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Abstract: The design and implementation of a novel ADC architecture called ring-ADC for digital voltage regula-
tor module controllers are presented. Based on the principle of voltage-controlled oscillators’ transform from volt-
age to frequency,the A/D conversion of ring-ADC achieves good linearity and precise calibration against process
variations compared with the delay-line ADC. A differential pulse counting discriminator also helps decrease the
power consumption of the ring-ADC. It is fabricated with a Chartered 0. 35um CMOS process,and the measure-
ment results of the integral and differential nonlinearity performance are 0.92LSB and 1. 2LSB respectively. The
maximum gain error measured in ten sample chips is £ 3. 85% . With sampling rate of 500kHz and when the volt-
age regulator module (VRM) works in steady state,the ring-ADC’s average power consumption is 2. 56mW. The
ring-ADC is verified to meet the requirements for digital VRM controller application.
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1 Introduction

Digital voltage regulator module (VRM) con-
trollers have many advantages over analog VRM
controllers, including built-in noise immunity and
convenience in applying useful arithmetic to meet
the specified static and dynamic voltage regula-
tion'"'*/. A typical digital VRM controller, shown
in Fig. 1, consists of an ADC, a digital PID com-
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pensator, a digital pulse-width modulator ( DP-
WMD), and a programmable voltage reference.
ADCs with low power consumption,small gain er-
ror, high linearity, and wide quantization range
are the key building blocks of digital VRMs in or-
der to achieve good voltage regulator perform-
ance. As a result, the research of ADCs in digital
VRM controller applications has received more
attention recently.
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processor

Power °
converter

Fig. 1 Block diagram of the digital VRM

A windowed flash ADC has a window of high
resolution only around V..’ .It has the advanta-
ges of small quantization error and small delay.
However,these come with the penalties of a com-
plicated analog circuit and relatively high power
consumption. Delay-line ADCs have the advanta-

ges of built-in noise immunity and low consump-
tion of power and area, but their gain error is up
to £20% . A delay-ring ADC with dual delay-
lines is therefore introduced,and the gain error is
reduced to +10%""'. But the delay-ring’s linearity
is still poor since its principle of A/D conversion
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is the same as that of the delay-line ADC.

In this paper we propose a novel ADC archi-
tecture called ring-ADC whose A/D conversion is
based on the principle of voltage-controlled oscil-
lators” (VCO) transform from voltage to fre-
quency. In a ring-ADC, three VCOs are designed
to achieve precise calibration against process vari-
ations so as to improve the gain error. Further-
more,the differential pulse counting discriminator
is designed to decrease the power consumption of
the ring-ADC. This ring-ADC not only maintains
built-in noise immunity and low power consump-
tion but also achieves much smaller gain error and
better linearity than delay-ring ADC.

2 Principle of ring-ADC

2.1 Drawback of delay-line ADC

A CMOS inverter can be used as the delay
cell of a delay-line ADC" . In the first order anal-
ysis,the propagation delay ¢, of a stage inverter is
a function of its supply voltage V'™

LZ
k n(Ve=V
where k is a constant coefficient that depends on

t, = kr = kRyCoy = (D

the process technology, r is a basic propagation
delay coefficient, R, and C,. are the MOS tran-
sistor’ s equivalent resistance and capacitance re-
spectively, V, is the MOS device threshold volt-
age, L is the channel length,and p is the channel
mobility. When V;, <V, t, is approximately in-
versely proportional to V. The delay-line ADC
quantitates V, by testing ¢,. However, this quanti-
zation principle has two drawbacks. On one hand,
as t, is inversely proportional to V,the quantiza-
tion of V, by testing ¢, is nonlinear. Furthermore,
when V, is small,the linearity of the quantization
will become terrible as the requirement of V<
V, cannot be met fully. On the other hand, V
and p are process technology dependent constants
which result in the gain error of delay-line ADC.
Though the process variations can be partially de-
creased by the dual delay-line architecture in the
delay-ring ADC, the nonlinearity is not improved
at all"*.

