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ABSTRACT

A bandstop filter is required in broad-band receivers to attenuate the interference
signal from the wanted signal. Due to the voltage, temperature, and process variation,
automatic tuning circuitry is required to maintain filter characteristics and improve the
filter performance. This research proposes a new design method for a second-order tunable
bandstop filter and a new technique to tune the center frequency, the bandwidth, and the
attenuation of the bandstop filter.

The first part of the work presents a tunable bandstop filter based on source
follower. The filter is designed using a source follower architecture with partial positive
feedback and feed-forward paths using a 0.18pum CMOS technology. The filter consumes
about 1.4 mW from a 1.8V power supply, and it is designed to have 1.5 GHz center
frequency with 360 MHz bandwidth and 80 dB attenuation. The filter achieves 10 dBm
IIP3 for two tones at 1.2GHz and 1.203 GHz.

The second part of the work discusses a new automatic tuning scheme for the
bandstop filter. The method is tuning the filter parameters such as center frequency,
bandwidth, and attenuation by using phase comparison. The phase difference between the
input and the output of the bandstop filter is detected by D flip flops. The tuning circuit
consists of D flip-flops, counters, switches, digital to analogue converter, and passive
components. The tuning method was verified by simulation and experimental results. The
simulation results show the frequency tuning error of 0.13% and the bandwidth tuning

error of 0.88% at 1.5 GHz with bandwidth of 478MHz. Experiment results were obtained
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using discrete components, showing the frequency tuning error of 0.22% and the

bandwidth tuning error of 0.66% at 1IKHz with bandwidth of 200Hz.
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GPS Global Positioning System

RF Radio Frequency Module
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Qss Quality factor of Bandatop Filter
R Resistance

C Capacitance
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1. INTRODUCTION

Bandstop filters are usually used in broad-band radio frequency (RF) receivers to
reject interferences and blockers, which affect the performance of receivers by reducing
the signal-to-noise ratio (SNR) [1]. Blockers may be unintentional, such as
communication signals from Bluetooth and Wi-Fi, or intentional as in the case of jamming
or spoofing [2]-[3]. A typical broad-band RF receiver with baseband blocker rejection is
shown in Figure 1.1, where the bandstop filters are placed after the down-conversion
mixer [3]-[5]. This topology requires the low-noise amplifier (LNA) and the mixer to be

very linear and have high dynamic range to avoid saturation due to blockers [6]-[7].

Bandstop yga
Mixer  Filter

< g

., Bandstop vyGA
9% Filter

Mixer

Figure 1.1 A typical broad-band RF receiver with baseband blocker rejection,
reprinted with permission from [4].



Several bandstop filter implementations including active-RC, MOSFET-C, Gm-C,
and active-LC topologies can be found in the literature [8]-[11]. Active-RC
implementation may be preferred for applications requiring high linearity, due to its
closed-loop feedback architecture. However, a significant limitation for this
implementation is that it requires operational amplifiers (opamps) with high gain-
bandwidth (GBW) product, typically ten times higher than the center frequency, resulting
in high power dissipation for high frequency applications [12]. Furthermore, a tunable
active-RC filter can only be implemented using capacitor or resistor arrays occupying a
large area, since active-RC filter characteristics are determined by resistors and capacitors
[13]. Alternatively, MOSFET-C filter topology can provide more efficient tunability using
MOSFETs in triode region as variable resistors in an active-RC implementation [14].
Although the area can be reduced, linearity will also be reduced due to resistor
nonlinearities. In addition, high-GBW opamps are still required, making MOSFET-C
realization unsuitable for high-frequency applications.

Gm-C filter topology is an efficient choice for high frequency applications due to
moderate levels of power dissipation. Gm-C filter parameters depend on transconductance
(Gm) values that can be controlled through bias currents, therefore tunable filters can be
realized. However, since the transconductors are used in open loop, linearity of Gm-C
filters is limited [12]. Active-LC filters are also suitable for high frequency applications
providing high linearity with low power dissipation, however they consume a large area

due to inductors [11]. Although tunable active-LC filters can be implemented using a



combination of varactors, capacitor arrays, and active components [15], adding tunability
further increases area requirements of active-LC filters.

Frequency characteristics of bandstop filters, such as center frequency (o), quality
factor (Q), and attenuation (o), are generally based on the values of active and passive
components, which are sensitive to process, voltage, and temperature (PVT) variations.
Thus, automatic tuning circuitry is required to obtain the required response and maintain
these characteristics [16]-[19]. Filter tuning methods reported in the literature usually
target center frequency and quality factor as the parameters to calibrate, however
simultaneous control of attenuation at the notch frequency is also critical for bandstop
filters. In addition to individual control of each parameter, the tuning system must ensure
the stability of the filter when multiples of control loops exist [19].

Several methods for tuning center frequency have been reported in the literature
[20]-[21]. The phase-locked loop (PLL) method, where a voltage-controlled oscillator or
filter is used as a replica to lock the center frequency to a reference, is the most commonly
used technique for tuning the pole frequency. Quality factor tuning methods generally rely
on a direct relationship between the filter’s gain and quality factor, where a magnitude-
locked loop [22] is used to set the gain to a desired reference. These methods are not
applicable to all filter types, such as bandstop, and combining frequency and quality factor
tuning typically requires two tuning loops converge simultaneously. The problem
becomes even more challenging when a third control loop is added for tuning the
attenuation, which is required for bandstop filters. In [19], center frequency and quality

factor of second-order filters are tuned using phase comparison at two reference



frequencies, where only one loop is enabled at a given time by digital control to prevent
instability. However, this technique requires monotonic phase response of the filter,
making it unusable for bandstop filters. Besides, multiple references require a frequency
synthesizer for the tuning circuit, significantly increasing the overhead.

In this work, a tunable bandstop filter with an automatic tuning circuit is designed,
which can be used to reject interferences in broadband receivers at RF (before down-
conversion) to avoid mixer saturation as illustrated in Figure 1.2 [23]-[25]. The bandstop
filter could be further moved towards the antenna and placed before the LNA, but this
adds further constraints to the filter specifications in terms of input matching and noise
figure. The optimum location of the filter proposed in this work is between the LNA and

the mixer, due to filter’s capacitive input impedance and noise contribution.

VGA

Mixer
Antenna %
ARG u ] C
>R ®

go°  VGA

Mixer

Figure 1.2 A typical broad-band RF receiver with blocker rejection at RF.
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The proposed filter structure is based on the source follower topology [26],

providing low power dissipation and high linearity. This topology is also suitable for high



frequency applications due to the simplicity of the architecture, where tuning of the filter
is achieved through DC bias currents. A new automatic tuning scheme based on phase
comparison is also introduced to calibrate the proposed bandstop filter, where center
frequency, quality factor and attenuation of the filter are digitally controlled to ensure
stability by enabling one loop at a given time.
1.1. Organization

This dissertation consists of six chapters. The first chapter presents the introduction
and the motivation for this research. The second chapter provides an overview of second-
order bandstop filter implementations, and briefly discusses the advantages and
disadvantages of each implementation, along with tuning methods currently used to
control the center frequency, quality factor, and attenuation in these topologies. Design
methodology of the proposed second-order bandstop filter, along with design
considerations such as stability, noise, and linearity, is explained in chapter three. In
chapter four, the proposed tuning method to calibrate the center frequency, bandwidth,
and attenuation of the bandstop filter is presented. Chapter five shows the simulation and
experimental results of the proposed filter and the tuning method. Chapter six summarizes

the major contributions of this research and offers suggestions for future work.



2. EXISTING BANDSTOP FILTERS AND TUNING TECHNIQUES

A second-order (biquadratic) bandstop filter can be identified with three critical
parameters: Center frequency (o), quality factor (Q), and attenuation at wo (1/a) [27]-

[28]. Based on these parameters, the transfer function of a bandstop filter can be written
as:

V,.:(5) 52 +aw0/Qs+a)§ (D

Vi(s) sz + wO/Q s + w2
The magnitude response of Eq. (1) is plotted in Figure 2.1, where the 3-dB frequencies wu

and oL are given by

1 [1-2a? @)
wy =11+ > 07 W,

1 [1-2a? )
CUL = - E Q2 CUO

where

(A)O = 4/ (UL(UU (4)
Bandwidth (BW) of the bandstop filter is defined by the difference of 3-dB

frequencies (owu-oL), which can be expressed as:

w
BW=wU—wL=6° 1—2a2 ©)
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Figure 2.1 Magnitude response of a second-order bandstop filter.

