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National Chiao Tung University
Hsinchu, Taiwan

ABSTRACT

In this thesis, two transconductance-C filters are proposed for high frequency
applications of ultra wideband and hard-disk driver systems. The
transconductance-C filters are more suitable than switch capacitor filters in high
frequency application. However, their main drawback is the linearity, so two
linearity improvement techniques are proposed in this research.

The first transconductor circuit is an improved source degeneration circuit.
Source degeneration circuits usually use large values of resistors to improve linearity.
Also, the current feedback works better at high frequency than voltage feedback
because the former one has larger bandwidth. Hence, the proposed circuit utilizes
negative current feedback to improve the linearity at high frequency, which can
achieve the requirement without large resistor. The other transconductor circuit
which achieves the constant drain-source voltage of the input pair is proposed. This
circuit can be used in the lower power supply and high frequency applications. The
transconductor circuit makes use of the common mode feedforward circuit to

increase the common mode rejection ratio. Finally, two 4"-order linear phase filters
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Abstract

by using these transconductor cells is presented.Output buffers are connected to
avoid the influence of the loading in the measurement.

From the measurement results, the cutoff frequency for the filter of the current
feedback transconductor circuit is about 250MHz, which is the bandwidth of the
ultra wideband system. The group delay variation is less than 5ns in the passband.
The third harmonic distortion (HD3) is about -40dB at 80MHz input signal. The
third intermodulation distortion (IM3) is about -35dB by the two-tone measurement
of 248MHz and 252MHz. From the measurement results, the cutoff frequency for
the filter of Constant-V4 with feedforward circuit is about 250MHz, which is the
bandwidth of the ultra wideband system. The group delay variation is less than 5ns
in the passband. The third harmonic distortion (HD3) is about -40dB at 80MHz
input signal. The third intermodulation distortion (IM3) is about -36dB by the
two-tone measurement of 248MHz and 252MHz.

The low-pass filters were fabricated by the TSMC 180-nm CMOS process.
Source degeneration with negative current feedback circuit occupies a small area of
0.386x0.264mm” and the power consumption is 42mW under a 1.8V supply voltage.
Constant-Vg, with feedforward circuit occupies a small area of 0.3515x0.3609 mm”

and the power consumption is 42mW under a 1.8V supply voltage.
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Chapter 1

Introduction

1.1 Motivation

In the real world, the received signals are usually interfered with noise and
surrounding interference, which would degrade the quality of the received signal.
However, the noise and interference could be degraded by filters to receive better
quality signals. Although the world we live is a digital generation, the systems
communicated with real world must be dealt with analog signals, which because the
signals in the real world are analog. In the recent years, high-performance
high-frequency filters are required for several applications such as read/write
channels for hard-disk drives (HDD), intermediate-frequency (IF) filtering for
high-speed communication systems, and ultra wideband (UWB) systems.

For hard disk military, the operational frequency is 5S0MHz to 10GHz. The
magnetic media and Preamplifier stage of the HDD system can be considered as a
bandwidth-limited channel. Data is recorded on the magnetic media using binary
amplitude levels. The read back signal is analog. This signal is corrupted by
distortion, noise and interference. The read channel involves a lot of signal
processing and tries to extract reliable binary data from the magnetic media. The
corrupting noise in the signal is mostly electronic noise and media noise. But the

biggest source of signal corruption is inter-symbol interference (ISI). Inter-symbol




interference is by far the dominant effect of high-density recording. The PRML
technique, which helps in reducing ISI, is used widely in the industry. Most of them
use an ADC, a FIR filter and a continuous time filter for channel equalization [1].
For ultra wideband systems, the operational frequency is 250MHz and above
the frequency. In recent years, the Federal Communications Commission has
permitted the ultra wideband technology in commercial products. With the moderate
technology, the advantage of low power, high transmission rate, and low cost makes
the ultra wideband being a popular issue. Owing to the property of ultra wideband,
we can apply the technology in all kinds of the consumptive products, including
wireless personal area network, short distance radar, and body area network in
medical research or sportsman training. In communication domain, the Federal
Communications Commission has mandated that the ultra wideband radio transmit
with limited power, the maximum distance of 10 meter, and the transmission rate of
53Mbps to 480Mbps. The data transmission rate can be used within multimedia
network connection. Besides, camera, scanner, printer, video camera, and mp3
player can connect with laptop or personal computer which includes USB 2.0 and
IEEE 1394 serial port in the future. Owing to the higher channel bandwidth and the
advancement of CMOS technology from deep-sub micron to nanometer, the
operation frequency of CMOS goes higher than 100GHz. We can achieve the target

of higher cutoff frequency in analog filter design.

1.2 Analog Filters

The actual trends of Integrated Circuits (IC) are both to scale down the
dimensions of the transistors and to incorporate in a single chip as many building

blocks as possible. In the design of the high-performance electronic circuits the use




of analog filters is unavoidable. The advance of the VLSI techniques demands for
high-frequency and high-performance active filtering. In telecommunication
applications, for instance, active filters ranging from a few kHz up to several MHz
are required. In CMOS technologies, the analog filter design techniques can be
divided in analog sampled-data and time continuous techniques.

Sampled-data filter techniques use several non-overlapping clock phase. The
main characteristics of switched capacitor filters are determined by a clock
frequency and by capacitor ratios. Hence, a major advantage of this technique is the
high accuracy of its integrator time constant. These advantages of switched capacitor
filters are not necessarily maintained for high frequency applications. This is mainly
due to the finite parameters of the OPAMP, finite resistance of the switches and
clock feed-through. In high-frequency applications the OPAMP has to be fast
enough to settle to the right output within a half clock period. For a settling precision
of 0.1%, the settling time should be higher than the GBW of the OPAMP at least by
a factor 7. However, due to the additional capacitors connected to the OPAMP
output the effective settling time increases and as a result even larger GBWs are
required. 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.

For continuous-time filters, these filters were developed as complementary of
switched-capacitor filters as anti-aliasing and smoothing filters. Nowadays, time
continuous filters are an alternative to sampled-data filters in low-frequency
applications. Moreover, they allow the integration of filters in the MHz and several
hundreds of MHz frequency ranges. This technique avoids the need of pre- and
post-filtering that in most of the cases switched-capacitor filters require. Because it
is a time continuous technique, the aliasing problems are not present. The precision

of these filters is the major disadvantage. For the design of high-performance CMOS
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active filters, there are three main types of continuous-time filters, namely, RC
active filters, MOSFET-C filters and OTA based filters. The MOSFET-C filters are
basically the active RC filters but with the resistors implemented by equivalent
CMOS tunable resistors. The limited frequency response of the two or more stages
OPAMPs reduces the use of the filters to low-frequency applications. For
Operational Transconductance Amplifier-Capacitor (OTA-C) filters, they have
already been reported for frequency ranges from a few kHz up to very high
frequency. A major drawback of the OTA-C filters is the lack of very linear and
efficient voltage- to-current transducers. The relatively higher distortion of
continuous-time filters reduces their range of applications. A major advantage of the
OTA based continuous-time filters is their extremely large frequency response. A
comparison of the useful frequency range for both OPAMP and OTA based circuits
is shown in Fig. 1.1. Because the OTA based integrator is implemented in open loop,
the useful frequency range of these circuits is limited only by the OTA

gain-bandwidth product [2].

|Av(s)| A
A\"'dc —
AVII]iH
} B
Freq(log)
|<— OPAMPs —>| GBW
f OTAs >

Fig. 1.1 Frequency responses for a typical single pole OPAMP/OTA




1.3 Thesis Overview

Chapter 2 will give some basic structures of OTAs operating at high frequency.
It will describe the advantages and disadvantages of these structures as well as its
characteristics. As well, some improving circuits will also be described in this
chapter.

Chapter 3 will present the proposed OTAs, which modify the basic structures
and could operate at high frequency. At first we will discuss the operation of the
OTAs and give the math to prove the concept. Then, noise analysis of the OTAs will
be presented.

In chapter 4, OTA-C filters will be presented in this chapter. The principle of
the filters will be discussed in this chapter, and the output buffer will make a
discussion, too.

In chapter 5, the experimental results and simulation results will be presented in
the end of this chapter.

Finally, the conclusion to this work is given in chapter 6.




