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Abstract

A highly linear 4th order low-pass filter with one decade frequency programmability and 39 dB gain programmability is presented in
this paper. Low distortion is achieved through the use of the inherently linear current division principle. The paper provides the basic
equations of the Butterworth filter and shows how to achieve programmability. A prototype was fabricated in a 0.35 pm-3.3 V CMOS
process and experimental measurements prove the high linearity of the system. A distortion level better than —65 dB for 2 V,,_, output

signal is obtained.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of a massive digital core in mixed ana-
logue-digital systems results in many complications on
the analogue side, such as crosstalk noise contamination
of the sensitive analogue signals or voltage supply down-
scale related issues, among others. Nevertheless, the
designer can take advantage of the digital circuitry in the
chip to implement high accuracy automatic gain control
of the variable gain amplifier and digital tuning of the ana-
logue filter. Digital programmability is thus becoming an
essential feature for complex mixed-signal systems. The
built-in DSP is often used to accurately compute the con-
trol signal for the reconfiguration of the analogue side. This
technique eases operation at different gain settings and dif-
ferent bandwidths, which is demanded by many analog
baseband circuits such as multistandard receivers [1] or
hearing aid systems [2].

In all these applications, analogue pre-processing of the
signal must offer at least the same accuracy as the associ-
ated A/D converters. In consequence, for some applica-
tions over the baseband and telecommunication ranges, a
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dynamic range of at least 60 dB and linearity better than
—65 dB are necessary.

Unfortunately, it is not easy to achieve this performance
with fully integrated circuits in current CMOS technologies
and it becomes even more difficult as the operating fre-
quency increases and supply voltage drops.

MOS resistive circuits [3—7] show distortion levels higher
than —60 dB for 1V, signal swing in single 5 V systems.
Furthermore, the tuning capability of this approach is
extremely limited for low-voltage systems, as the mecha-
nism of tuning is based on the variation of the gate voltage
of transistors operating in the triode region.

For low voltage compatibility, a possible solution is to
use programmable arrays of polysilicon resistors and/or
capacitors [8]. High linearity and dynamic range are
achieved with this approach. Unfortunately, the maximum
operating frequency is limited by the presence of MOS
switches in the signal path. Furthermore, extensive area is
needed to guarantee a minimum of accuracy [9].

An approach combining good linearity and moderate
area consumption is the use of MOS transistor configura-
tions which make use of the inherently linear current divi-
sion principle [10].

This paper describes the principles, design and experi-
mental results of a highly linear programmable 4th order
Butterworth filter in standard CMOS technology for the
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baseband frequency range. Section 2 describes a new highly
linear programmable integrator. Starting from this cell,
Section 3 describes a programmable biquadratic section
and its application to realize a 4th order Butterworth filter.
Experimental results are discussed in Section 4 and some
conclusions are drawn in Section 5. Finally, a deeper expla-
nation of the operation principle of the highly linear MOS
Current Divider can be found in the appendix.

2. MOS Current Divider-based programmable integrator

Fig. 1 shows the proposed fully balanced programmable
integrator. It is based on the MOST-only inherently linear
current division principle reported in [10], where a linearity
better than —85 dB was achieved for a volume control sys-
tem in the audio frequency band. The key idea is that the
accuracy of the current division does not depend on the lin-
earity of the transistors (see appendix).

In this work, wide-band OTAs are employed and banks
of MOS transistors in parallel constitute the current divi-
der. Complementary words, A(n)={a,a,_... ay} and
A(n) ={a, a,, ao }, are applied to identical n-bit
programmable transistor banks with binary weighted tran-
sistor sizes. The differential output voltage V, =V -V
can be expressed as:

Vo A4 1

Vo T T-45CR" (1)
with
1 n—1 )
N [ 1+m> a2 2)
m(2 = 1)+ 2] ; J

Factor m is the size ratio between transistors M,y and
M, ie., m = (W/L),o/(W/L),. Factor 5 appears as a result
of the influence of the finite OTA transconductance value
G,.. If G, is in the order of 100 mA/V for an equivalent
load resistance Rp = 10kQ, then 5 =0.99, that is, the
OTA works as a wide-band operational amplifier with an
error in gain of 1%.