Figure 2.2 shows a block diagram to implement a second-order bandstop filter,
consisting of two negative-feedback loops and one feedforward path. The negative
feedback loops Loopl and Loop2 mainly determine the quality factor and the center
frequency of the filter, respectively, whereas the feedforward path and the adder are used

to convert the bandpass response (Vsp) to bandstop (Vout).
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\T{r

Figure 2.2 Block diagram of a second-order bandstop filter.

2.1. Bandstop Filter Topologies Reported in the Literature
2.1.1. Active-RC Filters

Figure 2.3 shows an active-RC bandstop filter based on Tow-Thomas Biquad [29],
which has the following transfer function

Vout s? + ‘Ug (6)

Vin 52+%s+w§

The expressions of wo and Q are obtained as:

_ 1 (7)
“o = Re

_Ro (8)
Q= R

In [29], a bandstop filter was designed using the Tow-Thomas topology to have 60
Hz center frequency with a quality factor of 2. Although the design specification for a was

zero, corresponding to infinite attenuation at the center frequency, 40 dB attenuation was



measured due to nonidealities of opamps, resulting in a=0.01. The total harmonic
distortion for a 100mV input was reported as -70 dB, where the power dissipation of the

filter was 150 nW.

R
RQ Vout
C
—J——o c
C 1L
I
11
I
Vin &) ® B
+ R
'[7 +
_[T +
R I

Figure 2.3 Active-RC bandstop filter, reprinted with permission from [29].

The Tow-Thomas biquad topology in Figure 2.3 can be modified to realize
lowpass filters, simply by rearranging the passive components and feedforward paths,
therefore similar power dissipation levels can be expected when lowpass or other types of
filters are designed based on the same topology. Figure 2.4 shows the power consumption
of several lowpass active-RC filters [30]-[33] based on Tow-Thomas biquad versus their
pole frequencies, where a linear relationship between power dissipation and operating
frequency can be observed. Consequently, second-order active-RC topology at GHz
frequencies will be expected to provide power dissipation levels exceeding hundred

milliwatts.
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Figure 2.4 Power consumption versus center frequency among the published active
RC filters

2.1.2. MOSFET-C Filters

Figure 2.5 shows the MOSFET-C bandstop filter that is implemented based on the
Tow-Thomas active-RC bandstop filter by using a MOSFET as a variable resistance [34].
This filter has the same transfer function of the active-RC filter given in Eq. (6), where the
resistance R in Egs. (7) and (8) can be substituted with:

1 )

R =
W
u Cox T (VGS - VT)

Ves = Vi = V5 ,1=1..6 (10)
where p is the mobility, Cox is the oxide capacitance per unit area, and Vr is the threshold

voltage.
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Figure 2.5 MOSFET-C bandstop filter.

Characteristics of MOSFET-C and active-RC filters are similar in terms of power
dissipation and frequency of operation, whereas MOSFET-C filters provide continuous
tuning capability, but lower linearity. In [33] and [35], active-RC and MOSFET-C lowpass
filters are presented, respectively, based on the Tow-Thomas biquad in Fig. 2.5. Although
the two filters report similar orders of bandwidth and power dissipation, the input third-
order intercept point (IIP3) of the MOSFET-C filter was reported as 11 dBm, whereas the
active-RC filter achieved 20 dBm.

2.1.3. Gn-C Filters

Figure 2.6 shows a typical second-order Gm-C bandstop filter. Assuming ideal

transconductors, the transfer function of this filter can be written as:

Vout — Ims 52 + wg (ll)

Vi 9m652+%s+w§
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Assuming gm1 = gm2, the expressions of wo and Q are obtained as:

12
Im3Y9ma ( )

1
(A)OZE

0~ (13)

ﬁ Im3Yma

A second-order tunable bandstop filter based on Fig. 2.6 was designed in [4],
where power dissipation was reported as 12.5 mW when the center frequency was set to
278 MHz with a quality factor of 10, achieving 49 dB attenuation at the center frequency.
In contrast, the active-RC bandpass filter in [31] consumed 56 mW to have 300 MHz
center frequency and a quality factor of 5. In general, when compared with active-RC

topology, lower levels of power dissipation can be achieved using Gm-C filter topology

in sub-GHz frequencies.

Vin o P

_TL_ gms
- i.qb—o Vout
[

b

Figure 2.6 Gn-C bandstop filter, reprintedTwith permission from [4].
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2.1.4. Active-LC Filters
A second-order active-LC bandstop filter is shown in Figure 2.7. The transfer

function of this bandstop filter can be written as:

24 g% 2 (14)
Vs s+ a 0 s+ wg

Vin

= 9m2R,
s+ %s + w?

The expressions of wo, Q and a are obtained as:

) (15)
Wy = E
1 1L (16)
o= 1 Imagmal (17)
gmlrsc

where rs is internal series resistance of the inductor.

In [11], the active-LC bandstop filter in Fig. 2.7 was designed to have 1.15 GHz
center frequency with a quality factor of 46 and attenuation of 60 dB, where the power
dissipation of the filter was 10 mW. The input third-order intercept point (IIP3) and 1dB

compression point of the filter were 12dBm and -2dBm, respectively.
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Vout

Figure 2.7 Active-LC filter, reprinted with permission from [36].

2.2. Automatic Tuning Schemes Reported in The Literature

Due to process, voltage, and temperature (PVT) variations, active continuous-time
filters require an automatic tuning circuit to maintain filter parameters, such as center
frequency, quality factor, and attenuation. Sections 2.3, 2.4, 2.5, and 2.6 summarize the
tuning methods for filter parameters that have been reported in [19], [22], [37]-[46].

Filters with practical tuning systems cannot process the actual input and tuning
reference signals simultaneously. To resolve this problem, direct or indirect techniques
are used to apply tuning schemes to filters, where the most common indirect technique is
the master-slave method. This technique requires two filters (master and slave) that have
the same circuit implementation. The tuning circuit is connected to the master filter,
whereas the slave filter is used to filter the input signal while sharing the filter control
signals from the master filter. A block diagram of the master-slave scheme is shown in

Figure 2.8. This method occupies a large area due to the extra filter, and its efficiency

14



relies on the accuracy of matching between the master and slave filter parameters, which

can vary due to the fabrication tolerances [47]-[48].

Slave Filter
Vinput ——— W Vi Vo — Voutput
Vs VBw VA
r § y § y §
2 A 2
Vi VBw VA
: Vi Vew Va
. Vi Vo
Vin — Master Filter Vo
Tuning Cicuit
1 Vin

Figure 2.8 Block diagram of the master-slave tuning scheme.

Direct tuning is another technique for applying the tuning scheme as shown in
Figure 2.9 [49]-[50]. The tuning process is applied directly to the filter for a certain period
until the filter parameters achieve the desired values, and then disabled while holding the
filter control signals. This scheme requires switches placed at the input and the output of

the filter, which is used at a lower frequency to determine the tuning and filtering periods.
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Vinput Vi Filter Vo bo—m—— Voutput
Vin — 9 —e Vo
Vi Vew Va

Vi Vew VA
L ) Vi

n

Tuning Circuit

Figure 2.9 Block diagram of a direct tuning scheme.

2.3. Frequency Tuning Schemes

The literature covers many frequency tuning schemes [22], [37]-[43], such as
phase locked loop (PLL) using voltage-controlled oscillator (VCO) [22] and frequency
tuning based on peak detection [43]. Most of the frequency tuning schemes are applied
using the master-slave method rather than the direct tuning method. The PLL using VCO

technique has been reported to offer a tuning error of less than 1% [22].