Chapter 2

Operational Transconductance Amplifiers

2.1 Introduction

In this chapter, we will introduce several basic OTAs. Because OTA-C filters
can operate at higher frequency than sampled-data filters and RC active filters, the
OTA-C filters become more popular in high frequency applications. However,
OTAs are the basic blocks of the OTA-C filters, so the performance of the OTAs
will determine the performance of the filters. The concept of OTA just linearly
converts voltage to current. By considering the power and area issues, the active
devices are used in the circuit rather than passive devices. Nevertheless, the linearity
performance of active devices is poor than passive devices. Therefore, we must
make a trade off between them. As well, comparing the switched capacitor filters
and OTAs filters, although OTA-C filters could operate at more higher frequency
than the switched capacitor filters, the former has a major disadvantage for poor
linearity. Especially, when the size of CMOS technology scales down with power
supply voltage, the dynamic range, bandwidth, and power consumption will be
limited the linearity. For this reason, there are lots of circuits presented to improve

the linearity.




2.2 Basic concepts of High-speed OTAs

Since the OTAs are operated at high frequency, there should not be
unnecessary poles. Therefore, the circuits could not be complex. For this reason, we
will discuss some basic OTAs, which the most circuits operated in high frequency
are improved from these basic OTAs [3].

2.2.1 Differential input

In this subsection, it will describe the differential pair circuit, which is shown in

Fig. 2.1.

Fig. 2.1 the Differential Pair
For the region of M1 and M2 being saturation region, the output current I; and

I, can be got as:

1
I1 = _ﬁl,z (Vil _Vp _Vthn1,2)2 (2.1)

2
1
|2 = Eﬁl,z (Viz _Vp _Vthnl,2)2 (2.2)

Therefore, the differential output current can be obtained by subtracting equation

(2.1) from equation (2.2) as:
l,=1-1,= ﬂ],z(\/il Vi, )Von _Vp _Vthnl,z) (2.3)

where the value V., is the input common mode voltage, and it is fixed to a constant

DC level. As well, the V;, can be described as:
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v = |=e
B,

(2.4)
From equation (2.3), the transconductance is proportion to /5 1.2(Ven-Vo-Vimi 2) .
Therefore, the transconductance of the differential pair is constant as long as the
voltage V,, is constant. Furthermore, the value G, could be tuned by the tail current
due to the equation (2.4). For ideal tail current, the output resistance of the tail
current is infinite, so the point P is virtual ground for small signal. Hence, the
transconductance could keep constant ideally. As well, because this circuit has no
internal nodes, it could be operate at very high frequency. However, the output
resistance of the tail current is not infinite. For this reason, the voltage V, is not
constant, and it varies with input signal variation and technology process. So,
technologies to keep V,, constant are presented to improve linearity.

2.2.2 Pseudo-Differential input

Finally, we will talk about the pseudo-differential pair, which just takes off the
tail current from the differential pair. Because the point P of the differential pair in
Fig. 2.1 is variation in practice, it is grounded to solve this problem. Hence, the
linearity will be improved. Furthermore, since the tail current is taken off, it can
increase the headroom in the pseudo-differential pair due to cancel the tail current in
the differential pair. As well, pseudo-differential pair is suitable in lower power
supply than the differential pair. The circuit for pseudo-differential is shown in Fig.

2.2.

ik

Fig. 2.2 the Pseudo-Differential Pair




Nowadays, we derive the formula to see the operation of the pseudo-differential
pair. Since the regions of M1 and M2 are saturation regions, the output currents are

described as below:

1

|1 = Eﬂl,Z (Vn _Vthn1,2)2 (2-5)
1

Iz :Eﬂl,z(\/i _Vthnl,z)2 (2-6)

Therefore, the differential output current can be shown as:
lo=1,-1,=8,M Vi )Ver, Vi) (2.7)

From equation (2.7), the disadvantage of the differential pair is be solved, and the
linearity will be improved. However, the pseudo-differential pair has its
disadvantage comparing with the differential pair. First, the pseudo-differential pair
has a problem about tuning. Unlike differential pair that can be tuned by tail current
I, the transconductance is proportion to /3 12(Ven-Vim 2), which are usually fixed
constant after taped out. Nevertheless, this is solved in [5] by tuning the threshold
voltage, which can change by body voltage. Second, because the tail current is taken
off, the common mode gain will increase. Therefore, the common mode reject ratio
(CMRR) is about 0dB. Hence, this circuit needs common mode feedforward circuit
to increase CMRR.

2.2.3 Source Degeneration

In the beginning, we introduce the source degeneration structure, which is the

common structure in the transconductance circuit. The circuit is shown in Fig. 2.3.




I+i I-i I+i I-i

[ ] ®
'V—l I:w M2 :] I—‘V v: M1 M2 \:
x y
m ] R R
- (a) - i;

Fig. 2.3 Transconductance using Source Degeneration Pair

In this circuit, the ideal operation of source degeneration is that V. and Vi
perfectly follow to the ends of the resister. Then, the voltage across the ends of the
resister, Vi and V., will generate the output current. Because the output current is
generated by resister R, the linearity would be very great. However, the resisters
between the gate and the source of the transistors M1, M2 are not zero, and they
vary with the transconductance of M1, M2. Therefore, the input voltages would not
perfectly follow to the ends of the resister R, and it would degrade the linearity. For
this reason, lots of techniques are presented to solve this problem and increase THD.

As shown in [4], the output current to the input voltage can be got as:

W
2'lLlr'I(:OX B Tﬂ
= [l ()2 ")V, (2.8)
201+ N Wos e, 1+N
1 N
= 2.9
" RI+N 29)

From equation (2.9), the transconductance is proportional to the factor 1/R, so
increasing the linearity by the resistor is also decreasing the transconductance. Using

the Taylor series, the third harmonic distortion (HD3) can be derived as:
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1 1 V.
HD3 = (——)*x—x(—4—
(1+N) (

TR (2.10)

DS (sat)

where the degeneration factor N is gm;2%2R. From equation (2.10), the conclusion
could be made as: increasing the degeneration factor N, which increases the value R
or the transconductances of M1, M2 (g1, 2), can improve the HD3; therefore, the
linearity will be increased, as well.

Although the circuits in Fig. 2.3(a) and Fig. 2.3(b) shows the same
voltage-to-current relationship, they present different properties. For Fig. 2.3(a), the
tail currents will contribute differential noise in the output, which will dominate the
noise performance. For Fig. 2.3(b), there are voltage drops in the resistors, which
will reduce the range of the common mode voltage.

2.2.4 Constant Drain-Source Voltage

Second, MOSFETS with constant drain-source voltage structure will be

discussed. The circuit is shown in Fig. 2.4.

B o\

Vh Vb
® M3 M4 ®

Vil Vi
[ M1 M2 ®

Fig. 2.4 MOSFETS with Constant Drain-Source Voltage

In the circuit, the transistors M1 and M2 are in linear region, and M3 and M4

are in saturation region. Therefore, the output current I; and I, are as:

1
|1 = ﬂl,z [Vdsl,z (Vil _Vthnl,z) _Evdsl,zz] (2.11)
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1

Iz = ﬂl,z [Vdsl,2 (Viz _Vthnl,z) _Evdsl,zz] (2.12)

Then the differential output current is:

=1 =1, = Ny, (Vi =Vin) (2.13)
From equation (2.13), the transconductance is proportion to 3 Vui.2. In practice,
second-order effects like mobility reduction and velocity saturation reduce the
linearity somewhat. However, the linearity performance is dominated by the
variation of Vu. ». Therefore, some techniques are presented to fix the points A and

B to make the voltage Vs, 2 constant.

2.3 Linearity-improved OTAs

As above, the four basic OTA circuits are introduced, and the major
disadvantages of these circuits are the poor linearity. So lots of linearity
enhancement techniques are presented to improve these problems. In this subsection,
we will discuss two linearity enhancement techniques, which are already presented
to improve the linearity.

2.3.1 Modified Source Degeneration OTA Circuits

As discussion in subsection 2.2.1, the linearity will degrade since the input
voltages do not perfectly follow to the ends of the resistor. Hence, the direct idea is
that using op amps to make the input voltages follow to the ends of the resistor. This
idea is shown in Fig. 2.5. The source voltages of M1 and M2 will be equal to the
input voltages due to the virtual ground in each op amp. Hence the op amps would
make the input voltages follow to the ends of the resistor more greatly than the

original source degeneration.

12
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Fig. 2.5 Improving the linearity of a fixed transconductor through the use of op
amps
Another method for improving the linearity of a fixed transconductor is to force
constant currents through M1 and M2 such that their V are fixed which is shown in
Fig. 2.6. This modified source degeneration 1s added the negative voltage feedback,
which will make the gate-source voltages of M1 and M2 constant. Therefore, it
reduces the variation of the voltage across the resistor due to the constant

gate-source voltages of M1 and M2.

