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A Wide Tuning Range G,,,—C
Continuous-Time Analog Filter
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Abstract—A CMOS operational transconductance amplifier
(OTA) for low-power and wide tuning range filter application
is proposed in this paper. The OTA can work from the weak
inversion region to the strong inversion region to maximize the
transconductance tuning range. The transconductance can be
tuned by changing its bias current. A fifth-order Elliptic low-pass
filter implemented with the OTAs was integrated by TSMC
0.18-um CMOS process. The filter can operate with the cutoff
frequency of 250 Hz to 1 MHz. The wide tuning range filter would
be suitable for multi-mode applications, especially under the con-
sideration of saving chip areas. The third-order inter-modulation
(IM3) of —40 dB was measured over the tuning range with two
tone input signals. The power consumption is 0.8 mW at 1-MHz
cutoff frequency and 1.8-V supply voltage with the active area less
than 0.3 mm?2.

Index Terms—G,,,—C filters, low power, operational transcon-
ductance amplifier (OTA), strong inversion region, tuning, weak
inversion region.

1. INTRODUCTION

HE CURRENT trend of the portable solutions tends to in-
T clude multiple applications in a long-standby system. Cost
and power consumption are two most important factors for these
products. Cost efficiency has been greatly increased with the
emergence of CMOS technology in high-performance VLSI im-
plementations. Moreover, to save the silicon area in a multi-
media system-on-a-chip solution, re-usable circuits for different
system applications can be even cost-effective. For the power
consumption, digital circuits can benefit from the supply voltage
reduction, but analog circuits can not necessarily decrease the
power consumption with the decrease of supply voltage. To
meet different specifications for low power consumption, new
basic analog building blocks should be re-designed.

In the analog signal processing, the low-pass filter would
be one of the most important circuits in the transceiver archi-
tecture. There are different ways to implement low-pass filters
by CMOS technology at the circuit level. The switched-capac-
itor (SC) technique which uses switches, capacitors, and op-
erational amplifiers exhibits good linearity, but with the prob-
lems of larger power consumption. The active-RC technique
which uses operational amplifiers, resistors, and capacitors also
exhibits high linearity, but large chip areas will be consumed
for resistors or capacitors. MOS varactors were demonstrated
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to achieve frequency tuning in the active-RC structure [2]. An-
other technique to realize continuous-time analog filters is to
utilize transconductors and capacitors to implement integrators
[3]-[7]. The absence of the local feedback in the GG,,,—C' analog
filter technique performs good frequency responses of the signal
transfer functions [8]. Furthermore, G,,,—C analog filters do not
require extra processing steps, as compared with active-RC fil-
ters, and their frequency tuning is easily achieved using dc bias
voltage or current. The performance of the transconductor will
largely affect the G,,,—C' analog filters. Many of the previously
published papers made efforts on improving the speed, linearity,
or dynamic range of transconductor circuits [9]-[12].

This work presents a CMOS implementation of a low-power
fifth-order elliptic low-pass G,,—C filter for a very wide fre-
quency tuning range, which can operate as the channel selec-
tion filter for the audio, speech, bio-medical, and wireless appli-
cation. The high-performance voltage-to-current circuit which
can operate in both weak inversion and strong inversion re-
gions is designed to achieve a wide transconductance tuning
range. The working mode of the transconductor can be set in dif-
ferent inversion regions and the transconductance can be widely
tuned by changing dc bias current. The transconductor is used as
an operational transconductance amplifier (OTA) in the design
of the fifth-order elliptic low-pass G,,—C filter. In the paper,
Section II develops the low power and wide tuning range OTA
architecture. The equivalent resistor used in the proposed OTA
is discussed in Section IIl. The G,,,—C filter is developed in
Section IV, followed by the experimental results of both the
OTA and the filter in Section V. Conclusions are presented in
Section VL.

