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Abstract

A tunable bandpass filter based on an active inductor and a receive signal strength in

dicator (RSSI) are designed to form a whitespace detector integrated circuit (IC) for 

finding unused frequency bands in the radio frequency (RF) spectrum . Theoretical 

equations are derived to predict the inductance and series resistance of the active in

ductor, and the center frequency and gain of the bandpass filter. The filter’s tuning 

behavior, transient response and linearity, as simulated and measured for a  fabricated 

IC, dem onstrate circuit functionality between 70 MHz and 700 MHz. A procedure for 

assembling the RSSI using limiting amplifiers and rectifiers is developed. The RSSI’s 

logarithmic input am plitude to  output voltage characteristic and its transient settling 

response are simulated and tested. From these circuits, a system is simulated to demon

strate  its ability to  distinguish between occupied frequency bands and those th a t are 

vacant whitespace.
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Chapter 1 

Introduction

1.1 M otivation

The radio frequency (RF) spectrum  is becoming crowded with the growing number 

of wireless devices transm itting  in it [1]. Frequency bands are generally licensed and 

regulated so th a t only the licensed user is allowed to  transm it in the band a t any time. 

This can lead to  inefficient use of resources, since there may be times when the licensed 

transm itter is not using its frequency band. One solution to  increase spectral efficiency 

is to allow unlicensed users to  transm it in a frequency band when the licensed user is 

not transm itting. The Federal Communications Commission (FCC), which regulates the 

RF spectrum  in the United States, has put forth a proposal th a t would allow spectrum  

sharing in the band of frequencies currently licensed for broadcast television transm itters 

[2]. This opens the door for unlicensed devices to  transm it in licensed but unused 

frequency bands.

If these unused frequency bands, also known as “spectrum  holes” or “whitespace” [3], 

can be detected and used by a wireless device, it can enable alternate users to transm it

1
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2

in the same frequency band at different times without interfering w ith each other. These 

wireless devices could incorporate cognitive radios [6-10] th a t could adapt to  a changing 

spectral environment and perm it the device to change its transm itting  frequency to  

whatever band is available a t a given time. A part of the cognitive radio’s sensing 

circuitry will be required to  sense and detect whitespace. The focus of this thesis is on 

the design and im plem entation of a  whitespace detector integrated circuit.

1.2 Thesis Overview

The goal of the whitespace detector integrated circuit discussed in this thesis is to  tune 

to a variable frequency band and generate an output th a t indicates whether a signal or 

whitespace has been detected in th a t band. The two main components used to  build 

the whitespace detector are a narrowband, tunable bandpass filter based on an active 

inductor, and a receive signal strength indicator (RSSI). The filter’s role is to tune to 

a particular frequency band while the RSSI measures the power level of any signal th a t 

may be transm itting  in th a t band. It is designed to  operate in the broadcast television 

frequency band from 70 MHz to  700 MHz because the FCC has proposed to  make these 

frequencies available to  unlicensed users [2], The whitespace detector is fabricated into 

an integrated circuit.

1.3 Thesis Organization

Chapter 2 discusses the motivation for designing the whitespace detector along with 

background information leading to  the development of the proposed architecture and its
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specifications. A literature review of tunable bandpass filters and RSSIs is also given.

C hapter 3 explains the design and im plem entation of the tunable bandpass filter th a t 

is based on an active inductor. Equations are derived to  predict the inductor and filter’s 

behavior. Simulation results, including small signal s-parameter, transient and linearity, 

are presented to  show the filter’s performance.

C hapter 4 presents the design and implem entation of the receive signal strength indi

cator (RSSI). The theory behind the circuit’s operation is explained, follow by simulation 

results showing its transient, steady-state and frequency-dependent behavior.

C hapter 5 describes how the bandpass filter and RSSI are combined to  create the 

whitespace detector integrated circuit (IC). The complete IC layout is presented along 

with system simulation results of the whitespace detector.

C hapter 6 discusses the testing procedure and measurement results for the compo

nents of the fabricated whitespace detector IC. The design of a printed circuit board 

th a t is used to  facilitate the testing of the circuit is included. Measurement results for 

the bandpass filter and RSSI are presented.

C hapter 7 concludes the thesis by summarizing the research accomplishments and 

contributions and by providing possible areas for future work and investigation.
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Chapter 2 

Background and M otivation

The motivation for the design of the whitespace detector circuit in this thesis comes from 

the desire to locate em pty radio bands or “whitespaces” . These whitespaces, which are 

also referred to as “spectrum  holes” [3], can be used by wireless devices, enabling more 

efficient use of the radio frequency (RF) spectrum . W ith the rapid growth in the number 

of wireless devices transm itting in the radio spectrum , available frequency resources have 

become valuable. Recent spectrum  auctions net millions or even billions of dollars, as 

organizations pay for the licenses to use bands of frequency. One of the larger auctions 

in 2001 netted  over 16 billion dollars from various organizations for the rights to  35 MHz 

of the broadband PCS (Personal Communications Service) spectrum  near 1.9 GHz in 

different regions of the United States [4]. The objective of whitespace detection is to 

enable tim e variant spectral use. This means th a t different transm itters can be using 

the same band of frequency at different times.

Over the past century, the use of transm itters in the RF spectrum  has been strongly 

regulated [1]. In order to  be allowed to  transm it in many frequency bands, such as the 

broadcast television band below 900 MHz [2] and the broadband PCS band around 1.9

4
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GHz [4], transm itters have to  be licensed to  do so. The exclusiveness of this regulation 

is to ensure th a t transm itters do not interfere w ith each other. However, having one 

exclusive user of a resource th a t is not necessarily being used all of the tim e is inefficient. 

Due to  the number of users of the frequency spectrum , including satellite, radio and 

television broadcasters, and cellular phones, the lower frequency bands from 50 MHz to 

5 GHz are heavily used. W ith the continued growth of the usage of wireless devices such 

as personal digital assistants (PDA) and wireless local area networks (WLAN), more 

spectrum  space will be required but it is becoming more expensive to  obtain. Due to 

the increase in potential users there is a looming RF spectrum  resource crisis [1], This 

may cause a paradigm  shift, leading to  the possibility of redefining the way the frequency 

spectrum  is licensed and allocated. One possible solution is to  allow unlicensed users to 

share portions of the frequency spectrum  with those to whom it is licensed. This concept 

of sharing resources is a much more efficient way of handling the coming spectrum  

shortages and will encourage continued growth in wireless networks [5]. Frequency bands 

such as the 2.4 GHz ISM (industrial, scientific and medical) already work w ith unlicensed 

users in a shared frequency environment.

The Federal Communications Commission (FCC) has recently set forth a proposal 

tha t will encourage more efficient use of the radio frequency spectrum  by allowing unli

censed broadband wireless devices to  reuse the frequencies allocated to  licensed users [2]. 

Specifically, the FC C ’s proposal would make the television broadcast bands between 76
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MHz and 698 MHz available for unlicensed users. The FC C ’s motivation in this pro

posal is to promote new wireless applications in the frequency spaces th a t are made 

newly available to the unlicensed users. Their choice of the broadcast television bands 

is because these frequencies offer be tte r propagation characteristics than  the higher fre

quencies (2.4 GHz and 5 GHz bands) th a t are currently used by unlicensed broadband 

devices [2].

The potential applications using these newly available frequency bands can include 

those th a t are similar to  Bluetooth and IEEE 802.11b (Wi-Fi) users. These include 

products such as wireless headsets for cellular phones, wireless Internet devices and 

wireless peripherals for computers, such as keyboards and printers [2]. Many of the 

potential products will be for low power and short distance applications such as laptops, 

PDAs, WLAN devices and other portable personal wireless devices. A nother possible 

application will be for higher power and larger distances, such as providing fixed ac

cess broadband services to  homes and businesses by wireless internet services providers 

(WISP) [2]. Any spectrum  space th a t will be made available can lead to a large number 

of new unlicensed users.

The lim itation to  the shared spectrum  is th a t the unlicensed users will only be 

allowed to  transm it in a given frequency band when the licensed user of the band is not 

transm itting. Otherwise, the unlicensed device would cause interference to  the band’s 

prim ary user. Though the broadcast television bands are all licensed out, they are not 

all used in a  given geographical region and at a  given time. Any device th a t would
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choose to  use one of these frequency bands would first have to  detect w hether the band 

is presently being used or if it is available for use. Along w ith this detection of unused 

bands, an entire protocol m ust be developed to  govern how the unlicensed users will use 

these frequency bands w ithout causing interference for the licensed users. The unlicensed 

device would also have to  m onitor whether the licensed user has begun to transm it in 

the frequency band and, if so, the unlicensed device would have to  find another vacant 

band. In order to  determine w hether a particular frequency band is available for its use, 

the FCC states th a t an unlicensed device would have to  use “sm art radio” technology 

to  make such decisions [2]. These sm art radio technologies have recently found great 

interest in the area of cognitive radios and software defined radios [6-10].

A software radio is a  radio implemented predominantly in software. This manner 

of im plementation allows the radio to  be flexible and adaptable. For example, it can 

function over multiple bands and under multiple protocols. Most of the components of 

the radio run on a microprocessor [6]. For high performance applications, this is not 

always practical, leading to  the design of the software-defined radio (SDR). In a SDR, 

the higher performance is achieved by implementing the radio with a combination of 

hardware and software. This can include application specific integrated circuits (ASIC), 

field programmable gate arrays (FPGA), digital signal processing (DSP) and software 

on a microprocessor [6].

From an SDR, a cognitive radio can be designed tha t has a level of reasoning th a t 

allows it to observe its environment and make decisions based on these observations and
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its knowledge of its own hardware and software capabilities. Based on these decisions, 

the radio’s behaviour can be changed to  give the desired performance [7]. W here the 

typical radio simply transm its a t a  particular frequency, the cognitive radio can adapt [6]. 

This makes the cognitive radio more efficient and able to  be used in more environments, 

especially changing ones. Its adaptability  allows it to provide better service to its user, 

even learning the user’s preferences as it goes [8]. A cognitive radio can work over a  wide 

range of frequencies and under conditions th a t require spectrum  sharing, as with the 

FCC’s proposed sharing of the broadcast television band [2], The cognitive radio must 

be able to adapt to  operate at different frequencies and am plitude levels as well as have 

the intelligence to  understand the protocols or rules th a t ensure th a t the radio does not 

create undesired interference in a band where somebody else is the prim ary user [6].

Though much of the intelligence of the cognitive radio is implemented w ith software, 

there are many specialized hardware components th a t make it a true System-on-Chip 

(SoC) design. It will likely combine various sensing circuitry with m ulti-band RF cir

cuitry [9]. A large part of this sensing circuitry may be used to  ensure th a t the radio 

will not cause interference for other users. One aspect of the sensing will be to  locate 

spectrum  holes [10].

The cognitive radios th a t will be incorporated into all unlicensed devices will require a 

means of sensing available frequency bands. These available bands, known as “spectrum  

holes” or “whitespaces” , are licensed bands of frequency th a t are not used by the prim ary 

user a t a particular time and in a given geographic location [3]. The FCC has suggested
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several possible sensing methods, one of which applies to the whitespace detector circuit 

in this thesis. In this method, the unlicensed transm itter would check the particular 

channel for a signal above a certain threshold. If a  signal is found above the threshold, it 

would then look for another channel; otherwise, it could transm it in the given channel. 

The detector would have to  be sensitive to small signals bu t would not have to  be 

concerned with decoding the signals, ju st locating them. They could, for example, 

locate the television carrier. As of the writing of this thesis, a  decision has not been 

made by the FCC to  determine the specifics of this threshold [2].

2.1 Proposed W hitespace D etector Architecture

The scope of this thesis encompasses the design of circuitry th a t will assist an unlicensed 

device in determ ining whether a  given frequency band is being used or w hether it is 

available. The circuitry is designed as an application specific integrated circuit (ASIC) 

and its function is to  tune to  a  particular frequency channel and output a signal th a t 

can be used to decide if a signal is present in th a t channel or w hether th a t channel is 

“whitespace” . Since the goal of the whitespace detector is to  detect the presence or 

absence of power in a  band, and not to  receive and decode information, a complete RF 

front end is not required. The whitespace detector, shown in Figure 2.1, has two main 

circuit components. The first is a tunable, high quality factor bandpass filter, which is 

used to tune to  a particular frequency band and filter out all others. The second is a 

receive signal strength indicator (RSSI) whose role is to determine the power level of 

any signals in the band to  which the filter has been tuned. Based on the RSSI output a
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decision can be made as to  whether the band is in use or if it is whitespace.

Tunable
B andpass Filter rcaai

Figure 2.1: Block diagram of the proposed whitespace detector architecture.

At the input to  the bandpass filter are all of the radio signals th a t are being trans

m itted in the area. The filter is tunable and has a high quality factor allowing it to  

be tuned to  a  particular, narrow frequency band. The signals in this band are ampli

fied at the filter ou tput while all other signals are suppressed. The RSSI then gives an 

output th a t is proportional to  the power of the signal th a t is passed through the filter. 

W hen used to  locate whitespace, the filter would tune to a channel th a t has no signal 

present to  amplify and the RSSI would give on output indicating a  very low or absent 

signal in th a t band. Some digital circuitry could then be used to  interpret the RSSI 

output, having a threshold value for deciding if a  signal was located in the band or if 

it is whitespace. Once a decision has been made for a particular channel, the filter can 

be retuned to  another channel where another decision can be made. In this way, the 

whitespace detector can be tuned to each of the channels in a wide band and create 

a list of which channels are available whitespace and which channels are occupied and 

therefore, unavailable. This list can be continuously updated, or updated as required, 

to  monitor the channels in case they become used by a prim ary user. Based on the
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output of the whitespace detector and the frequency landscape provided by this list, an 

unlicensed device incorporating a cognitive radio can decide which frequency channel to 

use for its transmission.

The high quality factor bandpass filter is implemented in a 0.18 pm  CMOS technology 

using a  tunable active inductor which is based on the work presented in [11]. The 

advantage of this topology is th a t it perm its the filter to be tuned to  a wide range of 

frequencies while providing high precision due to  the large quality factors achievable with 

the active inductor. The RSSI is also implemented in the 0.18 pm  CMOS technology on 

the same ASIC as the filter. It is based on a logarithmic amplifier formed by cascaded 

stages of limiting amplifiers and rectifiers as presented in [12].

Prior to  choosing this architecture for the whitespace detector, other alternative 

potential architectures were examined. One idea was to  use a frequency synthesizer and 

mixer to  downconvert the input band to  a lower interm ediate frequency (IF) and then 

measure the power a t th a t frequency to see if the band is occupied. The frequency 

synthesizer would be tuned in order to  select the radio frequency (RF) of the desired 

band to  downconvert to  the IF. This architecture is shown in Figure 2.2a.