N " (b

%
R
VWA
iy
v |—— [
@ Ig2
T * o

Fig. 2.6 Improving the linearity of a fixed transconductor by maintaining a constant

Vs for M1 and M2
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The circuits above which use negative voltage feedback to improve the
linearity are not suitable for using as high speed OTA. Since the negative current
feedback has larger bandwidth than the negative voltage feedback, the circuit using
the negative current feedback will be introduced in next chapter.

2.3.2 Modified OTA Circuits with Constant Drain-Source Voltage

In subsection 2.2.2, MOSFETS with constant drain-source voltage are
discussed, and the factor for the poor linearity is also discussed. The main factor is
the variation of the drain-source voltages of M1 and M2 due to the input pair
voltages and the temperature variation. Therefore, it needs a circuit to fix the
voltages constant, and the op amps are used for this purpose. The circuit is shown in
Fig. 2.7. Due to the virtual ground of the input pairs, the drain-source voltages of
M1 and M2 will be fixed to the voltages of the positive input voltages in op amps.
Hence, the positive input voltages in op amps could also use to tune the
transconductance, which could be seen as below:

l,=1L-1,=Vue Vi, —V.y) (2.14)

Thus, using op amps could fix the voltage which is the main factor for the
linearity reduction. The op amps should be designed for simpler circuits to reduce
the complexity and noise which the fewer devices using the less noise will be

contributed.

\ﬁl—l |:M1 MZI |—ovi1

Fig. 2.7 Modified Circuits of MOSFETS with Constant Drain-Source Voltage
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Chapter 3

Proposed OTAs for High  Speed
Applications

3.1 Introduction

As discussion in chapter 2, the main disadvantage of the OTAs is the poor
linearity. Therefore, lots of linearity enhancement techniques are presented to
improve the shortcoming. In the latter of chapter 2, two techniques of them are
introduced. However, these two methods are not suitable to high speed applications,
since the negative voltage feedback has lower bandwidth, which will reduce the loop
gain at the frequency we wish to operate. Hence, the two modified circuits are

proposed to apply in the high speed applications in this chapter.

3.2 Proposed Source Degeneration OTA with Negative Current

Feedback

In this section, the linearity enhancement techniques are proposed by using
negative current feedback, which is more suitable in high speed applications. Since
the resistance in the current feedback is smaller than that in the voltage feedback.

Therefore, the current feedback circuit features a very high bandwidth for higher

15



pole location [7]. This means that the linearity voltage feedback circuit improved
will be less because the loop gain in the high frequency will be not sufficient due to
the lower bandwidth. For this reason, the modified circuit using negative current
feedback is proposed to put in use in the high speed applications.

3.2.1 Characteristics and Operation of the OTA Circuit

The modified circuit using negative current feedback is shown in Fig. 3.1.

VDD

M10:||——||E12
—

w

we [

o
=

>
L3
1
¥=1
S
=
T
=
[

V=L
=

VCM

|||—

Fig. 3.1 Modified Source Degeneration Circuit using negative current feedback

The transistors M9~M16 are the output stage. The modified structure uses M17
operating in the linear region to replace the resister 2R in the conventional source
degeneration circuit. That is because this circuit could utilize the gate voltage (VD)
as tuning circuit. Therefore, it can be used to overcome the variation due to the
fabrication or temperature variations. The operation of transistors M1~M4 and M17
is the same as the description in subsection 2.2.1. However, the transistors M5~M§
are added to increase the THD. These transistors are composed of the negative

current feedback circuit, and it provides a negative feedback gain to degenerate the
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HD3. Consequently, it could achieve the requirement of HD3 without large value of
R.

At first, the operation of the negative current feedback circuit is presented.
Assume input voltage Vi, increases, but the voltage at the point x (Vi) does not
follow this variation. This will make the voltage between the gate and the source of
M1 increase. Therefore, the drain current of M1 increases, and the drain current of
M9 increases, too. Because the drain current of M9 increases, the voltage across the
drain and the source of M9 also increases. For this reason, the gate voltage of M5
(Vg5=Vpp-V4e) decreases. Then, the Vs of M5 decreases, and the drain current of
M5 also decreases. The decreasing current will flow to the main circuit through the
current mirror pair M3 and M7. Therefore, the drain current of M1 will be pulled
down, and the voltage Vy will be pushed up. Therefore, the negative current
feedback circuit could give the voltage Vi a hand to follow the variation of the input
voltage. Similar, the voltage Vy will also follow with the input voltage Vi, by the
same operation.

By the way, the math formulas for HD3 will be derived to prove the concept of
the circuit. First, assuming Vi;= Vig + Vem, Vi2= Vida — Vem, and the voltages at the point

X, y are Vy, Vy. Therefore, the drain currents of M1 and M2 are as below:

IDl = gml,z(\/il _Vx) (3.1)

Ios =9 (Vi =V)) (3.2)

As well, the current across the transistor M 17 (r4517) can be got as:

VvV, -V
Ly = Y (3.3)
I’dsl7
Hence, the drain currents of M1 and M2 can also be described as:
Ioy =1p;+ 1, (3.4)
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ID2:|D4_I><y (35)

where Ip+Ip,=Ips+Ips=21p, which Iy is the bias current. From equation (3.1), (3.2),

(3.4), and (3.5), the differential output current is as below:

Io = IDl - ID2 = gml,z(vid _(Vx _Vy)) :2|xy + ID3 - ID4 (3.6)
Now, we assume R, is the resistance looking down the drain of M1, and also assume
R, is constant for simplicity. Thus, the drain currents of M3 and M4 could be
determined by the drain currents of M5 and M6 due to the current mirror pairs. So

the currents are shown below:

ID3 = ﬂs,s(l DI Ro _Vgss,ﬁ _Vthn5,6)2 (3.7)

ID4 = ﬂS,é(I DzRo _V955,6 _Vthn5,6)2 (3-8)

Using equation (3.7), (3.3), (3.8), and (3.6), the relation between the differential

output current and the voltage across M17 is shown in the following:

Vv, —Vy
Ioy =12 =2 +(p, =15 (3.9

ds17

where we assume the negative current feedback gainis a=/356R0 X(2Vgss56 +
2Vimns.6-218R,). The value /5.6 1s proportion to 1/RV, so the unit of negative current
feedback gain « is V/V. Furthermore, from equation (3.9) and (3.6), the equation

about the voltage across M17 can be described as:

v = LNy,

T (1+a)N +1 (3-10)

where N=g, 2xr4s17 1s the source degeneration factor [4]. Finally, for the drain
formulas of M1, M2, and the equation (3.10), we can get the relation about

differential output current and the input voltage.

IDl = 181,2(\/i1 _Vx _Vthn1,2)2 (3.11)

I, = /81,2 Vi _Vy _Vthnl,z )2 (3.12)
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=1 1= [1- Vi 2o (NHPle 3.13
o br D2 (2(1+(l+a)N)VDS(SAT)) (1+(1+a)N “’ (3-13)

1 N
g, 1+(1+a)N

(3.14)

m

From equation (3.14), the transconductance is approximately proportional to the
factor 1/ (1+ a ), which we can achieve the requirement of linearity with reduction of
transconductance with about factor (1+ @ ) rather than the factor ry7 for the
traditional source degeneration circuit. Hence, improving the linearity by negative
feedback gain would reduce the smaller value of transcoductance than the traditional

circuit. Using the Taylor series, the third harmonic distortion (HD3) could be got as:

HD3:(;)2><L><(V¢)2 (3.15)
1+(1+a)N 32 Vpsesam

As compared with equation (2.2), the factor N in equation (2.2) change to (1+ o )N
in equation (3.15). Therefore, it can also improve the HD3 by the negative current
feedback gain, « . Thus, the linearity could be achieved without large value rys;7,
and this relaxes the degeneration factor N and reduces the area due to the smaller
resistance rqsi7.

