBL-')+ D )
(15
I Ve . dJ VCTRL +
(’)( VTP + VTN) enhanced (7( VTP + VTN) basic
dJ VCTRL IV
W IV Vit Vi (o
where
dVerrL IV — R, + R; %
IVa IVIVe + Vi) R
R, + R, <1 ~ «/ D )><
RG Z(VSU_VTPI_VTNI_VBE)+D
E
-1)<<O0
C\/Z( VDD_ VTPz_ VTNZ_ VBE>+E )
1 1 z

_ 1 +
“ R (), ()

We can derive:

a VCTRL
AVVp + Vi)

I Ve
IVVrpt Vi)

<

enhanced

18
Thus, with the proposed enhanced control-

basic

voltage generator, Vg varies more greatly with re-
spect to the process corners. Figure 7 shows the re-
quired Verre as well as the Ve realized with the
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Figure 8 shows the simplified diagram of the dig-
ital controller in Fig.1 (n =11, n4 =4,2"% =16) as
well as the key waveforms. The upper half is a general
counter to form the pulse width corresponding to
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Fig.7 Required Verre under three process corners and the re-

alized curves obtained using the basic (a) and enhanced (b)

control-voltage generator

Fig.8 Digital controller in an 11bit DPWM using hybrid ring-

oscillator/counter structure with its operating waveforms

d[n—1:n,],while the lower half generates the pulse
width corresponding to d[ n,—1:0].

The frequencies of the 16 outputs of the ring os-
cillator, C[0]~ C[15], are half-divided into P[ 0]~
P[15]. Then,one of P[0]~ P[15] is selected by a
2"4 .1 multiplexer to perform an XOR operation with
P[0],so that a pulse width between 0 and (15/16) X
T .with the resolution of (1/16) T .is generated on
the node X,,. Meanwhile, pulse C[0] serves as the
clock for an n.-bit counter. When the output of the
counter matches d[ n —1:n,],the most significant n.
bits of the n-bit digital input d (n = n. + ny), the
output of the 2:1 multiplexer changes from C, to
Xou- Therefore, the n.-bit counter realizes the high
n.-bit of the n-bit resolution, and X,, gives the low
ng-bit of the n-bit resolution.

The delay of the 2"¢ ;1 multiplexer may influence
the low ng4-bit of the resolution due to the fact that
P[0] and the signal selected from P[0]~ P[15] may
have different delay times at the XOR gate. To mini-
mize the skew, a buffer can be added on the path
from P[0] to the XOR gate,as marked in Fig. 8. In
addition, the jitters on the 16-phase clocks may affect
the precision of frequency and phase, and ultimately
deteriorate the resolution of X,,. Thus,a fast-transi-
tion on the delay-cells should be ensured to reduce jit-
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131 Jas fulfilled in our scheme.

ters

The waveforms in Fig. 8 give an example with d
=43 (11’ b00000101011 = 0000010 _0000 + 0000000 _
1011) ,the pulse width on the node out is constructed
with 2T (realized by the counter) and a (11/16) X
Ty

The smallest required pulse width in the delay-
line-based DPWM' is (1/2") T, while ours is
(1/2) T, (appearing at C[0] to C[15]). Thus, the
set-up-time constraint of the D-flip-flops is greatly re-
duced in our DPWM and the working frequency
greatly enhanced. Simulations show that the delay-
line-based DPWM'® fails to generate the necessary
small pulse width at the system frequency of 156.
9MHz, which is used in this paper. A typical high-
performance digital DC-DC chip, ISL6592""" requires
the system clock frequency of 156. 25MHz £ 10% .

5 Simulation results

5.1 Ring oscillator

Simulations were done under different tempera-
ture and process corners with charted 0. 35pm CMOS
mixed signal technology. Figure 9 shows the results

200
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Fig. 10

hanced control-voltage generator

Post-simulation results of our DPWM, using the en-

Ring

Fig.11 Layout of the designed 11bit DPWM

when Vg is generated with the basic control-voltage
generator and Figure 10 is the post-simulation results
of our DPWM, which employs the enhanced control-
voltage generator. The largest variation of f, in
Fig. 9 is £19% at the clock frequency of 156. 9MHz
while it is £9.4% in Fig. 10 (compared to ISL6592’s
156. 25MHz * 10%), in a temperature range of 0 to
100C .

5.2 11bit DPWM

An 11bit DPWM is designed and post-simulated.
Figure 11 shows the layout, which consists of a full-
custom design of the ring-oscillator (analog part) and
a semi-custom design of the digital controller (digital
part). The areca of the whole DPWM is approximately
0.24mm”.

Figure 12 shows the pulse widths corresponding
to d[ n—1:0] constructed with a fixed d[n —1:n4]
and a changed d[ n, —1:0]. Here, n = 11, n, = 4,
dln—1:n4]= 77b0000010 (2T),and d[ ngs —1:0]
arc assigned to 4’b0000 ~ 4’b1111,corresponding to
(0/16) Ty~ (15/16) T, respectively. The LSB of the
pulse width reveals that the resolution of our DPWM
achieves 1/(16 X 156.9MHz ) = 1/(2.51GHz), at a
high system frequency of f,,=156. 9MHz. The rising
time and the falling time of the clock are only 88 and
106ps,respectiely.
2T, (OI6)T,~(S/16)T,

32
2.8
24
2.0
~ 16
1.2
0.8
0.4 r

o 1 1 1 1 1
804 808 812 816 820 824
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Fig.12 Pulse widths corresponding a fixed d [ n — 1:nq] =
2T, and a changed d[ny—1:0]=(0/16) Ty~ (15/16) T\,
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Figure 13 verifies that our pulse width is seam-
lessly constructed with d [ n — 1. n,] (realized with
the counter) and d[ ny —1:0] (realized with X..).
Here.d [ny —1:0] = 47 b1011 ((11/16) Ty ) and
dln—-1:n,] are assigned to 0,1,2,125,126,and 127,
respectively.

6 Conclusion

This paper presents a new hybrid DPWM struc-
ture: the ring-oscillator/counter structure. Based on an
enhanced control-voltage generator, the ring-oscilla-
tor can provide a stable clock against the tempera-
ture/process variations. This ensures the stability of
the DPWM output. Also, due to the employment of a
novel digital controller, the proposed structure can
operate at a higher clock frequency (156. 9MHz in
this paper) than the delay-line/counter structure, an
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