II. PROPOSED TRANSCONDUCTOR CELL

A. Implementation of Linearization Technique

In order to increase the tuning range of the filter, the range
of the transconductance should be increased first. The proposed
transconductor circuit based on the translinear loop is shown
in Fig. 1. The MOSFETs M1 to M9 should be appropriately
designed to operate in both weak and strong inversion regions
in order to increase the transconductance range. The linearity
has been well maintained while tuning the transconductance.

1) Transconductor Cell Operating in the Weak Inversion Re-
gion: For a MOSFET operating in the weak inversion region
with Vpg larger than a few times of thermal voltage Ur, its cur-
rent exhibits an exponential dependence of Vg, as shown in (1)

(1]

W LGS
[H =1 - 2
b bo L eXP(TLUT> (1)
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Fig. 1. Proposed transconductor circuit.

where W and L are the width and the length of the transistor,
respectively, Ipo is the reverse saturation current, n is the
subthreshold slope factor, and Uy is the thermal voltage. With
the weak inversion characteristic, the input voltage should be
logarithmically determined first and through the exponential
function, the output current can then be linearized, as shown
in transistors M1 to M6 of Fig. 1. When both the input and
the output stages of the transconductor operate in the weak
inversion mode (weak-in weak-out mode), and the same tran-
sistor sizes for M1 to M6 are used, the relationship between
differential input voltage and output current can be derived and
analyzed. The diode-connected transistors M5 and M6 carry the
current Ips and I pg, respectively, and we assume the two gate

voltage of transistors M3 and M4 are V5 and V1. V1 — V5
can be obtained by
Vii = Vea = (Vop — Viss) — (Vop — Vyse)
= Vgs6 — ‘/_(185 (2)
I
Vo — Vio =nUT1n<ﬂ). 3)
Ips
For current Ip3 and Ipy
Ipy Vi —Vea
— = == 4
Tps eXp( . ) “4)
From (3) and (4), we can obtain
Ico (Ips — 1
Io:IDg—IDz;:ﬂM. (5)

Ict 2

To make sure a linear voltage-to-current conversion is
achieved, a resistor R, connected at the source terminals of

transistors M1 and M2 is introduced. The resistor should be
chosen much larger than Uz /Io1 so that we can have

(Ips — Ips)
2

By substituting (6) into (5), we can obtain

Req = ‘/1 - V2~ (6)

¢ ICl Req

. (7

The output current can be tuned by two dc bias current I
and /o5 for various transconductance values. In the weak inver-
sion structure, the output current will be small due to the large
resistor I1eq and thus it will be strongly affected by the output
dc voltage. Transistor M9 is added to reduce the channel length
modulation effect from the current mirror M7 and M8 because
of the different Vpg voltage.

In order to take nonlinearity performance into consideration,
from a Taylor series analysis, it turns out that the total har-
monic distortion (THD) of the proposed circuit is dominated
by the third-order harmonic distortion measure (HD3) of this
voltage-to-current conversion. The HD3 could be approximated
as
HD. — 2(IClRCq)2nUT
3= (2]@1Req + TLUT)4(2101Req + ZTLUT)

x(Vi— V)% (8)

As the equation shown, the linearity performance can be im-
proved by increasing the tail current I and the equivalent re-
sistor Ioq. However, the increased Ic; would lead to higher
power consumption, and thus we should choose smaller /1 and
larger R, in order to achieve low-power and high linearity. As
long as the resistance of R, can be kept large enough, in the
order of Mega ohm, a linear OTA operation in the weak inver-
sion region can be accomplished. In addition, it is noted that I
does not affect the linearity performance in the circuit.