3.2.2 Common Mode Feedback Circuit

In the filter designs, the output of the OTA must connect to the input of the
next OTA, so the common mode voltage is very important. Now, two circuits will
be shown to understand the need of the common mode feedback circuit [8]. First, a
simple differential amplifier which the inputs and outputs are shorted is shown in
Fig. 3.2. We can find the common mode voltages of inputs and outputs are well

defined as Vpp-IssRp/2.
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VI)D VDI)

Rp Rp

Fig. 3.2 a simple differential amplifier with inputs shorted to outputs

However, another circuit is shown in Fig. 3.3. Due to the fabrication process,
the mismatches in the current mirrors will cause finite difference between Ips 4 and
Iss/2. If Ips, 4 s slightly greater than Igg/2, M3 and M4 will enter the linear region to
make their drain currents equal to Iss/2. Conversely, if Iss/2 is slightly greater than
Ips, 4, M5 will enter the linear region to make Iss/2 equal to Ips 4. Hence, due to the
non-well defined common mode output voltages, it would make the transistors enter
the wrong regions and would reduce the bias current, as well. Therefore, it needs a
common mode feedback circuit for the differential circuits to fix the common mode

output voltages at the wished level.

20



bl

Fig. 3.3 High-gain differential pair with inputs shorted to outputs
Therefore, the common mode feedback circuit is needed to stabilize the output
common mode level, which is shown in Fig. 3.4. Note that the output common mode
level is fixed to the input common mode level. It is because the outputs of the OTA
connect to the inputs of the next OTA by designing a filter. The following will

describe the operation of the common mode feedback circuit [9].

— [ M;F:“_‘_”:-Mm

P—

¢
R
a

Fig. 3.4 The common mode feedback circuit for modified source degeneration using

.
Vi

MF6 MF11 I—
VCM

negative current feedback

21



MF10 and MF11 connect to the output stage M13, M14, M15, and M16 in Fig.
3.1 and it will adjust the output common mode level due to the feedback current. For
example, if the output common mode voltages are larger than the reference voltage
V.ef, the drain current of MF8 will increase. Hence, the currents in the output stage
in Fig. 3.1 will increase, as well. Because the voltage across M11 and M12 increase
due to the increased currents, the output common mode voltages decrease.
Conversely, if the output common mode voltages are smaller than the reference
voltage V., the smaller current will flow to the output stage to increase the output
common mode voltage. In addition, the operation of the common mode feedback
circuit can be interpreted by the voltage concept. There is a negative gain from the
gates of MF1, MF2 to the drains of them, and the gain from the gate of MF9 to the
outputs in Fig. 3.1 is a positive gain. Therefore, the common mode feedback circuit
provides a negative gain for the outputs, so it can fix the output common mode
voltages to the reference voltage V..t When the circuit operates at high frequency,
the common mode feedback circuit must also be stable at high frequency. The open

loop gain of the common mode feedback circuit is:

Acrirs (8) = Gours (8) X Ry

gmf 1,mf 2 x Rout

15 | 145 Co (1+sC_ xRy)
gmf8 gmfll

where C, and Cp are the total capacitance in the points A and B. From equation

(3.16)

(3.16), the pole at 1/ (CixRoy) is the dominated pole, and the poles at gmm/Ca,
gmi11/Cp are the non-dominated poles. They must be pushed far away the unity gain
frequency to increase the phase margin.

3.2.3 Noise Analysis

For thermal noise:
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For the communication systems, the noise is the major course to avoid that the
signal could be received correctly. However, there are noises in the devices such as
flicker noise and the thermal noise. If the frequency is less than the corner frequency,
the dominated noise is the flicker noise; otherwise, the dominated noise is the
thermal noise. Since the cutoff frequency for the implement filter is at high
frequency, the dominated noise is the thermal noise. The channel noise can be
modeled by a current source connected between the drain and the source with a

special density as:
2 2
I, =4kT(§)9m (3.17)

where k is the Botzmann constant, T is the absolute temperature, g, is the source
conductance. Using the thermal noise model, the total output-referred noise spectral
density of the modified source degeneration circuit using negative current feedback

is derived as:

5 nu g
= 4[AKT (£)0, ]+ 204KT (= N 2
[ (3)gm9] [ (3) gml](1+(1+a)gm1rdsl7)

Iout,n

2 2 )
+2LAKT (), )+ 4L4KT ()01 (1935;37 —) (18)
ml1 dsl7

2 O,
+2 4kT - ml ds17 2
[ (3)gm5](1+(1+a)gm1rdsl7)

where « 1is the negative current feedback gain. The input-referred noise spectral

noise density could be calculated as:

I 2

Vi = gt : (3.19)
( N )

1 + (1 + a)gmlrdsﬁ

From equation (3.18), the added current feedback circuit provides additional noise in
the output, but increasing the current feedback gain could reduce the noise. As well,
the large aspect ratios of the input transistors and small aspect ratios of the load

transistors should be designed for small output noise. However, the input-referred
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noise is larger than the traditional circuit due to the added current feedback circuit.

3.3 Proposed OTA Circuit with Constant Drain-Source Voltage

As mentioned in the chapter 2, MOSFET with constant drain-source voltage
would degrade the linearity due to the variation of the drain-source voltage in the
input pairs, and the enhancement technique using op amps to fix the drain-source
voltages is presented. Therefore, the op amps should be designed as simple as
possible to reduce the complexity.

3.3.1 Characteristics and Operation of the OTA Circuit

In [10], an approach uses feedforward method instead of the op amps to fix the
drain-source voltage of the input pairs. However, the circuit used in [10] stacks five
transistors and could not work at lower power supply, which operated at +-1.4V. As
the transistors sizes are smaller, the power supply voltage will be lower. Therefore,
the circuit in [10] will be not suitable for lower power supply. For this reason, the
modified circuit will be proposed in this section. The whole circuit is shown in Fig.

3.5.

- & .

S B

& a

VDI VD3 V02
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I

Fig. 3.5 The modified circuit of MOSFET with constant drain-source voltage by

using feedforward structure
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The transistors M9~M16 are the output stage. The transistors M1~M4 are the
same transistors as shown in Fig. 2.7, and the regions and characteristics are the
same as before. However, the transistors M5~MS§ are used to replace the op amps.
The circuits can not only tune the linearity but also the unity gain frequency.
Furthermore, the OTA could operate at the lower power supply than the circuit in
[10].

At first, the operation of the feedforward circuit is presented. Assume there are
large differential signals in the input pairs, which is the voltage in VI1 is increased,
and the voltage in VI2 is deceased. If the voltages between the gate and source of
M3 and M4 do not follow the variations in the input pairs, the drain voltage of M1
will decrease, and the drain voltage of M2 will increase to make I4;=I43 and I4=Iqa.
However, the variations in the drains of the input pairs will degrade the linearity,
and the feedforward-regulated circuit is used to overcome the problem of the
variations. When the source voltage of MOS M3 decreases, the gate voltage of MOS
M4 decreases, which is due to the source follower circuit, M6 and MS8. Since the
gate voltage of M4 decreases, it would make the drain voltage of M2 decreases, too.
Therefore, the drain voltage of M2 could be fixed to a constant value by the
feedforward-regulated circuit. The drain voltage of M1 will also be fixed to a
constant value by the similar operation.

By the way, the math formulas for the output current to the input voltage will
be derived to prove the concept of the circuit. First, we make the following
assumption VII = Veum +Vig, VI2 = Vem-vig, Vi = Vps+ A Vp, and Vy = Vps— A
Vp. In Fig. 2.2, if the drain-source voltages of input pairs are constant, the relation

between output current and input voltage is:

I —lp, = Zﬂl,ZVDS VI1-VI2) = 2/61,2\/05 (2v,) (3.20)

25



The transconductance is proportion to /3 1..Vps, and could be very linear. However,
since the drain-source voltages of input pairs vary with the temperature, fabrication
processing and the input signal, the relation between output current and input

voltage will become as:

I D1 — I D2 — 2ﬂl,2 [VDS VIT-VI2)+ AVD (VCM - 2Vthnl,2) - 2AVDVDS ]

= 2ﬂ1,2 [VDS (2Vid )+ AVD (VCM - 2Vthnl,2) - 2AVDVDs ] (3.21)

Due to the variation of the drain-source voltage A Vp, the linearity degrades.
Therefore, the proposed circuit will reduce the variation, which could find out as

follow. By the regions in the transistors M1~M4, the current formulas can be got as:

1
I DI — 2131,2 [Vx (VI 1 _Vthnl,z) - vaz]

= 183,4 (Vy +Vgs7,8 _Vx _Vthn3,4)2 (322)

1
I, = 2ﬂ1,2 [Vy V12 _Vthnl,z) _Evyz]

= 163,4(\/x +Vgs7,8 _Vy _Vthn3,4)2 (323)

From the source follower circuits, based on Ips = Ip7 and Ips = Ipg, the voltage V7, s

could be got as:

)
Vgs7,8 = fNDD -VTU- |Vthp5,6 D+ |Vthp7,8 | (3.24)

7.8

From equation (3.20) as well as (3.21), the differential output current and the

variation of the drain-source voltage of the input pairs are as below:

V, -V, =24V, = o~ Lo,
ﬂ3,4 (Vthn3,4 _Vgs7,8)
2ﬂ1,2VDSVid (3.25)
1

ﬂ],z (Vthnl,z + EVDS _VCM ) - ﬂ3,4 (Vgs7,8 _Vthn3,4)
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2V .V
l,=15 -1 = DS "id V; (3.26)
DS
1

VCM _Vthnl,z T A
+
ﬂl,Z ﬂ3,4(vgs7,8 _Vthn3,4)

2

Based on equation (3.25) and (3.26), the variations on the drain-source voltages on
input pair could be tuning by varying the drain-source voltage Vy, V, of the input
pair, which can be also varied by the voltage VTU. As well, reducing the variation
in the drains of the input pairs will decrease the transconductance, which means it is
tradeoff for the linearity and transconductance. However, increasing Vg7, g will also
increase noise as described after.