2.2 Architecture of ring-ADC

We propose a novel ADC architecture, ring
ADC, to solve the problems of nonlinearity and

gain error.

The architecture of ring-ADC is shown in
Fig. 2, where Ring-A,Ring-B,and Ring-C are uni-
form and composed of odd numbers of CMOS
converters. They operate at different voltages:
Vits Vosand Vi, where V4 is the programmable
voltage reference, V, is the output voltage of
VRM.and Vy; is a high settled voltage reference.
A,B,and C are pulse signals, with frequencies of
fas fus and fc, respectively, produced by these
three rings. The differential pulse counting dis-
criminator calculates the frequency difference Af
between f, and fy. Its ideal transfer function is
given by

C. = int[(fy — fe)T.] = intLAfT,] (2)
where the function y = int[ x ] indicates that y is
the integral of x, C. is the output of ring-ADC,
and T, is the sample time interval generated by N
frequency divider. Thus, T, = N/ fc.
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Fig.2 Architecture of ring-ADC

According to Eq. (1) ,the frequency of a ring
consisting of an M-stage delay cell can be given by

ol 1 pv- Ve
T kM kL*M
= KVCO(VX - Vlh) (3)

where Kvyeo = pu/kL* M. As Kyco is a constant, f is
proportional to V,. The frequency difference Af
can be expressed as

Af = fa—fs = Kveo(Vig = Vi) —

Kveo(Ve = Vi) = KycoAV 4)

where AV = V. — V,. Equation (2) can be re-
written by the substitution of Eq. (4) as
C. = int[ KyeoAVT,]

N
KVCO( VH -

Av}

ll'lt|:ch()AV V1h):| (5)

il’lt [L
VH - Vlh



2114 R

EE 't

%27 %

As can be seen from Eq. (5),the high sensitivity
to the process technology parameter Kyco is coun-
teracted. It also indicates that the gain of C./AV
is determined by N and Vy.In our specification,
the gain of ring-ADC is 160V™',s0 C./AV = N/
(Vy— V) =32/200mV =160V 'is required.

In 0.35um CMOS technology, the process
variation of V, is about * 10%. When Vy =
2.8V,it can be derived from Eq. (5) that the gain
error of C./AV caused by process variation is a-
bout + 3%. As shown in Fig. 3, the relationship
between C. and V, is simulated in three different
process corners by HSPICE with Vy = 2.8V and
Vit = 1.5V. The respective gain errors at the ff
and ss corners are +2.8% and — 1. 5% compared
with that at the tt corner. Simulation results verify
the theoretical analysis.

40

Fig. 3 Relationship between C. and V,

3 Realization of ring-ADC

The most important task in the realization of
ring-ADC is to design a circuit block to implement
the function of Eq. (2).Conventionally, f, and f3
are evaluated by two accumulator registers. At the
end of sample time T,, C. equals the difference
between these two accumulator registers. Howev-
er,the configurations of ring-ADC with sampling
rate of 500kHz and gain (C./AV) of 160V ! re-
quire that f, or fg be larger than 80MHz. This
will result in high power consumption.

To achieve low power dissipation.a differen-
tial pulse counting discriminator is designed. The
key idea behind this differential pulse counting
discriminator is to use total accumulative phase
subtraction to detect the value of Af,instead of
frequency subtraction. The total accumulative
phases of A and B during the n + 1th sample cycle
are given by

1 +1

/’{+ = wa TS + ¢7\7bcgin ( 6 )
1 +1

1;+ = wp TS + ¢1§,begin ( 7>

n+1 n+l

where ¢} ean + $5 vean are the respective initial pha-
ses of A and B at the beginning of the n + 1th cy-
cle. Then,Af can be given by

Af = fA _fB =24 @5 - (walt — wpt)/27t |,:Ts

2x
_ +1 +1 +1
- (56.: - }I;; + ¢ZBR)/27TTS (8)
where $ipn = 1 en — P oen denotes the initial

phase difference between A and B. Hence., Equa-
tion (2) can be rewritten as

ntl o _ogntlo ¢11+l
cr = inafT.] = ing BT~ T
T

€D
where CC”+1 1s the value of C. in the n + 1th sam-
ple cycle.

