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Abstract: A novel RC time constant tuning technique for continuous-
time delta-sigma modulators is proposed to alleviate the systematic
time constant shift originating from process variations. The proposed
tuning technique uses programmable current sources instead of ca-
pacitor banks in order to reduce the implemented die area. MAT-
LAB/Simulink simulation results demonstrate that this technique can
achieve the desired SQNR even with ±30% RC time constant shifts.
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1 Introduction

The implementation of continuous-time delta-sigma modulators (CTDSMs)
became popular in the mid-1990s because CTDSMs exhibit better power ef-
ficiency and can realize very high sampling rates. However, CTDSMs that
incorporate continuous-time integrators [1] suffer from process-dependent RC
time constant variation. Current CMOS technology has large process vari-
ations, which could result in a systematic RC time constant shift of up to
±30% [2] in a chip. Thus, a tuning circuit is essential in order for CTDSMs to
realize the desired performance [3]. However widely used conventional tuning
techniques using capacitor banks [1] are not perfectly suitable for active-RC
integrators in CTDSMs, because the capacitor banks tend to require large
area. In this paper, we propose a novel RC time constant tuning technique
for an active-RC integrator that uses programmable current sources instead
of capacitor banks in order to reduce the implemented die area.

2 Proposed tuning technique

2.1 Basic concept of the proposed tuning technique
Fig. 1 (a) shows a block diagram of the m-th order CTDSM implementing
the proposed technique. Coefficients of m-th order DAC and integrator show
kmαm and 1

τm
, respectively. km shows m-th DAC coefficient which is decided

by the DAC fullscale current. τm indicates RC time constant of m-th integra-
tor. In the proposed technique, a part of DAC coefficient which is a tunable
value, α, is used to compensate for the systematic time constant shift. Usu-
ally, km and τm are designed to realize delta-sigma modulator which satisfies
desired specifications, and these are fixed values. The change of coefficient α

means tuning fullscale current value of DAC.
If the 1st stage’s time constant τ1 shifts to τ1D, where the time constant

shift ratio D is a chip-dependent value, the block diagram can be redrawn
mathematically as shown in Fig. 1 (b). In m-th stage DAC, αm is utilized
in order to suppress (m − 1)-th stage’s input gain modifier, 1

Dm−1 , and m-
th stage’s time constant shift 1

D . Therefore m-th order CTDSM can be
expressed for Fig. 1 (c) from Fig. 1 (a). The time constant shift ratio D

changes the feedback DAC coefficients, as well as the input gain from their
designed component magnitudes. However the input gain modifier 1

Dm can
be neglected, because the effect of the modifier is cancelled by commonly
used automatic gain control circuit at the front of the analog-to-digital con-
verter. In the proposed technique, the DAC coefficient modifier cancels the
systematic time constant shift by tuning α=D without the capacitor banks
occupying a large die area. Fig. 1 (d) shows a tunable DAC coefficient that
uses programmable current sources I1 ∼ IN connected through switches and
a conventional-current DAC [4]. The amount of current is related to fullscale
of the DAC and the fullscale value means the coefficient of each DAC. There-
fore the coefficient of each DAC can be tuned by using switches in order to
provide the appropriate compensation coefficient αm, which realizes the im-
plementation of the proposed tuning technique on a chip.
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Fig. 1. Proposed tuning technique
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The time constant tuning is only operated during the LSI start up time.
At the LSI’s power “ON” time, value of time constant shift D is detected by
using conventional time constant shift detection circuit (e.g. [5]).

2.2 Die area discussion
First, the occupation area of the programmable current sources is estimated
in order to compare with that of the conventional capacitor banks. In this
analysis, fixed DAC coefficient values, km = km−1 = · · · = k1 = 1, are
assumed. It is reasonable because we prepare only one type reference current
and it means that implementation bias circuit can be simply. Fig. 2 (a)

Fig. 2. Die area discussion (Each red boxed area shows
additional area.)
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shows the programmable current sources and a detailed explanation about
i-th programmable current source which supplies a feedback current for the
i-th DAC. The number of the programmable current sources is the same
as the number of the feedback DACs. Required current sources in feedback
DAC is based on copying current from a reference current Iref . The left
part of Fig. 2 (a) shows diode connected transistor whose drain current is
reference current, and the gate voltage is provided for each programmable
current sources. The programmable current sources are consisted of two
part, the blue boxed one which is normally used in conventional CTDSMs to
provide reference current for each DACs and the red boxed one which requires
additional silicon die area. In this technique, the blue boxed transistors are
divided into some units in order to realize tunable α which is less than one.
By selecting switches, DAC current can be reduced and it means small α

can be gained without extra silicon die area. On the other hand, the curent
mirror circuit boxed by red dot is utilized in order to compensate for the other
range, from 0% to +30% process-dependent time constant shift. The number
of selected “ON” switches increase in proportional to the time constant shift
ratio in order to increase the value of α. For +30% time-constant shift, all
the switches are “ON” and the output current is chosen as (1.3)iIref . Thus,
additional area of i-th programmable current sources can be expressed as
10L{(1.3)i−1}Wref . In this paper, the transistor size including drain, source
and separation area is assumed to be 10 times larger than the transistor
channel area. The total additional area of all programmable current sources
Ap of the m-th order CTDSM is given as

Ap = 10L
m∑

i=1

{(1.3)i − 1}Wref (1)

=
20L2Iref

μCoxΔov
2

m∑

i=1

{(1.3)i − 1}. (2)

Here, eq. (2) can be expressed by square-law MOSFET model from eq. (1),
where μ is the mobility of charge carriers, Cox is the gate oxide capacitance
per unit area and Δov shows over drive voltage of current mirror circuit. Iref

can be decided by integrator’s resistor Rint and maximum amplitude voltage
of input signal for CTDSM, Vmax. Additional programmable circuit area can
be estimated as

Ap =
20L2Vmax

RintμCoxΔov
2

m∑

i=1

{(1.3)i − 1}. (3)

From the above equation, it is clear that the additional area can be reduced
with the development in microfabrication evolution, because small size L
and large μ and Cox can be realized. In this analysis, die area of switches is
not considered because same number of switches is also used in conventional
capacitor tuning technique in same tuning resolution.