2) Transconductor Cell Operating in the Strong Inversion Re-
gion: As the transistors M1 to M6 are working in the strong in-
version region (strong-in strong-out mode) with the same sizes,
the relationship between the output current and the input voltage
can be derived as follows:

Again, V.1 — V.o = V6 — Vis5. Because the drain current
of M1 and M5 are the same and the drain current of M2 and M6
are the same,

(Vess = V1)? = (Vg1 = Vr)> = (Vi = Va1 = V)2 (9)
(Vass = V)2 = (Vg2 = V)2 = (Vo = Vio = V)2 (10)
Vygss = Vgs1 = V1 — Vi (11)
Vyse = Vys2a = Vo — Via (12)

From (9) to (12), assume Ip5 > Ipg and the current flowing
through R.q is A

Vii—=Via= (Vo= Vi) — (Vi — Vi)
=(Voa—=V1) = (Voo = Vi)

= (Vo — Vi) + RegAI (13)

Vi = Vo= (V.o = V1) + ReqAI (14)
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For the current through transistors M5 and M6, we can have

K

Ips =Ici + Al = ?(Vgsl — Vr)? (15)
K

Ips =1c1 — Al = E(VgSQ - Vr)? (16)

where K = p1,Cox(W/L), W and L are the width and length
of the device, respectively, C,y is the oxide capacitance per unit
channel area, and y,, is the low-field mobility. Therefore

29Iy + AT

Vi1 = % + Vr (17)
2(Ior — AT

Vo = % + Vo (18)

From (11), and (12), we can find

Vo=V = Vgsl - VgsZ

= \/g(\/lm + AL —\/Ici — Al

2Ic1 \/ AT \/ AT
= 1+ = —/1-=2). (19
\/ K ( Icy ICl)
If we assume AI/Icy < 1,1e., Al € I
211 AT AT
V-V, = 1 —(1-
v 5 (o) - (-9
2
= Al 20
\/ Kic (20
Substituting (20) into (14), we obtain
2
Vi—Vy= AT + RquI. 20
Ict
Therefore
1
Al = - (Vi —Va) (22)
KIcq + R(“’q
_2
\ Ko
Vi =Vir = ——————(V1 - Va). (23)
Kio: T Req

The value of the equivalent resistor Req should be chosen
much smaller than the equivalent resistor in the weak inversion
structure. If the equivalent resistor R., were too large, for ex-
ample, in the order of mega-ohms, A would be almost zero.
The voltage difference between V1 and V.5 would be zero as
well, so there would be no current flowing to the output. The
value of the equivalent resistor R, should be made compa-
rable to the other term in the denominator of (23), so the dif-
ference, AV, = (V.1 — V.2), would be large enough to produce
output current. From the equations of the differential amplifier,
the output current I, can be obtained by

_ _K 4lco )
I, = Ips — Ips = o (AV.) | =S2 = AV2,

(24)

For a small AV? compared to 4/co/K

21
K Al VI
I, ~ 3(Av,z),/ ;2 - fc (Vi — Vo). (25)

Kior T Req

The relationship between the output current and the input
differential voltage can be tuned by I and Ico. With a suit-
able value of I-1, we can increase Ico to increase the overall
transconductance. In addition, in the strong inversion region, the
HDy3 of the proposed transconducor can also be analyzed by a
Taylor series expansion and approximated as

1

2
4(Req+ —K?m> Icilcs

Thus, the low-power and the high-linearity performance call
for increasing Req.

3) Transconductor Cell Operating in the Multi-Inversion Re-
gions: In order to increase the tuning range of the transconduc-
tance, the transconductor is designed to be able to switch from
the weak inversion region to the strong inversion region continu-
ously. This means that the largest transconductance in the weak
inversion region should be larger than the smallest transconduc-
tance in the strong inversion region. (The detailed analyses of
bias current conditions will be shown in Section III). Thus, the
transconductor circuit would operate in the regions where the
input stage, including transistors M1, M2, M5, and M6, remains
in the same inversion condition, weak or strong, while the output
stage, including transistors M3, M4, M7, M8, and M9, is forced
to move from weak to strong inversion region or vice versa.

