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A Novel Technique for Improving Temperature Independence of Ring-ADCs
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Abstract: A new temperature compensation technique for ring-oscillator-based ADCs is proposed. This technique employs

a novel, fixed-number-based algorithm and CTAT current biasing technology to compensate the temperature-dependent

variations of the output,thus eliminating the need for digital calibrations. Simulation results prove that,with the proposed

technique, the resolution in the temperature range of 0 to 100°C can reach a 2mV quantization bin size with an input volt-

age span of 120mV at the sampling frequency of f, =100kHz.
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1 Introduction

Windowed analog-to-digital converters ( ADCs)
are widely used in digital DC-DC converters due to
the fact that the output voltage is regulated in the vic-
inity of the reference voltage. In recent years,synthe-
sizable windowed ADCs based on delay-line"' ™%
(451 reported.

, Oor
ring-oscillator structures have been
These structures have the advantages of low-power,
low-area, and high-resolution so that they are very
suitable for digital DC-DC applications. However,one
severe problem is that the digital output data is tem-
perature-dependent since the delay of the delay-cells
cannot be precisely controlled against temperature
variations. Digital calibrations can be accomplished in
a number of ways. A simple strategy is to subtract a
reference value from the converted output'’. Since
the variations of the digital output due to temperature
variation are not pure DC offset, this type of calibra-
tion may be imprecise. A look-up table or a LSI solu-
tion'™ can improve the precision. However, it will
take a large chip area and will increase the circuit’s
complexity and power consumption. A detailed com-
parison will be given in section 6.

In this paper, we propose a novel temperature
compensation technique for ring-oscillator-based
ADCs. We put forward a fixed-number-based algo-
rithm and a complementary-to-absolute-temperature
(CTAT) current biasing scheme. With our technique,
a ring-ADC can achieve dramatic temperature inde-
pendence without complex digital calibrations. We
have not found any published ring-ADCs adopting
this type of temperature compensation.
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The proposed ring-ADC has been simulated with
a typical 0. 35pm CMOS mixed signal process (Char-
ted) . For comparison,a traditional ring-ADC that em-
ploys a normal fixed-time-based algorithm™' and con-
ventional biasing current source is also simulated. Re-
sults reveal that, in the temperature range of 0 to
100C , the input voltage span of 120mV ,and the sam-
pling frequency of 100kHz, the proposed ring-ADC
can reach a 2mV quantization bin size while an un-
compensated ring-ADC reaches only 16mV.

2 System architecture

The principle of the proposed temperature com-
pensation technique is explained with a ring-ADC sys-
tem, shown in Fig. 1. It consists of a CTAT biasing
current source,a ring oscillator pair,and a synthesiz-
able digital block.

The CTAT biasing current source is used to gen-
erate a temperature compensated current for the two
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Schematic of a ring-ADC system using the proposed
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Fig. 2
fixed-time (top) and fixed-number (bottom) based algorithms

Derivation of C. under different temperatures, using

ring-oscillators. The error voltage between V;, and
V. » denoted with V., brings on error current be-
tween two branches, [y..1 — Iuias.2 » thus different fre-
quencies at the two ring-oscillators are generated. The
two frequencies are captured by two counters, and
then our fixed-number-based algorithm is applied to
derive the temperature-independent output.

3 Fixed-number-based algorithm

The right side of Fig.1 can also be used to ex-
plain the fixed-time algorithm™ if we replace the
module fixed-number counting controller with a
fixed-time controller. The counters are reset at the be-
ginning of each sampling cycle and stopped after a
fixed period of time. Then, one counter’s output is
subtracted from the other. The result, C., is given
by[S: .

Ce = Tanc K (Lpias1 = Thias.2) oy
where T apc is the ADC sampling period,and K; is the
constant characterizing the ring oscillator frequency
sensitivity to its biasing current. [y,; and [, are
the biasing currents of the two branches. The digitized
error voltage can be calculated by scaling C.. The er-
ror frequency is

fe=fi— [ = Killyua = Loisz) < Ve (2)
where V. is the error input voltage. Then,
C. = TADC(fl - fz) = TADCfe (3)

When temperature migrates from ¢ to ¢t , we as-
sume Jiias.1 s L ias.2 vf1 s f2 Change to 1 hias1 s I;Jias.,Z s f1 s f; ’
respectively. The following discussion will show that
in our solution, the CTAT current biasing will make
Lyias.1 / Loiss.» independent of the temperature. That is to
say,when temperature migrates from ¢ to ¢, I i1/
I viss.2 = Thias1 / Thias.2 »and consequently fi /fz = fl/fz

Then,according to Fig. 2,we have:

C. ‘r.ﬁxed-time = X—-y = TADC(fl - fz) = TADCfc 1)
= x - y/ = TAD(‘,(fI - f/z)

= Tac(fi - i )= T B -0 ®

Cc ‘r'.ﬁxcd-limc

Obviously, C. changes with the temperature,im-
plying that, with the fixed-time-based algorithm, C.
varies with the temperature and cannot reflect V. ac-
curately.

