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High linearity Transconductance-C Continuous-Time Filter

for IEEE 802.11 Wireless Local Area Networks

Student: Shin-Jye Hsu Advisor: Dr. Chung-Chih Hung

Institute of Communication Engineering
National Chiao Tung University

Hsinchu, Taiwan

ABSTRACT

In this thesis, two linearity enhancement techniques for transconductor to
implement the transconductance-C filter are proposed. The main application is for
IEEE 802.11 wireless local area networks. For high frequency applications, the
transconductance-C filters are more suitable than switched-capacitor filters and active
RC filters. Nevertheless, the main drawback of the transconductor is poor linearity, so
to improve the linearity is a significant topic.

The first transconductor circuit is based on the source degeneration structure, and
combines the flipped voltage follower with input attenuators to achieve high linearity.
By using the proposed OTA as a building block, a 4™ order equiripple linear phase
lowpass filter with the cutoff frequency of 40MHz is implemented. The filter is
designed in the TSMC 0.18-um CMOS process technology and occupies an area of
0.510%0.500mm?*. The third-order harmonic distortion (HD3) is about -53.4dB with
10MHz 0.8V, input signal. The third-order inter-modulation (IM3) is about -36dB by
the two-tone measurement of 39MHz and 41MHz. The power consumption is

14.1mW under a 1.8V supply voltage.

III



The second transconductor circuit is also based on the source degeneration
structure, and combines the super source follower with a positive feedback to alleviate
the non-ideal effects. The OTA can not only achieve high linearity performance but
also be against the process variation. The linearity of the OTA is about -69dB HD3 at
10MHz and still below -57dB at frequency up to 25MHz for a 0.6-V,, differential
input. Two tone inter-modulation shows about -60dB at 9 MHz and 11MHz. The OTA
fabricated in the TSMC 0.18-um CMOS process technology occupies a small area of

0.145%0.134mm?. For 1.8-V supply voltage, the static power consumption is 2.22mW.
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Chapter 1

Introduction

1.1 Motivation

With the progressing of the technology, the wireless communication systems
become more and more popular. In wireless applications, the channel selection filter,
which is between the down-conversion mixer and the analog-to-digital converter, is
an essential component for direct conversion receiver. Recent demand for
multi-standard transceivers uses the direct-conversion structure owing to the high
integration of a single chip and the ease of system design. In recent years, the
high-performance high-linearity filters are required for the wireless local area
networks (WLANS).

The standard of IEEE 802.11 is one of the protocols for the wireless local area
networks. The bandwidths of intermediate-frequency (IF) filtering for IEEE 802.11
are as follows, IEEE 802.11a/g (10MHz), IEEE 802.11b (12MHz), IEEE 802.11n
(20MHz) [1]. To achieve the stable communication systems with low distortion, the
linearity of the channel selection filters is a critical factor. In addition, future trends
pushing toward higher data rates will require higher frequency ranges with equal or
better linearity.

There are several amendments for IEEE 802.11 such as 802.11a/b/g/n. First of all,
the 802.11a operates in the 5.4GHz, which is using relatively unused 5SGHz band, as
an advantage. However, high carrier frequency also brings a disadvantage: The
effective overall range of 802.11a is less than that of 802.11b/g. Second, 802.11b and
802.11g devices operate in the 2.4GHz band, which is heavily used by other

applications, suffer interference from microwave ovens, cordless telephones and

1



Bluetooth devices. Moreover, 802.11b/g use the direct sequence spread spectrum
signaling (DSSS) and orthogonal frequency division multiplexing (OFDM) methods,
respectively. Finally, 802.11n is enhanced by adding multiple-input multiple-output

(MIMO) and many other newer features.

1.2 Analog Filters

In modern communication systems, using analog filters to reduce the noise is in
common. In general, analog filters include passive filters and active filters. The
passive filter is composed of resistors, capacitors and inductors. For example,
LC-ladder is one of the useful topologies, because it is insensitive to device variation.
However, passive elements occupy more areas and thus increase cost in integrated
circuits. Therefore, active filter is proposed to resolve the shortcoming. In recent
decades, the development of active filters progress rapidly. There are many methods
to implement the active filter. In CMOS technologies, the analog filter design
techniques can be divided into analog sampled-data techniques and time continuous
techniques.

Sampled-data filter are implement by using several non-overlapping clock. The
clock frequency and capacitor ratios can determine the characteristics of switched
capacitor filters. A major advantage is the highly accuracy of its integrator time
constant. Nevertheless, switched capacitor filters will be limited in their application
range from about 10Hz to about IMHz. This phenomenon is mainly due to the finite
bandwidth of the OPAMP, finite resistance of the switches and the clock feed-through.
Usually, the OPAMP has to be fast enough to settle to the right output level within
half a clock period. Furthermore, for 0.1% settling precision, the settling time should
be higher than the GBW of the OPAMP at least by a factor of 7. Therefore, switched

capacitor filter is difficult to implement in high frequency applications. Finally, it



should be mentioned that sampled-data filters need an anti-aliasing continuous-time
filter to band-limit the frequencies of the input signal.

In the past, the continuous-time filters were developed as complementary of
switched capacitor filters as anti-aliasing and smoothing filters. Nowadays, time
continuous techniques are an alternative in low-frequency applications. Moreover,
these techniques allow the integration of filters to operate from 1MHz to several
hundreds of MHz. Continuous-time filters can deal with the analog signal without
sampling, so they do not need pre-filtering and post-filtering to prevent aliasing
problems. However, the precision of these filters is the major disadvantage.

For the design of high-performance CMOS active filters, namely, active RC
filters, MOSFET-C filters and OTA based filters. The active RC filters consist of
OPAMP, resistors and capacitors. The resistors usually implemented by poly-silicon.
However, the variation of the resistors and capacitors has great influence on RC filters.
In general, the active RC filters are suitable for low-frequency applications. The
MOSFET-C filters are based on the active RC filters. The resistors of active RC filters
are substituted for the CMOS, which is operated in triode region. One major
drawback of this approach is the distortion. Moreover, the operating frequency of the
filters is limited due to using the OPAMPs. Consequently, The MOSFET-C filters are
not suitable for high-frequency applications. The operational transconductance
amplifier-capacitor (OTA-C) filters, also called Gm-C filters, offer many advantages
over other continuous-time filters. The major advantages are low power consumption
and high-frequency capability. Nevertheless, due to the openloop operation, Gm-C
filters generally perform poorly as far as linearity is concerned. The relatively high

distortion of Gm-C filters reduces their range of applications.