3.3.2 Common Mode Feedback and Feedforward Circuits

For fully differential circuit, the common mode gain can be reduced by
increasing the output resistance of the tail current [11]. However, there is a voltage
drop in the tail current, and that would reduce the headroom of the input voltage. So
pseudo-differential circuits are used to increase the headroom, which take off the tail
current from the fully differential circuit. However, the pseudo-differential circuits
have a shortcoming comparing with the fully differential circuits for their common
mode rejection ratio (CMRR). Since the half circuits of the pseudo-differential
circuits for common mode and differential mode are the same, the common mode
gain and the differential gain are almost the same, i.e., CMRR=Apym/Acm=1. This
large Acm, in the pseudo-differential circuits, would lead to huge common mode
variations at the OTA outputs. Hence, a common mode feedforward circuit is
needed for pseudo-differential circuit to reduce the common mode gain. The concept
of the common mode feedforward circuit can be shown in Fig. 3.6. It is obviously
that the common mode feedforward circuit will generate the common mode current.
This current will flow to the output stage and cancel the common mode of the output

current. Therefore, the common mode of the output current is reduced, but the
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differential mode does not influence, which the CMRR increases.

VII :V[‘.\«‘[+Vid N R g|11(V[‘.\«1+Vid) EmVid
1 Gm —> >
— F \ —
VI2=Vepm-Vig gm(Vem-Via) “BmVid
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P~ —

/o

+

gmVem
Fig. 3.6 The concept of the common mode feedforward circuit

As well, the common mode feedback circuit is needed to fix the output
common mode voltage to the reference voltage V,.r. The common mode feedback
and feedforward circuit is shown in Fig. 3.7 [12]. Now, we first discuss the common
mode feedback circuit. The transistors MF1 and MF2 will detect the output common
mode current, and this current will compare the reference current due to the current
mirror pair. If the output common current is larger than the reference current which
means that the common mode voltage is greater than the reference voltage, the
feedback current Icyps will increase to make the output common mode voltage
decreasing. Conversely, the feedback current will decrease to fix the common mode

voltage to the reference voltage V.
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Fig. 3.7 The common mode feedback and feedforward circuit for modified
circuit of MOSFET with constant drain-source voltage

Next, we will see the operation of common mode feedforward circuit. The
transistors MFF1, MFF2 in Fig. 3.7 and M9, M10 in Fig. 3.5 are current mirrors, so
the input common mode current will be detected by the circuit. This current will
flow to the output stage to cancel the common mode current as discussion before.

Finally, the common mode control circuit must be also stable at high frequency,
which needs enough phase margin at high frequency. The open loop gain for the

common mode feedback circuit is:

AbMFB(S) = gCMFB (S) X Rout

— gmf 1,mf 2 X Rout (3 27)
145 | 1452 (1+sC, xR,,)
gmf6 gmff4

where C, and Cg are the total capacitance in the points A and B. From equation
(3.27), the pole at 1/ (CixRoy) is the dominated pole, and the poles at gmw/Ca,
2mfrs/2Cp are the non-dominated poles. They must be pushed far away the unity gain

frequency to increase the phase margin.
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3.3.3 Noise Analysis

Thermal noise:

As discussion in subsection 3.2.3, the dominated noise is the thermal noise in
high frequency. Hence, the output-referred noise spectral density of the constant

drain-source voltage using feedforward circuit is as:

2 1 2VDS 51,2

I =2[4KT (g)]

out,n

V

I 181,2 (VCM _Vthnl,z - LS)

1+ 2
ﬂ3,4 (Vgs7,8 _Vthn3,4)

2 2
2[4kT (g)]gm 2[4kT (g)]gms 1 i ;
(g, + )2 + (0, +9 )2 +2[4kT(§)] g ><ﬂ3,4 (Vgs7,8 _Vthn3,4) (3.28)
ds7 ds5 ds7 ds5 m3

ALAKT (§>19m9

where the parameters in (3.28) are the same as subsection 3.2.1. Also, the

input-referred noise spectral density could be calculated as:

I 2

V- 2 — out,n (329)

in,n 2

2VDS:B1,2
VDS
ﬂl,z (VCM _Vthnl,z _7)
:B3,4 (Vgs7,8 _Vthn3,4)

1+

For the constant drain-source voltage without feedforward circuit, the thermal noise

due to the MOS M3 and M4 is as:

2AKT (2)] o (—Fm (3.30)
3 gm3 1+gm3rdsl

However, from the second term in (3.28), the noise due to M3 and M4 is In2 * 3 3,42
(Vgs7,g-Vthn3,4)2=In2* gm32 for Vg3=V,4. This is because the drain voltages of M1 and

M2 are fixed by the feedforward circuit. Therefore, the points are grounded for
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small signal, so the resistance rq5; does not influence the noise due to M3 and M4.
As well, the large aspect ratios of the input transistors and small aspect ratios of the
load transistors should be designed for small output noise. When the voltage V73
increases to reduce the variation A Vpg in (3.25) and increase the transconductance
in (3.26), the output-referred noise also increases as shown in (3.28). However, the
input-referred noise is larger than the traditional circuit due to the added current

feedforward circuit.
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Chapter 4

Transconductance-C Filters

4.1 Introduction

In recent years, there are lots of filter synthesis techniques presented. In these
techniques, not all of them are suitable for the design of high speed filters. As
described in chapter 1, the sampled-data analog filters, RC active filters and
MOSFET-C filters are not suitable for high speed filter designs. However, the
transconductance-C filters could be operated at high frequency. Hence, the
transconductance-C filters will be introduced in this chapter [13].

For the transconductance-C filter designs, the basic building elements are
transconductors and capacitors. In filters structure, the capacitor could be grounded
or floating. In section 4.2, the ransconductance-C integrators will be described, and
it will also discuss the non-ideal effects for the first order filters. In section 4.3, the
4™ order biquad filter will be introduced, which is the filters we used. The blocks
which using transconductors as resistors will discuss in this section, and next the
biquad section and 4™ order filter cascading two biquad section will also be
discussion. Finally, the output buffers will be described, which avoid the influence

of the output devices.
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4.2 Transconductance-C Integrators

In this section, the fundamental transconductance-C filter is discussed. First,

the ideal integrator model for transconductance-C filter is described. For ideal

transconductors, they have infinite output resistance, infinite bandwidth etc.

However, the transconductors are not ideal in the real world. Hence, the non-ideal

effects of the transconductors will be described in subsection 4.2.2.

4.2.1 Integrator Model

Fully differential transconductance-C integrators are shown in Fig. 4.1. For

fully differential structures, the even order harmonic distortions could be canceled

for ideal condition. Therefore, most of integrators are implemented by fully

differential structures. However, the single-ended integrators are discussed in this

subsection for simplicity as shown in Fig. 4.2.