In the proposed fixed-number-based algorithm,
the counters are also reset at the beginning of each
sampling cycle but stopped when the first counter’s
output reaches a fixed-number m in Fig. 2. Then,
Equations (4) and (5) can be rewritten as:

Cc | ¢ fixed-number — M — 1N = Tsamp(fl _fz) = Tsumpfc (6)
where
Tomp = 2 (7
p 1,
Ce ‘r'.ﬁxed—numbcr = m - n/ = T;ump(f/l - f;)
= T LR - (8
fi
where
) oo [
Tomp = 7 = —222 (9
I fi

Substituting Eq. (9) into Eq. (8),we get:
Tsamp (fl *fz) = Tsampfc = C. ‘ (. fixed-number
(10)
Thus, a temperature-independent C. can be ob-
tained.
Conclusion 1: With the Fixed-Number-Based al-
gorithm, the output of the frequency-ADC will be

Cc | ¢ . fixed-number —

temperature-independent if the ratio of the currents
of the two branches remains constant over the consid-
ered temperature range.

Lemma 1. With the Fixed-Number-Based algo-
rithm,the currents ratios may be different for differ-
ent input voltages. This does not matter as long as the
ratio is temperature-independent for a given input
voltage. Furthermore, we do not need to know the
value of this ratio.

4 Requirements for Icpar

The above conduction is based on the assumption
that when the temperature migrates from ¢ to ¢,
Lis.1 / Tvias,» Temains unchanged. as is not the case
without our CTAT current biasing technique. For ex-
ample, given the circuit of a ring oscillator, the left
part of Fig.1,and an input (V,, — V,4),we can al-
ways derive a relationship between the current of the
two branches:

Lyius.: = Alyiasa 1D

Generally A is the function of both the input
( Vin -
can properly design the biasing current to be a CTAT

V.:) and the temperature. We found that we

to guarantee that A is independent of the tempera-
ture,but A may still be a function of the input. Start-
ing from the assumption that A is only the function of
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Fig.3 Required Icrar under different V. and the realized Icrar
obtained using the CTAT biasing current source shown in Fig. 4

the input, we inversely conduct the requirements for
the biasing current, I crar. From Fig. 1, we obtain'" .

(Vin_vref)ZZIu C (‘;/L)M] Z(ICT/\T - 2\/ Ibius.l Ihias.Z)
P ox By

(12)
By substituting Eq. (11) into Eq. (12) and using

Lo & Toias.2 = Icrat s Iorar becomes:
It 1 % A+ AV, - V)b
CTAT — o

2 (1- VA

,Upcox( W/L)MI,Z

(13)
where p, and C, are the temperature-dependent
parameters and their temperature dependencies are
given by .

T -1
Mp T Hpo (f))

Coo = Cox [l +ac, (T = Ty)] 14
where [ is a positive constant ([=2),and ac,, is nega-
tive. Thus,Equation (13) can be simplified as:

ICTAT%ICTAT<J[1*B(T* To):l (15
where

IcTATo:L % 1+ AV, — V,.)?

2 (1 - VA
B=1/T, —ac, >0 (16)
The above conductions can be inversely applied.
If we set the biasing current as Eq. (15),then A has
to be temperature-independent. Notice that here we

do not need to know exactly what value A has (refer

Hp, C’nxO ( W/L)Ml.Z

to Conclusion 1 and Lemma 1) . Thus,equation (15) is
expected. In reality,the best Icrar for different input
voltages are not exactly the same, however, they al-
most coincide,as shown in Fig. 3.

Obviously,the slope of Icrar With respect to tem-
perature should be negative, and can be supplied by
Ve of a BIT.

