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Abstract: A fully differential R-MOSFET-C fourth-order Bessel active low pass filter employing fully differential opera

tional amplifier, passive resistors, and current-steering M OS transistors as a variable resistor is proposed. T his proposed im-

plementation relies on the tunability of current-steering MOS transistors operating in the triode region counteracting the

concert deviation of resistor in the integrated circuit manufacturing technology in order that the group delay of Bessel active

filter could be designed accurately. T he amplifier is not only with voltage commomr mode negative feedback, but also with

current commomr mode negative feedback, which will benefit for the stability of its DC operating point. 0. 75Bs group delay

fourth-order Bessel low pass filter, which is synthesized according to passive doubly terminated RLC prototype low pass fik

ter, demonstrates better than — 65dB THD using 100kHz, 2. 5V, signal in Taiwan UMC 2P2M( 2- poly, 22 metal) 5. OV,

0. 5km CMOS technology.
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1 Introduction

Recently, the research on the integrated continu-
ous time filter becomes more attractive in academic
field of circuit and system. It has been applied in com-
munication integrated circuit successfully, for exam-
ple, asymmetrical digital subscriber loops( ADSL) and
GSM baseband 1/0 port integrated circuit etd '™ 7).
Generally, the design of active filter may employ the
structure of RC-opamp, or G, C ete, but the cutoff
frequency of the designed filter based on RC-opamp is

not easy for tuning because there exists concert devia
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tion of resistances in integrated circuit manufacturing
technology. It is difficult to get more accurate cutoff
frequency of the filter. The cutoff frequency of active
filter based on G, C could be tunabled through ad
justing the G, value of transconductor amplifier.
However, due to the nature of openloop operation,
G, C filters usually perform poorly as far as linearity
is concerned. So its practical uses are limited.

For accurate designing group delay based GSM
baseband 1/0 port integrated circuit application,
Bessel filter with frequency accuracy of 1% is re
quired. A tunable CMOS Bessel filter is investigated
through adjusting the gate voltages of MOS transistor
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resistors w hich operate in triode region to counteract
the concert deviation of passive resistor in the inte
grated circuit manufacturing. Fully differential topolo-
gy of the filter is used to obtain better performance of
commorr mode rejection ratiol CMRR). Since the de
sign of active filter is directly derived from passive
LCR prototype, this proposed technique is also suit-
able for practical design of various types of filters.
The fourth-order Bessel filter presented here is
designed for a mobile phone application operating
with a power supply of 5.0V. The filter is used in
transmitter as a smoothing filter for I and Q modulat-
ed signals coming out from the digital to analog con-
verters. Maximum total harmonic distortion ( THD)
of — 65dB is required for a 2.5V, input signal. The
filter must have a small DC gain variation and a con-
stant group delay in order to not influence the GMSK
modulated signal spectrum. Excellent gain and phase
matching between the I and Q channels are also re

quired to avoid additional sideband frequency compo-

nents when generating the RF signal.

2 Fully differential op amp and R-
MOSFET- C first- order filter

2.1 Fully differential op amp

Operational amplifier is the most important ac
tive device of continuoustime filter!®°!. Two stage
fully differential operational amplifier with approxi
mately 83.2dB DC gain, 32MHz unity-gain band-
width, 92 degree phase margin, and 36dB gain margin
when the load is 5pF (from simulation) are used in
the filter. A high-gain amplifier employing cascode
structure is chosen to reduce the distortion of the fil
ter. T he operational amplifier with its frequency com-
pensation network ( standard Miller compensation em-
ploying resistor R and capacitor C component will
widen the GBW of the amplifier) is shown in Fig. 1.
Transistor M1 and M2 are used as the first amplifying
stage. Transistor M3 and M4 are used as the second

amplifying stage.
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Fig. 1

Fully differential op amp shown in Fig. | has
not only voltage common mode negative feedback cir-
cuit (M22~ M25), but also current commonmode

negative feedback circuit (M 15~ M 18) which will be

benefit for the stability of DC operating point. It will

Tworstage fully differential op amp

operate at a 5. 0 power supply and the commomr mode

voltage ( Vim) is 2.5V, and simulation results
(shown in Fig. 2) will show the open-loop amplitude
frequency and phase frequency response of fully dif-

ferential op amp.
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Fig.2  Measured amplitude (a) and phase frequency

response ( b) of fully differential op amp

2.2 R-MOSFET C first order lowpass filter based
on triode operated MOS transistors

A differential balanced variable resistor made of
eight identical MOS transistors M1~ M8 biased in
triode region combined with four passive resistors is
shown in Fig. 3. The resistance ( inherently conduc
tance) of the current steering portion (MOSFETSs) is
set by any control voliage difference of V ,p and
Veonn- The R-MOSFET stage has an equivalent resis-
tance of the sum of R and R, For analysing the cir
cuit in concision, we will employ the half circuit of

Fig. 3, as shown in Fig. 4.