The problem with this architecture is th a t all other frequencies around the RF also 

get downconverted to  around the IF and it is difficult to measure the power only in 

the band of interest. To fix this problem, filtering can be used at the RF so th a t 

only the signals in the band of interest get downconverted to  the IF. This leads to  the 

modification of using a bandpass filter before the mixer, as shown in Figure 2.2b. The
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filter would have a center frequency th a t is tuned so th a t it tracks with the frequency 

being downconverted by the mixer. As discussed in the beginning of C hapter 2, the FCC 

has proposed to  open selected television bands for use by unlicensed users. This band of 

frequencies is approxim ately 70 MHz to  700 MHz and is the target frequency range for 

the proposed whitespace detector. The range of frequencies is large in comparison with 

any particular frequency in the band and would require a frequency synthesizer w ith a 

large tuning range in order to  downconvert any channel in the band to  the IF.

Antenna
Mixer RSSI

LNA 'Outputa)
Frequency Synthesizer

Antenna
Mixer RSSI

Bandpass
FilterLNA 'Output

b )

Frequency Synthesizer

Antenna
RSSI

Bandpass
Filter 'OutputLNA

c )

Tuning Control

Figure 2.2: Progression of alternative topologies for the whitespace detector. The dashed 
lines enclose the part of the topology th a t would be implemented, a) A frequency 
synthesizer and mixer downconvert the input band to  an IF where the power is measured, 
b) A narrowband filter isolates the band of interest before it is downconverted. c) A 
narrowband filter isolates the band of interest and the power in the band is measured 
at the RF w ithout and downconversion.

To simplify the design of the whitespace detector, it was decided to  eliminate the 

downconversion mixer and wide-tuning frequency synthesizer and perform the power
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detection a t the RF frequency. This leads to  the architecture in Figure 2.2c which is 

implemented in this thesis as shown in Figure 2.1 with the tunable bandpass filter and 

RSSI as the power detection circuitry. A digital filter, such a finite impulse response 

(FIR) filter was considered to  perform the filtering but the power consumption would 

be high. An analog filter th a t uses an on-chip spiral inductor would take up too much 

area and not have a  quality factor large enough to  perform the required filtering. The 

active inductor topology was chosen for the bandpass filter due to its large quality factor, 

tunability and low power consumption. The active inductor may contribute more noise 

than  a passive inductor. However, this is not a prim ary concern since the whitespace 

detector aims only to detect the power of a signal in a band, and not to  decode the 

information it carries.

2.2 W hitespace D etector Design Specifications

The FC C ’s proposed rules presented in [2] helped formulate the targeted specifications 

for the whitespace detector in this thesis. The specifications could be modified for other 

applications.

The broadcast television frequency band is separated into channels th a t are spaced 

by 6 MHz within the VHF and UHF frequency spectrum . These channels are designated 

as channels 2 to 69 and use the following frequencies: 54-72 MHz, 76-88 MHz, 174-216 

MHz and 470-806 MHz [2]. The FCC has restricted the channels th a t will be available 

to unlicensed users to  those summarized in Table 2.1 [2],

From this information, the targeted specifications for the whitespace detector are to
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Table 2.1: Available Television Channels for Unlicensed Users
Channels Frequencies Restrictions

5 - 6 76 MHz - 88 MHz
7 -  13 174 MHz - 216 MHz
14 - 20 470 MHz - 512 MHz (in some locations)
21 - 36 512 MHz - 608 MHz
38 - 51 614 MHz - 698 MHz

operate in a  frequency band from 70 MHz to 700 MHz and be able to  tune to  6 MHz 

channels. An unlicensed device operating in this band could use one of the available 

channels or multiple, adjacent unused channels for higher bandw idth applications [2]. 

W hen tuned to  a  6 MHz channel, the whitespace detector must give an output th a t 

allows a decision to be made as to  w hether the channel has a signal present or whether 

the channel is whitespace. The signal it may find in the channel could be transm itted  

by the licensed television station in th a t band or another unlicensed device th a t found 

whitespace and is now using it to  transm it. In either of these cases, the decision would 

be tha t the band being examined is not available whitespace.

Regulations would have to  be developed to  govern how unlicensed devices can use 

whitespace. For example, there could be rules on the bandw idth they are perm itted  to  

use. The system designed in this thesis is intended to  work with 6 MHz channels, but 

this does not have to  be the bandw idth limitation. If users require less bandw idth, they 

could use a whitespace detector th a t is capable of locating smaller chunks of available 

spectrum. Similarly, if the user requires more bandwidth, its whitespace detector would 

have to  look for a larger chunk of whitespace. The channel searching bandw idth of the 

whitespace detector could be designed to  meet the bandw idth needs of the individual
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users or it could be made adjustable. The 6 MHz target bandw idth for the whitespace 

detector in this thesis is a  lower limit since larger bandwidths can also be achieved.

Television receivers must be able to  receive signals as low as -83 dBm and as high 

as -15 dBm [13]. The FCC had not yet set a signal strength threshold for allowing 

unlicensed transm ission at the time of this work [2]. Therefore, the lower limit of the 

television signals are used as a guideline for determining the specification for the signal 

range over which the whitespace detector will operate. Since the whitespace detector 

is simply looking for the presence or absence of a signal, the upper end of the range is 

not as im portant for signal detection. Once a signal of appreciable strength  is located it 

does not really m atter how strong the signal is but rather th a t it is present. However, 

the large signals are a  potential concern for reasons of linearity and issues th a t may arise 

with blockers. For reference, -83 dBm to  -15 dBm signals are equivalent to  peak input 

voltages ranging from 22.4 /iV to  56.2 mV, in a 50 C system, based on

from [14, p.3]. Blockers are high power signals in a frequency band th a t is close to  the 

band being examined for whitespace. Their high power and close proximity make them  

difficult to  suppress w ith a filter. The filter would require a very large quality factor to 

suppress the blocker and be able to  detect a potential signal of interest. The implication

can go undetected if they are in close proximity to a large blocker. A discussion of the 

issues with blockers is presented in Section 3.3.8.

(2 .2 .1)

of this for the design of the whitespace detector is th a t potential bands of whitespace
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The whitespace detector in this thesis is designed to be a 50 system. Though 

television systems operate in a 75 environment, 50 Q is used to  simplify testing of the 

whitespace detector in a 50 test environment.

Based on the overall specifications for the whitespace detector, the targeted specifica

tions for the two m ajor circuits are set. Table 2.2 summarizes the targeted performance 

specifications for the design of the tunable bandpass filter.

Table 2.2: Specifications for the Design of the Tunable Bandpass Filter
Specification Targeted Performance

Center Frequency Range 70 MHz to  700 MHz
3 dB Bandw idth a t Center Frequency <  6 MHz
Minimum Input Signal (Sensitivity) -83 dBm (22.4 /rVpeafc in 50 Q system)

Linearity (IIP3) High
Power Consumption Low

Circuit Area Small

Table 2.3 summarizes the targeted performance specifications for the design of the 

RSSI. The RSSI’s input is the output of the bandpass filter. Its main specification is to 

provide a logarithmic input-to-output relationship over the range of output voltages from 

the tunable bandpass filter. Simulation results of the bandpass filter output presented 

in Chapter 3 provide the dynamic range specification shown in Table 2.3. The output 

range of the bandpass filter is found to  be -60 dBm to -10 dBm.

Table 2.3: Specifications for the Design of the Receive Signal Strength Indicator
Specification Targeted Performance

Frequency Range 70 MHz to  700 MHz
Input Dynamic Range -60 dBm to  -10 dBm

Power Consumption Low
Circuit Area Small

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

The overall performance of the whitespace detector will be judged on its ability to 

distinguish between a signal or whitespace in a 6 MHz channel.

2.3 Literature R eview  of A ctive Inductor Based Band
pass Filters

Integrated circuits such as oscillators, filters and amplifiers may employ inductors. Typ

ically, these inductors are implemented using large, on-chip spiral structures, or discrete 

off-chip components are used. Recent research has examined on-chip active inductors 

as a substitu te to  off-chip inductors or spiral inductors. Active inductors offer higher 

achievable on-chip inductances and higher quality factors while requiring a significantly 

smaller chip area than  conventional spiral inductors [15,16]. In addition, both  the in

ductance and quality factor of active inductors can be tuned. Active inductors have the 

limitations of poor linearity and higher noise than  traditional inductors [11,17], making 

them  not suitable for applications where there are tight requirements in these areas. The 

advantages and disadvantages of active inductors compared to on-chip passive inductors 

are summarized in Table 2.4.

Table 2.4: The Advantages and Disadvantages of Active Inductors Compared to  On- 
Chip Spiral Inductors________________________________________________

Advantages Disadvantages
Higher inductance values Lower linearity

Higher quality factors Higher noise
Smaller chip area Higher power

Tunable inductance and quality factor

Work has been done to  create active inductors from transistors in GaAs technologies
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[16,18,19], bipolar [20] and CMOS technologies [11,15-17,21-29]. Tunable oscillators 

using active inductors are presented in [23,24]. In [23], the inductance of the active 

inductor is tuned from 9.6 nH to  56 nH w ith quality factors greater than  100, allowing 

the oscillator to  function from 1.73 GHz to  2.07 GHz. Varying bias currents to  the 

active inductor in [24], tunes the oscillator’s frequency from 450 MHz to 1.16 GHz. A 

low noise amplifier (LNA) is presented in [25] th a t uses a CMOS active inductor load 

and it is compared to an LNA w ith a  spiral inductor load th a t uses 25% more chip area. 

The design of a CMOS broadband amplifier w ith high quality factor active inductors is 

presented in [26]. Much research describes the use of active inductors in implementing 

tunable bandpass filters [11,17,22,27-29].

The realization of integrated on-chip filters are a challenge in the complete integration 

of RF front ends due to  the low quality factor and large size of on-chip inductors. 

In [30-32], tunable bandpass filters are presented th a t use on-chip spiral inductors and 

quality factor enhancing circuitry. These circuits have the advantage of being tunable in 

both frequency and quality factor but still rely on large, on-chip inductors. The on-chip, 

tunable bandpass filters in [11,17,22,27-29] can be tuned in both  center frequency and 

quality factor while being much smaller due to  the use of active inductors.

The performance of several recent active inductor designs presented in the literature is 

summarized in Table 2.5. Table 2.6 summarizes the performance of bandpass filters th a t 

have been built using active inductors and presented in recent publications. The author 

of [11,21,22] has done work on single-ended and differential CMOS active inductors and
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has also shown their application in bandpass filters and amplifiers. The inductor and 

bandpass filter presented in [11] is the basis for this thesis work. A goal of these works 

is to create active inductors w ith larger quality factors. An extra transistor is added 

to  the feedback path  of the active inductor presented in [11] to  act as Q-enhancement 

circuitry. The inductor achieves quality factors up to 434 compared to those below 

10 for similar architectures w ithout the Q-enhancement circuitry. Linearity remains a 

lim itation in this design and a  maximum output voltage of only 4.5 mV is achieved with 

less than  1 % to ta l harmonic distortion. The same author presents a fully-differential 

active inductor in [21].

Table 2.5: Performance of Active Inductors Presented in the Literature
Ref. Tech. Power Inductive

Bandwidth
Inductance

Range
R 5 Quality

Factor
Max.

O utput
Voltage

[11] 0.35 /nm 
CMOS

0.6 mW 6.8 MHz - 
2.97 GHz

30.9 nH 
@ 1 GHz

i . i 6 n
@ DC

434 @ 
1 GHz

4.5mV

[21] 0.35 fim  
CMOS

1.2 mW 10 MHz - 
2.8 GHz

70 nH 
± 20%

N /A 1970 @ 
1.08GHz

30mVpp

[20] 0.18 fim
BiCMOS

15 mW N /A up to 
40 nH

N /A up to  
10

N /A

[19] 1/rni GaAs 
M ESFET

90 to 
240mW

100 MHz - 
1 GHz

65 nH to 
110 nH

-5.6 to
20.8 n

N /A N /A

[22] 0.8 p.m
CMOS

N /A up to 
1 GHz

100’s 
of nH

N /A > 100 13.5mV

In [20] a bipolar active inductor designed in a BiCMOS technology is presented. 

Though the quality factor of this inductor would not be large enough for a high precision 

bandpass filter, its feasibility for tuning the input and output impedance of RF circuits in 

a multi-mode transceiver is presented. An active inductor designed in a GaAs M ESFET
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technology is presented in [19]. It can achieve low series resistances and a  wide range of 

inductances but it requires a t least six times more power than  the other designs.

Table 2.6: Performance of Active Inductor Based Band Pass Filters Presented in the 
Literature_______________________________________________________________________

Ref. Description Tech. Power Center
Frequency

Range

Filter
Quality
Factor

IIP3
or

DR

[11] C fut =  0.7pF 0.35 pm  
CMOS

0.6 mW 0.93- 
1.03 GHz

>  25 DR =  30dB 
@ 1GHz, Q=25

[29] Differential 0.35 pm  
CMOS

17 mW 400 MHz - 
1.1 GHz

2 to 
80

IIP3 =  -15dBm 
@ Q =  40

[22] Cfilt =  0.7pF 0.8 pm  
CMOS

N /A around 
500 MHz

80 @ 
500 MHz

N /A

[17] 6th  order 
Gm-C

0.5 pm  
CMOS

90 mW around 
70 MHz

350 @ 
70 MHz

IIP3 =  -lOdBm

In [22] the bandpass filter based on a CMOS active inductor is shown to  have a high 

quality factor of 80 operating with a  center frequency around 500 MHz. In [11], a similar 

topology is used in a smaller, 0.35 pm  CMOS technology for a filter operating around 

1 GHz and using 0.6 mW  of power. Both of these designs use a capacitor in series with 

the input of the inductor to  create the bandpass filter.

A differential bandpass filter in [29] is shown to  achieve quality factors up to  80 and a 

700 MHz frequency range around a nominal frequency of 900 MHz. It requires 28 times 

more power than  the filter in [11] but can achieve an IIP3 o f -15 dBm, using symmetrical 

and unbalanced differential pairs. Input and output buffers are designed to  interface the 

fabricated circuit with 50 Q test equipment.

The sixth order filter in [17] operates around 70 MHz and can reach a  quality factor 

of 350. Its IIP3 of -10 dBm is 5 dB better than  the next best filter presented but it
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requires 5 times more power. The improved performance and higher power are due 

to  the fact th a t it is a sixth order filter based on three cascaded second order filters. 

Autom atic tuning circuitry is also designed for the filter. It consumes an additional 

30 mW  of power but allows the filter to  be autom atically tuned in both  frequency and 

quality factor.

2.4 Literature R eview  of Receive Signal Strength  
Indicators

Table 2.7 shows the performance of several receive signal strength indicators (RSSI) pre

sented in the literature. These designs have a similar architecture to  the RSSI presented 

in this thesis, being built as a logarithmic amplifier with cascaded limiter and rectifier 

stages. In [12], two similar RSSIs are presented for application in Bluetooth receivers, 

operating a t the Interm ediate Frequency (IF) of 3 MHz. One is designed in a 0.5 pm  

CMOS technology and the other in a 0.35 pm  CMOS technology. The design in the 

0.35 pm  technology requires 25% less power and has a 27% higher 3 dB bandwidth. 