A two-stage OTA with high transconductance and
therefore resistor-driving capability was specifically
designed as shown in Fig. 2. The source coupled differential
pair which constitutes the second stage provides better sub-
strate and common mode noise attenuation than a simple
common source. Though not shown, a CMFB circuit and
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Fig. 2. Scheme of the fully-differential OTA (CMFB circuit omitted).

Table 1
OTA transistor sizes

Transistor W/L (pm/pm)
M, M, 67/0.4
M;, My 62/0.4
Ms 18/0.4
Ms, M; 18/0.4
Mg, My 14/0.7
My, My, 314.5/0.4
My, M3 163.1/0.4
My, 42/0.4
Mc 36/0.35
Table 2
OTA performance summary
OTA parameter Value
Supply voltage 25V

- 23A/V
Unity gain frequency (Rp =2 kQ) 148 MHz
Phase margin@Cc = 3 pF 65°
Differential output swing 3.0V
Power consumption 7.3 mW
Settling time (10%-90%) 10 ns
THD (1 MHz@2V,,.,, output) —88.6 dB
Input referred noise 104 pVrms
Dynamic range 82.7dB

a temperature independent biasing circuit were used [11].
Tables 1 and 2 show transistor sizes and performance of

the OTA, respectively.
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Fig. 1. MOS Current Divider-based integrator.
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Fig. 3. Frequency response of the programmable integrator.

In order to reduce both short-channel and mismatch
effects, the MOS transistors in the current divider are
biased in the triode region and do not have minimal
lengths. Resistor R is implemented with high resistivity
polysilicon, to avoid introducing distortion into the system,
and its value must be chosen so as to moderately load the
OTA. Capacitors used are poly—poly.

The resolution in frequency of the programmable inte-
grator is given by the word length n and the factor m. To
show its feasibility, simulations were carried out for a
0.35 um process in the CADENCE DFII environment
using a Spectre simulator. Fig. 3 shows the frequency
response of an integrator with Rj, = 6 kQ, C;=10.6 pF,
n =3 and m = 1. The resistive load of each OTA is always
over 1 kQ. The unity gain frequency varies almost linearly
in a logarithmic scale, so it is suitable for continuous-time
filters and sinusoidal oscillators requiring high frequency
variation ranges. Furthermore, high linearity is achieved
through the use of the MOS Current Divider.

Note that removing the output buffer from the active
cell reduces its consumption. In fact, the total area and
power dissipation of the programmable integrator are com-
parable to those of other single opamp implementations
found in literature for the same technology [12].
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Fig. 4. Programmable biquad.

3. Programmable low-pass filter

The proposed low-pass filter is a 4th order Butterworth
implementation. It is composed of two 3-bit programmable
biquads like the one shown in Fig. 4.

The characteristic equations of the biquad are:

1 Ay 12
o= 2nR, C (1 — AA> ®)
Q_Rl< Aa )1/2(1+mBDQ) @)
}?2 1 zd A ( -+- 711A,1i)f)
Vin ( +mBDQ)
| _ Ry
Un| R (6)
where
Ap = 1 D 7
A [mA<2n71)+2}( + ma f) ( )
n—1
Df = Zaﬂj (8)
=0
n—1 )
Do = b )
=0

The 4th order Butterworth filter is implemented by cas-
cading two biquads with quality factors Q; =0.54 and
0, =1.31. For each frequency there is a specific word
Dq(3) providing the appropriate value of both quality fac-
tors, as shown in Fig. 5.