/ 0

~——_ i I 2C,
+ +

i(!
o— + + %ov@ VT _’-LOV(&
Vin Gm Cp 2_ Gm v
- 1>

| __— 0 ;I:ch

(b)

Fig. 4.1 The fully differential integrator

Vi \I i \Y%
_ + e out
 J

G)

J_C
e

Fig. 4.2 The single-ended integrator

In Fig. 4.2, the ideal transconductanor has an infinite input resistance and




infinite output resistance, and the output voltage in this integrator could be derived
as:

_Vou(S) _ Gn
H(s)= TNERES (4.1)

with s=j @, which equation (4.1) could be described as Hj® ) = gn/j @ XCL=[R(j @)
+jX(j)]™". In equation (4.1), we can see that the ideal integrator has infinitely high
DC gain. As well, since phase margin defines as PM=-180"+tan (X(j» /R(j ®))
and quality factor defines as Q(j @ )=X(j @ )/R(j @), the ideal transconductor has
PM=-90" for all frequencies and infinite quality factor. Finally, the unity gain

frequency for the integrator is:

9
@ =-=D 4.2
C,. #2)

4.2.2 Non-ideal effects in the integrator

For non-ideal tranconductors, they have non-zero output conductance and a
delay in transfer function. Since transconductors have parasitic poles and zeros,
there is a delay in the integrator transfer function. However, these poles and zeros
effects could be modeled with a single effective zero due to parasitic poles and zeros
locating at much higher frequency than the unity gain frequency. The zero could be
at right complex half-plane (RHP) for the phase lag or at left complex half-plane
(LHP) for the phase lead.

The non-ideal integrator could be modeled as Fig. 4.3. From Fig. 4.3, the
transfer function for this non-ideal integrator is:

Vo (9) _On 1-sr, 1-sr,

nonideal — - =A (43)
e VIN(S) go 1+s& 1+STI

%

Hence, there are finite dominate pole and DC gain due to the non-zero output

conductance given as:
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=2t Azt (4.4)

% %

In Fig. 4.4, the ideal as well as non-ideal magnitude and phase responses are given.

Normally |1/ 7 i|[<< @ 1<<|1/ T 4.
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Fig. 4.3 The non-ideal single-ended integrator
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o
S
l

phase (deg)

-180
Fig. 4.4 Gain and phase of an ideal integrator and a non-ideal integrator
From Fig. 4.4, the finite DC gain and the parasitic zero cause the deviation of

the integrator phase from -90 . The phase error is defined as:

Ap(@) = arg[H ;i5eq (@)]+90° (4.5)
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This error is a principal source of errors in filters. Next, we rewrite the transfer

function as:

1
H onigear (@) = m (4.6)

Hence, the quality factor of an integrator is defined as:

Qnonideal (a)) = y = tan(— arg( H nonideal ( J(t)))) (47)
(@)

From equation (4.3), (4.6), and (4.7), we can get the reciprocal value of the quality

factor as:

1 ~ L T, (4.8)

Qnonideal (0)) COTI

From equation (4.8), the quality factor is infinite at the frequency which is the
geometric mean of the dominant pole and the effective parasitic zero. Note that this
condition holds as the output conductance g, and the delay 7 . have the same sign.

The phase at that frequency is also exactly -90°.

4.3 Fourth order filter by cascading two biquad sections

In this section, the 4™ order filter is presented. Since the proposed OTAs are
used to compose of 4™ order filter, the filter must be introduced. However, we will
first introduce the resistor and inductor blocks, and then a biquad section will be
discussed. Finally, the 4™ order filter and output buffers will be described.

4.3.1 Resistor and inductor blocks

Since RLC are the basic elements for composing of the filters, the following
will introduce the methods using the transconductors as resistors and inductors [14]

Resistors:

First, the resistor model is discussed. The Fig. 4.5 shows the resistor
configuration for single-ended transconductor and differential transconductor. In Fig.

4.5, since the transconductor input is an open circuit ideally, the input current I is
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equal to the transconductance output current I, as:

li=1,=g,V, (4.9)

Thus, the configuration represents a resistor as its equivalent resistance as:

R=Vi_ ! (4.10)

s

Note that it must maintain negative feedback when forming the gm-based resistor. If
the feedback connection becomes positive, the resistance will be negative.

10

'\

s I;
V; - m
—o— - - —
/
(a) (b)

Fig. 4.5 The resistor elements using transconductors

Inductor:

In the following, the inductor element for using transconductor is discussed.
The configuration for this element is shown in Fig. 4.6. From Fig. 4.6, the current
equations could be:
l,=09,,v, (4.11)
,=0,V, (4.12)
Also, based on the voltage across the capacitor C, the following equation could be

got.

1
V, =1, x— 4.13
=X (4.13)

Hence, the inductor using transconductor block can be got as its inductance being:
V, 1| 1

sL=-L= 2= sC (4.14)
L 9miOm Vo GO
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Fig. 4.6 The inductor elements using transconductors

4.3.2 Biquad Section

The passive RLC circuit of the GIC biquad is shown in Fig. 4.7. From this

figure, the transfer function is as:

(4.15)

1
v, _ R
v +sC, L
sL
R
vV, ® M *
C =

Fig. 4.7 The second order bandpass filter for passive RLC prototype

Using the elements discussed in subsection 4.3.1, the active biquad section could be

shown in Fig. 4.8 for the single-ended and differential models.
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Fig. 4.8 The second order bandpass and lowpass filter for active transconductance-C
prototype

For R = 1/gn; and L = Cy/gm3gma, the transfer function for bandpass filter will

be:
VA __ SC, 00, (4.16)
Vv, s'CC, +sC,0,, + 0,394
Using the fact that
v, = —Sngzv2 (4.17)
The transfer function for lowpass filter is:
io _ O Ins (4.18)

V, s’C.C,+5C,0,,+0,:0,.
The advantage of the biquad section is the cascade fashion, and the loop is very
stable at higher order filter. The disadvantage is the loading effect, and the
sensitivity of the biquad section to component variation is larger than the LC-ladder
structure.
4.3.3 4th Order linear-phase Filter
The implement 4™ order filter by cascading two biquad sections is shown in Fig.

4.9. Since the outputs in second and fourth transconductors of a biquad section are
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connected together with the output in first transconductor, it needs a common mode
feedfack circuit to fix the outputs of the three transconductors to the reference
voltage. The common mode feedforward circuit in each transconductor depends on

the requirement of the transconductor.

CMFF | CMFF |¢— [CMFF Je—

CMFB

T

VI

— I
L\f\

1 em "7 om2 -
— - - e - + -
ST
vo1t ;L—E I
+ - — - - e + - - - - ®
GM1 —{ om1
. GM1 i+GM1+ - + = J_+ + |—o
e V02 1\ f 1 b Ny I
{940 —> g94ND
L »[4dW0] L—a[dd0D —»{33W0

Fig. 4.9 The 4™ order lowpass filter

From equation (4.18), the cutoff frequency @y and the quality factor Q for a

biquad section can be expressed as:

9

_ 9w 4.19
a2 (4.19)
Qp=h (4.20)

G2
K=1 4.21)

From equation (4.19), the unity gain frequency of the first transconductor in the
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biquad section is equal to the cutoff frequency of the biquad. The denominator of the

biqurad section and the changed phase of the implement 4™ order filter are given in

Table 4.1.
TABLE 4.1 Denominator of biquad section transfer function
Filter order N E(s) for A6=0.05"
4 (5*+1.9295+1.156 ) x (s°+1.489s+2.57)

For this filter, the changed phase should less than 0.05°. From Table 4.1, the quality
factors and normalized cutoff frequencies for first and second biquad section are
Q1=0.5573, @01=1.0752, Q2=1.0652, @ 0,=1.5865.

4.3.4 Output Buffers

When measuring the filter, the loads in the measurement devices will influence
the filter. Therefore, the filter requires an output buffer to avoid the loading effects
from the measurement devices. The following introduces two output buffer circuits:
one is using a transconductor-based resistor as the output buffer, and the other is
using source follower as output buffer, which is used in the implement filter.

Fig. 4.10 shows the output buffer using transconductor-based resistor. For

adding this output buffer, the transfer function becomes as:

Vo u Vo u Vo
T === X Tour (9% T (5) (4.22)

I 0 I

Hence, the total transfer function must be divided by the output buffer transfer

function to get the filter transfer function.

Thiter (8) X Topye
TT (S()S) = (-?) s) ©) = Tiier () (4.23)

However, the signal in filter’s output will be attenuated by the output buffer. This
will make it difficult for measurement since the signal in the output buffer will be

very small.
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Fig. 4.10 The output buffer using transconductor-based resistor

V obuff
:

Another output buffer circuit is source follower as shown in Fig. 4.11. Since the

gain of the source follower is about 1, so the signal in the output node would not be

attenuated a lot for which the measurement will be more easily. Also, there is no

need for another path to give the transfer function back to the filter transfer function

due to the transfer function for the source follower being about 1. However, the

current in source follower must be large to make the DC gain of the filter be about 0

dB.