Assuming that C', (1) =int[ (5 (1) —¢5(1))/
2n] is the integral part of the phase difference be-
tween A and B in real time divided by 2r,the val-
ue of C.”(t) in the n + 1th sample cycle can be
expressed as

C""'(t) = int (10)

[ ) -

27
where t € (nT,.(n +1)T,]. As the value of ¢4, is
between — 2z and +2x.thus C!™' = C"!"' may be
-1,0,0r +1.

Since the sample is continuous,the remaining
phase difference between A and B at the end of
the nth cycle is set as the initial phase difference
between A and B at the beginning of the n + 1th

k
cycle. Thus, the average error between ZC

t=0

k
and »)C"""" for k+ 1 cycles is given by

t=0

g*l(t)]

141

e

k

k
}!ifl:[(zcéﬁhl . > C/:+1+1)/(k + 1):|

t=0 =0

— =0 an

C’""" approximates to C!"' due to negligible er-
ror. As a result,Equation (2) can be implemented
by the realization of Eq. (10) instead of the con-
ventional way.

From Eq. (10), C"""' (t)is increased by 1
when ¢, (t) — ¢5 "' (t) is increased by 2x. Con-
versely, C'" "' (t) is decreased by 1 when ¢, ' (1)
—¢n"' (t) is decreased by 2x. A phase/frequency
detector (PFD)', which is used to detect the
phase/frequency difference has the intrinsic capa-
bility to carry Eq. (10) out. The operation of a
typical PFD is illustrated as follows and shown in

Fig.4.In Fig.4,the input ports of the PFD are A
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and B.and the output ports of the PFD are Q, and
Qs . When the frequency of input A, f,.is greater
than that of input B, fz,the PFD produces a posi-
tive pulse at Q5. Q, is set to 1 by the rising edge
transition of A and set to 0 by the rising edge
transition of B. An important point in this wave-
form is that there will be a time interval during
which two rising edge transitions of A take place
between two rising edge transitions of B. In
Fig. 4,these key time intervals occur at the times
of t1,t,,15°-. At each of these moments, the ac-
cumulative phase difference between A and B is
increased by 2x.

4 t 4, 4 15 13 2
] ] ] [} ] [} ]
| | | | [} | [}

A

B | | } | [} | [}

Fig.4 Waveform of the differential pulse counting
discriminator when f, > fp

The above operation of the PFD can be seen
much more clearly from the PFD state diagram
shown in Fig. 5. Furthermore, an output function
of C.”(t) is added to the state diagram to record
the alteration of int[ (¢, (1) —¢5(1))/2x].In Fig. 5,
if the PFD resides in state “I”, when the rising
edge transition of A occurs,C. (1) is increased by
1. In other words, the value of increased phase
difference, 2x, is recorded. If the PFD resides in
state “II” ,when the rising edge transition occurs,
C. (1) is decreased by 1,representing the phase
difference between A and B decreased by 2rx.

C'"(f) unaltered
State 1T Bt State 0 At State |

Q=0

< ECOBOr:

C'(t—— C'(++
At Bt

C'(f) unaltered C'J(¢) unaltered

C',(¢) unaltered

Fig.5 State diagram of the differential pulse count-
ing discriminator

Thus, Equation (10) can be realized by the
state diagram of Fig.5.

A possible IC implementation of the above
state diagram is shown in Fig. 6. [t consists of a
PFD.a pulse generator (PG),an exclusive or gate
(XOR);an edge detector,a pulse counter, and a
flip-latch. The state equation of the PG is given by

Zm" = Z" B Qx (12)

. l ¥ flag,
ALY Cle
PEN| Pulse
“lcounter|
—»