The advantage of these designs is their ability to  work with low power. Special limiting 

amplifiers and rectifier topologies were designed to operate w ith low supply voltages.

The RSSI presented in [33] uses almost twice the power of the first design. However, 

its dynamic range is 10 dB larger and its input sensitivity is 18 dB lower. It can 

also operate up to a higher frequency of 70 MHz and has ± 2  dB better logarithmic 

linearity. For low voltage operation, the limiters in this design use folded diode loads 

versus conventional cascode diode loads. The rectifiers use an open-loop current mode
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Table 2.7: Performance of Received Signal Strength Indicators Presented in the Litera
ture_____________________________________________________________________________

Ref. Tech. Power Area G ain/Stage 
#  of Stages 
Total Gain

Input
Dynamic

Range

3 dB 
Band
w idth

Error

[12] 0.35 pm  
CMOS

3.2 mW 0.48 mm2 9.3dB x 7 
=  65 dB

-60 dBm 
to 5 dBm

23MHz ±3dB

[12] 0.5 pm  
CMOS

4.3 mW 0.49 mm2 9.3dB x 7 
=  65 dB

-60 dBm 
to 5 dBm

18MHz ±3dB

[33] 0.6 pm
CMOS

6.2 mW 0.4 m m 2 12dB x 7 
=  84 dB

-78 dBm 
to -3 dBm

70MHz ± ld B

[34] 0.35 pm  
CMOS

69 mW N /A 12dB x 7 
=  84 dB

-83 dBm 
to -3 dBm

110MHz ±0.7dB

[35] 0.6 pm
CMOS

15 mW 0.36 mm 2 80dB 68 dB 292MHz ± ld B

structure to  achieve low power operation from a 2 V supply or less.

The RSSI presented in [34] requires more than  20 times the power of the lowest power 

design, though it also includes a programmable gain amplifier. Its quoted area includes 

pads and other circuitry and thus is not suitable for comparison. The advantages of this 

design are its wider dynamic range of 80 dB, lower input sensitivity of -83 dBm, higher 

3 dB bandw idth of 110 MHz and better logarithmic accuracy of ±0 .7  dB. A problem 

th a t is identified and resolved in this design is the large gain variation of 6 dB to  15 dB 

in the gain stages of the RSSI due to  process variations. This problem is fixed with the 

design of gain control bias circuitry, a t the expense of more power and area.

The final RSSI in Table 2.7, presented in [35], operates up to  a higher frequency of 

292 MHz and occupies a similar area than  the others. It uses almost 5 times more power 

than  the lowest power design. A problem presented with this design is th a t measured 

results only show the RSSI operating down to  -50 dBm while simulations works down
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to  -100 dBm. No explanation is presented for this inconsistency.

2.5 Chapter Summary

The concept of the whitespace detector is introduced in this chapter. It is a circuit th a t 

can be used to  locate unused bands in the frequency spectrum. These vacant bands are 

licensed to particular users bu t they can be shared w ith unlicensed users. Spectrum  shar

ing can increase the efficiency of spectrum  use. Various architectures for the whitespace 

detector are examined and the one chosen for implem entation uses a  tunable bandpass 

filter based on an active inductor, along w ith a receive signal strength indicator. This 

circuit will tune to a chosen frequency band and determine if th a t band is in use based 

on the received signal strength within th a t band. Specifications for the performance 

of these circuits are laid out for operation of the whitespace detector in the television 

frequency band from 70 MHz to  700 MHz. The Federal Communications Commission 

has proposed making these licensed frequencies available for use by unlicensed users. 

A literature review of the state-of-the-art in active inductor-based bandpass filters and 

receive signal indicators is presented. This leads toward the development of the chosen 

topology for the application in the whitespace detector.
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Chapter 3 

Tunable Bandpass Filter w ith  
A ctive Inductor

A key component required for the im plem entation of the whitespace detector circuit 

is an on-chip, tunable bandpass filter with a high quality factor. For applications in 

the broadcast television frequency bands th a t the Federal Communications Commission 

(FCC) proposes to release to  secondary users, the filter must be able to tune to channels 

from 70 MHz to  700 MHz [2]. W ithin this frequency band, the television channels 

are spaced by 6 MHz. In order to  accurately tune to  a particular channel, the 3 dB 

bandw idth of the band pass filter response is desired to  be 6 MHz or less. This requires 

a  quality factor as high as 120 for operation at 700 MHz. At 70 MHz, a quality factor of 

12 is required to  give a 6 MHz dB bandwidth. The filter should be sensitive to  signals 

as low as -83 dBm as set in the specifications in C hapter 2.

The topology used to  implement the bandpass filter is based on a CMOS transistor- 

only active inductor [11]. This topology offers a number of advantages over alternative 

inductor implementations. For one, it can be created on-chip, as opposed to  using

24
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off-chip discrete inductors. The transistor-only active inductor requires a significantly 

smaller die size when compared to  conventional on-chip spiral inductors and can achieve 

higher inductance values. For example, a 9 nH planar spiral inductor can require an area 

of 36000 /rm2 [36], while active inductors, such as the one designed for this thesis, can 

achieve hundreds of nanohenries in less than  five percent of the area. In addition to  the 

large size of on-chip spiral inductors, they also have the disadvantages of being difficult 

to model in simulations and having low quality factors. In contrast, the transistor- 

based active inductor is more easily modelled and can achieve high quality factors th a t 

can be into the hundreds [11]. W hen used in a bandpass filter, these high quality 

factors allow for a very sharp filter response. The active inductor offers tunability in 

both inductance and quality factor, allowing the frequency, gain and bandw idth of the 

bandpass filter to be adjusted. This makes the CMOS transistor-only active inductor an 

appropriate choice for designing the on-chip bandpass filter for the whitespace detector 

circuit. Active inductors suffer from poorer noise performance than  passive inductors, 

bu t in this application, it is not as much of a concern since determining the presence 

or absence of a  signal is the objective, not determining the information carried by the 

signal. Active inductors also have the potential to have problems w ith linearity and 

instability when their high quality factors lead to  high gain [37].

The active inductor th a t is implemented in the whitespace detector’s tunable band

pass filter follows from the work in [11], The active inductor presented in this thesis is 

created in a  0.18 fim  CMOS technology instead of a 0.35 /rm technology and it is used to
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make a bandpass filter with a 630 MHz frequency tuning range, compared to  100 MHz 

in [11],

In Section 3.1, theory to predict the performance of the active inductor and tunable 

bandpass filter is developed. Sections 3.2 and 3.3 discuss the circuit design, implemen

tation, layouts and simulation results of the active inductor and bandpass filter, respec

tively. The performance of the circuits is summarized and compared to  the literature in 

Section 3.4.

3.1 A ctive Inductor and Tunable Bandpass Filter 
Theory

3.1.1 A ctive Inductor T heory

The basis for the active inductor design is a gyrator circuit [37]. The advantage of 

the gyrator is th a t it can be implemented on an integrated circuit using transistors. 

The transistors act as transconductors and adjustm ents to their bias points allow their 

transconductances to  be tuned [37]. A conceptual representation of a gyrator based 

on two transconductors is shown in Figure 3.1. Transconductor 1 provides a negative 

transconductance, gmi, meaning its current flows into the transconductor when a positive 

voltage is applied a t its input. Transconductor 2 provides a positive transconductance, 

gm2, meaning its current flows out of the transconductor when a positive voltage is 

applied at its input [11]. W hen a grounded capacitor, C, is connected to  the output of 

the gyrator in Figure 3.1, the input impedance of the gyrator can be expressed as

Zin\S) T ( \ ' (3.1.1)
lin\S) 9ml9m2
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This input impedance looks like an inductor w ith one term inal attached to ground, 

having an inductance given by

L  — C  (3.1.2)
9 m l f jm ‘2

as shown in [37].

out

9m1

Figure 3.1: G yrator block diagram.

In a  CMOS technology, the two transconductors in Figure 3.1 can be implemented 

using a number of combinations of PMOS and NMOS transistors. To form the negative 

transconductor, the transistor can be connected in a  common-source amplifier config

uration. Common-drain or common-gate configurations can be used to  implement the 

positive transconductor [11]. The schematic for the whitespace detector’s active induc

tor can be seen in Figure 3.2. A PMOS common-source amplifier, M2, is selected for 

the negative transconductor and a PMOS common-gate amplifier, M3, is chosen for the
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positive transconductor. The th ird  transistor, M l, in Figure 3.2 is an NMOS transis

tor th a t is used to reduce the series resistance of the inductor by increasing the loop 

gain [11], This allows the achievable quality factor of the inductor to  be increased.

V dd

DD

out

Figure 3.2: The active inductor circuit.

The simplified, generic formulas for the input impedance and inductance of the 

gyrator-based active inductor can be seen in Equations 3.1.1 and 3.1.2, respectively. 

A more accurate relation for the input impedance of the active inductor in Figure 3.2 

can be derived using the high frequency small signal representation of the circuit. A 

schematic of the small signal model can be seen in Figure 3.3. Transistors M2 and 

M3 have their bulk connected to  their source, removing any capacitance between these 

nodes. The capacitances connected to  the bulk of M l are considered.

The circuit in Figure 3.3 can be rearranged and simplified as shown in Figure 3.4.
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>gd3

■ V o u t
’gd1

Figure 3.3: High frequency small signal model of the active inductor.

out

Figure 3.4: High frequency small signal model of the active inductor with simplified 
impedances.
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In this circuit, V in = -V gs‘i, Voui =  V gs2 and Vx =  -VflSi =  -V ^i- The impedance 

blocks, which are the combination of parallel resistors and capacitors, are represented 

by Equations 3.1.3 through 3.1.8.

Z l(s) =  s(C db2 + Cgs3)ro2 + l  (3' 1'3)

Z3(S) =  s(C gd3 + Csbl + Cgsl) (3'L5)

Z 4(s) = rol (3.1.6)

z «(s ) =  .Y r T t3 ' 1'7)S\'~/dbl  +  Cygdl  +  O gs2 )

Ze{s) =  —  (3.1.8)
S^gd2

To determine the inductance of the circuit, the input impedance, Zin =  vm/ i in, can 

be found by solving the nodal equations for the circuit in Figure 3.4. These are given 

by Equations 3.1.9, 3.1.10 and 3.1.11 for nodes Vjn, Vx and V out, respectively.

Vin Vin — VT ̂ in — Vnut ~  ̂ x
—lin +  ~77 F 9m2^out +  QmZ în H 77-------1------- 77------  =  0 (3.1.9)

Z i  Z j2 Z 6

Vx ~  Vin Vr Vx — Vout „
—QmiVin H   h —  +  gmlVx +  gmblVx H 77  =  0 (3.1.10)

Z  2  z 3  Z 4

Vout . Voui Vin , Vout Vx , .
1 7 - 1------- ~---------gmlVx -  gmblVx --------~------ = 0  (3.1.11)

Z 5  z 6 Z 4

The nodal Equations 3.1.9 through 3.1.11 are solved for the input impedance of the 

active inductor using the Maple m athem atical software tool. A few simplifications are 

made to  this expression, yielding Equation A. 1.1 in Appendix A. These simplifications 

include removing non-dominant capacitances from impedance equations 3.1.3 through
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3.1.8. In Equation 3.1.3, CgS3 Cdb2 , allowing 0^2  to be eliminated from the equation. 

Similarly, C ^ i is removed from Equation 3.1.5 and C ^ i is removed from Equation 3.1.7, 

since they are orders of m agnitude smaller than  the other capacitances in these equa

tions. Equation 3.1.4 reduces to Z2(s) =  r03 since the imaginary term  in the denom inator 

is much less than  1 for frequencies below 50 GHz. Further simplification involved elim

inating any term s th a t were added together which were more than  100 times smaller 

than  the dominant term  in the addition. The resulting simplifications give the more 

manageable Equation A. 1.1. The substitution of simulated operating point values into 

this equation and the original, non-simplified equation result in an inductance calcula

tion th a t matches w ithin a few percent for frequencies in the hundreds of MHz range. 

This shows th a t the above simplifications th a t are made are acceptable.

The imaginary part of the impedance from equation A. 1.1 gives the inductance of 

the active inductor and the real part gives its series resistance. Simplified versions of 

these equations are derived in Appendix A. The imaginary part of the impedance can 

be simplified, giving the inductance of

£  _  foljCgdl +  Cgs2 +  Cgd2)( 1 +  +  <7m6l]) +  ro'i{Cgs 1 +  CgS2  +  Cgds) ^   ̂ ^

^olf]m2 (9ml T  QmZ^oz\9ml T  9mbl\)

The real part, when simplified, gives the series resistance expressed as

R s  =  f (3. 1. 13)
T'ol9rn2\9ml T  9m3^o3[9ml T  9mbl\)

For the frequency range of this application (in the 100s of MHz), these simplified equa

tions are accurate to  within four percent of the full equation th a t is derived from the 

nodal Equations 3.1.9 to  3.1.11.
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W ith further approximation, these equations can be simplified to  a form th a t cor

responds closely to the gyrator theory presented in [37] and the inductance and series 

resistance equation presented in [11]. For the series resistance equation, this can be 

done by ignoring gm/,i then simplifying based on the fact th a t gm\ < gmi9 m3 'i'o3 - These 

simplifications result in the series resistance of

R s = ---------- ----------- =  9dsl9ds3 . (3.1.14)
^ o l^ o Z Q m lQ rr& Q m Z  Q m lQ m flQ m Z

This is equivalent to  the equation presented in [11]. The simplifications leading to 

Equation 3.1.14 result in up to  a 30% loss of accuracy. Equation 3.1.14 is useful for 

predicting trends in the resistance but for a more accurate calculation of the series 

resistance, Equation 3.1.13 must be used.

The inductance Equation 3.1.12 can be simplified more by using numerical analysis 

to  eliminate the non-dominant term s in the num erator and simplifying the denom inator 

in the same way th a t is done for the series resistance equation. The result of these 

simplifications is

^  _  Cgd\ +  Cgs2 +  Cgd2 ^

9  m 2  Q m Z

This equation loses up to  50% of the accuracy of Equation 3.1.12 but allows trends to be 

easily identified and examined. This equation agrees with the one described in [11] except 

tha t Equation 3.1.15 accounts for additional capacitances, leading to  a more accurate 

calculation. Though Equation 3.1.15 is useful for examining trends in the inductance, 

the more accurate Equation 3.1.12 is used to  calculate inductance to  compare with 

simulated results in Section 3.2.2.
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The quality factor of the inductor can be calculated as

using the inductance, L, and series resistance, R s [14].