2.3.1. Phase Locked Loop Using Voltage Controlled Oscillator

Figure 2.10 shows the PLL tuning scheme using a voltage-controlled oscillator.
When the filter’s output is connected to its input in a positive feedback configuration, a
voltage-controlled oscillator (VCO) is obtained, which oscillates at the filter’s center
frequency. By detecting the phase/frequency difference between the reference and
oscillation frequencies, the center frequency of the filter can be tuned to the desired value

[22], [43]. The accuracy of this method is limited by the mismatch between the filter in
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VCO and the slave filter. In [22], the tuning error was around 1% to have a 100 MHz

center frequency with a quality factor of 20.

Vinput 4’|V Slave Filter Vo | —  Voutput
Vs

x

|
I LPF
Vi I

Vi VCO Vo fo Phase-
Frequency

Detector

A

fref fin

Figure 2.10 Block diagram of the phase locked loop tuning scheme using voltage-
controlled oscillator, reprinted with permission from [22].

2.3.2. Frequency Tuning Based on Peak Detection

Center frequency of a second-order bandpass filter can be tuned by detecting the
frequency control voltage corresponding to the peak output magnitude when a reference
input at frer is applied at the desired center frequency. As illustrated in Figure 2.11, the
frequency control voltage (Vy) of the master filter is swept within its valid range using
Vramp, Where the tuning circuit detects the value of Viamp at the peak output and applies it
to the slave filter as Vi, tuning its center frequency to the desired value (fref). Using this
method, the tuning error is reported to be less than 0.3% at a center frequency of 105 MHz

with a quality factor of 32 [44].
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Vinput Vi Slave Filter Vo }— Voutput
\;
Vramp ;
Vi
: Master Filter R V
Vin at fref — Vi Vo Vo eV

Tuning Circuit
)I Vin

Figure 2.11 Frequency tuning based on peak detection, reprinted with permission
from [51].

2.4. Quality Factor Tuning Schemes

Quality factors (Q) of filters operating at high frequencies are sensitive to filter
parasitics, especially at high Q values exceeding 10. Thus, a Q-tuning scheme is necessary
for such filters to adjust the quality factor. In the literature, several Q-tuning techniques
have been reported [19], [22], [46].

2.4.1. Magnitude Locked Loop (MLL)

Some types of filters can be designed to exhibit a direct relationship between the
quality factor and the gain at a certain frequency. The MLL method uses this information
to tune the quality factor of the filter as shown in Figure 2.12 [46], where a sinusoidal
signal at the desired center frequency is applied to the input of the filter. The tuning loop
converges when the input and the output of the master filter have the same amplitude,

setting the filter’s gain and quality factor to Q4. Some implementations, such as an active-
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LC filter cannot apply this method because there is no direct relationship between the

filter’s gain and quality factor.

Vinput Vi Slave Filter Vol Voutput
Va
 §
LPF
A
Vin 4 Vi Va v Peak
d Master Filter °T|l Detector
Peak
Detector

Figure 2.12 Block diagram of the magnitude locked loop scheme, reprinted with
permission from [46].

2.4.2. Enhanced Adaptive Q-Tuning Scheme

Figure 2.13 shows the implementation of the enhanced adaptive Q-tuning scheme,
where MLL-based Q tuning with least-mean-square (LMS) algorithm was combined with
PLL-based frequency tuning scheme [22]. By simultaneously using the VCO phase for
frequency detection and VCO amplitude for quality factor detection, not only a second
master filter is avoided, but also Q tuning accuracy was isolated from frequency tuning
errors. In addition, modification of the LMS algorithm allowed lower tuning errors due to

offsets, and the harmonics of the reference signal did not affect the tuning accuracy. This
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scheme has been reported to have a tuning error of less than 1% for both center frequency

and quality factor at 100 MHz with a quality factor of 20 [22].

Vinput Vi Slave Filter Vo | Voutput
Vi Va

-~

ﬁL’ﬁn Phase- ! ¢
Frequency  LPF |4

Detector
—1fo VCO
. > :
1 . Vi Va :
M ad [ Vi MasterFiter Vo [ o X 'Q
Comparator

Figure 2.13 Block diagram of the enhanced adaptive Q-tuning scheme, reprinted
with permission from [22].

2.4.3. Digital-Tuning Method Based on Phase Comparison

The digital tuning scheme, shown in Figure. 2.14, is based on a phase comparison
to detect and tune the center frequency and quality factor [19]. The tuning scheme relies
on locking the output phase of a second-order filter to known references at its 3-dB
frequencies. Using binary phase comparison and digital control of tuning loops, this
method allows simultaneous convergence of frequency and quality factor control loops,

and was verified with 1% tuning accuracy at 5.5 MHz for Q of 20 [19].
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f135 f13s

Figure 2.14 Block diagram of digital-tuning method based on a phase comparison,
reprinted with permission from [19].

2.5. Attenuation Tuning Schemes

The function of the bandstop filter is to attenuate unwanted signals at the center
frequency; thus, the amount of attenuation must be significant in order to make sure that
the unwanted signals are rejected. Most researchers have focused on tuning the quality
factor and center frequency because these parameters are necessary to characterize
lowpass, highpass, and bandpass filters. Unfortunately, there are few methods for tuning
attenuation, possibly because this parameter applies only to bandstop filters [47].
2.5.1. Attenuation Tuning Based on Magnitude

To detect the attenuation of a bandstop filter, first an input signal at the center
frequency should be applied. The attenuation control voltage is then adjusted until the
magnitude at the output of the filter is minimized [47]. Note that if the input signal is a

non-ideal sinusoidal signal, it may cause an error in the attenuation loop depending on the
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magnitude detection method. In addition, any frequency tuning error will significantly
affect attenuation tuning.
2.5.2. Self-Tuning by Phase Feedback from Output

Block diagram of the self-tuning method by phase feedback from the filter output
is shown in Figure 2.15. This tuning method is based on comparing the output of the
bandstop filter with a reference signal that has a 90° phase shift [47]. When the phase of
the output signal achieves 90°, it means that the bandstop filter has a large attenuation. To

reach the 90° phase shift, the reference frequency should be set to:

Ve . (18)
wref = W, W-I_ 1+4_Q2

Since the bandstop filter output amplitude is very small at the center frequency,

phase detection usually causes large tuning errors using this method.

Vinput 4;| Vi Slave Filter Vo Voutput

VA
y 3
LPF
v
Va
Vin v;  Master Filter Vo ] | fo
Phase
Detector
Vref o
-90 I fref

Figure 2.15 Block diagram of the attenuation tuning by the phase feedback from
output, reprinted with permission from [47].
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2.5.3. Self-Tuning by Phase Feedback from Intermediate Node

Figure 2.16 shows the block diagram of self-tuning method by phase feedback
from an intermediate node providing the bandpass response, so that the phase at the
intermediate node will be equal to 90° when the reference frequency is equal to the center
frequency. Although the output amplitude is sufficiently large for phase detection, a
significant drawback of this technique is that the filter design must have both bandpass

and bandstop outputs [47].

Vinput Vi Slave Filter Vo | Voutput
VA

LPF
v
VA Ves|——
Vin : Master Filter fi
it Vi Vep °
+ ( _—I— Phase
Detector
Vref

fref

Figure 2.16 Block diagram of the attenuation tuning by the phase feedback from
intermediate node, reprinted with permission from [47].
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3. PROPOSED BANDSTOP 'FILTER BASED ON SOURCE FOLLOWER*

This chapter presents the proposed second-order bandstop filter. This filter was
designed for high frequency applications that require high linearity, low power and a small
area. Principle of operation, circuit description, transfer function, design procedure,
sensitivity, stability and linearity analysis, and simulation results are all presented herein.
3.1. Principle of Operation

Figure 3.1 shows the block diagram of the proposed design, where one negative
feedback loop is formed with two forward paths to generate complex zeros for the

bandstop filter.

. 1
Vin »  S+W: + > V°Ut
- S+Wp1
1
S+wp2
2 + 1\t
P Wo }<12 <

Figure 3.1 Block diagram of the proposed design.