If we need to increase the transconductance when the
transconductor works in the weak inversion region, we should
increase the value of Ic9 to move from weak-in weak-out to
weak-in strong-out operation. At a certain point, the increased
value of Ico will enable M3, M4, M7, M8, and M9 to enter
the strong inversion region. The relationship between output
current and the input differential voltage can be approximated
to

HD; = (Vi —W)%  (26)

VKIca 2
nUT

I, =
ICI Req

(V1 = Va). 27)

On the other hand, if we need to decrease the transconduc-
tance when the transconductor works in the strong inversion re-
gion, we should decrease the value of 2. At certain point, the
decreased value of I¢o will have M3, M4, M7, M8, and M9 to
enter the weak inversion region. The relationship between the
output current and the input differential voltage can now be ap-
proximated to

2
I \V ;
I=2Z /)

nUr o ( s+ Req)

(28)

However, the nonlinear term in the voltage-to-current rela-
tionship will increase in the transition of multi-mode inversion.
If we need to achieve a large tuning range and an acceptable
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linearity, the input voltage swing should be kept limited when
operation in multi-mode inversion.

B. Noise Analysis of the Proposed Transconductor

Flicker noise is the dominant input-referred noise source for
low frequencies. Using the Flicker noise model of transistors
reported in [1], the low frequency noise referred to the input
terminals of transconductors can be calculated and its equivalent
noise power spectral density (PSD) is given by

2
Vf—in
Af

— 2 2 2 2 2
- 21}]\[1 + Uch f + 2UtailgmtailReq

2
+ 2 |vigs + Vi + Vi <M> ]

9Im3

2
% |:(]- + gmlReq)gm5:| (29)

Im1

where g,,; is the small signal transconductance of transistor
M;, gmtail 18 the transconductance of the MOS current sources,
V}%eq ¢ is the Flicker noise contributed by the equivalent re-
sistor, Vall is the Flicker noise contributed by the tail current
source -1, and VMZ = Kplp/W;L;f, Kr being the Flicker
noise coefficient, f being frequency, W; and L; being the width
and length of transistor M, is the Flicker noise contributed by
transistor M;. Thus, low frequency noise can be minimized by
proper design of transistor dimensions and bias current source.

As frequency higher than noise corner frequency, estimated
around 300 Hz, the noise source is dominated by the thermal
noise. By the thermal noise model given in [13], the input-re-
ferred thermal noise can be expressed by

2
th—in

Af
1 14 gmiReq)]”
= SkaYa (— + gm,taileq + Gms [w} )
ml 9m1
m 1 + gm Re mb 2
4 8K, <_+92_7> [( gm1Req)g }
9Ims3 Im3 Im1
+ I, o R2, (30)

where k is the Boltzmann constant, 7" is the temperature, i is
the noise parameter depending on the device bias condition, and
If%eq,th is the thermal noise contributed by the equivalent re-
sistor. According to [13], the noise parameter v would be equal
to 1/2 and 2/3 at weak and strong inversion regions, respec-
tively. From the equation shown above, a high value of R,
which improves the linearity, would also induce increased noise.
Thus, large aspect ratios of input transistors and small aspect
ratios of load and tail current transistors should be chosen for
smaller thermal noise PSD.

I1I. EQUIVALENT RESISTOR Req

A. Switching Methodology

According to the above analysis of different requirement of
the equivalent resistor, we would use two different scales of re-
sistors for linearity consideration. Fig. 2 shows the equivalent
circuit of resistor Req. The resistor can be modeled by the par-

VDD

MR7:]|_

l_

Mr1_||

= GND =

Fig. 2. Equivalent resistor circuit.

allel connection of a large resistor and a small resistor. For the
constraint of limited chip areas, to implement the large resistor,
the equivalent resistor circuit is implemented by CMOS, instead
of poly resistors, and we use the output impedance r, of satu-
rated transistors in our design to emulate the large resistance.
The nodes Vs; and Vgs are connected to the source terminals
of M1 and M2 in Fig. 1. When M1, M2, M5, and M6 operate
in the weak inversion region, Vo4 1S set low to turn off MRS
and the equivalent resistance is the output impedance of four
parallel connected MOSFETs in the saturation region so as to
provide the high resistance. In Fig. 2, the transistors MR1 to
MRS working in the saturation region will be used as the equiv-
alent resistor when the transconductor operates in the weak in-
version region. Vg1 and Vg, are set to half of the supply voltage
to achieve largest swing ranges. Under the dc voltage constraint,
to maintain the correct operation region of the equivalent satu-
rated resistor circuit, MS1 to MS4 in Fig. 3 are introduced as
the level shifter circuit. Thus, the output common mode voltage
of the saturated resistor would be approximately equal to the
input common mode voltage of the transconductor cell for the
largest swing range operation. On the other hand, when M1, M2,
M5, and M6 work in the strong inversion region and Vjjoqe 18
set high, a low-value resistor is obtained by the transistor MRS
working in the triode region.