In order to  examine the trends of how the bias currents and voltages in the active 

inductor effect its inductance and resistance, Equations 3.1.14 and 3.1.15 are used. These 

simplified equations are reasonable for examining trends.

The capacitances, Cg(n +  CgS2 +  Cgd2 , in Equation 3.1.15 are the dom inant capac

itances a t the output of the active inductor as seen in Figure 3.3. These capacitances 

are related to  the size of transistors, M l and M2, and will vary little during the normal 

operation of the active inductor. Therefore, the main param eters th a t allow for the 

tuning of the active inductor are the transconductances, gm2 and gm3. For the PMOS 

transistors, M2 and M3, which are operating in saturation, the transconductance can be 

described by

W
gm = \ j ^ pCox— ID (3.1.17)

where the hole mobility, g.p. and oxide capacitance, COX: of the transistors are fixed 

by the technology while the dimensions of the transistor, W /L , are fixed at the time 

of the design. This means th a t the transconductance of the circuit can be varied by 

changing the DC drain current, 1^, of the transistor. Therefore, the transconductance

is proportional to the square-root of the drain current. Since the drain currents in both

M2 and M3 are the same, it can be related to  the transconductances as

gm2 9 m3 OC I D. (3.1.18)
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Examining Equation 3.1.15 leads to  the conclusion th a t the inductance of the active 

inductor, L, is inversely proportional to  the drain current, Id , in transistors M2 and M3, 

shown as

L  o c -^ .  (3.1.19)
I d

Based on Figure 3.2, the drain current of transistors M2 and M3 can be related to 

the two bias currents by

ID = h - h • (3.1.20)

This means th a t increasing Ii while keeping I2 constant will increase Id  and reduce 

the inductance of the active inductor. Increasing I2 while keeping Ii constant will reduce 

Id  and increase the inductance.

The tuning trend for the series resistance can be seen by examining Equation 3.1.14. 

In this equation, gdsl =  l / r oX and gds3 =  l / r o3 will effect tuning. Changes in gmi, gm2 and 

gm3 caused by tuning the bias currents to  set the inductance will also effect R s. W ith 

the bias currents and inductance fixed, the series resistance can be tuned by varying 

gdsi or gds3. Changing the control voltages, Vi and V2 in Figure 3.2 causes a change in 

the drain to  source voltages of transistors M l and M3, which alters gdsi and g ŝ3 [11], 

Assuming th a t the transistors are in saturation, the relationship between their drain 

current, Id , and their gate to  source voltage, V gs, can be given by

1 W
I d  = ^ C ox— (VGS -  Vtf .  (3.1.21)

The tuning voltages, Vi and V2, are connected to  a transistor gate. If this gate 

voltage is increased while the bias current is held constant, the source voltage increases
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so th a t V gs remains constant and Equation 3.1.21 remains unchanged. The drain voltage 

does not change so this results in a  change in Y d s - Since the drain current is constant, 

this causes rG and hence gds of the transistor to  change. The overall effect is this: 

increasing Y ds causes a  decrease in gds, which causes a decrease in the series resistance, 

Rs, of the inductor based on Equation 3.1.14. This increases the quality factor of the 

inductor. In theory, an infinite quality factor can be obtained by continually reducing Rs 

but there are limits to  the control voltages in order to  leave enough voltage headroom for 

the current sources th a t bias the active inductor [11], As described earlier, the addition 

of the NMOS transitor, M l, allows higher quality factors to be achieved. This can be 

seen in Equation 3.1.14 where M l adds a factor of gdsi/gmi- This is always less than  1 

because gmi >  gdsi.

The active inductor circuit is shown to  have an input impedance th a t can be represented 

by an inductor in series w ith a resistor. A second-order bandpass filter can be created 

if a  capacitor is placed in series w ith the input of the active inductor and the output is 

taken from Y out in Figure 3.2 [11], If this is done, the bandpass filter can be represented 

as shown in Figure 3.5. The inductor, L, and resistor, R.s, represent the inductance and 

series resistance of the active inductor, respectively.

Solving for Y out/ Y in from Figure 3.5 gives

3.1.2 B andpass F ilter T heory

R s sR sCsR sC
(3.1.22)

sL  +  R s +  1 /  sC  s2L C  +  sR sC  +  1

which is the transfer function of the bandpass filter with s = jtu.
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V  C  I-  L  i w  
S — 1|—\—/rm , 4- V

Figure 3.5: Schematic representation of the bandpass filter.

Equation 3.1.22 can be rearranged to  the form shown in Equation 3.1.23 [38].

Vout   S ( R S/ L )   _________ a \ s __________

yin _  s2 +  s (R s/ L ) +  1 /L C  ~  s2 +  s{u0/Q ) + u l  1 ‘ J

From this transfer function, the center frequency, u>o, quality factor, Q, and 3-dB 

bandwidth, /3, can be found as Equations 3.1.24, 3.1.25 and 3.1.26, respectively.

“ ” =  7 W  ( 3 ' L 2 4 )

Q = t  =  ~ k ^  ( 3 ' L 2 5 )

^ - f - T  ( 3 - 1 ' 2 6 )

It is shown in Equation 3.1.19 th a t the inductance is inversely proportional to  the

drain current in transistors M2 and M3. By applying this to  Equation 3.1.24, the

relationship

Uo oc \J~Td (3.1.27)

can be deduced. The center frequency of the bandpass filter is proportional to  the 

square-root of the drain current in transistors M2 and M3. Thus, the bias currents can 

be used to  tune the center frequency of the bandpass filter.
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To tune the quality factor of the bandpass filter based on Equation 3.1.25, R s can 

be tuned by varying the input control voltages. This also tunes the 3 dB bandw idth of 

the filter.

3.2 Im plem entation and Sim ulation of the A ctive  
Inductor

The gyrator-based active inductor from Figure 3.2 is implemented in a 0.18 /xm CMOS 

technology. The schematic im plem entation of the circuit is shown in Figure 3.6.

Vqd

V do

out

Figure 3.6: Schematic of the active inductor circuit. The core of the active inductor is 
inside the dashed box.

As discussed in Section 3.1, the core of the active inductor is formed by the negative 

transconductor, M2, and the positive transconductor, M3. Mi is added to increase the 

quality factor of the active inductor by reducing its series resistance. The bias current,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



38

Ii is created by the NMOS current mirror formed from transistors M4 and M5. Mg 

and M7 make up a PMOS current m irror th a t is used to  provide the bias current, I2. 

The inductance of the active inductor can be tuned by varying the bias currents, Ii 

and I2. The quality factor can be tuned by varying the control voltages, Vi and V2. 

The input to  the active inductor is a t the source of M3. W hen the active inductor 

is used to create a bandpass filter, the input capacitor is placed in series w ith this 

terminal. The output is taken from the gate of M2. The source follower, M8 , and its 

bias transistors, M9 and M10, are added to  the output of the active inductor to  provide 

isolation when interfacing the bandpass filter to other circuits. This ex tra transistor adds 

more parasitic capacitances th a t alter the effective inductance of the circuit, however it 

lowers the im pact th a t different loads may have on the inductance. Each of the current 

mirrors has a 950 fF MIM (metal-oxide-metal) capacitor attached between the transistor 

gates and ground to  reduce noise th a t can be injected on the bias lines. The noise on 

the bias line comes from any transistors th a t form current mirrors th a t feed the circuit. 

Any time the current is ratioed up, the noise is as well. Noise is also coupled in from 

the substrate ground as the current bias line travels a long distance on top of it across 

the chip. The current source th a t is used to  provide the bias current can also contribute 

noise. Much of this noise is random  with respect to  frequency and the capacitor forms 

a low-pass filter th a t alleviates the high frequency noise. The size of the capacitor is 

chosen to remove as much noise as possible w ithout being too large to  fit in the available 

chip space.
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The sizes of the transistors th a t make up the active inductor in Figure 3.6 appear in 

Table 3.1. The starting  point for the sizes of active inductor’s core transistors, Mi to  M3, 

comes from the paper th a t is the basis for the active inductor design [11]. The design 

in this paper is done using a 0.35 gm  CMOS technology whereas the active inductor 

designed for the whitespace detector is done in a 0.18 jum CMOS technology. As a result, 

the transistor widths are scaled proportionally. From the starting  point, the transistor 

sizes are adjusted based on S-param eter simulation results performed in Cadence. These 

simulations, which are described in more detail in Section 3.2.2, examine the inductance 

of the active inductor. The transistor sizes are adjusted so th a t their capacitances and 

transconductances result in the desired range of inductance values when biasing to the 

active inductor is tuned.

Table 3.1: Transistor Sizes in the Active Inductor
Transistor #  of Fingers x W idth/F inger 

=  Total W idth (pm)
Length (pm)

M l 2 x 3.05 =  6.1 0.18
M2 2 x 5 =  10 0.18
M3 4 x 4.75 =  19 0.18
M4 4 x 5 =  20 0.50
M5 4 x 5 =  20 0.50
M6 4 x 5 =  20 0.50
M7 4 x 5 =  20 0.50
M8 2 x 1.6 =  3.2 0.18
M9 4 x 5 =  20 0.50
M10 4 x 5 =  20 0.50

A small w idth of 3.2 pm  and a  minimum length of 0.18 pm  is chosen for the source 

follower transistor, Ms, so th a t its input capacitance does not overwhelm the other 

capacitances th a t control the inductance of the active inductor. Ms is biased with a
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current of 250 fiA provided from 19f  ■ The bias transistors th a t form the current mirrors 

of the active inductor, M4 to  M7, Mg and Mxo, have non-minimum lengths to provide 

more constant current mirroring even if Y ds  cm both  halves of the current mirror is 

different. A discussed in [38, p.405], a longer channel transistor gives the current mirror a 

higher output resistance. This means th a t the transistor’s current remains more constant 

even if its Vds  varies. The current mirror transistors have large widths to ensure th a t 

they remain in saturation while providing the required range of currents and without 

requiring too much voltage headroom. Ii can range from approximately 5 pA to  200 pA 

while I2 can range from approxim ately 2 fiA  to  30 pA.

3.2.1 T he A ctive Inductor Layout

The layout of the active inductor is shown in Figure 3.7. All of the input and output ports 

are labelled, as well as each of the components. The transistors th a t form the current 

mirror pairs (M4 and M5, M6 and M7, M9 and M i0) are laid out w ith interdigitated 

fingers. This one-dimensional m atching technique allows the transistors to  be better 

matched against tem perature and doping gradients. It can also be noted th a t the filtering 

capacitors on the bias lines take up the m ajority of the area. This is why their size is 

limited to  950 fF. From the layout of the active inductor, an extracted version of the 

schematic is generated. This extracted representation of the circuit includes parasitic 

capacitances. All simulations th a t are described in the sections th a t follow are performed 

using this post-layout representation of the circuit.
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Cbias

M4/M5 M9/M10

CbiasCbias

65 um

Figure 3.7: The active inductor layout w ith ports and components labelled. For this 
layout and all layouts shown in this thesis, there is a layout key in Figure B .l of Appendix 
B to identify all layers used in the layout.
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3.2.2 Sim ulating th e Inductance of th e A ctive Inductor

S-parameter simulations* are run on the active inductor circuit in Figure 3.6 when 

extracted with parasitic capacitances to examine the input impedance of the circuit. A 

schematic of the testbench used to  perform S-param eter simulations is shown in Figure 

3.8. The 50 ports provide the measurement signals and the coupling capacitors, Cc, 

ensure the proper biasing is m aintain within the device under test (DUT).

in D U T  °nt

50 050 Q

Bias
lurrents

Bias /  + 
Voltages vZ

i  jP o rt 2Port 1 (  t

Figure 3.8: Test bench used for running S-param eter simulations.

Using the test bench in Figure 3.8 w ith the active inductor as the DUT, the frequency 

of the input signal for Port 1 is swept from 10 MHz to  10 GHz. The S-parameter results 

return  the input impedance looking into the active inductor from Port 1. As expected, 

based on equations 3.1.12 and 3.1.13, the input impedance is made up of an inductive 

component and a  small resistive component. These form the inductance and resistance 

of the active inductor. As described in Section 3.1, the inductance can be tuned by 

changing either of the bias currents, U or I2. In order to show the obtainable range of 

the inductance, a simulation is run where U is varied from 20 /xA to 200 /xA. I2 is held 

constant a t 10 /xA and the two control voltages are set to Vi =  60 mV and V2 =  1.05

V. The results of this simulation are shown in Figure 3.9.

’ A ll s im u la t io n s  w e re  d o n e  in  S p e c tr e R F  v e r . 5 .0 .3 3 .0 2 1 9 0 4  u s in g  B S IM 3  v 3 .2  t r a n s i s to r  m o d e ls  [39] 
in  C a d e n c e  d f l l  v e r. 2 0 0 4 a .
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Figure 3.9: The inductance of the active inductor for values of Ii, swept in 20 jiK  steps.
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Figure 3.9 shows th a t, at lower frequencies, the inductances can be tuned from 30 

nH to over 1 pH. The tunable inductance range can span from 20 nH to 2 pH  when ^  is 

tuned from 5 pA  to 200 pA and I2 is tuned from 2 pA  to  30 pA. This gives the range of 

inductances required for the filter to be tuned to the specified frequencies of 70 MHz to 

700 MHz. At higher frequencies, the active inductor reaches its self-resonant frequency 

and becomes capacitive instead of inductive. At self-resonance, the circuit may become 

unstable and s ta rt to  oscillate, if it has enough gain at the self-resonant frequency. This 

potential instability issue is a large-signal behavior and is discussed in Section 3.3.9. The 

S-parameter results presented in this section show the inductor’s small-signal behavior 

and are used to  dem onstrate the tuning range of the inductance. The large signal issues 

such as the potential instability a t self-resonance are not addressed here.

The simulated inductance can be compared to  the theoretical inductance equation 

developed in Section 3.1. The two curves in Figure 3.10 illustrate this comparison of 

inductance while the drain current of transistors M2 and M3 are tuned. The drain 

current is tuned based on Equation 3.1.20, keeping I2 fixed and varying 1^

The top curve is the simulated inductance of the three transistors th a t make up 

the active inductor. This simulation does not include the source follower load and bias 

circuitry but instead assumes th a t the bias currents, Ii and I2, are ideal. The transistors 

are extracted components bu t do not include parasitic interconnect capacitances. The 

inductance values are measured a t 100 MHz and plotted versus the transistor drain 

current. The lower curve is the theoretical inductance of the circuit based on Equation
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Figure 3.10: Comparison of the theoretical and simulated inductance of the active in
ductor. The theoretical and simulated inductance curves are on the bottom . The top 
curve is the percentage difference between the theoretical and simulated inductance.
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3.1.12. This equation is derived by assuming th a t the bias currents Ii and I2 are ideal. 

It does not account for any parasitic capacitances in the circuit. In this way, a direct 

comparison can be made to the theoretical expression in Equation 3.1.12.