* Parts of this chapter are reprinted with permission from "Fully-differential second-order
tunable bandstop filter based on source follower," by Fatima Almutairi and Aydin
Karsilayan, Electronics Letters, 55 (3), 122—-124, 2019 and with permission from "A
Tunable Bandstop Filter Based on Source Follower," by Fatima Almutairi and Aydin
Karsilayan, 2019 IEEE 62nd International Midwest Symposium on Circuits and Systems
(MWSCAS).
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The transfer function from Vin to Vout can be written as:

Vour 52+ (w0, + wpz)s + w0y, + W) (19)
Vin s+ (wp1 + Wpy)s + wpywp, + K2

The attenuation of the bandstop filter can be calculated as:

o= W, + Wy2 (20)
Wp1 + Wp2

To increase the attenuation of the bandstop filter, the circuit that determines wp2
must be implemented using a partial positive feedback to cancel ..
3.2. Circuit Description

The proposed fully-differential second-order bandstop filter based on a source
follower is shown in Figure 3.2. This filter is composed of a super-source follower with
feed-forward paths and a partial positive feedback [26], [52]. The super-source follower
is composed of transistors Ma and M, as well as current sources I, L1, and Ic2, where Le2
is added to control the transconductance of M.. The feed-forward path provided by C.
generates the zero for the bandstop filter. The positive feedback is implemented by the

cross-coupled My transistors, which are used to enhance the quality factor.
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Figure 3.2 Proposed bandstop filter, reprinted with permission from [52].

i
O » O
-Vin h T Cb %Rb Vout
l> gmb (Vour+V1)
V2 Re
Oma (Vin—V1) Vi
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Vi1 =
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Figure 3.3 Small signal equivalent circuit of the bandstop filter, reprinted with
permission from [52].
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Figure 3.3 shows the small-signal equivalent circuit of the proposed bandstop

filter. Nodal equations at Vi, V2, and Vout can be written as:

v, (21)

v, = +V
! gmaRc "

v gmaVin + gmeout - (_gmb + Gma T SCa + 1/Ra) Vl (22)
° Ime

(SCC + gmd)Vin - gmbvl (23)
s(Cp + Cc) + (gmb + 1/Rb)

Vour =

where Ra, Re, and Ry are equivalent resistances at nodes Vi, V2, and Vout, respectively.
The transconductances of Ma, Mb, Mc, and Mg are given as gma, gmb, gmc, and gmd,
respectively, where gmb >> 1/Rb and gma>> 1/Ra.

From Egs. (21), (22), and (23), transfer functions from Vinto Vi, V2 and Vout can

be obtained by:
s (g’ma _ Cc g ) + gmb(g,ma — gmd) (24)
ﬁ = — Ca CICCa mb C’cCa
Vin s? + BWs + w?
s? 4+ (gmb(Cc — Clc + Ca)) s + Imda9mb (25)
V2 _R c'.C, c'.C,
v, cdma 52 + BWs + w2
Vout _ X s? + aBWs + w? (26)
Vi 52+ BWs + w?
where:
Cc (27)
K, =
1 CIC
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' 28
. = 9 ma9mb ( )
o CaC,C

BW = gmbCa + C’c(g,,ma - gmb) (29)
CaC'c
_ gdea + Cc(g’ma - gmb) (30)
gmbCa + C,c(glma - gmb)
g,ma = gma(l + chmc) (31)

C'.=C,+Cp (32)

The center frequency of the bandstop filter given in Eq. (28) can be tuned by Caor
gma. The variable Ca can then be implemented using a switched capacitor bank or a
varactor [53], whereas gma is controlled by the biasing current (Ic1) [54], and gma is

expressed as:

(33)

Wa
Ima = |2lc1nCox <L_>
a

Attenuation, bandwidth (BW) of the bandstop filter can be tuned using gmd and gmv
through current sources I4 and Iv, respectively, as follows:

" (34)
Ima = |[latnCox (L_>
d

(35)
W,
Imb = \/Z(Ib - Id).upcox (L_:)
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3.3. General Design Considerations
The bandstop filter was designed for wideband receivers and intended to attenuate
signal with a frequency equal to 2 GHz. Table 3.1 shows the specifications of the proposed

filter.

Table 3.1 Filter specifications

Specification Value
Bandwidth 380MHz
Attenuation >40 dB

Center Frequency 2 GHz
Ki 1

The filter parameters can be calculated using Eqs. (27-30) and Table 3.1. Table
3.2 shows the values of the filter’s parameters. The frequency response of the bandstop

filter at nodes V1, V2, and Vout is shown in Figure 3.4.

Table 3.2 Filter parameters.

Parameter Value
Zma 1 mS
gmb 2.4 mS
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Table 3.2 Continued.

Parameter Value
Zmce 400 },I.S
gmd 1.76 mS
Ra 10 kQ
Ro 1 kQ
Re 350 Q
Ca 100 fF
Co 20 fF
Ce 140 fF
Bode Diagram
20 - — : : -
A |
0
S 10t
(o)
S-20¢t
S
® -30 -
=
-40
_V2 / Vin
-50 1 _Vout / Vin T
_60 1 L 1
108 10° 1070 10™ 10"

Figure 3.4 Frequency response of the proposed filter.

Frequency (rad/s)
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3.4. Stability

One of the most important constraints for a bandstop filter is its stability, which
can either be investigated by determining the phase margin of the open loop or by locating
the poles of the transfer function of the bandstop filter.

The block diagram in Figure 3.5 represents the proposed bandstop filter illustrated
in Figure 3.2. As shown in Figure 3.5, the system was given two feedback loops: the first

is a unity negative feedback loop, and the second is a negative feedback loop with gain.

gma gmb
Vi —0-}0: ﬂ S — gmb — 1 L Y/
n T Rc gma gme gma-gmb+sCa T gmb+s(Cc+Cb) out

sCct+gmd

Figure 3.5 Block diagram of the proposed filter.

The loop gain transfer function was determined by using the block diagram
reduction and setting the input voltage source to zero. The proposed filter consists of two
loops as portrayed in Figure 3.5. The first loop can be determined when the loop breaks

after (Rc gma gme). The loop gain transfer function is written as:

_chmagmc(gmb + SC’c) (36)
(a;s%? + a,s + as)

GLoopl (s) =
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where:

a; = CaC’c (37)
a; = CaGmp + C,c(gma - gmb) (38)
asz = Gma9mpb (39)

Assuming lop2 I>> |op1l, the poles and zero of the loop gain transfer function can be

expressed as:

Don = Ima9mb (40)
Pl gmbCa + C’c(gma - gmb)
w - Imb (gma - gmb) (41)
pZ CIC Ca
Imb
le ~ Cr:lc (42)

The second loop can be determined when the loop breaks before gmb. The loop

gain transfer function is written as:

Imp” (43)
(gmb + S(Cb + Cc))(g’ma — 9Imb + SCa)

GLoopz (s) =

The frequency response of the loops gain transfer function are shown in Figure
3.6. The phase margin can be calculated by determining the phase difference between the
phase of the loop gain at the gain crossover frequency and 180°. The DC gain of the first
loop is 2.9 dB with a phase margin equal to 60° and the DC gain of the first loop is 5.6 dB

with a phase margin equal to 5°, as shown in Figure 3.6.

32



Bode Diagram

T T T T T —TT T

Loop2

Loop1

Magnitude (dB)

Phase (deg)

- 1 1

w O bH

g O O
T

-180 :
108 10° 1010 10™ 1012
Freauency (rad/sec)

Figure 3.6 Frequency response of loop transfer functions.