B. Bias Current Condition

In order to make sure that the transconductor can continu-
ously operate over the entire range, we should properly design
the values of the linear and the saturated resistors.

For the saturated resistors, the conductance can be approxi-
mated by [14]

1 refXDV
= o — K II‘E
g 4Lm TV R Rlret

where o is inversely proportional to the cube of the transistor
length, K, is the kappa voltage, X is a device fitting param-

eter, and K is the device parameter of MR5 and MR6. The
voltage Vx is given by

5 (€29
Req,large

(32)

1 [(E.Xp\’
Vx =Vps — 1 —
X DS DSAT + K, ( 5 )
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Fig. 3. Final implementation of the proposed transconductor circuit.

where Vpg is the drain—source bias voltage and F, is the Early
voltage. From the equation shown above, the resistance can be
tuned by the bias current I,..¢. Moreover, in the sub-micron pro-
cesses with small device length, the second term in (31) domi-
nates the saturated conductance.

The conductance mismatch between bias transistors MRS and
MR6 only slightly affects the saturated resistor performance.
The mismatch problem can be solved by choosing larger fea-
ture sizes of transistors and careful layout. For parasitic capac-
itance, analyses indicate that the effect caused by mismatch of
gate—drain and drain—source capacitors between MRS and MR6
can be reduced by a larger capacitor connected to the V},;,5 node.
And for stability analyses, the gate—drain and drain—bulk capac-
itors will only induce a high-frequency pole for the structure. It
has been shown by simulation that the pole appears at the gi-
gahertz range, and thus the saturated resistor is suitable for our
frequency range design.

As the MOS transistor is biased in the linear region, the con-
ductance can be expressed as

1

- :Kr VmO(e_V _‘/(‘,ms
Req,small ( ! T )

(33)

where V7 is the threshold voltage, K, is the device parameter
of MRS, and Vens = (VS1 4 VS2)/2.

As it was mentioned in the previous section, in order to
increase the tuning range of the transconductance, the largest
transconductance in the weak inversion region should be larger
than the smallest transconductance in the strong inversion re-
gion. That means that the output current in (27) should be larger
than the current of (28). We can substitute the conductance

obtained in (31) and (33) into (27) and (28) respectively, and
we can find the following limitation:

V2K (nUr)?
b V2RUr) (34)
« gV Kgrliet
where
Ica strong
= =008 35)
I%l_weak
1
_ \/§+ K, (Viode= VT —Vems )WV KIC2 _weak (36)

IC 1_strong
« is defined when the input stage stays in the weak inversion

region and the output stage enters the strong inversion region,
as shown in (35), and 3 is also defined when the input stage
stays in the strong inversion region and the output stage enters
the weak inversion region, as shown in (36).

In addition, the working mode of the circuit can be selected
by the gate voltage of MIC13 in Fig. 4. If the gate voltage of
MIC13 is larger than the threshold voltage, Vi, Vijode Will be
set by series of inverters to supply voltage. Otherwise, if the
gate voltage of MIC13 is smaller than Vi, V4. Will be set to
ground voltage. It is known that the larger transconductance can
induce higher cutoff frequency in analog low-pass filter design.
In our scircuit, the transconductance in both inversion regions
will be changed by I and I¢o.