5 Generation of Icpay

A CTAT biasing current source shown in Fig. 4
realizes the Icrar. We obtain:

S Vi
Iy = S, X R,
S 2 1 1 \?
ILvi = = X ———— —— T = 17
M Sa ﬂncoxRi </\/ S’) \/Sl) ( )
where
S, =(W/L);» i=1,2,3" (18)

As we know,
Vi = Vg = VBEO[I + avBE(T - To)]

R =R, [1+a(T—-T], i=1~4 (19
where the expression of Vi is obtained through the
first-order approximation of a Taylor series expan-
sion. Then,Equation (17) can be rewritten as:

IM,‘ = IM1(1[1+ZC1M[(T7TO):|’ l :6’7 (20)
where
Ss Vo
1 = — X ——
o8 TR,
S; 2 1 1 \?
I 7 = X —— X [ —
Mo SS Mno CoxoR'ZtO <«/ S5 «/S1)
ZC,M6 = Avge — QAR
ICIMT = Z/To - aCox - 2(1]{ (21)
Thus;
Ivs = Ins — I
Tys t - Iy t
= <1Msu—1w@>[1 b 2 0 T oM e o m}
IMGO - IM?D
22)

Since av,, <0,0((;0x <0 and ag >0 (ag =5.79 X
107*/C ,using n" poly resistor under charted 0. 35m
CMOS mixed signal technology) . fc,  is negative and
tc;,, positive. Thus., Iys has a negative temperature

Fig.4 Schematic of the CTAT biasing current source
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Fig.5
number-based algorithm and CTAT biasing current source

C. versus V. under different temperatures using fixed-

coefficient (IWO < IMGO )» which can be tuned by the

size of M4, M5, M7, and R4. Finally, the required

Icrar can be achieved by a current mirror:
Terar = %: X %IMS

The realized Icrar curve,obtained using the struc-

ture shown in Fig. 4, is also plotted in Fig. 3. The

(23)

curve reveals that the CTAT biasing current source
provides an excellent fit to the required Icrar for the
entire temperature range.

6 Simulation results

A ring-ADC using the proposed fixed-number-
based algorithm together with the CTAT current bia-
sing technique is simulated with a mentor ADMS sim-
ulator, under charted 0.35ym CMOS mixed signal
technology. The fixed-number is assigned to 128 and
the sampling rate is set to 10us. Meanwhile, a ring-
ADC" that employs a fixed-time-based algorithm and
a conventional biasing current source is also simulated
for comparison, with its fixed time set to 10us. Both
ring-ADCs are simulated at three temperatures, 0,30
and 100C . Results are plotted in Figs. 5 and 6, with
their y-axis representing C.. The former reveals great
stability for the digital output C. under different tem-
peratures, while the latter shows severe variations, es-
pecially at large input voltage error. The proposed
technique provides an excellent temperature-inde-
pendence for ring-ADCs.

At a certain temperature, our temperature com-
pensation technique leads to decreased output linearity,
as shown in Fig. 5. However,in the temperature range

Fig.6 C. versus V. at different temperatures using fixed-time-

based algorithm and conventional biasing current source

of 0 to 100C ,our technique achieves much better out-
put linearity than the traditional one, resulting in a
much higher converted resolution. Simulation results
reveal that our ring-ADC can reach a 2mV quantiza-
tion bin size while the traditional ring-ADC reaches
only 16mV"! . A typical high-performance digital DC-
DC chip.ISL6592"" requires the quantization bin size
of 3.125mV.

Table 1 provides a summary of the comparisons.
To further compare our temperature compensation
technique with conventional calibration technique, we
add information on a delay-line-ADC employing the
calibration mechanism that implements a subtract op-
eration'” . This delay-line-ADC can reach a high speed
of fs = 1IMHz. However, limited by the technique, its
resolution is only 50mV/LSB,far beyond the require-
ment of high-performance digital DC-DC chips
(3.125mV/LSB""). The LSI solution®’ can meet this
requirement, but it needs 15, 000 transistors and an
off-chip quartz. In addition, it was tested under a 5V
power supply. By applying our compensating tech-
nique,no digital calibrations are needed.

7 Conclusion

This paper presents a novel temperature compen-
sation technique for ring-ADCs. Simulation results
prove that, with the proposed fixed-number-based al-
gorithm and a CTAT biasing current source, ring-
ADCs can achieve great temperature independence,
effectively eliminating the resolution density drift
without any additional digital calibration mecha-
nisms.

Table 1 Summary of ring-ADC with/without temperature compensation and delay-line-ADC with calibration
Parameter Ring-ADC with Ring-ADC without Delay-line-ADC using calibration
temperature compensation temperature compensation technique in Ref.[1]

Technology Charted 0. 35,m CMOS mixed signal technology Standard 0. 5pm digital CMOS technology

Sampling frequency fs =100kHz fs=1MHz

Input voltage span 120mV 360mV
Resolution 2mV/LSB 16mV/LSB 50mV/LSB

Number of bits 6 bits 3 bits 3 bits
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