Routh-Hurwitz criterion is used to determine the stability of the transfer function,

indicated by the pole locations in the complex s-plane. The characteristic polynomial of

Eq. (26) is:
s + BWs + w (44)
where:
BW = gmbCa + Clc(g”ma - gmb) (45)
CoC'¢
2 _ glmagmb (46)
Wy = ————
CoC¢
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To ensure the stability of the filter, the poles of the system should be on the left

half of the s-plane, which requires the following condition to satisfied:

Gy < C'c9'ma (47)
mp (C’c - Ca)

3.5. Noise and Linearity

Noise of the filter can be calculated based on input-referred noise voltage sources
of transistors. In general applications, both thermal and flicker noise components need to
be included of the transistors [55]. The flicker and thermal noise densities were modeled

as voltage sources, which are written as:

2 = K Gmi (48)
N RTAN
, 8K T (49)
Vin =
3gmi

where T is the absolute temperature, K is the Boltzmann constant, and gm is the
transconductance of the transistor.
Flicker noise sources will be ignored for the proposed filter due to high frequency

of operation. The equivalent input referred noise voltage in Figure. 3.2 can be written as:

16KT 1 1 _ 50
nz,m — (grrzl,lb + + + - gzmc . + .gmz Icl ( )
3 gmd Imad Ima chmcgma Ima

Imb Im-1a
+ ==+
Gine Rggrzncgrzna)
The integrated input referred noise up to the notch frequency (o) can be

expressed as:
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(D

VZ - VT gmb(l + chmc)gma
noise,in nn Ca(cc + Cb)

Figure 3.7 shows amplitude spectral densities of individual noise sources reflected
at the output as functions of frequency. The dominant noise at low frequencies is the

thermal noise of M, whereas noise contributions of Ia, In, Ma, and M» dominant around

the center frequency.

ASD (nV\sqrt(Hz))

Frequency (GHz)

Figure 3.7 Output referred noise of the second-order bandstop filter, reprinted with
permission from [52].

A common mode feedback (CMFB) circuit was used to adjust one of the biasing
currents, maintaining and stabilizing the output voltage at the preset DC level. As shown

in Figure 3.8, the CMFB circuit consists of the common mode detector and a differential
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amplifier [56]. The common mode detector is used to sense the output common mode
voltage. A differential amplifier is an error amplifier in which the output voltage of the
error amplifier is used to modify I. and sets the output voltage to Vem. The Rem and Cem

are used to improve the phase margin of the CMFB loop.

\VDD

= Bandstop
R R Mcwp 7|——wA——[* Mcwp | Filter

Vout+ &E{Nw'_o_' e Vout- CCM—[— @ I,

c |[LMcm Mcm J— Vem

o

@

Figure 3.8 Continuous-time CMFB circuit, reprinted with permission from [26].

The common mode feedback loop transfer function Gewm(s) is written as:
S 52
Kea (wz + 1) (52)

52 S S S
Sor S 1) (—+ 1) (—+ 1)
((Ug Qw, Wp1 Wp2

Gem(s) =

where:
1 53
o, : (53)
ngMp
o = (.goCMp + goCM) (54)
Pl CemRemImemp
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_ Yocmp (55)

Wpy = C,
KCM _ Imia9mem ; (56)
mc
(Gocmp + Gocm)Ima (1 + m)

where gmcm and gmemp are transconductances of Mcem and Mewmp, respectively, and
gocM and gocmp are output conductances of Mem and Memp, Co=2Cgs a+Cdb,cm+Cab,cmp. The
frequency response of the CMFB and step response of the closed loop system are shown

in Figures 3.9 and 3.10, respectively.

1 10 100 1000 10000

Frequency (MHz)

Figure 3.9 Magnitude and phase response of the CMFB loop.
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Figure 3.10 Step response of the CMFB loop.

The linearity of the filter could be maximized by setting the common mode level
to achieve the maximum output swing. The common mode voltage level (Vcem) and
maximum output swing are written as:

Vem = Voo — Vove — Vran (57)
Vo,0-p = Vrun (58)

The non-linearity of the MOS transistor came from the square law of the MOSFET

model used to convert voltage to current. The drain currents of Ma, My and M4 can be

expressed as:
Ipraina = KoVin + Ver — Vrgn — Vl)z (59)

IDrain,b =K, (Vout + Vem — |VTHp| + Vl)z (60)
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Ipraing = KaVin + Ver = Vrun — Vova)? (61)

The currents la-1c2/2 and Iv are written as:
Iy = Ic2/2 = Ipraina + Iprainp (62)
Iy = Ipraina + Iprainp (63)

where V4 1s the minimum voltage required to maintain the MOS in the saturation
. Wi .
region, K; = (L—) UnpCox and i = a,b,c and d.
l

From Egs. (62) and (63), Eq. (64) shows the expression of Vout.

64
i [t (%) ”
Vour = -
Kp | 2Vem — Vepn — |VTHp| + K II((Z (%)
Using the Taylor series expansion of Eq. (64), Vout can be expressed as:
Vour = Ao + Vi + a;VE + azV3 (65)
where,
aun (66)
a; =
Kp <2VCM — Vrtn — |VTHp| + % ]I(—Z>
a, =0 (67)

A Ki 1o (68)
3Ky (Kd KC; K, <2VCM —Vrbun — Venp + Kd KZ))

I, 1
4K, K, /K <2VCM Vrn — |VTHP|+ Ki)
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From Egs. (65), the input intercept point (IIP3) can be written as:

3 |y (69)

IIP3 = Z@
According to Egs. (66), (68) and (69), a better linearity could be achieved by using a larger
Vem. However, in order to keep all the transistors working in saturation, the boundaries of
Vewm are written as:

Vov,, + Vov, + |VTHp| — Veun < Vem < Vopp +Vov,, (70)

Furthermore, linearity could be improved by increasing l4, causing an increase in the

power consumption. The power consumption is expressed as:

Pconsumption = VppUqg + 21,) (71)

3.6. Input and Output Impedance

The output impedance for the proposed filter is written as:

S + glma — Y9mb (72)
7 = G " Gy
ou 7 7
2 9 ma — 9mb Imb 9 ma9mb
s+ (Fmepne 4 Gpt) 4 Spelh

which can be approximated to 1/gmb at low frequencies.
The input impedance for the proposed filter can be written as:

s? + BWs + w? (73)
" 5C((1 - Kp)s? + (1 — Kya)BWs + (1 — K wd)

Zin

3.7. Simulation Results
The performance of the proposed second-order bandstop filter was determined

using a 180 nm CMOS technology. The supply voltage was 1.8 V, with the transistor ratios
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given in Table 3.3. The center frequency of the bandstop filter was tuned between 1 GHz
and 1.7 GHz, using different values for the capacitor (Ci) or biasing current (Ic1), as shown
in Figures 3.11 and 3.12, respectively. Notably, the bandwidth and attenuation in the
bandstop filter changed because they depend on the value of Ci and gmi. Figure 3.13 also
shows the bandwidth of the proposed filter as varied by the current source (Iv) where the
bandwidth was varied between 250 MHz to 475 MHz. The center frequency and
attenuation in the bandstop filter also varied depending on the value of gm2. The biasing
current (Ia) was used to tune the attenuation of the bandstop filter, as shown in Figure 3.14.

The frequency responses of all the nodes at the bandstop filter are shown in Figure
3.15. Figure 3.16 shows the IIP3 for two tones spaced by 2 MHz. The linearity of the filter
was reduced at 1.5 GHz, due to the peaking at node V2 (as shown in Figure 3.15), which
limited the output swing. Also, the input referred noise spectral density attained was 5.8
nV\WHz. Figure 3.17 shows the 1 dB compression point at a 1.2 GHz input signal (14
dBm). The total harmonic distortion was measured, achieving 40 dB with a 0.6325 output
signal at a 1.2 GHz input frequency, as shown in Figure 3.18. The filter performance is

summarized in Table 3.4.

Table 3.3 Filter Design Parameters, reprinted with permission from [52]

M. 3.5pn/0.2p
M, 15.25u/0.36p
Mc 15u/0.36p
Md 0.8u/0.18p
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Table 3.3 Continued

I. (A) 455
In (A) 211p
I (A) 140
I2(A) 104
Ia(A) 152pn
Ci(F) 100f
C: (F) 50f
Ci(F) 200f

Gain (dB)

-45 : :
0.5 1 15 2 25 3

Frequency(GHz)

Figure 3.11 Frequency response of the tunable bandstop filter using I.1 to tune ,,
reprinted with permission from [52].
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Gain (dB)

0.5 1 1.5 2 25 3
Frequency (GHz)

Figure 3.12 Frequency response of the tunable bandstop filter using C; to tune ,,
reprinted with permission from [52].