C. Linearity and Noise Analyses

Based on the non-ideal effect of the active device compared
with the passive device, the linearity performance of active resis-
tors should be taken into consideration. For the saturated resistor
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Fig. 4. Vioae switching circuit for the proposed transconductor.

structure, the even-order distortions are cancelled by the dif-
ferential structure. Thus, third-order harmonic distortion domi-
nates the linearity performance and can be further computed as
[14]

_L( 9oL > (Vs1—V52)2
e =16 \gor + oKt )\ Vi

(37)
where go1, is the conductance expressed in the first term of (31).
Therefore, the linearity performance can be improved by using
larger feature size of the transistors MRS and MR6.

On the other hand, the even-order distortion of the linear re-
gion MOS transistor based resistor would be canceled out. The
third-order distortion can be demonstrated by taking body ef-
fects into consideration

HD; g

HD3_R

eq,small

1
(Vmodo - VT - chms)(290F - VB + chms)%

e _ 2
X 384(V51 Vs2) (38)

where +;, is the body factor, ¢ is the Fermi level, and Vp
is the bulk voltage. From (38), higher gate voltage or lower
bulk voltage of the MOS resistor would result in better lin-
earity. Fig. 5 shows the harmonic distortion for the linear region
and the saturated MOS resistors. The dimensions of transistors
MRS5 and MR6 are 8 um/4 pm. For MRS, the dimension is
1 pm/1 pm. A 2% mismatch for MR5 and MR6 has been in-
cluded in the simulation. The distortion level below — 40 dB
of both resistors can be achieved for a 10-MHz 0.8V, input
signal. Besides, the short channel effect, due to the electrical and
lateral electric fields, also limits the linearity performance. The
noise produced by the equivalent resistor circuit will directly af-
fect the noise performance from the analysis of (29) and (30).
For the saturated resistor, the noise is contributed by the addi-
tion of transistors MR3, MR4, MRS5S, and MR6. Transistor MRS
induces the linear region MOS resistor noise. Thus, the flicker
and thermal noise PSD produced by both the large and small re-
sistors can be given by

2 2 2 2 9 2
Vho; = (209mR3VaiRs + 2031 R59mRs) Req (39)

eq, f

45
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Fig. 5. Simulated linearity performance of the equivalent resistor.
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Fig. 6. Fifth-order elliptic RLC ladder network prototype.

I%zeq_“, = 4kT[27.(gmR3 + 9mRs) + Yagmrs).  (40)
Thus, the optimized values versus the noise and linearity per-
formance would be chosen and adopted carefully from their per-

formance tradeoff.

IV. FILTER ARCHITECTURE

To demonstrate the basic building block in a system level,
a fifth-order Elliptic low-pass filter is implemented [15]. The
fifth-order Elliptic low-pass filter design starts from a standard
fifth-order Elliptic low-pass LC-ladder prototype, as shown in
Fig. 6. A —6-dB dc gain can be easily obtained under very low
frequency when resistor Rg equals to resistor Ry. From the
RLC-ladder prototype, through the use of the signal-flow graph
method [16], the fifth-order Elliptic low-pass G,,,—C filter,
which consists of seven identical OTAs and seven capacitors,
including two floating capacitors, is obtained. The transcon-
ductance, which equals to the value of 1/Rg and 1/Ry,, is used
for all OTAs. Q tuning circuits are not considered here with the
intrinsic quality of the low Q structure. The final G,,,—C filter
implementation is shown in Fig. 7. The OTA introduced in the
previous section is used here in the design of the fifth-order
Elliptic low-pass G,,,—C filter.

In low-pass filter design, the cutoff frequency of the filter
is proportional to g, /C, where g,, is the transconductance of
the OTA and C is the capacitance. Low cutoff frequency filters
are very important in the speech signal processing and medical
hearing application. However, there are some problems encoun-
tered in these low frequency filter design. The main issues are
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Fig. 7. Fifth-order elliptic low-pass G ,,,—C filter.

the large time constant involved and the values of the resistors
and capacitance limited by the silicon area. In our circuit, when
the transconductor works in the weak inversion region, a small
value of capacitance will be enough to achieve the low cutoff
frequency owing to the small transconductance in the nS order.
On the other hand, the larger transconductance can also be ob-
tained in the same filter architecture for higher cutoff frequency
when the OTA works in the saturation region.