Fig. 3 R-MOSFET-C first-order low pass filter

The combined circuit block of the R-MOSFET
stage of Fig. 3 in conjunction with an op amp with
feedback capacitors is a low distortion R-MOSFET-C
first-order lowpass filter, shown in Fig. 4. The first-
order low pass filter displays a linearly controlled uni
ty-gain frequency when resistor R is identical with

R.

Fig.4 Half circuit of Fig. 3( RMOSFET-C first-order

low pass filter)

The MOSFET devices M1~ M8 in Fig. 3 can be
viewed as current-steering devices operating in the
triode region, rather than as “resistors”. From Fig. 4,

we can conclude the equation as follows:

R+ Rmx 1
VU_ R+ Req (Ro+ R._q)(: I
Vi I (1

S* (Ra+ Ry)C

where the resistance value of R, is equal to that of
R>. This can also be expressed as

1

V, R+ R.)C
Vi~ " : lq} (2)

S (R+ Ruy)C
Note that the resistance value R ., will change by
varying the differential control voltage ( Vewr —

anN] *

low pass filter will be tuning accordingly.

and the cutoff frequency of the first-order

3 Accurate design of fourth-order ful-
ly differential 0. 751s group delay
Bessel lowpass filter

Requirement:

(1) OdB passband gain, 0. 75Hs group delay;

(2) Fourth-order fully differential low pass Bessel
filter.

From above requirement, we will gain the fol-
lowing active fourth-order Bessel filter with 0dB gain
and 0. 75s group delay.

As discussed in section 2 with a particular focus
on the R-MOSFET portion, each of the resistors in an

active RC filter needs to be changed to a variable re-
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sistor R-MOSFET, resulting in a highly linear R-
MOSFET-C implementation. The R-MOSFET com-

bination R summing MOS transistor which operates

in triode region represents a sum that is equal to the
original single resistors, and attain the goal of accu-

rately designing the group delay of the Bessel filter.

Vian

Fig. 5

4 Experimental results

The fully differential Bessel low pass filter is fab-
ricated using Taiwan UMC 2P2M 0.5dm CMOS
technology. The active chip area of the filter is about
0.32mm?, which is much smaller than that in Ref.
[1], the power consumption of the filter is about
13.3mW at 5. 0V power supply.

Figure 6 shows the measured 0. 75Hs group delay
of the filter, which fits well with the ideal theoretical
circumstance. The measured frequency response of the

filter, which has a tuning range of almost ten decade
‘)(IIF

8
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Fig. 6 0. 75s ideal and practical 4th- order Bessel filter

group delay

from 20kHz to 575kHz, is given in Fig. 7. It has much
larger tuning range than that in Ref. [ 1]. The mea
sured inband gain variation for each tuned frequency
is about 0.01dB. The measured output spectrum of

the filter for a 2.5V, sinewave of 100kHz, a THD of

Active fully differential fourth-order low pass filter

less than — 65dB is achieved. The common mode re-

jection ratio of the filter is better than — 90dB.
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Fig. 7 Measured filter frequency responses showing the
tuning of the cutoff frequency at 20, 254, 390, and
575kHz

T he measured performance of the filter are sum-
marized in Table 1. A chip photomicrograph is shown

in Fig. 8.

Table 1 Summary of measured performance of Bessel filter
= 3dB frequency 520kH=
Tuning range 20~ 575kHz
Inband gain variation < 0. 01dB
Deviation of group delay (< 500kHz) < 25ns
THD( @ 100kHz and Vi< 2 V) < - 55dB
CMRR > 60dB
. . Positive supply 80dB
PSRR({ DC) .
Negative supply 904B
Chip area 0. 32mm”
Pow er supply 5.0V
Power consumption 13. 3mW
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Fig. 8 Chip micrograph of fourthr order Bessel filter

The chip shown in Fig. 8 includes three parts:
channel 12-bit current-steering DAC, fully differential
fourtlrorder low pass Bessel filter, and driver which

are all with I and Q channels.

5 Conclusion

This paper describes a fully differential R-M OS-
FET-C low pass filter, which group delay could be de-
signed accurately through tuning gate voltage of MOS
transistors operated in triode region in order to change
value of the variable resistor. A fourth-order Bessel
lowpass filter is designed. The measured THD @
100kHz is only — 65dB with 2.5V, input signal.
Frequency tuning provides more than ten decade wide
range of the filter from 20kHz to 575kHz. The 0. 5Hm
CMOS filter measures 0.32mm” and consumes

13. 3mW with a single 5. OV power supply.
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