% flag,

Fig. 6 Block diagram of the differential pulse count-
ing discriminator

The PG is triggered by the rising edge of X. When
Qx=1,then Z™'"' = = Z™; when Q, = 0, then
Z""'=7Z™.The PG is designed to detect the oc-
currence of the rising edge transition of A when
the PFD is in state “1”,and detect the occurrence
of the rising edge transition of B when the PFD is
in state “II”. The edge detector is designed to de-
tect the rising/falling edge transition of ZC. It
generates a positive pulse on the CP when a ris-
ing/falling edge transition of ZC arrives. When [
> fp, the waveform of the differential pulse
counting discriminator is illustrated in Fig. 4. Ac-
cording to Eq. (8) and the state diagram of Fig.5,
it can be derived that the frequency of CP is equal
to Af = fa — fs. The pulse counter computes the
frequency Af of the signal CP. When the CP is on
the rising edge transition and flag, = 1 (V>
V,) ,the value of the pulse counter C.” (t) is in-
creased by 1. Conversely, when the CP is on the
rising edge transition and flagg = 1(V ,<V,) .the
value of the pulse counter C. (t) is decrecased by
1. As shown in Fig.4,when the sample time T is
over,the value of the pulse counter C. (1) is put
to C. by the flip-latch. After that, C. (1) is reset
to zero and counts the frequency of the CP in the
next sample cycle. When the VRM works in stead-
y state,the output voltage V, settles in the range
of | V, — V. | <<ILSB. That means Af<500kHz
and the differential pulse counting discriminator
will work in a state of very low power consump-
tion.
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4 Experimental results

Figure 7 shows a photograph of the digital
VRM controller and the layout of the ring-ADC.
The DNL and INL.shown in Figs.8(a) and (b),
are 0. 92LSB and 1. 2LSB, respectively. In a set of
10 sample chips,the maximum integral nonlineari-
ty performance is 1.3LSB and gain error is
+ 3. 85% , which are about the same as the simula-
tion results. A typical output fast Fourier trans-
form (FFT) spectrum is shown in Fig. 8(c). It ex-
hibits that the SFDR is 65. 7dB. The relationship

Programmable
voltage
reference |

between power consumption of the ring-ADC and
the value of the differential input voltage is
shown in Fig. 8 (d). When the VRM works in
steady-state (| V, — V.| <<1LSB),the power con-
sumption of the ring-ADC is 2. 56mW. Table 1
summarizes the measured performance of the
ring-ADC compared with the delay-ring ADC. Ex-
pressed as a percentage of the full scale range,the
INL of the ring-ADC is 1.87%, which is much
smaller than that of the delay-ring ADC. It also
exhibits that the ring-ADC holds the advantages
of much smaller gain error and better resolution
than the delay-ring ADC.

Fig. 7 Photograph of the VRM and layout of ring-ADC
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Fig. 8 Analysis of ring-ADC’s measurement
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(a) DNL; (b) INL; (¢) Typical FFT spectrum at 5kHz@

500kHz; (d) Ring-ADC’s power consumption versus differential input voltage
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Table 1 Summary of measurement performance
This work Delay-ring
(Ring-ADC) ADCL4]
Process 0. 35um CMOS 0. 35um CMOS

6, + 200 around
Viet»6. 25

3, 120 around
Vet »30

Resolution/bit,
Range/mV.,1LSB/mV

Sampling rate/MHz 0.5 1

DNL.INL,
Gain error/%

0.92LSB,1. 2LSB | 0.5LSB,1. 1LSB
(1.87%),+3.85 | (13.75%), 10

SFDR/dB,SNAD/dB,

. 65.7,30.1.,4.7 No data
ENOB/bit 1IkHz@500kHz
Power consumption@3. 3V
/mW
. 2.56 1.62
(When VRM works in
steady state)
Active area/mm? 0.075 0.025

5 Conclusion

The design and implementation of a novel ar-
chitecture of ADC are presented. The proposed
ring-ADC has the features of built-in noise immu-
nity,good linearity,and precise calibration against
process variations. With the use of a differential

pulse counting discriminator,the power consump-
tion of the ring-ADC is reduced to 2. 56mW at a
500kHz sampling frequency. As a result, the ring-
ADC is suitable for low power applications of a
digital VRM controller.
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