The cutoff frequency of the G,,,—C filter is tuned by changing
the dc bias current of the OTA. Because the transconductance
range of the OTA is quite wide, the resultant filter also has a
wide cutoff frequency range under suitable working mode selec-
tion. Tuning circuitry can be developed with digitally controlled
circuits in a system-on-a-chip solution by choosing a number
of current sources for G,,, tuning. The maximum capacitance
shown in Fig. 7 is only 3.6 pF, so it is easy to integrate with the
other circuits.

V. EXPERIMENTAL RESULTS

The OTA and the filter were fabricated in the TSMC 0.18-pm
Deep N-WELL CMOS process. Body effects can be simply
eliminated by connecting the source and the bulk terminals
together in the process. The aspect ratio of 11.5 pym/2 pum
is used for transistors M1, M2, M3, M4, M5, and M6, and
11.5 um/0.2 pm is used for transistors M7, M8, and M9. The
value of 8 yum/4 pm is used for MR5 and MR6, and I,ef is
equal to 20 pA in the equivalent resistor circuit. 1 pm/1 pm
is used for linear region MOS resistor MRS. Since the mis-
matches in transconductors and capacitors directly translate
to the degradation of overall performance, such as nonlinear
effects and errors of transformation, the filter has been laid out
very carefully. Metal-insulator-metal capacitors were used
in the circuit and the unit of the capacitor array is 0.1 pF. In
this section, the experimental results are presented. All of the
results were obtained with a single power supply of 1.8 V.

The measurement results of the OTA’s transfer curves are
shown in Fig. 8(a)-(d). In Fig. 8(a), the measurements of
voltage-to-current transfer curves are obtained when both the
input and output stages of the OTA operate in the weak inver-
sion region as I equals to 10 nA and I, changes from 10 to
80 nA. The saturated resistor circuit is selected here by setting

Vimode to GND. The transfer curves in the weak inversion
region follow the expected formula described previously. Also,
the transconductance is changed from 2.5 to 16 nS, as shown
in the figure. In Fig. 8(b), owing to the increment of Ic2, the
output stage of the OTA extends the operation from the weak
inversion region to the strong inversion region while the input
stage and the equivalent resistor remain in the same previous
condition, and thus achieves to a much larger transconductance.
The measured transconductance could be tuned from 3 to 610
nS by increasing I to the value of 10 pA.

In Fig. 8(c), the input and output stages of the OTA both op-
erate in the strong inversion region to achieve a large transcon-
ductance, as compared with the weak inversion region opera-
tion. The linear region MOS resistor circuit is selected here by
setting Vinode to VDD. The transconductance from 11 to 18
1S is obtained while the current I equals to 1 A and Ico
changes from 10 to 40 pA. We can find that the transconduc-
tance would be tuned proportional to the square root of I as
described in the formula above. In Fig. 8(d), the decreased I
results that the output stage of the OTA extends the operation
from the strong inversion region to the weak inversion region
while the input stage and the equivalent resistor remain in the
same condition, and thus achieves to a much smaller transcon-
ductance. As shown in the figure, the transconductance could
be tuned from 20.2 to 0.19 uS by decreasing I¢ to the value of
0.5 pA.

From the measurement results of Fig. 8(b) and (d), continuous
tuning from weak inversion operation to strong inversion opera-
tion can be guaranteed and the OTA can be tuned for a very wide
range. However, the linearity of the OTA should be maintained
over the range because it will directly affect the linearity of the
proposed G,,,—C filter. For the linearity of this OTA, when both
the input and output stages of the OTA operate in the weak inver-
sion region, THD is about — 56 dB with I; = 10 nA Ico = 10
nA at 100 Hz 300 mVy,;, input signal. As I increases to 10
1A, the output stage will operate in the strong inversion region
while the input stage stays in the weak inversion region, and
THD is measured to be —44 dB. On the other hand, when the
input and output stages of the OTA operate in the strong inver-
sion region, THD of —43 dB is measured by giving Ic1 = 1 pA
and Icp = 40 pA with 10-kHz 300-mV,, input signal. Input
signals with higher frequency are applied here owing to the fact
that the large transconductance would be used for the filter with
higher cutoff frequency. As I¢o decreases to 0.5 pA, the output
stage of the OTA operates in the weak inversion region while
the input stage stays in the same region, and THD of —42 dB is
measured.