Gain control without affecting linearity is provided by a
highly linear programmable gain amplifier (PGA) [13] pre-
ceding each biquad. The whole system is shown in Fig. 6. It
is worth noting that the same approach can be used for any
kind of filter as long as it is based on an RC-active
topology.
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Fig. 5. Automatic control of Q; and Q, for each frequency setting.
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Fig. 6. Programmable 4th order butterworth filter.
4. Experimental results

To verify the former analysis, a 3-bit programmable
low-pass filter was integrated in 0.35 um technology and
measurements were performed on the circuit for 2.5 V sup-
ply voltage. Detail of the chip is shown in Fig. 7.

For all measurements the filter was driven by a single-
ended-to-balanced voltage converter and the differential
output voltage was converted to a single output voltage.
Both input and output converters were based on high per-
formance AD844 current feedback opamps, which exhibit
60 MHz bandwidth and non-linear distortion lower than
—86 dB.

Fig. 8 shows the characteristic frequency of the Butter-
worth filter for each digital word Dg(3). The unity gain fre-
quency varies almost linearly in a logarithmic scale for the
central words and moves away from this tendency for the
words {000} and {111}. This is due to the fact that, as
already mentioned, (1) is not exactly an exponential func-
tion but an approximation to it.

Fig. 9 shows the frequency response for each control
word Dg3) and Fig. 10 shows the gain setting for each
word Dg(3). As shown, tuning ranges of one decade in fre-
quency and 39 dB in gain are obtained.

Distortion is mainly due to mismatches in the threshold
voltage of the transistors which constitute the MOS

Fig. 7. Chip detail (biquadratic section).
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Fig. 10. Gain setting of the filter for each word Dg(3).
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Table 3
3-bit low-pass filters performance
Parameter This work Jussila [1] Alzaher [14] Nader [15]

Filter order and type 4th order butterworth

5th order Butterworth

6th order butterworth 5th order Butterworth

Technology 0.35 pm CMOS 0.35 um BiCMOS 0.5 pm CMOS 0.25 um BiCMOS

Supply voltage 25V 2.7V-3.0V 2.7V 25V

Gain setting —6-33dB —-9-69 dB 18 dB 6dB

Bandwidth 0.16-1.88 MHz 2/4/8 MHz 5kHz-5 MHz 600 kHz/6 MHz

Area 0.11 mm® 4.8 mm?> 1.25 mm® 0.9 mm?>

Quiescent power 12 mW 21/25/38 mW 6 mW 2.25/6.75 mW

Distortion THD* = —65dB IIP3 = +14 dBm I1IP3 = 61-51.4 dBm 1IP3 =40 dBm
1IP2 = +60 dBm

SNR@(THD = —65 dB) 59 dB - - -

@ (10 kHz@2 V5 ,@gain > 0 dB).

Current Divider (see appendix). In the actual 0.35 pm pro-
cess, a standard deviation of the threshold voltage
a(AVt) = 4.7 mV was reported by foundry for these tran-
sistors. The measured distortion level is better than
—65dB for a 10 kHz and 2V, signal.

Table 3 shows the measured performance summary of
the integrated circuit. The area and power consumption
of the proposed filter is comparable to that of other sys-
tems employing simpler basic cells. In [1], for example, a
5th order Butterworth filter in 0.35 pm BiCMOS technol-
ogy was presented. This consisted of operational amplifiers
and banks of switchable resistors and capacitors. A com-
parison between that filter and the one proposed in this
paper is shown in Table 3. The chip area in [1] is larger
because of the area occupied by banks of programmable
MIM capacitors and high ohmic polysilicon resistors. A
wider frequency tuning range is obtained in our work with
lower power consumption. Other recently published topol-
ogies are included in Table 3. Note that the proposed
design takes up less silicon area and shows a wider gain set-
ting for the same order of power consumption [14,15].