The simulated and theoretical curves compare well with each other, following an 

identical trend w ith respect to  the drain current. The inductance of the active inductor 

is inversely proportional to  the drain current through transistor M2 and M3. For in

ductances below 50 nH, the simulated results are approximately 12% higher than  those 

expected from theory, as shown in the upper, percentage error curve in Figure 3.10. A 

possible explanation for this difference is the fact th a t the theoretical derivation uses 

square law models and assumes th a t all transistors are in saturation. In simulation, 

the models are numerical and not identical to  the analytical small-signal models used 

to  develop the theory. It is found through DC operating point simulations th a t the 

NMOS transistor, M i, actually operates in the subthreshold region and just out of satu

ration. The results, however, remain very close and follow the same trend, allowing the 

inductance to  be predicted based on the DC operating param eters of the transistors.

W hen the complete active inductor circuit is simulated with extracted parasitic ca

pacitances, the real bias circuitry and the source follower load, the simulated inductance 

increases by a factor of approxim ately 2.2. This requires an adaptation of the theory 

to account for the real operation environment of the active inductor. While examining 

Equation 3.1.12 during the two simulated cases (with and without parasitic capacitances, 

bias circuitry and source follower load), it is seen th a t the transistor transconductances
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and resistances change very little in each case. Though the transistor capacitances them 

selves do not change, additional capacitance is added from interconnect parasitics, the 

bias transistors and the load. This additional capacitance is large enough to  cause a 

significant increase in the value of the inductance. The main contribution is additional 

capacitance connected to the output term inal of the active inductor. Sources of this 

additional capacitance include the gate to  drain and gate to  source capacitances of Ms, 

the source follower a t the output, and the gate to  drain capacitance of Me, the PMOS 

current source transistor. These capacitances are in parallel w ith the Cgdi +  CSS2 +  

Cga!2 term  in Equation 3.1.12. This term  is found to have a capacitance of around 16.2 

fF. The additional capacitance from the source follower, current source and parasitic 

capacitances, which will be referred to  as C„, is found to  add an additional 16.2 fF. This 

doubles the overall capacitance to  32.4 fF. Similarly, additional capacitance should be 

added to  the approxim ately 19.7 fF of the Cgsi +  CgS2 + Cgia  term  due to parasitic 

capacitance and the gate to  drain capacitance of M4, which will be referred to as CV 

This gives an additional 10.3 fF bringing the to ta l capacitance on this node to  30 fF. 

However, this term  has only a very small contribution to the inductance in Equation

3.1.12. Equation 3.1.12 can be adapted to  include Ca and Cb giving

^  _  roi(Cgdi +  CgS2 +  Cgd2 +  Ca)( 1 +  ro3[gmi +  gmbi}) +  ro3(Cgsi +  Cgs2 +  Cgcg + Cb)
9mZ^'oz\9ml d" Smfel])

(3.2.1)

Based on the doubling of capacitance caused by Ca in the dom inant term  of Equation 

3.2.1, the inductance also doubles as the equation dictates. However, this doubling is
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not as large as the factor of 2.2 increase seen in the simulated results. This discrepancy 

causes the simulated inductance from the full circuit to be about 20% higher than  th a t 

predicted by the adapted equation versus the 12% difference when the active inductor 

is examined w ith ideal current sources and no parasitic or load capacitances. These 

new results are shown in Figure 3.11. The loss of accuracy shows th a t adding the extra 

capacitance helps the accuracy of the equation to  a certain extent bu t not fully. A 

possible explanation for the larger inductance in simulation is th a t the current mirror 

sources have a finite output resistance. This will lower the resistances in Equation 3.2.1 

which has the effect of raising the inductance. O ther parts of the bias and load transistors 

tha t are not modelled can also contribute to the difference. The theory is about 20% 

off in predicting the simulated inductance. However, the theory predicts the trend of 

inductance versus drain current well over the range of drain current from 10 /xA to  190 

/ ik .

3.2.3 Sim ulating th e  Series R esistance o f th e  A ctive Inductor

The series resistance of the active inductor determines its quality factor. The lower the 

series resistance, the higher the quality factor as seen in Equation 3.1.16. The series 

resistance can be controlled by the bias voltages Vi and V2. The series resistance of the 

active inductor can be seen as the real part of the input impedance from an S-parameter 

simulation using the testbench in Figure 3.8. Figure 3.12 shows the series resistance of 

the inductor when the control voltage, Vi, is tuned from 0 to 100 mV. The other control 

voltage, V2, is held constant a t 1.2 V and the bias currents are set to h  =  80 f i k  and I2
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Figure 3.11: Comparison of the theoretical and simulated inductance of the active in
ductor including biasing, load and parasitic capacitances. The theoretical and simulated 
inductance curves are on the bottom . The top curve is the percentage difference between 
the theoretical and simulated inductance.
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=  15 n A. It can be seen th a t increasing Vx causes the series resistance to  be reduced, as 

expected, due to  increasing V Ds  of transistor M3. Simulations also show a similar effect 

where the series resistance can be reduced by reducing V2, which again increases Vo s 3 

as well as Vdsi-

200

180

160

Increasing Vj

= 0 mV Vi = 100 mV

10 100 1000

Frequency (MHz)

Figure 3.12: The series resistance of the active inductor for values of V i, swept in 20 
mV steps.

A plot of the series resistance can be seen in Figure 3.13 for two simulated and two 

theoretical cases. Each of these resistances is plotted against the control voltage, Vx, at 

100 MHz. R 5/M1 is for the simulation of the active inductor w ith real current biases, 

the source follower load and parasitic capacitors. RsiM 2 is for the simulation with ideal 

current sources and no parasitic capacitances. The theoretical curve, R c a l c i , represents
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Equation 3.1.13.
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Figure 3.13: Comparison of the theoretical and simulated series resistance of the active 
inductor.

The simulated results in R s i m z  are between 0.5 to  3 fl off the theoretical prediction 

in R c a l c i -, getting closer as the series resistance gets smaller. This shows th a t the 

theory models the simulation well. Both of these cases show th a t the series resistance 

has a linear relationship with the control voltage. The results in R s i m i  also show the 

same trend and follow the linear relationship. However, they are shifted up by about 

10 fi. Again, this difference can be a ttribu ted  to the additional bias circuitry. The bias 

transistors, M4 and M6, have respective finite output resistances, ro4 and r06. If ro4 is 

treated as being in parallel with ro3 and r ^  in parallel with rGi the effective size of rci 

and ro3 is reduced. From DC operating point results, ro6 could reduce roi to about 0.8 of
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its size and ro4 could reduce ro3 to about 0.9. W ith this adjustm ent, the curve R c a l c 2 

is obtained in Figure 3.13. It results in an increased resistance th a t follows the same 

linear trend as the simulated results. The results from R c a l c 2 differ by about 2 to 4 

from Rsimi-

3.3 Im plem entation and Sim ulation of the Bandpass 
Filter

For the application as part of the whitespace detector for locating spectrum  holes in 

the broadcast television band, the tunable bandpass filter must tune from 70 MHz to  

700 MHz while achieving a sufficiently high quality factor to  provide a 3 dB bandwidth 

of less than  6 MHz. Based on Equation 3.1.26, a quality factor of 12 is required a t 70 

MHz and a quality factor of 120 is required a t 700 MHz, in order to  meet the 6 MHz 

bandw idth requirement. Simulation results in Section 3.2 show th a t the inductance of 

the active inductor can be tuned from 30 nH to 1 pH by tuning the bias current Ii. 

Simulations also show th a t the inductance can be increased above 1 pH to about 3 pH if 

the bias currents, I4 and E , are lowered below those shown in the simulations in Section 

3.2. Based on these results and the specifications, the series capacitance at the input 

of the bandpass filter is chosen to  be Cin =  1.55 pF. Referring to  Equation 3.1.24, this 

capacitance gives a center frequency of 738 MHz when the inductance is tuned to  30 nH 

and 74 MHz when it is tuned to 3 pH, allowing the range of desired frequencies to  be 

reached. The following subsections show simulation results for the tuning characteristic 

of the bandpass filter. All simulations are done with the extracted circuits and parasitic
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capacitances. An input and output buffer are included in all simulations to  interface the 

filter to  a 50 environment, which is representative of the equipment required to  test 

the circuit once it is fabricated. These buffers are described in more detail in Chapter 

5. Though television systems operate in a 75 Q. environment, 50 is used to simplify 

testing of the bandpass filter in a 50 Q, test environment. In a real application, the filter 

would be completely integrated behind another circuit th a t would m atch to  a 75 or 

50 environment, as required.

3.3.1 T he B andpass F ilter Layout

Figure 3.14: The bandpass filter layout with input and output ports labelled. (Refer to 
the layout key in Figure B .l of Appendix B to  identify all layers used in the layout.)
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The layout of the bandpass filter is shown in Figure 3.14. All of the input and output 

ports are labelled. This layout is built from the active inductor layout in Figure 3.7, 

with the addition of the input capacitor labelled C T h i s  is a  1.55 pF MIM (metal- 

insulator-metal) capacitor. As w ith the active inductor, all simulations of the bandpass 

filter are performed w ith the circuit th a t is extracted from the layout with parasitic 

capacitances.

3.3.2 Tuning o f th e  B andpass F ilter’s C enter Frequency and  
Q uality Factor

The bandpass filter response can be tuned using four param eters. These are the two 

bias currents, Ii and I2, and the two bias voltages, Vi and V2, which control the active 

inductor. The filter center frequency can be tuned across the entire 70 MHz to  700 

MHz frequency band and beyond by changing the inductance of the active inductor. 

The center frequency gain and 3 dB bandw idth of the filter is tuned by changing the 

quality factor of the active inductor. The gain can be tuned to above 50 dB with 3 dB 

bandwidths th a t are less than  1 MHz. The two bias currents predominantly control the 

center frequency while the two bias voltages control the gain and bandwidth. However, 

the currents do effect the gain and bandw idth and the voltages do effect the center 

frequency, bu t to  a lesser degree.

S-parameter simulations of the bandpass filter are used to  show its tuning behavior. 

The test bench used for bandpass filter simulations is shown in Figure 3.15. It is powered 

by a supply voltage of V dd =  1-8 V. The biasing voltages and currents are controlled in
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the test bench. These are also the tuning param eters, Ii, I2, Vi and V2. The simulation 

uses the complete whitespace detector circuit th a t is extracted from the layout with 

parasitic capacitances. The input and output buffers are part of this complete circuit 

and are used to  interface the bandpass filter with the 50 Q input and output ports. 

Also forming part of the circuit, and shown in the test bench, are coupling capacitors, 

Cc- Bondwire models, along w ith capacitances th a t represent the integrated circuit 

and printed circuit board pads, are included in the test bench for all input and output 

signals, including the supply and ground. A more detailed discussion of the whitespace 

detector as a system, along w ith the input and output buffers and bondwire discussion 

is provided in C hapter 5. The input signal is given at Port 1 and the output is taken at 

Port 2.

Cc bondwirebondwire Cc

Bias
Currents

Bias j 
Voltages

Figure 3.15: Test bench used for running simulations on the bandpass filter.

As an example, Figure 3.16 shows the S21 characteristic of the filter when simulated 

using the bandpass filter test bench. For this simulation the frequency of the small signal 

input is swept at Port 1. The S21 plot shows the gain of the circuit from the input Port 

1 to the output Port 2 where the gain is described by

Gain(S21) =  20 l o g ^ .  (3.3.1)
Vin

In this example, the bandpass filter is tuned to  199 MHz. Table 3.2 summarizes the
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tuning param eters and the performance of the filter in this situation.

-10

-20

-30
100 1000

Frequency (MHz)

Figure 3.16: S21 of the whitespace detector’s bandpass filter when tuned to 199 MHz.

Table 3.2: Tuning the the Bandpass Filter a t !L99 MHz
Ii 27 txk

Tuning Param eters I2 5.1 //A
Vi 0.06 V
v2 1.05 V

Center Frequency 199 MHz
Performance Gain a t Center Frequency 35.9 dB

3 dB Bandwidth 1.27 MHz

Post-layout S-param eter simulation results show how the bandpass filter can be 

tuned. The S21 simulation results in Figure 3.17 show how the center frequency of 

the bandpass filter can be tuned by changing one of the bias currents, I1? while keeping 

the other tuning param eters constant. Larger currents result in the filter being tuned 

to  higher frequencies. As the current tunes the frequency away from its ideal point, the
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quality factor of the bandpass filter decreases. The quality factor can be increased to  a 

desirable level by tuning one of the control voltages.

Increasing II

30 |jA24 |jA

33 |jA

-20

-30

100 1000

Frequency (MHz)

Figure 3.17: Tuning of the bandpass filter center frequency w ith Ii. Ii is increased from 
21 jiA. to  33 fiA in increments of 3 //A.

Figure 3.18 shows the effect of tuning the control voltage, V i, on the quality factor 

of the bandpass filter, while all other param eters are held constant. The plot shows th a t 

increasing Vi from 0 to  60 mV causes the quality factor to increase.

To dem onstrate how the filter can be tuned to  isolate signals in the broadcast tele

vision bands, Figure 3.19 shows the filter tuned to  5 different frequencies w ith 6 MHz 

separation. Table 3.3 shows how the tuning param eters are set to achieve these S21 char

acteristics, using the test bench in Figure 3.15. Large pass band gains can be achieved 

a t each frequency by simultaneously tuning Ii and I2. For increasing the frequency, both

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



58

fiO mV

,45 mV

S'
S

mV

-20

-30
100 1000

Frequency (MHz)

Figure 3.18: Tuning of the bandpass filter quality factor with V i. Vi is increased from 
0 to  60 mV in increments of 15 mV.

Ii and I2 increase though Ii increases at a greater rate  than  I2. The net effect is th a t 

Ii - I2, or the transistor drain current in the active inductor, increases as well, follow

ing Equation 3.1.20. The tuning voltages can be used to  tweak the pass band gain as 

required. W hen tuned to  a  particular channel, the gain at the center of the channel is 

about 15 dB above the gain at the edge of an adjacent channel, showing how the filter 

can filter one 6 MHz channel from adjacent channels.

Table 3.3: Tuning of the Bandpass Fi
Frequency (MHz) Gain (dB) Ii (/iA) i 2 (M ) Vi (V) v 2 (V)

199.2 35.9 27 5.1 0.06 1.05
205.1 37.3 28 5.3 0.059 1.05
211.3 35.7 28.9 5.7 0.06 1.05
217.3 35.7 29.9 6.0 0.06 1.05
222.8 36.1 30.9 6.2 0.059 1.05

te r to  6 MHz Channels
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199 M H z 205 MHz 211 M H z 217 MHz 223 M Hz
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Figure 3.19: S21 of the whitespace detector’s bandpass filter when tuned to  6 MHz 
channels. The dashed boxes represent the 6 MHz television bands.
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Figure 3.20 shows the filter response when tuned to  several frequencies across the 

entire band of broadcast television channels available for the desired application. The 

tuning param eters required to  give these results are shown in Table 3.4. The filter can be 

tuned to  all frequencies across the band of 70 MHz to  700 MHz. The achievable center 

frequency gain is above 30 dB but at low frequencies it is more difficult to  reach high 

gains. This is due to  the fact th a t the larger inductance required for these frequencies is 

also accompanied by a larger series resistance. Quality factors up to  150 are achieved, 

enabling 3-dB bandwidths below 6 MHz.