——1,7250 1 A
—— 1, =270 A

1 L 1

0.8 1 1.2 1.4 1.6 1.8 2
Frequency (GHz)

Figure 3.13 Frequency response of the tunable bandstop filter using I, to tune BW,
reprinted with permission from [52].
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_40 1 1 1 1 1 1 1
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Frequency (GHz)

Figure 3.14 Frequency response of the tunable bandstop filter using I4 to tune a,
reprinted with permission from [52].

50 F i
—_—V V.
out in

-60 | —V IV
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70 F Vy, IV, |
-80 e : e
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Frequency (GHz)

Figure 3.15 Frequency response of the second-order bandstop filter.
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Figure 3.16 IIP3 versus input frequency for two-tone tests (f; = fin -IMHz and f> =
Jfin TIMH?Z), reprinted with permission from [52].
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Figure 3.17 1 dB compression point input signal at 1.2 GHz.
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Figure 3.18 Output signal spectrum with 632.5 mVPP at a 1.2GHz input signal.

Table 3.4 Performance of the second-order bandstop filter, reprinted with
ermission from [52].

CMOS technology (nm) 180
Order 2

Supply Voltage (V) 1.8

Power Consumption (mw) 1.4

Out-band IIP3 (dBm) 2.6

Total input referred noise (nV/v/Hz) 5.8

Vinpg, at (THD=-40dB) (mV) 238
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4. THE PROPOSED TUNING SCHEME

This chapter presents the proposed tuning technique used to tune the frequency
characteristics in the bandstop filter. Principle operation, implementation and limitation
are all presented below.

4.1. Principle of the Proposed Tuning Technique
The transfer function of the bandstop filter can be written as:

Vout KSZ + a BW s + w? (74)
Vin s? + BWs + w?

The magnitude and phase response of the transfer function in Eq. (74) at

reference frequency (r) can be written as:

V(g — 0?)? + (a BW w,)? (75)
V(@ — w)? + (BW w,)?

|H(w)| =

2 2

a BW wr> ~tan-1 (a BW a)r) (76)
w5 — Wy

LH(jw =tan‘1<
(] 7‘) wg _(1)7;

The filter parameters such as mo, BW, and a can be detected by sweeping the center
frequency control voltage (V) within a certain interval of time (T) and by observing the
phase difference between the input and the output. Figure 4.1 shows the magnitude and
the phase of the bandstop filter when a sinusoidal input frequency at r is applied and V¢

is swept.
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Figure 4.1 The magnitude and the phase of the bandstop filter at fixed o,.

The principle of frequency tuning is based on detecting V¢ corresponding to £H(j
or) = 0, while Vr is swept and a sinusoidal signal at o is applied at the input. When the
detected control voltage Vi1 is applied to the filter, its wo will be equal to or.

The attenuation tuning method is based on comparing the phase difference
between the input and the output of the bandstop filter with the desired maximum phase
shift (Bmax). The absolute value of maximum phase shift Omax can be calculated by taking
the derivative of the phase in Eq. (76) with respect to mo and setting the derivative to zero,

which can be written as:

—a+1) (77)
2Va

Omax = tan™! (
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Figure 4.2 Attenuation versus Onyax.

Figure 4.2 shows attenuation at w, (which is 1/a) in dB as a function of Omax. Note
that greater than 60 dB attenuation can be obtained when Omax=90°.

After attenuation at wo. is tuned, the filter bandwidth can be controlled by detecting
Vr corresponding to ZH(jor) = 45° and £ZH(jor) = -45° as shown in Figure 4.1. The
relationship between wo and Vr is assumed to be linear. Therefore, by subtracting the
detecting voltages Vi and Vi and dividing it by (Vi/wr), the BW can be detected. The
attenuation should be more or equal to 40 dB to have a bandwidth tuning error less than

1% as shown in Figure 4.3.
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Figure 4.3 The bandwidth error versus attenuation.

4.2. Tuning Scheme

Figure 4.4 shows the block diagram of the proposed tuning scheme, where the
master-slave method is used. In this scheme, the bandstop filter is fed by an input signal
that has a frequency equal to the desired center frequency. During the tuning process, the
control voltage of the center frequency is swept by applying Vramp signal shown in Figure
4.5. Thus, filter parameters wo, 0, and BW are detected from the transient response by
determining the phase difference between the input and the output of the filter. The tuning
cycles are determined by the clock signal (CLK7), which is generated by the frequency
divider from the reference clock (CLK). Figure 4.5 shows the clock signals that are used

in the tuning circuit.
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Vinput .y Vi Bandstop v, | Voutput

Filter
Vi Vew  Va
¢
Y v v
Vi Vew  Va
Vi R {1 1 ViSecond order Vo H T
Vio amp Ka Bandstop
frequency Filter
—{ CLKT control  Viamp |—
| CLKr CLKref Vil 0° .
I Multi-phase generator
CLKref @ 4wo—b CLKref
MCLKref
CLKref Vil_-45° Vil_45° Vil -180° ViL_-90°
I
Vi|_'45° Vi|_45° VO Vo Vil_oo Vi|_.‘1§0°Vi|_‘9‘0°
U v . Vram \/ramp ] . o ¢
Vi1 BW- Tuning Vi vs f-Tuning A- Tuning L
Vew CLKr  CLKs CLKTCLKT CLKAH| CLKA  CLKT CLKs

Figure 4.4 Overall tuning scheme.

51



CLKT
A

> Time

Vramp

VDD

CLKa ,
H y Time
CLKs , : § §
P Bmax<90° | 90° < Bmax<180°  © 180° < Bmax
p Time

Figure 4.5 Clock signals.

4.2.1. Multi-phase Generator

The schematic of the multi-phase generator is shown in Figure 4.6. The circuit is
fed by the clock signals CLK and CLK, and consists of N identical positive edge-triggered
D flip flops to implement a frequency divider. Thus, the frequency of the output signals

can be expressed as:

Wcrg
“o =N 78
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The phase shift between consecutive output signals can be written as:

360 (79)
Phase shift = N

where N is the number of D flip-flops.

VIL-90°  ViL.0° ViL_180°

r— 1T 11
| J ,
I D Q D Q |
| |
| r A
CLKrefe ! v 3 T TVDD I
| |
| |
I kD Q 14 D Q_ I
CLKrefo I - I
| al. ( a |
| F

. i, i o, s o i,

ViL-45° Vil _-45°

Figure 4.6 The schematics of the multi-phase generator.
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Figure 4.7 Multi phases generator waveform.
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The tuning method was designed to have input phases of the signals to be -45°,
45°,90° and 180°. Thus, N should be equal to 2. As shown in Figure 4.7, V;2 — 90° flips
up when the CLK has the first rising edge. In the second rising edge, V;£ — 45° flips
up. V;£0° follows V;£ — 45° at the third rising edge. V;£45° flips up in the fourth rising
edge. V;£2 —90° flips down at the fifth rising edge because the D has low voltage. V; £ —
45°, V;20° and V;£45°, respectively flip down at the sixth, seventh and eighth rising
edges. This process will generate four square signals with delays equal to the period of
CLK as shown in Figure 4.7.

4.2.2. Ramp Frequency Control Voltage

Y_,IDOWN B Vies
A

CLR
Frequency
Divider

|
I
DAC |
I
|
|

: 32 128 ? N I Vramp
| Freggency L.CLK
Divider °CLKT

| L Vmin I

2 L 0 e
Vit | [ l
| |
Vo —— 1
Vi 0 Vmax I

— — — — — — — — — — — — — — — — — —

Figure 4.8 The adaptive ramp frequency control voltage.
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Figure 4.8 shows the ramp generator circuit, whereas its output Viamp is shown in
Figure 4.8. The circuit also generates the clock signal (CLKT7) that controls the duration of
the tuning process. CLKr can be written as:

_ WCLKyey (80)
WcLkr = 2NN,

The down counter is used to generate the step voltage for the Viamp that can be used
to detect voltages in the tuning scheme. The duration of the step level can be determined
by the first frequency divider. The limit of the Vramp is set by the Vmin and Vmax, whereas
they update their values from the bandwidth tuning scheme. Figure 4.9 illustrates the

transient response of the Vramp.