Second, the additional silicon area of capacitor bank is estimated as fol-
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lows. The additional capacitor bank area Ac can be given as

Ac = 2
m∑

i=1

{(1.3)i − 1}Ci

C0
, (4)

where Ci is the capacitance composing the i-th active-RC integrator, and C0

is the unit capacitance [F/m2]. The additional area of the i-th integrator’s
capacitor bank is {(1.3)i − 1}Ci, which tolerates a +30% RC time constant
shift. Normally, differential circuit must be considered, therefore 2Ci is cho-
sen. The value of Ci in (4) can be derived from the i-th integrator’s coefficient
of CTDSM. Ci is given as (5),

Ci =
τi

Rint
. (5)

In this paper, each resistor of integrators is same, because feedback current of
each DAC is set to same value, km = km−1 = · · · = 1. The area of capacitor
bank Ac is derived from eq. (4), and (5)

Ac =
2

RintC0

m∑

i=1

{(1.3)i − 1}τi. (6)

Finally, the area comparison equation can be derived as

Ap

Ac
=

10L2VmaxC0
∑m

i=1{(1.3)i − 1}
μCoxΔov

2 ∑m
i=1{(1.3)i − 1}τi

. (7)

In fact, die area size Ap and Ac are strongly related with device parame-
ters. Eq. (7), however, provides good indications of architecture decision.
Here, an example result of area comparison Ap

Ac
between the proposed tuning

technique and the conventional capacitor bank tuning technique is discussed.
In order to advance concrete discussions, application is assumed for Wide-
band Code Division Multiple Access (W-CDMA) which a CTDSM is utilized
for. The parameters used in the present study are C0 = 2×10−3 [F/m2],
L=5 [μm], Δov=0.25 [V]. The maximum voltage of the process is 1.8 [V],
therefore Vmax=0.9 [V] is chosen. The values of μ and Cox are referred from
0.18 μm CMOS process information, and τi is designed using ΔΣ ToolBox [6]
in order to gain SQNR around 75 dB and bandwidth is 2 MHz. 1-bit quan-
tizer is utilized in the study and sampling frequency is 174 MHz. In the case
of the forth-order modulator, tuning circuit area of the proposed technique
can be reduced by 54.9% compared to that of conventional capacitor bank. It
is well known that integrator’s occupation area is dominant of total modula-
tor area. This paper discusses the reduction area ratio of the total modula-
tor’s loopfilter area by using the proposed tuning technique. For example, it
is assumed that the area of load capacitor is occupied a half of integrator’s
total area. Therefore conventional tuning circuit area of total modulator
area is 1

2 × 3
10 because capacitor bank area consumes 30% of capacitor area,

which is already mentioned before. By using the proposed technique, we can
reduce around 55% of tuning area compared to conventional capacitor bank.
It means that the reduction area of the total modulator’s loopfilter area can
be estimated around 8%. We have to estimate the ratio carefully before de-
signing delta-sigma modulators because it is clear that the reduction area
ratio depends on CMOS technology and design architectures.
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Fig. 3. Simulation results

3 Simulation results

In this section, simulation results obtained with and without the proposed
technique are presented. The simulation results of a fourth-order 1-bit CTDSM
with demonstrated that the tuning circuit area can be reduced 54.9% using
the proposed technique, as compared to the conventional capacitor bank tun-
ing technique. In the simulation, we use time constant shift ratios D of from
0.7 to 1.3 and a step value of 0.1 for the DAC tuning coefficient α.

Fig. 3 shows the results of a MATLAB/Simulink simulation with and
without the proposed current tuning technique as a function of the system-
atic time constant shift ratio D due to process variation. The solid line, which
indicates the simulation results for the modulator with the proposed tech-
nique, exhibits a stable SQNR performance around 75 dB and no instability,
even if the possible variation of the RC time constant shifts up to +30% and
−30%. Some discontinuous points, where α is changed at D = 0.75, 0.85,
0.95, 1.05, 1.15, 1.25, are appeared in Fig. 3.

In contrast, the SQNR of the modulator without any tuning technique
decreases to 69 dB with a +30% process shift, and the modulator becomes
unstable with a process time constant shift of less than −15%. These results
demonstrate the effectiveness of the proposed tuning technique.

4 Conclusion

For CTDSMs, we proposed a novel RC time constant tuning technique us-
ing simple programmable current sources to compensate for the effect of
systematic time constant shift. The proposed technique has an advantage
in implemented die area over the conventional capacitor bank technique in
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a modulator for W-CDMA application. MATLAB/Simulink simulation re-
sults demonstrate that this technique can achieve the desired SQNR even
with ±30% RC time constant shifts.
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