Fig. 9 illustrates the filter measurement results over the
tuning range for different bias currents /-1 and I¢o. The cutoff
frequency can be tuned from 250 Hz to 1 MHz, a tuning ratio
of 4000. The third-order inter-modulation (IM3) distortion,
which implies the linearity performance of the proposed filter,
is measured at cutoff frequency. By using two sinusoidal tones
with the amplitude of 300 mV},;,, —53 dB is measured when the
filter operates at low cutoff frequency of 250 Hz. On the other
hand, when the cutoff frequency of the filter is tuned to 1 MHz,
the IM3 is measured —41 dB. Fig. 10 shows the relationship
of measured IM3 versus cutoff frequency for the proposed
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wide tuning range filter. The worst case which happens in the
middle band of the wide tunable filter is due to the multi-inver-
sion operation.

When the cutoff frequency of the filter is 250 Hz, a dynamic
range of 52 dB is measured with the 300-mV,,;, input signal as
Vinode 18 set to ground voltage. On the other hand, at the cutoff
frequency of 1 MHz, a 48-dB dynamic range is measured as
Vinode 1s set to VDD voltage. The measured PSRR at 100 Hz
is 36 dB. The filter dissipates 0.2 and 0.8 mW for lowest and
highest cutoff frequency setting, respectively, at 1.8-V supply
voltage.

A die photo is shown in Fig. 11. The total active area is less
than 0.3 mm?2. In order to compare with different implemen-
tations of G,,,—C low pass filters, the figure of merit (FOM)
defined in [17], which takes the inter-modulation free dynamic
range, speed of the implemented filter, tuning ratio, and normal-
ized power consumption into account, is expressed as follows:

(41)

FoM = 10 10g<IMFDRIincar X fo X tunmg)

power

where IMFDR is defined as the signal to noise ratio when the
power of the third-order inter-modulation distortion term equals
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Fig. 10. Measured IM3 values at cutoff frequency.

Fig. 11. Die microphotograph.
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Fig. 12. FOM comparison with previously published filters.

to the noise power, f, is the geometrical mean of the cutoff fre-
quency in the unit of Hz, tuning is the tuning ratio of the low
pass filter, and power 5 is the geometrical mean of power per
pole quantity in the unit of watt. The FOM of the filter is plotted
versus power supply voltage and compared with the other pre-
viously published works. As shown in Fig. 12, our wide tuning

VI. CONCLUSION

A CMOS implementation of a fifth-order Elliptic low-pass
G, —C filter with wide tuning range is presented. A complete set
of experimental results are provided to demonstrate the validity
of the proposed filter. The OTA used in the filter works in the
weak inversion region to achieve micro-power consumption and
works in the strong inversion region to extend its tuning range.
The working mode of the OTA could be set and the transconduc-
tance could be continuously tuned by setting /-1 and I¢o. With
the use of the OTA as a building block in the filter architecture,
the cutoff frequency of the low pass filter is changed from 250
Hz to 1 MHz, which covers the range of some audio, speech,
bio-medical, and wireless application, so it could be used in
multi-mode applications of signal processing. Moreover, the sil-
icon area is saved with less power consumption in the entire
filter design. The minimum power supply needed is in the range
of 2Vis + Vbssat Which can be around 1.2 V or less depending
on bias current levels. Measurement results demonstrate the po-
tential of the technique to provide a system-on-a-chip design
solution for low power dissipation and very wide tuning range
applications.
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