Time (sec)

Figure 4.9 Time-domain response of Vs during the tuning processes.
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4.2.3. Frequency Tuning Circuit

Figure 4.10 shows the frequency tuning circuit, where the D flip flop (DFF) is used
as a binary phase detector. Initially V, lags Vi setting Q to high. When V, leads Vi, Q will
be switched from high to low, causing the sample and hold circuit to hold the value of
Viamp as Vr , corresponding to wo= @r. The frequency tuning circuit will generate the clock
signal (CLK4) as shown in Figure 4.5, which is used to turn on the attenuation tuning loop.

Table 4.1 is summarized the cases of the DFF.

Table 4.1 The truth table of the DFF

CLK D Q
1 1 1
1 0 0

|
|
| >—f‘-_f_—|—° Vs
|

Vramp T |
1 |
Vo D Q T ~ CLKa

ViL 0° |
| [cr@ |

! |

[ — 4

CLKT CLKT

Figure 4.10 Frequency tuning scheme.
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4.2.4. Attenuation Tuning Circuit

Figure 4.11 shows the attenuation tuning circuit. Initially, Q1 and Q2 are set to low.
If Omax exceeds 90°, Q1 will be switched from low to high. If Omax further exceeds 180°, Q2
is switched from low to high as well, which also indicates that o is negative as shown in
Figure 4.12. The DFF1 in Figure 4.11 is used as phase detector, whereas the DFF2 is used
as a latch. Table 4.2 shows tuning process for the attenuation control voltage (V). If (90°
< Bmax < 180°), there will be no action for Va and the bandwidth tuning loop will turn on
by the clock signal (CLK3) as shown in Figure 4.5. To decrease the overhead, analog
converter (DAC) in Figure 4.11 can be avoided by using digitally controllable, which can

be designed to control a directly by the counter output.

DFF1 YP°DFF2
WD Q |—§D Qh Qs

I

—I_’ Counter Voo |
L |

I

Vo -
ViL_-90°-

clrR  |cLrQ uP Vier

LT 1™

=D
DOWN
DFF1 VPP DFF2 P CLR
Q2

I

I

PR T
i

l

ViL-180°—1

[———=—

Figure 4.11 Attenuation tuning scheme.
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Figure 4.12 Phase response of the bandstop filter.
Table 4.2 Attenuation tuning process
Condition UP DOWN Action
emax <90° 1 0 Va T
90° < Bmax < 180° 0 0 No Action
180° < emax 0 1 Va l,

4.2.5. Bandwidth Tuning Schemes
The proposed bandwidth tuning circuit is shown in Figure 4.13. Initially, Q,, is set

to high and Q, is set to low. If ZH(jor) < -45°, Q,, will switch from high to low and the
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sample and hold circuit will hold the value of Viamp as V1. If ZH(jor) >45°, the Q1 will
switch from low to high. The sample circuit will hold the value of Viamp as V2 when Q44

switches from high to low at ZH(jor) <45°. AV and V:can be written as:

AV = Vpy — Vpy (81)
f f
-V BWdesired — E (82)
’ 4 Wy Qd

Table 4.3 and Table 4.4 illustrate the coarse and fine tuning process for the BW,
respectively. Figure 4.14 provides the controller block shown in Figure 4.13, which is
composed of fine and coarse tuning circuit. The coarse control uses a large increment in
each step at the bandwidth tuning scheme, whereas the fine control is used to improve the

resolution.

Table 4.3 Truth table for the coarse-tuning

Condition UP DOWN Action

AV <09V, 1 0 1Vew

AV > 1.1V, 0 1 | VBw
0.9V, <AV<1.1V; 0 0 No Action

Table 4.4 Truth table for the fine-tuning

Condition UP Action
AV <V, 1 1VBw
AV >V, 0 1 Vew
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Figure 4.13 Bandwidth tuning scheme.
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Figure 4.14 The controller of the bandwidth tuning scheme.

4.2.6. Limitations of the Tuning Method

The limitations of the tuning scheme will be discussed in this section. The main
effects of the accuracy come from the resolution of the DAC. Furthermore, this technique
is introduced to tune filter at high frequency. So, the effect of the high frequency poles

should be examined.
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4.2.6.1. Effect of Excess Phase Shifts

The bandstop filter can be implemented using Gm-C filter as shown in Figure 2.6.
Due to high frequency poles of the transconductance, the phase response of the bandstop
filter shows excess phase shift. Assuming that transconductors can be modeled with a pole
at Xmo

G, (s) = G—mS (83)
Xy
Using (82), the transfer function of the bandstop filter can be expressed as,

(Xiwo)z s* + ()%0) 3+ (1 + %) s? + (aBW)s + w3 (84)
H(s) =

(X—i)o)z st + (XZTO) s3 + (1 + )%O)sz + (BW)s + w?

Figure 4.15 shows the BW tuning errors versus X and O, where the center

frequency and bandwidth control voltage are assumed to be continuous. When Q < 5 and

X <15, the BW-tuning error is less than 2%.
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Figure 4.15 Bandwidth tuning error due to the excess phase shift.

4.2.6.2. The resolution of Vyamp and DAC

The accuracy of the tuning scheme relies on the resolution of Vriamp, which can be
estimated by the Least Significant Bit (LSB) of the DAC in Figure 4.8. LSB can be written

as,

Vier (85)
LSB == Z_M
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In Figure 4.9, Vieris set to Vop when the CLKr is high. When the CLKr is low, the
voltage range Vreris set to AV to decrease LSB and the tuning process will start as shown
in Figure 4.5.

Resolution of the DAC (M bits) in Figure 4.8 results in frequency tuning error. The

center frequency variation can be written as:

0 86
Afo=2f_M (86)

From Eq. (86), the frequency tuning error can be expressed as:

—foxA 87
f — tuning Error = fo=Jo * 8o X 100 (87)

fo

1
f — tuning Error = oM x 100 (88)

To determine the bandwidth tuning error, the bandwidth variation is depending on
the quality factor variation because the bandwidth is tuned by the voltage that controls the
quality factor as shown in Figure 4.14. Thus, the quality factor variation can be expressed

as:

Q (89)

The desired bandwidth can be given by:

w
BW =2 (90)
Q

From Egs. (88) and (89), the bandwidth tuning error can be written as:

BW — tuning Error =

ABW 1)
x 100
w
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Figure 4.16 Frequency tuning error due to the resolution of DAC.
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Figure 4.17 Bandwidth tuning error due to the resolution of DAC.

Note that from Figures 4.16 and 4.17, the frequency and bandwidth tuning errors

are less than 1% when M > §.

67



5. SIMULATION AND EXPERIMENTAL RESULTS

In this chapter, the simulated results of the proposed bandstop filter in chapter 3
and the proposed tuning scheme in chapter 4 are described. The experimental results of
the proposed tuning scheme are also discussed in this chapter.

5.1. Simulation Results

The bandstop filter shown in Figure 5.1 with the proposed tuning scheme shown
in Figure 4.4 was simulated using 180nm CMOS technology with a power supply voltage
of 1.8 V. The relationship between the Vr and o is linear, and the circuit, as shown in
Figure 5.2, is used to generate Vr that controls wo. Figure 5.3 illustrates the transient
response of squaring the control voltage of current Lc1. Figure 5.5 and Figure 5.6 show the
control voltage of the attenuation and bandwidth for the bandstop filter. The tuning circuit
begins detecting a by comparing Omax with 90° and 180°. When Omax 1s less than 90°, the
Va will increase as shown in Figure 5.5. At t = 50 usec with Omax > 90°, the BW loop
begins detecting and tuning the BW, as shown in Figure 5.6. From t = 50 psec to 100 psec,
o and BW tuning loops are switched (ON and OFF) depending on the conditions shown
in Tables 4.2, 4.3, and 4.4, respectively. Note when t > 100 psec, the coarse control of the
bandwidth turns off because the bandwidth tuning error is now less than 10%. Figure 5.4
shows the control voltage of the center frequency, where wo is depending on Vyand Vsw.