5. Conclusions

In this paper, an approach to designing highly linear
CMOS programmable filters has been proposed that takes
advantage of the inherently linear current division princi-
ple. Experimental results for a 3-bit 4th order Butterworth
filter confirm the feasibility and good performance of the
proposed technique. This programmable cell is suitable
for use in analogue front-end for 10-bit accuracy digital
systems fabricated in standard CMOS technologies.
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Appendix A
In order to show the high linearity of the proposed

approach, the charge-sheet model [16] is employed. No
approximate strong inversion models are used because they

suffer from severe limitations when estimating distortion in
MOS cells. The MOS Resistive Circuit [4,5], for example,
shows no distortion when analysed with an approximate
model in strong inversion. However, when the charge-sheet
model is employed, distortion levels in the order of —50 dB
for 1V, output signal are obtained [17], which agrees
with experimental results.

According to the charge-sheet model, the drain current
in a long-channel MOS transistor is given by:

Ip =K[f(Yg,) — f(¥y)] (10)
with

K= ﬂch% (11)
where

filYs) = (Vo — Ve — %Wf - %V‘//f/z (13)
L) = (b + bl (14)

and where W and L are the channel width and length, p is
the carrier effective mobility, C_ is the gate oxide capaci-
tance per unit area, Vgp is the gate to bulk voltage, Vgp
is the flatband voltage, y is the body effect parameter, ¢,
is the thermal voltage and Yy, and ; are the source and
drain surface potential, respectively. The function f;(y)
corresponds to the drain current component due to drift
and the function f5(is) to the drain current component
due to diffusion.

In strong inversion the surface potentials can be defined
as:

Vo= Vss+8(Va, V)
lpsL ~ VDB +g(VGv V)

where g(Vg, V) is a non-linear function of Vg — V. Fur-
thermore, in strong inversion the current is almost totally
due to drift. Thus, introducing (15) and (16) into (13)
the drain current in the long-channel MOS transistor is
obtained:

Ip =K[F(Vg,Vp) —F(Vg, Vs)]

(15)
(16)

(17)
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Fig. 11. MCD-based basic cell.

where
F(Vg,Vx) =V —Vs —Ve)[Vx+8Vs— Vx)]
1
_i[VX ~Ve+g(Vs—Vx)I
2
— g“/[VX — Ve +gVe— V) (18)

Fig. 11 shows the schematic of a basic cell made using
two matched MOS transistors working as a MOS Current
Divider (MCD). Assuming ideal OTAs, i.e., with infinite
open-loop transconductance, the drain currents /; and I,
in Fig. 11 are:

L =Ki[Fi(Ve,Vx) = Fi(Ve,0)] = —Vin/Rin (19)
1, :KZ[FQ(VC, V'x) —FZ(VC,O)] =—V,/Z; (20)

If M, and M, are perfectly matched, Fi(-) = F>(-) and
the transfer function of the cell is given by:

Vo 7Ky 7 (W/L), o1
Vie R K\ R (W/L),

The dependence of Vx (or V) on V;, (or V) is not lin-
ear. However, Eq. (21) shows a linear dependence of the
output signal V, on the input signal Vi, [10]. Mismatches
in geometry, oxide thickness or mobility influence the accu-
racy of gain in the case of an MCD-based voltage amplifier
(Zy= Ry) or the accuracy of unity gain frequency in the
case of an MCD-based integrator (Zy= Cy), but do not
affect the linearity of the output signal, as inferred from
Eq. (21). If there are mismatches in other process parame-
ters such as the body effect coefficient or the flatband volt-
age, Fi() # F»(') and distortion arises.

Note that (21) shows an expected result. Vx is a compli-
cated non linear function of Vj,, Vx = f(Vi,), whereas V is
another complicated non linear function of Vx,

Vo=g(Vx). If transistors M; and M, are perfectly
matched and their operating points are the same, f{*) is
the inverse function of g(*), ') = g (), except for a pro-
portionality factor given by transistor sizes.
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