Filter

—

_|

e

Vul\uIT-

T
V obuff-

Fig. 4.11 The output buffer using source follower
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Chapter 5

Simulation and Experimental Results

5.1 Introduction

In order to express the performances of the transconductors and filters, the
following results about OTAs and filters must be given.

Common Mode Rejection Ratio (CMRR):

CMRR = —2ou_| .1)

M-DM

where Acm.pm denotes common-mode to differential-mode conversion.
Power Supply Rejection Ratio (PSRR):
In order to prevent the noise from the power supply node, the circuits must

have good PSRR, which definition is:

PSRR = ou Vi __Pou (5.2)
Vout /VDD APS—DM

Power Consumption or Current Consumption:
The circuits must provide about their power consumption or current
consumption, and their relation is as below:
P=1xV (5.3)
Linearity:
As described before, the linearity is the main disadvantage for the

transconductance-C filter. Hence, the linearity is the main consideration for the
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transconductor. The following expresses two methods to describe the linearity
performance about the transconductors and filters.
Total Harmonic Distortion (THD):

When a signal applies to the transcoductors or filters at a reference frequency,
the linear output signal must have the same frequency. However, the output in
practice will have frequency components at harmonics of the input waveform,
including fundamental harmonic. Therefore, the total harmonic distortion of a signal
is defined to be the ratio of the total power of the second and higher harmonic
components to the power of the fundamental for that signal, as shown below in units

of dB:

2 2 2
Vie #Vos Vg -
2
Vi

THD =10x log( ) (5.4)

Usually, the higher harmonic distortions are very small and can be neglect. As well,
the even harmonic distortions are canceled for fully differential circuits. Therefore,
the third harmonic distortion is the dominant distortion and another definition for the
third harmonic distortion is equal to THD approximately. The definition in units of

dB is:

2
HD3 = 10><10g(\\//h—32) (5.5)

f

Third-order intermodulation (IM3):

Filter linearity is often worse when higher input signal frequencies are applied
due to nonlinear capacitances or nonlinear signal cancellation. Thus, it is useful to
measure filter linearity with input signals near the upper edge of the passband.
However, the harmonic components fall in the stopband of the filter, thus the THD
value is falsely improved. So the IM3 is used to measure filter linearity near the

upper passband edge. Consider a nonlinear system for which the higher harmonic
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distortions can be neglect and the even order distortions are cancelled due to fully
differential. Therefore, the relation about input and output is:
V.t =aV, (t)+aV, (t) (5.6)
If a sinusoidal signal is given as:
V,,(t) = Acos(at) (5.7
Using equation (5.6) and (5.7), the output signal could be:
V,(t) =Hyp, cos(awt) + H; cos(3at) (5.8)
where Hp; = a;A and Hp; = a3A%/4. Thus, the third-order harmonic distortion ratio
is:

_Hos _ o A
HD3 = H. (al ) 2 ) (5.9)

As discussed above, this distortion term lies at 3 @t which will be improved by filter
due to falling in the stopband. Hence, the intermodulation test is used to move the
distortion term back near the frequency of the input signal.
Nowadays, if the input signal consists two equally sized sinusoidal signal as:
V,,(t) = Acos(at) + Acos(w,t) (5.10)
From equation (5.6) and (5.10), the output signal can be shown to be approximated

by:

V,(t) = (a,A+ % A¥)[cos(at) + cos(w,t)]

+ 3 Acos(Bayt) + cosBat)]
4 (5.11)

+3% A’[cosat + wt) + cosRant + ot)]

e

A’[cos(ot — (w, — @)t) + cos(a,t + (v, — @, )t)]

where the second and third terms express the distortions lied in the stopband. The
fourth term means that two distortions are very close to the input signal. Now, the

intermodulation distortion levels are given as:
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I, =aA (5.12)

_33

loy == A (5.13)

where it assume a;A >> 9a3A3/4.Thus, the ratio of these two is the third-order

intermodulation value, given by:

3A?
4

IM3 = Jos _ By
I a

D1 1

) (5.14)

5.2 Performance of the source degeneration Current Feedback OTA

and filter

5.2.1 Simulation Results of Transconductor

Transconductance:

proposed
4.0x10° . : , : , . | — — Origin

3.5x10° |

3.0x10° |

25x10° |

2.0x10° |

1.5x10° |-

Transconductance[s]

1.0x10°

5.0x10° ' : ' . . . ' . '
1.0 05 0.0 05 1.0

Differential Input VVoltage[V]

Fig. 5.1 Transconductance of OTA for traditional and proposed source degeneration
circuit

In Fig. 5.1, the proposed circuit has more flatness transconductance than the
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traditional circuit, which means the proposed circuit has better linearity than the
traditional circuit.

Magnitude & Phase Response:

magnitude response
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Fig. 5.2 (a) Magnitude response (b) phase response for the transconductor
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In Fig. 5.2 (a), the DC gain is 33.3dB and the unity gain frequency is 205MHz.
As shown in Fig. 5.2 (b), the phase margin is 84.9".

THD:

VT T T T T T T

sl 1
30— . L | L J

Magnitude [dB]

100 | -
120 -

=140 -

JET=70)) A R R S R N I R S
0.0 200.0M 400.0M 600.0M 800.0M 1.0G6 12G 14G 16G 1.8G

Frequenvy [Hz]

Fig. 5.3 The total harmonic distortion for the transconductor
In Fig. 5.3, the HD3 is about -40dB for 100MHz 400mV V,, input signal. The
proposed circuit has better HD3 about 6dB than the traditional circuit.

CMRR & PSRR:

60 -
50 -
40

30

Gain [dB]

20

40 l L L L L ul |
10 100 1k 10k 100k M 10M 100M 1G

Frequency [Hz]

Fig. 5.4 The common mode rejection ratio for the transconductor
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Fig. 5.5 The power supply rejection ratio for the transconductor

In Fig. 5.4 and Fig. 5.5, there are 68.6dB CMRR and 36.4dB PSRR at DC for
the transconductor.
5.2.2 Simulation Results of Filter

Cutoft Frequency & Group Delay:

Magnitude response
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Group Delay
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(b)
Fig. 5.6 The magnitude and group delay response for filter
From Fig. 5.6, the cutoff frequency is about 250MHz, which is the least
requirement of the ultra wideband application. The group delay variation is about
3% at the cutoff frequency. The maximum value of the magnitude response is not
0dB due to the drivers, which need very large current to push the DC gain of filter to
0dB.

THD/IM3:

Magnitude [dB]

I I I 1 5 I
100.0M  1500M  2000M  2500M  3000M  3500M  400.0M

Frequency [Hz]

Fig. 5.7 The total harmonic distortions for filter
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Fig. 5.8 The third-order intermodulation distortions for filter
From Fig. 5.7 and Fig. 5.8, the HD3 is -44.9dB for 82.5MHz input signal and
the IM3 is -38.5dB for 252MHz and 248MHz input signal. IM3 is usually worse

than the HD3 for which IM3 = (as/a; ) x(3A%/4) and HD3 = (as/a; )x(A%/4).
TABLE 5.1 The spec for the filter

spec
Power supply 1.8v
Filter type 4th order equiriplple linear phase filter
Cutoff frequency 250MHz
Input swing 0.2V,
HD3 -44.9dB @ 82MHz input signal
IM3 -38.5dB @ 250MHz input signal
Group delay variation 3%@Foutonr
Active area 0.386*0.264mm’
Power consumption 42mwW
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5.2.3 Measurement Results of Filter

The layout for this circuit is shown in Fig. 5.9 (a) and the die photo is shown in

Fig. 5.9 (b). The active area is 0.386*0.264mm”.

(b)
Fig. 5.9 (a) The layout for the filter (b) The die photo for the filter

The magnitude response and the group delay for the filter is shown in Fig. 5.10.