1.3 Thesis Overview

Chapter 2 demonstrates some basic structures of OTAs operating with high
linearity. It describes the advantages and disadvantages of these structure as well as its
characteristics. Furthermore, some linearity-improved circuits are also presented in
this chapter.

Chapter 3 demonstrates the proposed OTAs, which modify the basic structures to
enhance the linearity. First, we discuss the operating mechanism of the OTAs, and
then utilize the mathematical equations to verify the concept. Finally, the noise
analysis of the OTAs is discussed.

Chapter 4 present the principle of the Gm-C filters. Furthermore, output buffers
are also discussed.

In chapter 5, the simulation results and experimental results are presented.

Chapter 6 makes the conclusion to this work.



Chapter 2

Operational Transconductance Amplifiers

2.1 Introduction

Operational transconductance amplifier (OTA) is one key building block in
continuous-time integrated filters. In high-frequency continuous-time filters, Gm-C
filters have often been employed since OTAs provide high Gm’s and a good
controllability. However, the main disadvantage of a Gm-C structure is the poor
linearity caused by the openloop operation. Therefore, the linearity is a critical topic
to enhance. In recent years, several techniques for improving the linearity of CMOS
OTA have been proposed [2]-[6].

In the design of OTAs, the transconductance should be tuned for compensation
for process tolerances and temperature variation without degrading the entire circuit
performance. Moreover, with the progressing of the CMOS technology, short channel

effect is another obstacle to resolve.

2.2 Basic Structures of High-linearity OTAs
In this section, we introduce several basic structures of OTA. For instance, a
fully differential structure is used to suppress common-mode noise, even-order

distortions and power supply noise.

2.2.1 Differential Input
One approach to maintain a constant transconductance is to apply a differential

pair, as shown in Fig. 2.1.
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Fig. 2.1 the Differential Pair
As M1 and M2 operate in the saturation region, the output current I1 and 12 are

expressed as

1

11 = Eﬂl,z (Vzl - Vx - Vﬂml,z)2 (2.1)
1 >

12 = Eﬂ],Z(I/iZ = Vx B I/thnl,2) (2.2)

As aresult, the output differential current can be obtained by subtracting equation (2.2)

from the equation (2.1) as

I,=1 -1, =0,V =V )V, =V, =Vi2) (2.3)
where the value V., is the input common mode voltage, and it is fixed to a constant
DC level. Also, the V, can be described as

v _ 2
N8,

2.4)

From the equation (2.3), the transconductance is proportion to £,,(V,, =V, =V,..,) .

The transconductance of the differential pair is constant if the Vi remains constant.
However, in practice, the V varies with the process and the variation of input signal.
Consequently, keeping V constant is one of the solutions to improve the linearity. In
addition, according to the equation (2.4), tuning the tail current can adjust Vy to obtain

different Gm value.



2.2.2 Pseudo-differential Input

Another approach is a pseudo-differential pair, which removes the tail current
from the differential pair, as shown in Fig. 2.2. The pseudo-differential pair alleviates
the influence caused by the variation of V. As a result, the linearity can be improved.
Moreover, the voltage headroom of the pseudo-differential pair is larger than the
differential pair. Therefore, the pseudo-differential pair is adequate for low-voltage

applications.

M 2]

vi1o-| I:wn MZ:I |—°Vi2

Fig. 2.2 the Pseudo-Differential Pair
The analyses of the pseudo-differential pair are as follow. Assuming the two
transistors are operating in the saturation region, the output current I1 and 12 are

described as

1

11 = Eﬂl,z(Vn - Vzhn1,2)2 (2.5)
1

12 = 5:81,2 (Vlz - Vt/ml,z)2 (2.6)

The output differential current is given by
I,=1 =1, =0,V Vo)V = Vi) (2.7)
As we can see, the output differential current is a linear function without the factor V.
Although the pseudo-differential pair has better linearity and larger headroom
than the differential pair, the former also has several shortcomings. First, the tuning of

transconductance is limited. Although tuning the body voltage [5] can vary the

threshold voltage to adjust the transconductance, the tuning range of body voltage



should be restricted to avoid large leakage current. Second, the common mode gain
increases without the tail current. The common mode rejection ratio (CMRR) is about
0dB. Therefore, the pseudo-differential pair requires extra circuit, common mode
feedforward (CMFF), to increase the CMRR.

The concept of the common mode feedforward circuit is shown in Fig. 2.3 [7].

-\\__ gm(vGM"'Vm} gmvid
Vii=VeutVig © + y > —
Om
Vi=Vew-Vis © M - - m o

""_'_-_-_- n(Vem-Via) -gmVig
\

ImVem

pr—
""_'_#—- ImVem

Fig. 2.3 the Concept of Common Mode Feedforward Circuit
The CMFF circuit generates the common mode current of output. The differential
mode current will remain by cancelling the common mode current of output, which
implies that the common mode signal would not be amplified. As a result, the CMRR

Increases.

2.2.3 Source Degeneration

A source degeneration structure is one popular method to implement the OTA.

The circuit is shown in Fig. 2.4.



[I+i l-i) [I+i l-i)

Vi+o-||:rv11 M2:||—0Vi- vi+o-||:|\n1 M2 |—0Vi_

X y

2R éR R

|B IB Y
2lg
(b)

(a)

Fig. 2.4 the Source Degeneration Pair
The ideal operation of the source degeneration pair is that Vi, and V;. perfectly
follow to the ends of the resister. Thus, the voltage across the resister generates the
output current. The voltage-to-current conversion is extremely linear. However, the
impedance between the gate and the source of the two transistors are not zero, and the
impedance varies with the transconductance of M1 and M2. Therefore, the linearity of
the source degeneration pair is degraded.

As shown in [8], the voltage-to-current conversion is given by

zluncox]B I;V'l

V.
i= |1- id ? x "y, 2
\/ (2(1+N)VDS(W)) C ey W 28)
1 N
=— 2.9
" RI1+N 29

From the equation (2.9), the transconductance is proportional to the factor 1/R, so
increasing the resistor can decrease the transconductance. By using Taylor Series, the

third order harmonic distortion (HD3) can be derived as

1 , 1 v, )
HD =(— X —X —d 210
5 (1 +N) % (VDS(W)) (2.10)

where the degeneration factor N is g,,,x2R . According to equation (2.10),



increasing the transconductance or the value R, which means increasing the factor N,
can improve the HDs.