100 MHz 200 MHz 300 MHz 400 MHz 500 MHz 600 MHz 700 MHz
40 .0

30.0

20.0

- 2 0 . 0

-30.0

-40.0

370 .0 47 0 .0 670.0 770 .070 .0 170.0 270.0 570.0

Frequency (MHz)

Figure 3.20: S21 of the whitespace detector’s bandpass filter when tuned to  frequencies 
across the entire TV  band.
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Table 3.4: Tuning of the Bandpass Filter to  Frequencies Across the TV Band
Frequency

(MHz)
Gain
(dB)

h d B
(MHz)

Quality
Factor

Ii
(M )

h
(//A)

Vi
(V)

V2
(V)

I d  =  Ii - h

(M )
100.0 17.2 3.7 27 11.2 3.5 0.5 1.05 7.7
199.1 35.9 1.3 153 27 5.1 0.06 1.05 21.9
299.9 33.2 3.5 86 45.8 9.5 0.06 1.05 36.3
399.0 31.4 6.4 62 69 13 0.06 1.05 56
498.9 31.0 8.9 56 95 17 0.15 1.05 78
599.8 39.0 4.0 150 136 19 0.06 1.05 117
699.8 37.7 5.2 135 185 24 0.06 1.05 161

3.3.3 A nalysis o f th e  B andpass F ilter’s C enter Frequency Tun
ing

The center frequency of the bandpass filter from S-parameter simulations is found to  be 

within 5% of the value Equation 3.1.24 predicts for a given inductance. The difference 

between the simulated and expected results are shown in Figure 3.21 w ith the simulated 

center frequency being higher than  the predicted one at low frequencies and lower at 

high frequencies. Over the full range, the simulated frequency is less than  5% off the 

predicted value.

The measured center frequency values come from setting the tuning param eters as 

they are in Table 3.4. For the calculation of the center frequency using Equation 3.1.24, 

the capacitance of Q n =  1.55 pF is used. The simulated and expected inductance of 

the active inductor have already been compared in Section 3.2. For this reason the 

inductance used in the equation is taken by simulating the active inductor on its own, 

when its tuning param eters are set to m atch those in Table 3.4. Thus this comparison is 

used to prove the validity of Equation 3.1.24. Equation 3.3.2 shows a sample calculation
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Figure 3.21: A comparison of the sim ulated and predicted bandpass filter center fre
quency, dem onstrating the validity of Equation 3.1.24.

of the center frequency, using the measured inductance of L =  187 nH at 300 MHz.

fo = -----\ =  = ----------  1 =  =  295.6MHz (3.3.2)
2tt\ /L C  27Ti/ (187nH)(1.55pF)

The drain current passing through transistors M2 and M3 for each of the tuning cases 

is shown in Table 3.4, based on Equation 3.1.20. The relationship derived in Equation 

3.1.27 states th a t the center frequency of the bandpass filter should be proportional to 

the square-root of the drain current of transistors M2 and M3. Based on the post-layout 

S-parameter simulation results in Table 3.4 for the center frequency versus drain current, 

the graph in Figure 3.22 is obtained.

The square-root proportionality trend is also shown in Figure 3.22. The simulated 

results m atch the trend within 3% for frequencies above 400 MHz. The results begin to 

deviate from this trend at lower frequencies and are off by as much as 50% at 100 MHz. 

This is an observed trend  th a t attem pts to model the relationship between the drain 

current of the transistors in the active inductor and the center frequency of the bandpass
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Figure 3.22: Center frequency of the bandpass filter versus transistor drain current.

filter. The trend is not as accurate for modelling the relationship a t low frequencies as 

it is a t high frequencies. The expression for the theoretical trend  line can be given by

/o =  k y / h ,  =  55 y / %  (3.3.3)

where fo is the bandpass filter center frequency in MHz, Ip  is the drain current in //A 

and the constant, k, is in units of MHz/ \ f j lA .  The trend  in Equation 3.3.3 can assist in 

predicting the center frequency of the bandpass filter from the value of the input currents. 

It can be observed from Table 3.4 th a t, in order to  achieve a high quality factor a t a given 

frequency, both  the bias currents, Ii and I2, must be tuned in tandem  to  set the required 

transistor drain current. It is found th a t increasing one without the other makes it more 

difficult to  achieve the desired gain and leads to potential instability problems w ith the
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active inductor. This is discussed further in Section 3.3.9. To further assist in predicting 

the bias currents required to  achieve a high quality factor at a particular frequency, the 

current tuning trends in Figure 3.23 are observed from the simulated results in Table 

3.4.

- * - 1 1  GiA) - ± - 1 2  OiA)  Linear Q2 &iA))  Poly. (H (|oA))

200

180

160

140

120

g 100

100 200 300 400 500 600 700

Frequency (MHz)

Figure 3.23: Required bias currents for a given bandpass filter center frequency.

The value of R required follows very closely to a second order polynomial versus 

frequency and can be described by

h  =  0.0003125/q +  0.0225/o +  10. (3.3.4)

The required value of R follows a very linear trend versus frequency th a t can be estim ated 

by

h  =  0.035/q -  1. (3.3.5)
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In both equations, the current is in jiA  and the frequency is in MHz. The derivation of 

these equations can be found in Appendix A.2. They are valid for the typical transistor 

models* used and show the trends observed for the relationship between the bias currents 

and the filter’s center frequency.

3.3.4 A nalysis o f th e  B andpass F ilter’s Q uality Factor Tuning

A comparison of the calculated and simulated series resistance of the active inductor 

is made in Figure 3.13 as the control voltage, Vi is tuned. The quality factor of the 

bandpass filter is simulated using the same tuning setup of R =  80 pA, I2 =  15 pA  and 

V2 =  1.2 V. Vi is swept from 0 V to  0.1 V. This is done with an S-param eter simulation 

using the test bench in Figure 3.8. The simulated quality factor of the bandpass filter 

is shown in Figure 3.24, labelled as Q s i m ■ This quality factor is measured in the S- 

param eter simulation as io/hdB-

These simulated results are compared to  the theoretical curve, labelled Qc a l c - 

Qc a l c  is calculated using Equation 3.1.25 where C =  1.545 pF is the input capaci

tance of the bandpass filter, R$ is the calculated series resistance shown as R c a l c '2 in 

Figure 3.13 and L is the inductance calculated using Equation 3.1.15. The calculations 

predict a quality factor th a t is approxim ately 12 % higher than  the simulated results. 

In the simulations, the quality factor is measured using S-parameters where the signal 

p a s s e s  t h r o u g h  a n  i n p u t  b u f f e r  b e f o r e  t h e  b a n d p a s s  f i l t e r  a n d  a n  o u t p u t  b u f f e r  a f t e r  t h e

bandpass filter. These buffers allow the filter to interface w ith a 50 O environment but

* T h e  t r a n s is to r  m o d e ls  a r e  B S IM 3  v 3 .2  fo r  th e  T S M C  0 .1 8 /im  C M O S  te c h n o lo g y  [39].
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Figure 3.24: Comparison of the calculated and simulated quality factor of the bandpass 
filter when tuning the control voltage, Vi.

also add attenuation th a t lowers the gain and quality factor of the filter. This is not 

accounted for in the theoretical calculations.

Both the theoretical and simulated quality factors show an increasing trend with 

increasing V i, as expected based on the discussion of the series resistance trends in 

Section 3.1. Increasing Vi reduces the series resistance, which in tu rn  increases the 

quality factor. In theory, the quality factor can continue to be increased as the series 

resistance is made to  approach zero. In reality, this is not possible. Figure 3.25 shows 

simulation results of the quality factor being increased to about 100 a t which point it 

cannot be increased any further. This is done by increasing Vi while Ii =  95 pA, I2 =  

17 fiA  and V2 =  1.05 V. This quality factor of 100 is from S-parameter simulations and 

is still overly optimistic. W hen large signal, transient simulations are run, as discussed 

in Section 3.3.6, the achievable quality factor is not as high. As Vi is increased from 0
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V to 0.5 V, the center frequency of the bandpass filter increases by 8 % showing th a t it 

is not strongly dependent on the control voltage.

120

100

0.2
Control Voltage V I (V)

0.4 0.50.1 0.3

Figure 3.25: The simulated quality factor of the bandpass filter when tuning the control 
voltage, Vi.

3.3.5 Tuning A lgorithm

From the theory discussed in Section 3.1 and simulation results viewed in Section 3.3, 

the tuning trends of the bandpass filter can be summarized. Table 3.5 summarizes the 

effect of each of the four tuning param eters on the center frequency and quality factor of 

the bandpass filter. Each of the param eters is increased over its valid and useful range 

of values.

As seen in Table 3.5, the tuning of the bandpass filter center frequency is predomi

nately controlled by adjusting the two bias currents while adjusting the two bias voltages 

primarily controls the quality factor. Adjusting the currents does effect the quality fac

tor as the quality factor increases until the currents reach the point where the optimum
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Table 3.5: Effect of Each Tuning Param eter on the Center Frequency on Quality Factor 
of the Bandpass Filter_______________________________________________________

Tuning
Param eter

Increasing over 
valid range of:

Center 
Frequency (fo)

Quality 
Factor (Q)

Ii 5 f iA  to  200 //A Increases Increases until optimal fo 
then decreases

I2 2 fiA  to  30 //A Decreases Increases until optimal fo 
then decreases

Vi 0 V to  0.5 V Small
Increase

Increases

v 2 0.9 V to 1.2 V Small
Decrease

Decreases

center frequency is reached for the given combination of the tuning param eters. A djust

ing the voltages does effect the center frequency, though only to  a  small degree relative 

to the change in quality factor. The overall tuning of the filter is non-trivial due to  the 

interdependencies of the tuning param eters. However, with a thorough understanding of 

the im pact th a t each of the tuning param eters has, a procedure or algorithm for tuning 

the filter can be developed.

A basic m ethod for tuning the center frequency of the bandpass filter while simultane

ously achieving high gain and narrow bandw idth a t the center frequency is summarized 

in Figure 3.26.

The bias voltages are initially set to  a  point th a t is known to  provide acceptably 

small series resistance for the active inductor. For V i, this is below 100 mV and for V2, 

th is is about 1 V. From simulations, it is found th a t V2 can be kept constant at 1.05 

V and Vi can be used for tuning the quality factor in order to reduce the number of 

tuning param eters to  three. To get a close estim ate of the bias currents required to  have
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Set bias voltages to appropriate initial values. 
V, = 0 V «  1.05 V

Fine tune I), 1; and V| until desired 
center frequency and gain are reached.

Kstimate initial values for bias currents.
I, = 0.0003125f* + 0 .0225f+10 {1,: 11 Op A to 200p A J} 

b  = 0 .035f-  1 {l 2 : |3pA  to 25pAJ }

Increase V t from 0 V until desired 
center frequency gain is reached.

Figure 3.26: Flowchart outlining the procedure used to  tune the center frequency and 
center frequency gain of the bandpass filter.
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a  particular center frequency, Equations 3.3.4 and 3.3.5 are used to  estim ate Ii and I2. 

The range of bias currents required to  tune the center frequency of the bandpass filter 

over the specified range of 70 MHz to  700 MHz is approximately 10 fiA  to 200 fiA for 

Ii and 3 /iA to  25 pA  for I2. The low end of the currents tune to  the low end of the 

frequency range while the high currents tune to the high frequencies. After selecting 

the bias currents, Vi can be increased from 0 V until the desired gain is achieved a t the 

center frequency. This is usually below 100 mV but may be higher (up to approximately 

500 mV) for low center frequencies. As will be discussed in Section 3.3.9, increasing 

the gain too far can lead to instability in the active inductor. At this point, the center 

frequency and quality factor will be close to  the desired values and can be fine tuned by 

making small adjustm ents to  Ii, I2 and Vi as required.

3.3.6 Transient Sim ulations

Up until this point, the performance of the active inductor-based bandpass filter has been 

examined using post-layout S-parameter, small signal simulations. This is to  provide an 

understanding of the filter’s tuning behavior. For practical purposes, larger signals 

have to  be examined through transient time domain simulations. As described in the 

specifications in Chapter 2, the signal strengths at the whitespace detector input will 

use television receiver signal strengths as a guideline. These can be as low as -83 dBm 

and as high as -15 dBm [13]. This gives a starting  point for the range of signal strengths 

th a t the whitespace detector will have to  deal with. Assuming a  50 Q, system, as will 

be used when testing the circuit, -83 dBm and -15 dBm are respectively equivalent to
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peak voltages ranging from 22.4 pV  to  56.2 mV, as discissed in C hapter 2. Ideally, the 

bandpass filter should work for input voltages across this entire range. For the practical 

application of the whitespace detector, it is im portant to  look a t inputs th a t axe at 

the threshold of being an acceptable signal. For this reason, the lower range of input 

voltages will be examined with the bandpass filter. W ithout any additional circuitry 

such as some autom atic gain control circuitry, the bandpass filter would not be able to 

operate properly with peak input signals as high as 50 mV peak. A voltage gain of 35 

dB (or 56 V /V ) would cause the peak output voltage to  be 2.8 V when the peak input 

voltage is 50 mV. W ith a 1.8 V supply and the potential for the filter to  be operating 

with higher gains, this is clearly impossible w ithout additional circuitry. As such, an 

input range of 10 pV  peak to  10 mV peak is chosen for the operation of the bandpass 

filter, with the nominal input being 100 pV  peak.

To dem onstrate the transient performance of the bandpass filter, a simulation is run 

with the filter tuned as in the example in Table 3.2. This transient simulation is run 

using the same test bench in Figure 3.15 th a t is used for S-param eter simulations. Based 

on a post-layout S-param eter simulation, the filter’s center frequency is 199 MHz and it 

has a voltage gain of 35.9 dB at its center frequency. The transient simulation is done 

using the complete extracted version of the whitespace detector circuit. For this reason 

the signal passes through input and output buffers before and after the bandpass filter 

as will be described in C hapter 5. These add attenuation to  the signal bu t are required 

to  interface the circuit to  the printed circuit board th a t is used for testing. These
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simulations also include bondwire models and pad capacitances from the chip and the 

board. All of these additions to  the simulation account for the non-ideal appearance of 

the signals.