The cutoff frequency is about 250MHz, which is least requirement for the UWB,
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and the group delay variation is less than 5ns at the cutoff frequency.
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Fig. 5.10 (a) The magnitude response for the filter (b) The group delays for the filter
The following measurements express the linearity performance. The Fig. 5.11
is the THD. From this figure, the HD3 is about -40dB for 80MHz input signal. By
the way, the HD2 is -42.57dB, which is due to the mismatch for the current mirror
pairs and mismatch for the input pair causing input offset. As described in before,
the upper band of the filter will falsely improve the HD3, so the IM3 is used to

express the linearity for the upper band of the filter. In Fig. 5.12, the IM3 is shown
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to be about -35dB for 252MHz and 248MHz input signals.
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Fig. 5.11 The total harmonic distortions for the filter
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Fig. 5.12 The intermodulation distortions for the filter
The output noise is 251.9uV for the frequency from 10MHz to 250MHz as

shown in Fig. 5.13.
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Fig. 5.13 The output noise for the filter

5.3 Performance of the Feedforward constant-VVds OTA and filter

5.3.1 Simulation Results of Transconductor

Transconductance:

transconductance

T T T T T T
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1.3m

Transconductance

1.2m

1.0m ' [ . ' . l .
1.0 05 0.0 05 1.0

differential input [V]

Fig. 5.14 Transconductance of OTA for low power feedforward-regulated circuit
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In Fig. 5.14, the proposed circuit has flatness transconductance at
+0.25V~-0.25V differential input signal, and the maximum transcoductance value is
about 1.75m (1/Q2).

Magnitude & Phase Response:

In Fig. 5.15 (a), the DC gain is 30.2dB and the unity gain frequency is 260MHz.

As shown in Fig. 5.15 (b), the phase margin is 84.5".
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Fig. 5.15 (a) Magnitude response (b) phase response for the transconductor
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THD:

Total Harmonic Distortion
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Fig. 5.16 The total harmonic distortion for the transconductor

In Fig. 5.16, the HD3 is about -44.4dB for 100MHz 600mV V,,, input signal.

CMRR & PSRR:
—— CMRR without CMFF

4.0 ALAALLL LA ALLL IR AL IR LLL B I LA IR LA LR
35 i

) \

=

o

o

s

O a0l i
25 sl EERETTIT BT ara e | o aanl sl issaanul A anl A iiaas

10 100 1k 10k 100k ™ 10M 100M 1G

Frequencty [Hz]

Fig. 5.17 The common mode rejection ratio for the transconductor without CMFF

From Fig. 5.17, the value of CMRR is 3.6dB for the transconductor without
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common mode feedforward, which means a large value of common mode gain for
the circuit. This means common mode noise will appear in the differential output to

interfere the signal.

—— CMRR with CMFF
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Fig. 5.18 The common mode rejection ratio for the transconductor with CMFF
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Fig. 5.19 The power supply rejection ratio for the transconductor
From Fig. 5.18, the value of the CMRR is improved from 3.6dB to 37.4dB with

common mode feedforward circuit. In Fig. 5.19, there is 36.4dB PSRR at DC for the
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transconductor.
5.3.2 Simulation Results of Filter

Cutoff Frequency & Group Delay:

frequency response of filter
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Fig. 5.20 The magnitude and group delay response for filter
From Fig. 5.20, the cutoff frequency is about 255MHz. The group delay

variation is less than 5% up to 1.26 times the value of the cutoff frequency. The
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maximum value of the magnitude response is not 0dB due to the drivers, which need
very large current to push the DC gain of filter to 0dB.

THD/IM3:

Total Harmonic Distortion
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Fig. 5.21 The total harmonic distortions for filter
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Fig. 5.22 The third-order intermodulation distortions for filter
From Fig. 5.21 and Fig. 5.22, the HD3 is -43.3dB for 82.5MHz 400m input

signal and the IM3 is -38.9dB for 257MHz and 253MHz input signal.
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TABLE 5.2 The spec for the filter

spec
Power supply 1.8v
Filter type 4th order equiriplple linear phase filter
Cutoff frequency 255MHz
Input swing 0.4V,
HD3 -43.3dB @ 82MHz input signal
Group delay variation <5%@1.26f ot
Active area 0.3515*0.3609mm’
Power consumption 42mW

5.3.3 Measurement Results of Filter

The layout for this circuit is shown in Fig. 5.23 (a) and the die photo is shown

in Fig. 5.23 (b). The active area is 0.3515%0.3609mm”.
_

SRR
EIEE

(a)
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(b)
Fig. 5.23 (a) The layout for the filter (b) The die photo for the filter
The magnitude response and the group delay for the filter is shown in Fig. 5.24.
The cutoff frequency is about 250MHz, which is least requirement for the UWB,

and the group delay variation is less than 5ns at the cutoff frequency.

MR SZ1 Log Mag 5.000dB/ Ref -10.00dE [D/M]
15.00

=1 250.08587 MHz -2.7326 dB
2 75.409499 MHz -0.70B87 dB
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P =21 Delay 10.00ns/ Ref 0.000s [D/M]
50.00n
1 244.48699 MMz 15.627 ns
=2 75.400409 MHz 24.793 ns
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30.00n 7
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1
10.00n 1
0.000 4
-10.00n
-20.00n
~30.00n
-40.00n
-50.00n 'S

1 Start 10 MHz IFBW 70 kHz Stop 500 MHz !

(b)

Fig. 5.24 (a) The magnitude response for the filter (b) The group delays for the filter

The following measurements express the linearity performance. The Fig. 5.25
is the THD. From this figure, the HD3 is about -40dB for 80MHz input signal. By
the way, the HD2 is about -20dB, which is due to the mismatch for the current
mirror pairs and mismatch for the input pair causing input offset. The second
harmonic distortion maybe contributed due to the lower CMRR which is lower than
the source degeneration with current feedback. As described in before, the upper
band of the filter will falsely improve the HD3, so the IM3 is used to express the
linearity for the upper band of the filter. In Fig. 5.26, the IM3 is shown to be about

-36dB for 252MHz and 248MHz input signals.
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Fig. 5.25 The total harmonic distortions for the filter

Mkrd 244,08 MHz
Ref 23 dBm Atten 5 dB -72.92 dBm
Peak ) 1
Log
18
dB/
4 3
Center 258 MHz Span 2@ MHz
Res BH 180 kHz YEW 168 kHz Sweep 4 ms (4081 pts)
Marker Tracae Typa ¥ Axie Amplitude
1 1 Frag 252.88 MHz -36.13 dBEm
2 (G Frag 248,88 MHz -36.93 dBm
3 (G Fraqg 256.88 MHz -72.21 dBm
4 (G Fraqg 244,88 MHz -72.92 dBm

Fig. 5.26 The intermodulation distortions for the filter
The output noise is 182.7uV for the frequency from 10MHz to 250MHz as

shown in Fig. 5.27.
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Ref 11.21 mY

Center 15,5 MHz
Res BH 3 MHz

Atten 5 dB

WBH 3 MHz

Mkrl & -243.7 MHz
182.7 pV

Band Pwr

Span 299 MHz
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Fig. 5.27 The output noise for the filter

TABLE 5.3 The comparison of the proposed filters with other papers

[34]JSSC | [35]TCAS-I The filter with The filter
Reference : .
2003 2006 negative feedback with constant Vg
0.5u 0.35u
Technology 0.18u CMOS 0.18u CMOS
CMOS CMOS
Suppl
HPPY 33 33 1.8 1.8
Voltage
Filter Order 4 4 4 4
-3dB
100MHz 550MHz 250 250
Frequency
HD3/IM3 -40dB -40dB -39.68dB -40.48dB
Output noise 251.9uV 182.7uV
) 700UV, | -147dBm/Hz
level/density (10MHz~250MHz) | (10MHz~250MHz)
Power
) 86mWwW 140mW 42mW 42mW
Consumption
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Chapter 6

Conclusions

6.1 Conclusions

Since the transconductance-C filters are more suitable than switch capacitor
filters in high frequency application, they are usually used in high frequency
applications. However, their mainly poor are linearity, so linearity improvement
techniques are required. In this thesis, there are two transconductance-C filters are
proposed to apply in high frequency applications such as ultra wideband and
hard-disk driver.

Source degeneration circuit must use large value of resistor to improve linearity.
Also, the current feedback works well at high frequency than voltage feedback due
to the former has larger bandwidth. Hence, the proposed circuit adds negative
current feedback to improve the linearity, which can achieve the requirement
without large resistor. Another circuit modifying the constant drain-source voltage of
input pair is proposed, which is more suitable in the lower power supply and high
frequency applications. In this circuit, the common mode feedforward circuit is
introduced to increase the common mode rejection ratio.

Finally, 4™ order linear phase filter by cascading two biquad sections is

expressed. In the next, the simulation results and the measurement results for the
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transconductors and filters are shown in the chapter 5.

6.1 Future Research

Some suggestions for the future work are given as follows. The cutoff
frequency of the filter could be at 60MHz~100MHz. It has high priority over the

linearity enhancement. Additionally, the tuning range should be improved, as well.
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