Although the voltage-to-current conversions are the same in Fig. 2.4(a) and Fig.
2.4(b), the circuits have different properties. For Fig. 2.4(a), the tail currents
contribute differential noise to the output, which is a dominant noise in the circuit. For
Fig. 2.4(b), the voltage drop on the resistors reduces the range of the input common

mode voltage.

2.2.4 Flipped Voltage Follower
In recent years, a flipped voltage follower is one popular approach for
low-voltage low-power circuit design, including the OTA design. The circuit is shown

in Fig. 2.5 [9].

V, °—| M1
Vv

M2

o

Fig. 2.5 the Flipped Voltage Follower
Unlike the conventional voltage follower, the circuit in Fig. 2.5 is able to sink a
large amount of current. However, the current source limits the sourcing capability.

The large sinking capability is due to the low impedance at the output node. By

analyzing the circuit, we can derive the output impedance 7, =1/g,,8,.%,

approximately, where g, . and r, are the transconductance and output resistance of

10



transistor M;, respectively.
2.2.5 Super Source Follower
A super source follower, Fig. 2.6, shows another method of implementing a

linear OTA.

51
] VQ

Vi O—| I:NH
T

Y Jlgo

Fig. 2.6 the Super Source Follower
The properties of the super source follower are as follow. The output impedance

of the super source follower is the same order as the flipped voltage follower, which is

approximatelyr, =1/g,,g,.7,, . Moreover, to acquire a correct operation point for the

transistors M1 and M2, the condition Ig;>Ig, must be satisfied.

2.3 Linearity-improved OTAs
With the issue of the linearity becomes more and more significant, the linearity
enhancement techniques are presented recently. In this section, we discuss two

enhancement techniques, which have already been proposed.

2.3.1 Source Degeneration with OPAMPs
As discussion in subsection 2.2.3, the linearity degrades since the input voltages
do not perfectly follow to the ends of the resistors. The idea to alleviate this

phenomenon is using the operational amplifiers. The circuit is shown in Fig. 2.7.
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Fig. 2.7 Improving the Linearity of a Fixed Transconductor by Using OPAMPs

Vi+ D

The virtual ground in each operational amplifier forces the source voltage of M1 and
M2 to equal those of Vi: and V.. Therefore, the input voltage appears directly across
resistor and does not depend on the Vs voltages of M1and M2, which obtains better

linearity than the conventional circuits.

2.3.2 Source Degeneration with a Positive Feedback
Fig. 2.8 shows a source-degenerated differential pair with a positive feedback

gm-boosting circuit [10].

e w bl

4| I:rm M1:| |7
Vi+o—| I:MZ | r | M2:| |—cvi.

Fig. 2.8 Source-degenerated Differential Pair with a Positive Feedback
The main boosting circuit consists of transistors M2 and M3, with g, of

transistor M1 to be boosted. By choosing adequate M1 and M2 device dimensions,

12



the positive feedback loop reduces the high source resistance to 50Q. The

approximate expression is as

R =——— (2.11)

where g, is the transconductance of transistor M;. The smaller the resisters R, are,

the better the linearity is.
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Chapter 3
Proposed OTAs for High Linearity Applications

3.1 Introduction

As mentioned in chapter 2, the main shortcoming of the OTAs is the poor
linearity. Chapter 2 also presents some structures and techniques to enhance linearity.
However, it is not good enough for some applications. Therefore, we propose two
modified circuits to acquire better linearity performance in this chapter. The two
circuits are both based on the source degeneration structure and adding extra concepts
to implement. Besides, the common mode feedback circuit, which is necessary for the

fully differential circuits, is also presented in this chapter.

3.2 Proposed Flipped Voltage Follower with Input Attenuators

In this section, the linearity enhancement technique which combines the flipped
voltage follower with source degeneration is proposed. The FVF structure has good
properties for high linearity OTA design as mentioned in subsection 2.2.4. Moreover,

input attenuators are added to achieve larger input range and better linearity.

3.2.1 Characteristics and Operation of the OTA circuit

The modified circuit using FVF with input attenuators is shown in Fig. 3.1.
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Fig. 3.1 Modified Flipped Voltage Follower with Input Attenuators
The transistors M1~M4 are the FVF structure which implies the source of M1
and M2 are low output impedance. According to this property of the FVF, the relation

between input voltages to output current can be expressed as

2

Vx - VY = iX (Rtune + (31)

m1,28 m3,4701,2
By comparing with the conventional source degeneration circuit in figure 2.4, which

V.

1

the voltage-to-current conversion can be described asV,, =V, =ix (2R + ), we

gml,2

can identify that the non-ideal effects caused by the nonlinear transconductances can
be reduced.

By analyzing the harmonic distortion of the circuit, we discover that the small
input signal can obtain good linearity, such as equation (2.10). Therefore, using the
transistors M5~M8 as the input attenuators is one approach to execute it. The

attenuate ratio is determined by the aspect ratio of transistors, which is given by
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‘ Vx ~ gM7 _ \/21Llncox(W/L)7Id . (W/L)7
- a = ,/ (3.2)
‘Vm‘ 8ns \/2,unC0x(W/L)51d (W/L)5

The larger aspect ratio of M5 and M6 causes the smaller input signal in Vx and Vy,
respectively. From equations (3.1) and (3.2), the transconductance can be derived as

((W/L),
G I (W/L)5,6

m - 33
VeV p o 2 G-3)

tune
Em1,28m3,4701,2

From the equation (3.3), there is a trade-off between the transconductance and the
linearity.

In the OTA designs, the tuning circuit is not only used to alleviate the influences
resulting from the process and temperature variations, but also applied to implement
the multi-band filters. In this case, the transistor M23 operating in the triode region

can replace the resistor Ryne, which is given by

1

R =
tune W (34)
/un Cox (j(VGS - I/tn )

L

Tuning the gate voltage of M23 can adjust the value of resistor, thereby varying the
transconductance. Furthermore, a regulated cascade output stage, the transistors

MO9~M16, is used to enhance the output resistance.

3.2.2 Non-ideality Analysis

While designing the OTA, a fully differential structure is used to suppress the
even-order distortions, ideally. However, the mismatch caused by the process
variations is unavoidable. Consequently, the critical paths should be designed
carefully.

First of all, the mismatch of the input pair has a significant influence on the
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linearity. In addition, it also impacts the value of the transconductance directly.
Second, the mismatch caused by the current mirror leads to the even-order distortion.
In other words, the precise current mirror can alleviate the distortion. Finally, the body
effect should be taken into consideration for the distortion.