The transient simulation results in Figure 3.27 are for a  peak input voltage of 100 

/iV. It shows the output waveform for signals a t 198 MHz, 195 MHz and 192 MHz. The 

largest transient gain is achieved at 198 MHz. A large gain of 31.5 times is seen at 198 

MHz, giving a peak output voltage of 3.15 mV, while less gain is seen a t the adjacent 

frequencies. There is a drop of 8.2 dB in the voltage gain when moving to  the adjacent 

channel of 192 MHz. Further away from the center frequency, the gain is reduced even 

more. At 150 MHz, the gain is -4.7 dB. This shows the successful functionality of the 

bandpass filter in the time domain. The transient results are summarized in Table 3.6 

while Figure 3.28 shows the output am plitude from the filter and output buffer at various 

frequencies.

Table 3.6: Transient O utput Response of the 3andpass Filter
Input Frequency 

(MHz)
Input 

Amplitude (mV)
O utput 

Amplitude (mV)
Voltage 

Gain (V/V)
Voltage 

Gain (dB)
198 0.1 3.15 31.5 30.0
195 0.1 2.41 24.1 27.6
192 0.1 1.23 12.3 21.8
150 0.1 0.058 0.58 -4.7

The small signal S-parameter simulation results for this tuning scenario show th a t 

the center frequency of the filter is at 199 MHz. The transient results w ith a 100 //V 

input show th a t the largest gain is a t a center frequency of 198 MHz. This shows a 

difference in the small signal and large signal operation of the filter. W hen the filter
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Figure 3.27: Transient output waveforms from the bandpass filter after passing through 
the output buffer.
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Figure 3.28: The output am plitude of the bandpass filter at various frequencies when 
tuned to  199 MHz.
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is tuned for high gain, its center frequency and quality factor become very sensitive 

to changes in the filter’s operating point. Large input signals and the resulting larger 

output signals can shift the operating point and thus de-tune the filter from its optimal 

center frequency and gain. For the simulation being considered, the voltage gain a t the 

center frequency is about 6 dB lower than  the results from S-param eter simulations. 

This shows th a t the quality factor has also been de-tuned by the bias point changes due 

to  large signal operation.

The signals a t 195 MHz and 192 MHz in Figure 3.27 show signs of ground and supply 

bounce in the circuit. The simulations are run w ith bondwire models th a t represent the 

bondwires th a t are used to  connect each pad on the integrated circuit w ith the pads 

on the printed circuit board th a t is used to  facilitate the testing of the circuit. The 

bondwires are inductive and this inductance combined w ith the constantly changing 

current through the supply and ground results in fluctuations in the supply and ground 

voltage seen by the bandpass filter. This fluctuation, or bouncing, is transferred to  the 

output of the filter, causing the distortion seen in Figure 3.27. W hen similar simulations 

are run w ithout the bondwire models, this distortion is no longer seen. More parallel 

bondwires cause the inductance to  decrease and also result in less distortion. Since the 

ground bounce is comparable in am plitude to  the output signals a t 195 MHz and 192 

MHz, its im pact can be more easily seen. Less distortion is seen on the 198 MHz signal 

because it is amplified to be more significant than  the effect of the ground bounce.
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3.3.7 Sen sitiv ity  and Sm all Input Signals

The sensitivity of the bandpass filter describes its ability to detect small input signals 

in the presence of noise. In C hapter 2, the minimum input voltage is specified to  be 

22.4 fiVpeak- To test the bandpass filter’s sensitivity, simulations are run with a smaller 

voltage of 20 /xVpeafc a t 198 MHz, which would be just under the threshold of a  detected 

signal. The filter is tuned to  198 MHz. These simulations show the lower limit of the 

filter’s sensitivity. The simulations are performed using the test bench in Figure 3.15. 

The following subsections describe simulations results for two scenarios th a t can effect 

the filter’s sensitivity to small signals. The first is when the effects of ground bounce are 

included in the simulation and the second is when the effects of input noise are included. 

These two scenarios are examined independent of each other.

In the Presence o f Ground Bounce

As discussed in Section 3.3.6, ground bounce caused by the inductance of bondwires 

impairs the quality of small input signals. Using the test bench in Figure 3.15, a  20 

/fVpeak signal at 198 MHz is input into the bandpass filter when it is tuned to 198 MHz. 

Bondwire models on the supply, ground and all of the input and outputs add the effect 

of ground bounce to the simulation. The input and output signals from this transient 

simulation are shown in Figure 3.29.

The ground bounce effect on the input signal is between 100 fiVpeak and 200 fiVpeak, 

overwhelming the 198 MHz signal a t 20 //Vpeafc. The 198 MHz signal cannot be distin

guished on the input signal in the plot. However, a t the output of the filter, the 198
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Figure 3.29: Input and output signals of the bandpass filter in the presence of ground 
bounce.

MHz signal is amplified by the filter and is clearly present. The ground bounce effect is 

still visible, causing distortion at the output, bu t now the 198 MHz signal is dominant. 

This shows th a t the bandpass filter is capable of amplifying the desired signal despite 

significant ground bounce effects.

In the Presence o f Input N oise

The effect of input noise on the bandpass filter is tested with transient simulations using 

the test bench in Figure 3.15 w ith the addition of a noise source th a t is added to  the 

signal source. In addition, no bondwire models are included in the simulation so the 

effect of input noise can be viewed in isolation. The noise source is an additive white 

noise source and it is set to  have a peak am plitude of 40 LtVpeak, twice the size of the 

input signal of 20 /xVpeafc- This represents noise th a t can be expected at the filter’s input.
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Through noise analysis simulations, the input buffer driving the bandpass filter is found 

to produce 24 gNpea* in a 10 MHz to 1 GHz bandwidth. Also, the therm al noise in the 

70 MHz to 700 MHz bandw idth is calculated to  be approximately 16 fiVpeak as shown 

in Equations 3.3.6 and 3.3.7 [14]. This gives the to ta l value of 40 jjNpeak- 

N oise Floor = —17A d B m /H z  +  lOlogio(BW)

N oise Floor = - V I A d B m /H z  +  10logw (700M H z  -  70M H z )  (3.3.6)

N oise Floor  =  —86d B m

- 8 6 d B m  — 10log ( 2(5on)(imW)) ^  g ^

peak ~  16//V

Transient results of this simulation are shown in Figure 3.30. The top curve shows 

the input signal in the presence of the additive noise at the input. In the top curve, 

the 198 MHz signal can be seen w ith a  large amount of noise. The lower curve shows 

the output of the bandpass filter where the 198 MHz signal has been amplified from the 

noise to 330 g V peak and is clearly visible.

The simulation results w ith the effect of ground bounce and with the effect of input 

noise show th a t the bandpass filter is capable of detecting signals at the specified sensi

tivity level in the presence of these im pairm ents and amplifying them  to an appropriate 

level for driving the receive signal strength indicator. Due to the narrow bandw idth of 

the bandpass filter in this application, broadband input noise is not a big concern unless 

it is large signal noise. The simulations show th a t the effects of ground bounce have 

more of an im pact on the transient performance of the bandpass filter and attem pts are 

made to minimize it by using as many bondwires in parallel as possible to reduce their 

inductive effect. On the integrated circuit, six bondwires are used for ground and six
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Figure 3.30: Input and output signals of the bandpass filter in the presence of noise, 

are used for the supply.

3.3.8 L inearity and Large Input Signals

Due to the high gain of the bandpass filter, linearity becomes an issue for larger input 

signals. This is a common lim itation of high quality factor active inductors [11,17]. As 

described in Section 3.3.6, this is why the bandpass filter would have trouble operating 

with peak input signals over 50 mV. Though the bandpass filter still operates with 

input signals up to 10 mV, non-linearity does have an effect, lowering the gain and 

overall performance of the filter. This is an artifact of a high gain filter th a t is limited 

by four stacked transistors. These transistors make up the active inductor and its current 

sources. Each of these transistors requires enough voltage headroom so th a t Y d s  > Y gs
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- V< and the transistor remains in saturation. As the transistor drops out of saturation, 

the circuit becomes non-linear. Since the 1.8 V supply is dropped across four transistors, 

it is more difficult for them  to keep enough headroom. This becomes more of a problem 

with the high gain of the filter since output signal is larger and this takes up more of 

the voltage headroom.

The linearity of the bandpass filter can be quantified by its 1-dB compression point 

( P u b ) and its th ird  order intercept point (IP3). W ith the filter tuned to  have a gain 

of approximately 20 dB at 200 MHz, a periodic steady state  (PSS) simulation is run 

in Spectre using the test bench in Figure 3.15. For the IP3 to  be measured, two input 

tones are used a t 198 MHz and 202 MHz and the input power is swept from -70 dBm to 

-40 dBm. From this simulation, the linearity plot in Figure 3.31 is obtained. It shows 

an input-referred 1-dB compression point of -56 dBm and an input-referred th ird  order 

intercept point (IIP3) of -46 dBm, which is approxim ately 10 dB higher, as expected [14, 

p.32].

Due to  the nature of the television spectrum  in which the bandpass filter is designed to 

operate, the second order intercept point (IP2) is also an im portant measure of linearity. 

Second-order interm odulation (IM2) can cause signals at two frequencies, fi and f2, to 

create an IM2 tone a t fx +  f2 or f2 - fx. Due to  the wide bandw idth of 70 MHz to  700 

MHz used in this application, it is possible th a t the two tones will generate an IM2 tone 

th a t is in band. This IM2 tone could be falsely detected as a  signal.

As with the IP3 simulation, a PSS simulation is run on the bandpass filter to  measure
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Figure 3.31: 1-dB compression point and th ird  order intercept point of the bandpass 
filter when tuned for 20 dB gain at 200 MHz.

its IP2 when it is tuned to  have approxim ately 20 dB of gain a t 183 MHz. Two input 

tones are applied at 91 MHz and 92 MHz, which generate an IM2 tone a t 183 MHz. 

These simulation conditions are used to later compare with measured results in Section 

6.2.3. The input power of the two input tones is swept from -70 dBm to -30 dBm and 

the output power is measured a t the frequency of one of these fundam ental tones and 

a t the frequency of the IM2 tone. These two curves are plotted in Figure 3.32. The 

intercept point of these curves is the second order intercept point. The simulated input- 

referred second order intercept (IIP2) is found to be -45 dBm. This value is comparable 

to the IIP3 value showing th a t both  second and th ird  order interm odulation are of equal 

im portance to  this application.
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Figure 3.32: Second order intercept point of the bandpass filter when tuned for 20 dB 
gain at 183 MHz.

At the 1-dB compression point of -56 dBm the filter’s gain is beginning to be non

linear. Using

PdBm — 10log ( ) (3 3 8)
p TI,   (Up)1 W a tts g r  5

the input voltage swing, Vpp, a t the 1 dB compression point is found to 1.0 mV peak- 

to-peak. This is assuming a 50 system, as will be used when testing the circuit. W ith 

a voltage gain of 20 dB, this results in an ou tpu t voltage of 10 mV peak-to-peak. For 

higher input voltages, the gain will begin to  diminish, resulting in a  smaller increase in 

output voltage. As the gain a t the center frequency of the filter is increased beyond 20 

dB, the linearity degrades and the 1 dB compression point decreases.

The maximum am plitude of the signal a t the output of the bandpass filter is approxi

m ately 160 mV peak-to-peak. Buffering is required at the output of the filter in order to
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drive an off-chip 50 ft load for testing. This buffering, which is discussed in C hapter 5, 

causes the signal to  attenuate such th a t the maximum output signal is approxim ately 50 

mV peak-to-peak under normal operation. Linearity is a known lim itation w ith active 

inductors in general. Possible solutions to  this lim itation with respect to  the whitespace 

detector application are discussed in the “Future Work” section of C hapter 7.

Issues W ith  Blockers

Another problem caused by the nonlinear behavior of the bandpass filter th a t can cause 

the whitespace detector to  miss the detection of whitespace in a band of interest is the 

presence of blockers. Blockers are high power signals in a frequency band th a t is close 

to the band to  which the filter has been tuned. If the power of the blocker is higher than  

the 1-dB compression point of the bandpass filter, it can satu rate  the circuit and make 

it unable to  detect the smaller, desired signal of interest [14, p.40]. Figure 3.33 helps 

illustrate this problem with blockers in the context of the tunable bandpass filter.

In Figure 3.33 there is a signal in the 174 MHz to  180 MHz television band th a t has 

a power of -83 dBm which is at the threshold of a detectable signal and whitespace. The 

whitespace detector bandpass filter would be tuned to this frequency to  decide whether 

or not this band is whitespace. There is also a blocker signal transm itting  in the 512 MHz 

to 518 MHz band which is at the maximum possible signal level of -15 dBm. Since this 

signal is well above the -56 dBm input-referred 1-dB compression point of the filter, it 

will cause the filter to  become saturated. This will prevent the whitespace detector from 

determining whether or not there is whitespace in the band of interest. The nonlinearity
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Figure 3.33: Minimum desired signal in the TV band of interest and a  blocker in another

The nature of the gyrator circuit used to  create the active inductor in the tunable

circuits is discussed in [37] where it is explained th a t the feedback capacitance from the 

output to  the input of the active inductor is responsible for this lim itation. Since the 

feedback is necessary to  the design of the active inductor, it can not be eliminated. In 

this design, the feedback capacitance is Cgd2 ■ It can cause instability by creating an 

underdam ped response in the filter [37]. There is also an inverse relationship between 

the damping factor of the circuit and its quality factor [37]. This causes high quality

TV band.

of the bandpass filter limits the ability of the overall whitespace detector design to  handle

large blockers.

3.3.9 Stab ility

bandpass filter leads to  potential instability in the circuit. The stability of gyrator
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factors to result in more underdam ping and potential instability. As stated  in [37], low 

self-resonant frequencies in the active inductor, formed by the inductance and parallel 

input capacitance, also increase the potential for instability.

Transient simulations of the bandpass filter using the test bench shown in Figure 3.15 

show th a t it is stable for most combinations of tuning param eters th a t are expected to 

be used. However, there are limited cases where the filter may go unstable. An example 

of this is seen when the filter quality factor is tuned to be too high. As described in 

Section 3.1, increasing the control voltage, V i, from 0 V decreases gdS3 • This reduces the 

series resistance of the active inductor and increases its quality factor and the bandpass 

filter gain at the center frequency. Figure 3.34 shows this trend when the other tuning 

param eters are held constant a t Ii =  34 fiA, I2 =  7 //A and V2 =  1.05 V. However, when 

Vi reaches 45 mV, the gain a t the center frequency begins to  drop. This point coincides 

with the point where the transient response of the filter goes unstable. The unstable 

transient ou tput response is shown in Figure 3.35. In this case, Vi has been set to  80 

mV. The unstable oscillation has a peak to  peak am plitude of 120 mV a t the output of 

the bandpass filter and is at a frequency of 173 MHz.