During the bandwidth tuning loop, Vr is changing to achieve wo = ®r. The tuning loops

converge in 150 psec to achieve wo at 1.5 GHz with BW = 478 MHz. The frequency
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response of the bandstop filter before and after tuning is shown in Figure 5.7. The

frequency tuning error is 0.13%, and bandwidth tuning error is 0.88%.

VDD
G; le E}Mb IVBW Mb}tl GDIC
s
f .
M Cs e 1
Vi+ 0—1—{[: l:“MZ A M2{El :“——1—0 Vi-

M3I =M3
Va ow{
(I31 C%1
| |
E“Ma I Ma”:l
Vi

Figure 5.1 Bandstop filter based on source follower
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Figure 5.2 The squaring current circuit.
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Figure 5.3 Transient response of the squaring current circuit.
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Figure 5.5 Transient response of the attenuation control voltage.
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5.2. Prototype Design
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Figure 5.8 Experimental setup.
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A 1 kHz center frequency second-order bandstop filter with the proposed tuning
scheme was experimentally verified. The experimental setup is shown in Figure 5.8.

5.2.1. Filter

Va Vew Vi

Vin ] } T

C

Eﬁ
5 = ——o Vout
¢

-

Figure 5.9 Second-order Gm-C bandstop filter.

i

.||_|

Figure 5.9 shows the Gm-C bandstop filter, which demonstrates the performance
of the proposed tuning scheme. The Gm-C filter was implemented using 13600CP
transconductors, discrete resistors and capacitors. Table 5.1 shows the value of the discrete

capacitor and resistor used to implement the Gm-C filter.
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Table 5.1 Component values used for Gm-C tunable filter

C 15nF
R1 1.5MQ
R2 2.12MQ

R3.4 420KQ

RS 32KQ

R6 39KQ

The transfer function of the bandstop filter can be written as:

24 g% 2 (95)
Voutz_Ks +a 0 s+ wg
Vin sz + %S + w?
The expressions wo, Q, BW, a, and gain (K) are obtained as:
= Gms %6)
Gm6
w. = % _ K3Vr (97)
© C C
o Gms_ KsVy %)
Gmz  KoVw
Gmz _ KoVpw (99)
BW =22 =
C C
a = Gmz — Ga _ K;Vew — K1V (100)
Gz K>Vew

where Gm3=Gma4.
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5.2.2. Tuning Circuit

The tuning scheme was implemented using commercial chips with NI myDAQ
interfacing with Simulink. The NI myDAQ hardware was provided by the data acquisition
toolbox in Simulink. This toolbox has an analog input and output blocks, which are used
to read and send data. The frequency ramp control circuit was designed using the block
diagram in Simulink as shown in Figure 5.10. The block diagram has three inputs and
three outputs. The frequency ramp control circuit generates Vramp, CLK, and CLKy, where
Vi1, V2, and CLK, .5 are read by the circuit. The frequency ramp control circuit consists
on UP counter, DAC, and frequency dividers. The frequency divider is implemented using
DFF. XNOR gate and delay are used to change the pulse width of the square wave. The

switches are used to change the Viamp limits.
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Figure 5.10 Simulink diagram of the frequency ramp control.



The multi-phase generator was built in breadboard using DFF (NTE74HC175).
Figure 5.11 shows the transient response of the phase generator’s waveform. LM324N is
an operational amplifier used to convert the output signal to square wave. The converter
is necessary to apply the tuning method. Furthermore, the proposed method is based on
detecting the phase shift between the input and the output of the filter. Thus, the two

signals will always share the same waveform type.
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Figure 5.11 The waveform of the phase generator.

The frequency tuning circuit was designed using DFF (NTE74HC175) and a

sample and hold circuit (LF398). The value of the capacitor used to hold the detecting
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voltage is equal to (470uF). In the attenuation circuit, the proposed circuit was built using
DFF (NTE74HC175), an UP\Down counter (741269), a DAC (NTE808), and logic gates,
such as the Inverter gate, AND gate, and gate NAND gate. The bandwidth tuning scheme
consists of DFF (NTE74HC175), sample and hold (LF398), an attenuator, comparator,
counter, DAC, and gates.
5.2.3. Experimental Results

Figure 5.12 shows the control voltage of the center frequency during the tuning
process. Note that mo of the Gm-C filter is independent of a and BW. Vramp has limits,
which are set from the bandwidth tuning circuit. Also, Viamp is increased by step size,
which is set by Vs and V. Figure 5.13 and Figure 5.14 show the voltage controls of the
attenuation and bandwidth, respectively, for the bandstop filter. The bandwidth tuning
loop starts when 90° < Omax < 180°. Also, the two loops are switched (ON, OFF) during
the tuning process. At t> 30 sec, the fine controller starts to tune the control voltage of the
bandwidth. The frequency response of the tuned and untuned bandstop filter is shown in
Figure 5.15. The tuning error is thus 0.22% for frequency tuning and 0.66% for bandwidth
tuning at 1 kHz with a bandwidth of 200 Hz. Table 5.2 summarizes the results for fixed
reference frequency and varying bandwidths. The center frequency sets at 1kHz where the
bandwidth varies between 180 Hz to 225 Hz. Notice that the percentage errors for the

center frequency and bandwidth are less than 1%.
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Figure 5.12 Experimental transient response of the frequency control voltage.
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Figure 5.13 Experimental transient response of the attenuation control voltage.
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Figure 5.15 Experimental frequency response of the bandstop filter.
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Table 5.2 Bandwidth tuning range at f, =1KHz

fr(Hz) | BWa(Hz) | fo(Hz) | BWn(Hg) fTuning Error (%) BW tuning Error (%)
1000 225 997 225.8 03 0.4
1000 220 1005 221.9 0.5 0.86
1000 200 1000 201.5 0 0.75
1000 180 997.8 181.2 0.22 0.66
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6. CONCLUSIONS

This chapter provides the conclusion of the study’s contribution to the research
community, and also provides recommendations and suggestions for future research based
on all the findings.

A new second-order bandstop filter was implemented based on a source follower
to reject RF frequencies with a low power consumption and a high linearity. The filter is
designed to have a center frequency at 1.5 GHz with a bandwidth of around 478 MHz.
Based on the simulation results, the proposed filter is more efficient in terms of linearity,
noise, and dynamic range at low power consumption. Furthermore, the proposed bandstop
filter is designed to be tunable. The parameters of the bandstop filter such as wo, BW, and
a can be tuned digitally using switchable capacitor banks or switchable current sources.

A new automatic tuning scheme was proposed to tune center frequency,
bandwidth, and attenuation of the second-order bandstop filter. The tuning scheme is
based on phase comparison using digital control to detect and tune the filter parameters.
Due to digital control enabling only one loop at a given time, reliable tuning is achieved.

The proposed filter and the tuning circuit were simulated using a 0.18u CMOS
process, where the results show a frequency tuning error of 0.13% and a bandwidth tuning
error of 0.88% at 1.5 GHz based on a bandwidth of 478MHz. The experimental results
were also used to verify the proposed tuning method. The Gm-C filter topology was used
to implement a second-order bandstop filter. The frequency tuning error was around

0.22% and the bandwidth tuning error was around 0.66% at 1KHz with a bandwidth of
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200Hz. Thus, the simulation and experimental results show that the frequency and the
bandwidth tuning have an error less than 1%.
6.1. Future work

The proposed tuning technique can be further explored to tune the parameters of a
high-order bandstop filter. The high-order bandstop filter can be implemented by
connecting biquadratic filters in series. Each filter will have its own center frequency,
bandwidth, and attenuation. Thus, the high-order bandstop filter can be designed to reject

a wider range of frequencies.
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