In figure 3.1, M1~MS8 are the input pair and the layout should be symmetry for
low even-order distortion. Furthermore, by connecting the bulk and source terminals

together, the body effect would be minimized.

3.2.3 Noise Analysis

In the communication systems, the noise is a critical issue for transmitting the
signal. While designing the devices, the noise should be taken into consideration to
ensure that the signal can be transmitted correctly. The device electronic noise is
separated into two different types: the flicker noise and the thermal noise. The flicker
noise, also called 1/fnoise, is the dominant noise when the frequency is less than the
corner frequency. On the contrary, the dominant noise is the thermal noise.

Since flicker noise is related to the level of DC, if the current is kept low, thermal
noise will be the predominant effect. The thermal noise can be modeled by a current

source connected between the drain and the source with a special density as:

E =4kTog, (3.5)

where k is the Boltzmann constant, T is the absolute temperature, g, is the source

conductance, and the device noise parameter & depends on the bias condition. We
have defined 8,,(,) = &n(n+1), Where n equals to the odd number (ex: 8,1 = &,2).

Thus, the thermal noise density evaluated at the output node is derived as
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N

2
[5(gn15 +gm7{gm5J +5(gm9 +gn115 +gm17)

m7

2
R 1
N K%+ 5j(gml + )t B,0R, } X(—j

1 + RTUNE

I}, =8kT

(3.6)

From the equation (3.6), decreasing the attenuate ratio will cause the additional noise
at the output. This is a tradeoff between the linearity and the noise. Also, to reduce the
thermal noise, the transconductance of input transistors should be maximized and the

transconductance of tail current should be minimized.

3.3 Proposed Super Source Follower OTA with a Positive Feedback

As discussion in subsection 2.3.2, the source degeneration with a positive

. : 1 1
feedback can obtain low source resistance R, =—————_. However, due to the

gml gm2

process and temperature variations, the transconductance of M1 and M2 does not
perfectly match. Therefore, the super source follower with a positive feedback is
proposed to alleviate the non-ideal effects and achieves better linearity than
conventional one.

3.3.1 Characteristics and Operation of the OTA circuit

The proposed transconductor circuit is shown in Fig. 3.2

LT 3 & Rl T
/ \ / Sl
VB1 JI __L 5 ; i i\ L 6__ 1 VB1
s 4 I Oy N0 T HL o
o e (> // ¥ iy \\\ CD VIN VN
°—”:M13 _/”:@ rone @:”\_ M14]|_°
M21 ]|—°VBZ _”:@1 m L@t“_ VBZ°—||: M22
VB3o—| M15 _|[ 3 . M25 M ™ ]'_ M16:||—°VB3
M23 ] I—XCM |; S? ? ? ? VCM°-| I: M24

Fig. 3.2 Super Source Follower OTA with a Positive Feedback
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The transistors M1~M4 and M5~M8 are the two pairs of super source follower. The
negative feedback loops, loop 1~4, make the source of M1, M2, M5 and M6 to be the
low impedance nodes. Moreover, with the same aspect ratio of M9~M12, the positive
feedback loops, loop 5 and 6, reduce the output impedance of X and Y. The output

impedance of X and Y is given by

1 1
Ry= - 3.7)
nggm7r05 gmlgm3r01
1 1
Ry = - (3.8)

gm6gm8ro6 nggm4r02

This result is derived through several steps. At first, we transfer Fig. 3.2 into small
signal model. And then, assuming the body effect is ignored for simplicity.
Furthermore, the equations can be expressed by using the Kirchhoff's current law
(KCL) and Kirchhoff's voltage law (KVL). Finally, the result is derived from the
equations.

The value of Rx could approximate to zero by choosing appropriate M1~M§
device dimension. By comparing with equation (2.11), the first and second terms of
Rx are quite less than Rg. Therefore, the mismatch caused by process variation could
be minimized. From the equations (3.7) and (3.8), the transconductance can be

presented as

G - i B 1 (3.9)
K VI - V[N Rtotal + RX + RY ‘

where Ry 1s the sum of R;, R, and Rype. Minimizing the Rx can suppress the
nonlinearity to acquire better total harmonic distortion (THD). As mentioned before,
tuning the gate voltage of M25 can vary the transconductance.

Although the circuit has six loops, the stability of the circuit is not an issue. The

reason is that the output impedance and capacitance are larger than other nodes. As a
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result, the dominant pole is located at the output. Because the impedance and intrinsic
capacitance of the other nodes are much lower than the output node, the second pole
is in high frequency without affecting the stability.

While designing the Gm-C filters, the input and output of OTAs normally
connect together. As a result, to confirm the correct common mode voltage is
significant. The transistors M13~M16 are the source follower for dc level shifting to

assure function work. In addition, the transistors M17~M24 are the output stage.

3.3.2 Non-ideality Analysis
As discussion in subsection 3.2.2, we can suppress the non-ideality effects by using
several methods. In figure 3.2, the source followers, M13 and M14, may slightly
influence the linearity. Moreover, the bias currents of the super source followers are
too vital to neglect. Also, the bulk and source terminals connect together in the critical
paths.

3.3.3 Noise Analysis

As discussion in subsection 3.2.3, the thermal noise is the dominant noise in high

frequency. Also, we have defined 8,,(,) = & n(n+1), Where n equals to the odd number

(ex: &1 = &2 ). As a result, the output-referred noise density of the super source

follower OTA with a positive feedback is derived as

2
1
[5(gml3 +gm15{—J +é‘(g.ml +gm3 +gm9 +gm17 +gm23)

81z
1}, =8kT (3.10)

2
R 1
+|| el 4 § +g,.)+ R x| ——
\ |:( 2 j(ng gm7) @-mﬂ total :| (1 + Rmml j

where gnr1 1s the transconductance of the tail current transistors. From the equation

(3.10), the source follower adds the input-referred noise while providing a voltage
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gain less than unity. The increase in degeneration factor, Ry, increases the noise
contribution of the tail current transistors since it is split in an unbalanced way
causing differential output noise. Moreover, it can be the most significant noise

component for large degeneration factors.

3.4 Common Mode Feedback Circuit

In the filter design, the output of OTA generally connects to the input of next
stage OTA. Consequently, the common mode feedback circuit is necessarily needed to
obtain the correct input and output common mode voltage of the OTA. The two
circuits are presented as below to interpret the necessity of common mode feedback
circuit [11].

A simple differential amplifier which the inputs and outputs are short is shown in

Fig. 3.3. The common mode voltage of the inputs and output can be easily derived as

VDD _[SSRD/z'

Yoo Yoo
o Vout o

—| I:M1 MQ:I |—

Iss

Fig. 3.3 the Simple Differential Amplifier
The other circuit is shown in Fig. 3.4. In ideality, the currents through M3 and
M4 are equivalent to Iss/2. Nevertheless, because of the fabrication process, the

mismatches in the current mirror cause the difference between Ips 4 and Iss/2. If Ips 4 is
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slightly greater than Iss/2, M3 and M4 will operate in the triode region to reduce the
drain current to Iss/2. On the contrary, if Iss/2is slightly greater than Ips4, M5 will
operate in the triode region to make Iss/2 equal to Ips4. The non-well defined output
common mode voltage would make the transistors operate in the unwanted regions.
Therefore, the common mode feedback circuit is indispensable for the fully
differential circuits to fix the output common mode voltage at the expected value.

Voo Vbb Vop

Mb1:|| 1 : ||<' 1 L 1
! L M3 ! M4
0 Voul [
R —| M1 MZ:I |—
MbiEI Msllss
1 : 2

I

Fig. 3.4 the High-gain Differential Pair
The CMFB circuit is shown in Fig. 3.5, and the operational mechanisms are

described as follows [12].
VDD

MF8:| |——| [MF10
MFTjj
IVIF9:| I—'\;lB1—| I:IVIF11
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MF13 |——°VCM
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Fig. 3.5 the Common Mode Feedback Circuit for Both Proposed OTA

22



The input transistors MF1~MF4 is utilized to detect the common mode voltage and
compare with the reference voltage. If the common mode of the OTA output signal is
equal to the desired voltage Vggr, the current through MF8 will keep constant and
thus the voltage Vewm 1s fixed. Nevertheless, the common mode of the OTA output
signal is not the same as Vggr all the time. The voltage difference between them is
mirrored through MF8 to vary Vcu, thus making the output common mode voltage to
the desired value. For example, if the output common mode voltages are larger than
the Vrer, the drain current of MF8 will increase. The current mirror also makes the
current through MF10 increase, thereby Vcym increasing. In the output stage of Fig.
3.1 and Fig. 3.2, increasing Vcm leads to decreasing the output common mode voltage.
This mechanism of negative feedback loop makes the output common mode voltage
equal to Vrgr.

When the OTA operates at high frequency, the CMFB circuit must be stable as

well. The open loop gain of the CMFB circuit is

gmfl,mf4 X Roul

l+s € J{HS Cs J(I+SCL><RW[)

8nrs 813

(3.11)

Acries(8) = errs ()X R, = [

where Ca and Cg are the total capacitance at the points A and B, respectively. From

the equation (3.11), the dominant pole is at 1/(C, xR ,)and the non-dominant poles

are at g, /C,andg, .,/ C,. The non-dominant poles should be designed far away

from the unit gain frequency to increase the phase margin of the OTA.

23



Chapter 4

Transconductor-C Filter

4.1 Introduction

As mentioned in the chapter 1, the sampled-data analog filters, the active RC
filters and MOSFET-C filters are restricted for high-frequency operation. On the
contrary, Gm-C filters are aimed specifically at high-frequency integrated filters.
Although high-frequency filters are the main aim of this design method, Gm-C filters
also can be used at low frequencies. In this chapter, we will introduce the concepts of
Gm-C filters [13].

As the name “Gm-C filters” suggests, we wish to employ only transconductors
and capacitors as basic components. The other elementary building blocks, such as
resistors, integrators and inductors can be implemented by the transconductors. While
designing the Gm-C filters, the first step is choosing an appropriate prototype to
satisfy the specification. Moreover, according to the transfer function given by the
prototype, we can design the parameters of devices. Finally, the output buffers are

added to prevent the degradation caused by loading effects.

4.2 Elementary Transconductor Building Blocks

In this section, we present the methods for using the transconductors to replace
the passive elements, such as resistors and inductors. Because the resistors are
difficult to implement with sufficient accuracy and over an adequate value, the
transconductors are useful to simulate resistors. As for the LC ladders, the
transconductors are the convenient approach for building electronic inductors. By

reducing the usage of passive elements, the chip areas can be shrunk. At last, we also
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investigate the integrators built in Gm-C form.

4.2.1 Resistors

In general, there is little need for resistors in the area of Gm-C filters except
source and load resistors in doubly terminated LC ladders. For low-sensitivity design,
source and load resistors should be taken into consideration. The

transconductor-based resistors are shown in Fig. 4.1.

lo
—_—
l; Ii
V; o —L

- | | Vi
[+, 0
— —
4 V4 Vo
- [+, 0

(a) (b) (c)
Fig. 4.1 Resistor Simulates with Transconductors
For Fig. 4.1(a), since the transconductor input is ideally an open circuit, the input

current [; is equal to the transconductance output current I, as
Ii:IO :ngl (41)

As a result, the equivalent resistance is

R=—+=— (4.2)

v, 1
Ii gm

In Fig. 4.1(b), we connect the two inputs to two different voltages, and feed the
outputs back to the inputs. The relation between input currents and output voltage can

be described as

Il:Io:I:gm(Vvl_I/Z) (43)
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Consequently, the resistor is

R= =— (4.4)

Observing the results found in Fig. 4.1(a) and Fig. 4.1(b), we know that the negative

feedback cause the positive resistors. On the other hand, a negative resistor,

V./I,=—R=-1/g,, , by using the positive feedback is shown in Fig. 4.1(c).

1

4.2.2 Gyrators
Especially in LC ladders, a gyrator is a useful element because it allows us to
convert a capacitor into an inductor, as shown in Fig. 4.2. The characteristic of the

gyrator can be described as
I, =g,.V, (4.5)

I,=g.V (4.6)

Also, the voltage across the capacitor C is given by

1
V, :IZXE 4.7)

From these three equations above, we derive

1 I 1
ho 1 L 1 ey (4.8)

I 2.8nV: &u&m

which implies L=C/(g,,2,.,)-

Vio—

I
—_— 2 .vz

L L

Fig. 4.2 the Grounded Inductor Implemented by a Gyrator
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Moreover, a floating inductor is presented in Fig. 4.3.
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Fig. 4.3 the Floating Inductor Realized by a Capacitor between Two Gyrators

4.2.3 Integrators
In this subsection, we introduce the properties of the integrator, which is the
fundamental building block of Gm-C filters. To realize an integrator in Gm

technology, a transconductor and a capacitor are used as presented in Fig. 4.4.

Fig. 4.4 the Single-ended Integrator
In most integrated applications, the fully differential circuits are common used
because they have better noise immunity and distortion properties. Fig. 4.5 presents

the fully differential integrators.

| |
Vi I C V. Gm

V
P .E 0 /_-ro‘lz Vo

(@) (b)

Fig. 4.5 the Fully Differential Integrators
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At first, we analyze the integrator in Fig. 4.4 for simplicity. In the ideal case,
both the input and output impedance of the transconductor are infinite. The transfer

function of the integrator can be derived as

H(S):@_g_m

Vo) sC (4.9)

On the jw-axis, the equation becomes

. g 1 1
H(jw)=—="-= = 4.10
U =" C = GG+ B Y(a) (4.10)

From the equation (4.10), we can see that the ideal integrator has infinite DC gain.

Besides, quality factor and phase margin are defined as Q(j®w)=B(j®)/G(j®w) and
PM =-180°+tan"'[B(jw)/G(jw)], respectively. This phenomenon means that the

ideal transconductor has infinite quality factor and PM =-90° for all frequencies.

Finally, the unity gain frequency for the integrator is

Em
C

Wr =
(4.11)

As for the non-ideal transconductor, the transfer function includes extra
parameters of delay and non-zero conductance G. The delay is caused by the parasitic
poles and zeros of transconductor. However, due to the parasitic poles and zeros
locating at markedly higher frequency than the unity gain frequency, we could model
this circumstance only by one single effective zero. The zero in the right half-plane
(RHP) leads to the phase lag. On the other hand, the zero in the left half-plane (LHP)

results in the phase lead.

The non-ideal integrator could be modeled as Fig. 4.6. The transfer function of
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this non-ideal integrator is

V() _ g, 1=s7, _ 1=s7,

V() g 1, C  l+st
8,

Hnonideal (S) = (4 1 2)

The non-zero conductance causes finite dominate pole and DC gain which is given by

C
71=—,A=g—’” (4.13)

n—+\| lo
Vi 'gm p— .+ VD
— S 21
Jo —+C

gm(1-st,)

Fig. 4.6 the Non-ideal Single-ended Integrator

In Fig. 4.7, the magnitude and phase response of the integrator is given. Normally,

/7| << @ << |l/7,]

gain(log)| ., Non-ideal ——
A=gmfgo \\ Ideal  ---------
0

phase(deg)
0

-90 4

-180 1

Fig. 4.7 Gain and Phase Response of the Integrator
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The parasitic zero and finite DC gain result in the deviation of phase from—90°.

The phase error is defined as

Ap(jo) = arg[H, gen(J @)] +90° (4.14)
which is a principal error in the filter. By rewriting equation (4.11), the transfer

function is

l-sz, 1
l+s7, G(jo)+ jB(jo)

Hnonideal (]CO) = A (415)

Hence, the quality factor of the integrator can be derived as

B(jw)
G(jo)

Qnonideal (]0)) = = tan(_ arg(Hnonideal (]Ct)))) (416)

According to equation (4.15) and (4.16), the reciprocal value of the quality factor can

be described as

1 1

Q nonideal (J Cl)) w Tl

— T, (4.17)

From the equation (4.17), the quality factor is infinite at the frequency which is the

geometric mean of the dominant pole and the effective parasitic zero.

4.3 Fourth-order Equiripple Linear Phase Low-pass Filter

In this section, the 4™ order equiripple linear phase filter, cascading by two
biquad sections, is presented. This section is divided into three parts. First, we
introduce the biquad section. Next, the filter architecture is presented. Finally, output

buffers will be discussed.

4.3.1 Biquad Section
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The passive RLC circuit of the general impedance converter (GIC) biquad is

shown in Fig. 4.8. The transfer function can be expressed in

1
v, R
— = 1 (4.18)
4 l+SC+i
R sL
Y M Vv —T— 12
10—/ o Vs V4R J_
J_ -
C L — R<C L
O T + O T o

Fig. 4.8 the 2" Order Bandpass Filter for Passive RLC Prototype
Using the elementary transconductor building block discussed in section 4.2, the

active biquad section is shown in Fig. 4.9.
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Fig. 4.9 the 2™ Order Bandpass and Lowpass Filter for Active Gm-C Prototype

ForR=1/g,,and L=C,/g,,g,., the transfer function of bandpass filter is

described as

V. sC
L =—— 2B (4.19)
4 s°CC+5C,8,, + &,38ma
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Using the fact that

gm3
y, =—tmp
Lo SC2 2

The transfer function of lowpass filter is

VLO — gmlgm3
4 S2C1C2 +5C,8,0 T €38 ms

(4.20)

(4.21)

The advantages of the biquad section are the cascade fashion, and the loop is quite

stable in high order filter. The disadvantages of the biquad section are the loading

effects and the circuit sensitivity, which is more sensitive than LC ladders.

4.3.2 Filter Architecture

The structure of the 4™ order linear phase lowpass filter by cascading two biquad

sections is shown in Fig. 4.10.
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Fig. 4.10 the 4™ Order Equiripple Linear Phase Lowpass Filter

Because the output of the first, second and fourth stages in biquad section are

connected together, this section only need one common mode feedback circuit,
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instead of three, to maintain the output of three stages to the reference voltage.
Moreover, the biquad needs another common mode feedback circuit to maintain the

output of the third stage.

From the equation (4.21), the cutoff frequency @, and the quality factor Q for a

biquad section can be expressed as

@, = % (4.22)
gml
Q=== 423
ng ( )
K =1 (4.24)

From the equation (4.22), the unity gain frequency of the first transconductor in the
biquad section is equal to the cutoff frequency of the biquad. Table 4.1 presents the
denominator of the biquad section and the phase error in the 4™ order linear phase
filter.

TABLE 4.1 Denominator of Biquad Section

Filter order N E(s) for AB=0.05°

4 (s+1.9294s+1.1561)( s™+1.4894+2.5170)

As can be seen from the table above, the filter is implemented with 0.05° phase error.

Furthermore, the quality factor and normalized cutoff frequency for the first and
second biquads are O, =0.5573,w,, =1.0752 O, =1.0652, ®w,, =1.5865. According to

these parameters, the transconductance and capacitance can be designed to fulfill the

transfer function.

4.3.3 Output Buffers

While measuring the filter, the loading effect caused by the instruments is a
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critical issue. Consequently, using the output buffers to alleviate loading effect is
essential. The following presents two methods for realizing the output buffers. One is
using a transconductor-based resistor as the output buffer, and the other is using the
source follower to implement.

Fig. 4.11 shows the output buffer using transconductor-based resistor. By adding

this output buffer, the transfer function becomes

I/obuﬁ’ I/obuﬁ’ V;
T(s) =727X7:Euff(s)xrﬁzzer(s) (4.25)

To acquire the original transfer function of the filter, we have to divide T(s) by the
transfer function of output buffer. However, the output buffer might attenuate the

output signal of filter, and thus the signal is too small to be measured.
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Fig. 4.11 the Output Buffer Using Transconductor-based Resistor
Another method is using the source follower as the output buffer as presented in
Fig. 4.12. Because the gain of the source follower is approximate to 1, it is easy to
measure the output signal of source follower without attenuating too much. However,
the current in source follower must be large enough to ensure that the DC gain of

filter is about 0dB.
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Chapter 5

Simulation and Experimental Results

5.1 Introduction

The performances of the OTA and filter are usually expressed as the following
parameters, such as CMRR, PSRR, etc. By using these parameters, we can compare
the performances with other OTA and filter. In this chapter, the definition of the
parameters is introduced. Moreover, the simulation and experimental results of
proposed circuits are presented.

B Common Mode Rejection Ratio (CMRR):

CMRR = —ADM (5.1)

CM-DM
where Acm.pm denotes common-mode to differential-mode conversion. Large CMRR
means that the circuit has a good ability to suppress the effect of common-mode
noise.

B Power Supply Rejection Ratio (PSRR):

PSRR — Vout/Vin — ADM (5‘2)
I/ouz‘/ Vps APS -DM

The PSRR is defined as the gain from the input to the output divided by the gain from
the supply to the output. The larger the PSRR is, the less the noise from the power
supply affects.

B Power Consumption or Current Consumption:

The power consumption can be derived from current consumption as

P=IxV (5.3)
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As mentioned before, the linearity is the main drawback of the Gm-C filter.
There are two parameters, THD and IM3, to describe the linearity performance of the
OTA and filters.

B Total Harmonic Distortion (THD):

For an ideal OTA, when a single frequency signal applies to the input node, the
same frequency signal will show at the output node. However, in practice, the
nonlinear effects would cause the harmonic distortion, which means the output signal
is composed of the fundamental frequency and harmonic frequencies. By analyzing
the output signal, the total harmonic distortion is obtained. The total harmonic
distortion of a signal is defined as the total power of the second and higher harmonic

frequencies divided by the power of the fundamental signal, as shown below in dB.

2 2 2
I/}12+Vh3+V}z4+”'
2
Vf

THD =10xlog (5.4)

The even harmonic distortion is cancelled due to using fully differential structures.
Furthermore, the high-order harmonic distortions are usually too small to be neglected.
Therefore, the third-order harmonic distortion is a dominant distortion which equals to

the THD approximately. The definition is shown in dB as

Vi
HD3 = IOXIOg V_fz (5.5)

In addition, we could use another approach to interpret the HD;. Base on the

reasons above, the relation between the input and output can expressed as
- 3
V() =aV, () +aV, @) (56)
Assuming the input is a sinusoidal signal as

V. (t) = Acos(wt) (5.7)
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From the equation (5.6) and (5.7), the output signal could be derived as
V ()= H,cos(awt)+ H,cos(3uwr) (5.8)

where Hi=a;A and H3=a3A3 /4. The third-order harmonic distortion is shown as

H a, \[ A®
HD. = | % | A4
-L-(2] 4 9

B Third-order Intermodulation (IM3):

While measuring the linearity of the low-pass filter near the edge of passband,
the measurement results would be wrong by analyzing with the THD. This is because
the high-order harmonic distortions are in the stopband and thus being filtered. As a
result, the IM3 is used to measure the filter’s linearity.

The analyzing method with the IM3 is to apply two tone signals as input signal.
V. (t) = Acos(wt) + Acos(w,t) (5.10)
From equations (5.6) and (5.10), the output signal could be approximately derived as

V. ()= (a,A+ %3 A’)[cos(m,t) + cos(m,t)]

+ % A[cos(ayt — (@, — o)) +cos(@,t + (@, — @))1)]

+ % A3[COS(2(01t + @,t) +cos(Qm,t + wjt)] (5.1

+ % A’[cos(Bayt) +cos(3m,1)]

)The output signal of the third and fourth terms might be out of band and thereby
being filtered. Nevertheless, the signals of the second term, intermodulation
distortions, are close to the input signal. Consequently, we can measure the linearity

of the filter by using these properties. The magnitude of the fundamental term and the

. . . . . . 9a; s
main  intermodulation  distortions are given as [, = a1A+TA
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_3a; : . 3 .
and I,; =—=A" , respectively. Assuming a,4>>9a,4>/4 , the third-order

intermodulation distortion is derived as
I, [a, |34
IM, =1—=(a— e (5.12)
D1 1

5.2 Performance of Flipped Voltage Follower OTA with Input
Attenuators
5.2.1 Simulation Results of the Transcondutor
In Fig 5.1, the DC gain of the OTA is 42.1dB and the unity gain frequency is

42.7MHz with 86.6° phase margin.
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Fig. 5.1 (a) Magnitude Response (b) Phase Response
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In Fig. 5.2 and 5.3, the CMRR and PSRR of OTA are 102dB and 69dB at DC,
respectively.
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Fig. 5.2 the Common Mode Rejection Ratio
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Fig. 5.3 the Power Supply Rejection Ratio

In Fig 5.4, the transconductance is varying with different tuning voltage.
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Fig. 5.4 the Tuning Range of the OTA
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In Fig 5.5, the transcondctance is varying with different frequencies.
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Fig. 5.5 the OTA Tuning Range with Highest and Lowest Ve

In Fig 5.6, the HD3 is about -74dB for 10MHz with 0.8-V,,, input signal.
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Fig. 5.6 the Total Harmonic Distortion

5.2.2 Simulation Results of the Filter
From Fig 5.7, the cutoff frequency is about 40MHz, and the group delay is less
than 5.4% up to 1.8fc.. The maximum value of magnitude response is not 0dB due to

the source follower as the output buffer.
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Fig. 5.7 (a) Magnitude Response (b) Group Delay

In Fig. 5.8 and 5.9, the HD3 is about -60.8dB for 10MHz with 0.8-V,, input

signal and the IM3 is -36.6dB for 39MHz and 41MHz with 0.8-V,,, input signal. The

IM3 is normally worse than the HD3, where the IM3= (a,/a,)x(34%/4) and

HD3=(a,/a,)x(A°/4).
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TABLE 5.1 the Specification of Filter
Technology TSMC 0.18um CMOS
Supply voltage 1.8V
Filter type 4™ order equiripple linear phase filter
Cut-off frequency 40MHz
Input range 0.8Vpp

Harmonic distortion

-60.8dB @ 800mVpp 10MHz
-36.6dB (@ 800mVpp 40MHz

Group delay

<5.4% to 1.8 1,

Power consumption

14.1mW

Active area

0.510%0.500mm>
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5.2.3 Measurement Results of the Filter
The layout for this circuit is shown in Fig. 5.10 (a) and the die photo is shown in

Fig. 5.10 (b). The active region is 0.510x0.500mm?.

(b)

Fig. 5.10 (a) the Layout (b) the Die Photo
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The magnitude response and the group delay for the filter are shown in Fig. 5.11.
The cutoft frequency could be tuned from 10MHz to 40MHz and the group delay is

about 24ns at the cutoff frequency.
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The following measurement results express the linearity performance. The THD
is shown in Fig. 5.12. From this figure, the HD3 is -53.4dB at 10MHz for 0.8V,
input signal and the HD2 is about -41dB. The second-order harmonic distortion is
measured because of the mismatch in the current mirrors and in the input pairs.
Moreover, the mismatch in the off-chip single-ended to differential input and
differential output to single-ended conversion setup lead to the distortion as well. In

Fig. 5.13, the IM3 is shown to be about -36dB for 39MHz and 41 MHz input signals.
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Fig. 5.12 the Total Harmonic Distortion
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Fig. 5.13 the Inter-modulation Distortion
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5.3 Performance of Super Source Follower OTA with a Positive
Feedback
5.3.1 Simulation Results of the Transcondutor
In Fig 5.14, the DC gain of the OTA is 36.4dB and the unity gain frequency is

17MHz with 83.8° phase margin.
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Fig. 5.14 (a) Magnitude Response (b) Phase Response

In Fig. 5.15 and 5.16, the CMRR and PSRR of OTA are 82dB and 76dB at DC,

respectively.
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In Fig 5.17, the transconductance is varying with different tuning voltage.
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In Fig 5.18, the transconductance is varying with different frequencies.
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In Fig 5.19, the HD3 is about -59dB for 17MHz with 0.6-V,,, input signal.
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Fig. 5.19 the Total Harmonic Distortion

TABLE 5.2 the Specification of the OTA

Technology TSMC 0.18um CMOS
Supply voltage 1.8V
Unit-gain bandwidth 17MHz @ C=2pF
Gm range 234uS~267uS
Input range 0.6Vpp
DC Gain 36.4dB
CMRR 40.7dB @ 17MHz
PSRR 27.3dB @ 17MHz
Harmonic distortion -59dB @ 600mVpp 17MHZz
Power consumption 2.22mW
Active area 0.145%0.134mm’
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5.3.2 Measurement Results of the Transcondutor
The layout for this circuit is shown in Fig. 5.20 (a) and the die photo is shown in

Fig. 5.20 (b). The active region is 0.145x0.134mm”.
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Fig. 5.20 (a) the Layout (b) the Die Photo
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The following measurement results express the linearity performance. The THD
is shown in Fig. 5.21. From this figure, the HD3 is -69dB at 10MHz for 0.6V, input
signal and the HD2 is about -64dB. The second-order harmonic distortion is measured
because of the mismatch in the current mirrors and in the input pairs. Moreover, the
mismatch in the off-chip single-ended to differential input and differential output to
single-ended conversion setup lead to the distortion as well. In Fig. 5.22, the IM3 is
shown to be about -60dB for 9MHz and 11MHz input signals. Fig. 5.23 shows the

HD3 for different frequencies with 0.6-V,,, input signals.
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Table 5.3 summarized this work with recently reported OTAs. In order to
compare with other OTAs, the defined figure of merit (FOM), which takes the
transconductance value, input swing range, linearity performance, speed of the

implemented circuit, and power consumption into consideration, is expressed as

follows:

FOM =10log

Gm e Vid a IM3linear X f;J

power

TABLE 5.3 Comparison of Previously Reported Works

(FOM)

2003 2006 2006
Reference JSSC JSSC CAS-II This work
[14] [15]* [16]
Technology 0.5um CMOS | 0.18um CMOS | 0.18um CMOS | 0.18um CMOS
**Simulation
Transconductance 1065uS 1800uS 20uS 250uS
value
Linearity -43dB HD3 at | -40dB HD3 at -65dB HD3 at -69dB HD3 at
30MHz 3MHz IMHz 10MHz
Input swing range 0.9Vp 0.6Vpp 0.6Vpp 0.6Vpp
Supply voltage 3.3V 1.8V 1.8V 1.8V
Power/ 10.7mW ImW 400uW 2.22mW
transconductor
Figure of merit 77 75 80 97

*Power/transconductor 15 calculated from total filter power. Individual OTA results are not reported in full.
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Chapter 6

Conclusions

6.1 Conclusions

When it comes to the high frequencies, the operational transconductance
amplifiers (OTAs) have proven to be the best candidate for executing the
continuous-time filters. However, because the main drawback of the OTA is poor
linearity, the linearity enhancement techniques are required. In this thesis, two
approaches of the transconductor for implementing the filter are proposed. The main
purpose of the filter is to apply in IEEE 802.11 for the wireless local area networks.

Although the source degeneration circuit can improve the linearity, it is not good
enough for some applications. The proposed transconductors are both based on the
source degeneration structure and adding extra concepts to implement. One is
designed by combining the flipped voltage follower with input attenuators, which is
used to achieve the 4™ order equiripple linear phase lowpass filter. The measurement
result of the filter shows that -36dB IM3 at 40MHz. The other is designed by using
the super source follower with a positive feedback to alleviate the non-ideal effects.

For this circuit, the IM3 is shown to be about -60dB at 10MHz.

6.2 Future Works

With the progressing of technology, the power supply voltage will be reduced in
nano-scale. In the portable devices, the feature of low power consumption is
emphasized especially. As a result, attempting to design in low-voltage low-power

with equal or better linearity is a challenge, and it is worthy to do the research.
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