According to  [37] the damping factor is inversely proportional to  the input resistance 

of the active inductor. This resistance is in parallel with the resonator th a t determined 

the self-resonant frequency of the active inductor. A smaller input resistance in parallel 

w ith the resonator helps to keep stable. This effect is seen in simulation when a stabi

lizing resistor is placed in parallel with the input resistance, effectively lowering it. In
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Figure 3.34: Maximum S21 gain a t center frequency of bandpass filter as a function of 
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Figure 3.35: Unstable transient response a t the output of the bandpass filter.
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the tuning situation above where the filter became unstable, the presence of the resistor 

parallel to  the input kept it stable. The drawback is th a t by increasing the damping fac

tor, the quality factor of the filter is lowered. This lowers the precision of the bandpass 

filter, limiting it from reaching its maximum performance.

Since the degradation in the performance of the bandpass filter is undesirable, another 

option for controlling the stability is examined. For most normal operating conditions, 

the filter is stable and only certain tuning combinations cause instability. These combi

nations can be avoided in the tuning of the filter so th a t it does not enter an unstable 

situation. One potential instability situation occurs for very high gains th a t require 

very accurate tuning. It may be anticipated th a t when the chip is tested, such tuning 

will not be achieved and the instability will not be an issue. O ther potential unstable 

situations occur for tuning combinations th a t do not lead to  desirable center frequency 

and gain situations. For example, instability is seen when Ii is tuned to the high end of 

the range and I2 is tuned to the low end of the range. Under normal tuning situations, 

these currents should track and never be a t the opposite extremes.

Should an unstable tuning situation be inadvertently reached, it is fortunate th a t 

it can be identified and avoided within the operation of the whitespace detector. The 

instability results in a  large oscillating signal a t the output of the bandpass filter. The 

receive signal strength indicator (RSSI) circuit will identify this signal as being larger 

than  normal and th a t can give an indication th a t the bandpass filter has been tuned 

into an unstable region. W hen this condition is found, the filter tuning can be adjusted
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so th a t it will return  to  stable operation.

A design decision was made not to  limit the quality factor and precision of the filter 

with the stability resistor bu t to tune the filter in such a way so as to  avoid instability 

situations.

3.4 Perform ance Summary and Comparison to the  
Literature

In Section 2.3 a  performance summary of active inductors and active inductor based 

bandpass filters in literature is given. The performance of the active inductor and 

bandpass filter in this thesis is summarized and compared to  literature in Tables 3.7 and 

3.8. The reference for this thesis is denoted by a *. These two tables are the same as 

those in Section 2.3 w ith the addition of the results from this thesis.

Table 3.7: Active Inductor Performance Summary and Comparison of the Literature 
with Simulated Results___________________________________________________________

Ref. Tech. Power Inductive
Bandwidth

Inductance
Range

R 5 Quality
Factor

Max.
O utput
Voltage

[11] 0.35 /xm 
CMOS

0.6 mW 6.8 MHz - 
2.97 GHz

30.9 nH 
@ 1 GHz

1.16 D 
@ DC

434 @ 
1 GHz

4.5mV

[21] 0.35 fim  
CMOS

1.2 mW 10 MHz - 
2.8 GHz

70 nH 
±20%

N /A 1970 @ 
1.08GHz

30mVpp

[20] 0.18 /xm 
BiCMOS

15 mW N /A up to 
40 nH

N /A up to 
10

N /A

[19] 1/xm GaAs 
M ESFET

90 to 
240mW

100 MHz - 
1 GHz

65 nH to 
110 nH

-5.6 to
20.8 n

N /A N /A

[22] 0.8 /xm 
CMOS

N /A up to 
1 GHz

100’s 
of nH

N /A > 100 13.5mV

* 0.18 /xm 
CMOS

below 
0.4 mW

up to 
700 MHz

30 nH to 
3 /xH

< 5 n > 100 14m Vpp
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As shown in Table 3.7, the active inductor presented in this thesis has a lower power 

dissipation in comparison w ith those presented in the literature. This power is less than  

0.4 mW  and varies with the tuning of the inductor. This power does not include the 

power required for current mirror biasing and the source follower output buffer. It is 

based on the currents Ii and I2 from the 1.8 V supply. The worst case inductive band

width is lower than  those presented in the literature. The upper limit of the bandw idth 

shows the inductor’s self-resonant frequency. The lower inductive bandw idth is seen 

when the inductance is tuned to its maximum value. W hen the inductance is tuned to  a 

lower value, the inductive bandw idth is as high as 2 GHz, which is comparable to those 

in the literature for similar inductance values. The inductance tuning range of the active 

inductor in this thesis is much wider than  the other results from the literature in Table 

3.7. The lower end of this range, in the tens of nanohenries is comparable to  the other 

designs. However, at the high end, it can be tuned to much larger inductances in the 

low microhenries range. These inductances allow the bandpass filter to be tuned to  its 

lower frequencies. The series resistance and quality factor of this design are comparable 

to  the other designs and due to  the tunability, very small series resistances and very 

high quality factors can be achieved. The maximum output voltage of 14 mV peak-to- 

peak is seen a t the output of the active inductor’s source follower. This is a t the 1 dB 

compression point when the gain of the filter is set to 20 dB. This compares well with 

the other designs. A higher maximum voltage up to 50 mV peak-to-peak can actually 

be achieved but the linearity is worse at this point.
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Table 3.8: Active Inductor Based Bandpass Filter Performance Summary and Compar
ison_____________________________________________________________________________

Ref. Description Tech. Power Center
Frequency

Range

Filter
Quality
Factor

IIP3
or

DR

[11] C f a t  =  0.7pF 0.35 /xm 
CMOS

0.6 mW 0.93 - 
1.03 GHz

>  25 DR =  30dB 
@ 1GHz, Q=25

[29] Differential 0.35 /xm 
CMOS

17 mW 400 MHz - 
1.1 GHz

2 to  
80

IIP3 =  -15dBm 
@ Q =  40

[22] c f i l t  =  0.7pF 0.8 /xm
CMOS

N /A around 
500 MHz

80 ® 
500MHz

N /A

[17] 6th order 
Gm-C

0.5 /xm 
CMOS

90 mW around 
70 MHz

350 @ 
70MHz

IIP3 =  -lOdBm

* C fut =  1.55pF 0.18 /xm
CMOS

below 
1.6 mW

70 MHz 
- 700 MHz

>  100 IIP3 =  -43dBm 
@ Gain =  20dB

As shown in Table 3.8, the bandpass filter in this design uses significantly less power 

than  the designs in [17,29] and comparable power to  the design in [11], This power 

includes the active inductor plus the addition of current m irror biases and the source 

follower output buffer power consumption. The bandpass filter in this thesis has a wider 

tuning range than  the other bandpass filters. It is designed for more of a broadband 

application as opposed to  a narrowband one. The filter can achieve comparable quality 

factors to  other designs. Its IIP3 is lower than  the other designs showing th a t it has 

more lim itations in the area of linearity.

Table 3.9 shows the specifications and the performance achieved in simulations of the 

tunable bandpass filter. The specifications are achieved, though the linearity could be 

improved further. Linearity and stability are two areas for future work and improvement 

with regards to  the design of the tunable bandpass filter.
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Table 3.9: Specifications and Performance of the Tunable Bandpass Filter
Specification Targeted Performance Performance Achieved

Center Frequency Range 70 MHz to  700 MHz Achieved
3 dB Bandwidth at 
Center Frequency

<  6 MHz Achieved

Minimum Input Signal 
(Sensitivity)

-83 dBm (22.4 /xVpeafc 
in 50 O system)

Achieved

Linearity (IIP3) High P i dB =  -56 dBm 
@ Gain =  20 dB, 200 MHz

Power Consumption Low < 1 . 6  mW  including 
biasing and source follower

Circuit Area Small 50 /xm x 70 /xm including 
biasing and source follower

3.5 Chapter Summary

The design of the tunable bandpass filter for the whitespace detector is presented in 

this chapter. Its role is to  tune to  a narrow frequency band and filter out all other 

frequencies. It is built using a  high quality factor active inductor. Equations to  predict 

the inductance and series resistance of the active inductor are developed. This theory is 

extended to  the center frequency and quality factor of the bandpass filter. Trends for the 

tuning of the active inductor and bandpass filter using bias controls are also analyzed.

The circuit im plem entation and layouts of the circuits are discussed. Simulations 

show th a t the inductance and series resistance of the active inductor follow the predicted 

trends. Small signal simulations are used to analyze the tuning of the bandpass filter’s 

center frequency and quality factor and to ultim ately develop an algorithm for tuning 

the filter. Large signal simulations show the filters transient behavior. The filter’s 

sensitivity, linearity and stability are simulated and analyzed.
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The performance of the active inductor and bandpass filter is compared to  other 

designs in literature and is found to  have a larger tuning range and comparable quality 

factors. The circuit suffers from poor linearity which is a common problem for ac

tive inductors. The bandpass filter’s performance is suitable for the application in the 

whitespace detector and it meets the required specifications.
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Chapter 4 

Receive Signal Strength Indicator

The principle behind the whitespace detector is to tune a filter to  selected channels and 

then measure the power of the signal within each of these channels. If the signal level 

is below a certain threshold, it is decided th a t no signal is present in th a t channel. The 

role of the Receive Signal S trength Indicator (RSSI) circuit is to  measure the signal level 

a t its input, which comes from the channel selected by the bandpass filter. The RSSI 

takes the form of a piece-wise linear logarithmic amplifier [12]. The am plitude of the 

RF input to  the RSSI can vary exponentially bu t is then translated into a  linear output. 

Hence, the output has a logarithmic relationship to  the am plitude of the input signal. 

As specified in C hapter 2 , the RSSI input signal strength can vary from -60 dBm to  -10 

dBm. This corresponds to  the output signal range from the bandpass filter. The RSSI 

must also work over a frequency range from 70 MHz to  700 MHz.

A block diagram of the RSSI th a t is designed for this thesis is shown in Figure 4.1. 

It takes a differential RF input voltage signal while the output is a DC current. An 

output voltage is obtained by passing the current through a resistor. The main building 

blocks of the RSSI are limiting amplifiers, rectifiers and a low pass filter. A limiting

92
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amplifier amplifies its input signal as long as the input is relatively small. Once the 

input am plitude gets larger, the gain is reduced and the output signal is limited and 

gets clipped. The rectifier circuit takes a differential AC input and rectifies it, creating an 

output th a t is either always positive or always negative. A low pass filter at the output 

of the rectifiers filters any high frequency components, leaving a  signal th a t is close to 

a DC value. In the case of the full-wave rectifiers and low pass filter th a t have been 

designed, the m agnitude of the DC component of the output is inversely proportional 

to the am plitude of the input signal.

inp
inn

Limiting Amplifiers

\ y  - tl: \ /  -rL: \ /  -ii: \ /  -fi: \ /  - tl: \ /  -ri: \ /  -ri: \ /

I ”  
R ectifiers'

out

Off-chip ,, 
Summing 
Resistor

-o V0ut
"TT-t - Off-chip
:—I ! Lowpass 
 i Filter

Figure 4.1: Receive signal strength indicator schematic.

In order to form the logarithmic amplifier from these components, several limiting 

amplifiers are cascaded. Each subsequent limiting amplifier provides more gain to  the 

signal so th a t the signal th a t has passed through several amplifiers is limited. The signal 

from the output of each of the cascaded limiting amplifiers is input into its own rectifier 

circuit. Each rectifier outputs a current th a t has a DC component th a t is inversely 

proportional to  its input am plitude. The signal th a t has passed through more limiting 

amplifiers is larger in am plitude and therefore generates a current w ith a smaller DC
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component at the output of the rectifier. All of the rectifier output currents are summed 

together across a resistor. A capacitor is connected across the resistor, acting as a low 

pass filter th a t removes the high frequency signal, leaving a signal th a t is a  DC value.

A more detailed description of how the RSSI and its building blocks work follows 

in the discussion in Section 4.1. The im plem entation and simulation results for these 

circuits are presented in Section 4.2. In Section 4.3 the simulated performance of the 

RSSI is summarized and compared to other RSSIs in literature.

4.1 Receive Signal Strength Indicator Theory

This section describes the theory behind the functionality of the the circuits th a t make 

up the receive signal strength indicator. The limiting amplifier and rectifier theory are 

discussed in Section 4.1.1 and Section 4.1.2, respectively. This is followed, in Section 

4.1.3, with the description of how these circuits are used to build up the RSSI and the 

theory behind how it works.

4.1.1 The L im iting Am plifier

The circuit schematic of a limiting amplifier is shown in Figure 4.2. It consists of an 

N M O S differential pair, M i and M2, and N M O S load transistors, M3 and M4. It is 

biased by a current m irror th a t is shared by all of the identical limiting amplifiers th a t 

make up the logarithmic amplifier. M5 is the half of the current mirror th a t provides 

the current to the limiting amplifier.

In order to determine the overall gain of the logarithmic amplifier and the number
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VDD

M3 M4

outn -►outp

innmp
M1 M2

M5

Vbias

Figure 4.2: Schematic of the limiting amplifier.

of required limiting amplifier stages, the gain of an individual limiting amplifier must 

be determined. For this analysis, M5 is treated  as an ideal current source and the node 

a t its drain is considered a virtual ground because M5 has a  large output impedance. 

Due to the differential input and output of the amplifier in Figure 4.2, the gain of the 

amplifier can be determ ined by analyzing the small-signal model for transistors Mi and 

M3. This small-signal schematic can be seen in Figure 4.3. Since the node a t the drain 

of M5 is trea ted  as a virtual ground the effect of the bulk to  source voltage of Mi is 

ignored.

The circuit in Figure 4.4 is a simplified version of th a t shown in Figure 4.3. Here, Vm 

=  Vflsl and Vout =  -Vgs3. The resistor, R4 is the parallel combination of rol and ro3. C x 

is the combination of Cgai and the Miller capacitance from Cgdi- C2 is the combination 

of Cgs3, Cdb3 , Cdbl and the Miller capacitance from Cgfj_i ■
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9m3Vgs3

ym1 *gs1

Figure 4.3: Small-signal schematic of the limiting amplifier.

V iin'
 C i ^ ^ 9 mlVn ^

^ V o u t
9mlVn C09m3Vout ~ r~ ^ 2

Figure 4.4: Simplified small-signal schematic of the limiting amplifier.
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The DC gain of the circuit can be derived by ignoring the capacitances in Figure 4.4 

and solving the nodal equation at the V out node to  give

A JC =  ^  =  —— —j- (4.1.1)
* in  QmS “1“ R

where R is given by

R  =  r °i r °3 ■ (4.1.2)
r0\ +  ro3

If it is assumed th a t gm3 then the gain can be simplified further to

(4.1.3)
9m Z  V

as shown in [12]. This gain is positive because it accounts for the differential nature of 

the limiting amplifier. Since the transconductance for an NMOS transistor in saturation 

can be approxim ated by

W
9 m  =  \ J 2 H n C 0x - ^ l D ,  ( b l - 4 )

the gain can be related to  the ratio  of the square-root of differential pair and load 

transistor sizes [12]. This means th a t the gain can be controlled by setting the sizes of 

these transistors.

The high frequency gain of the limiting amplifier can be determ ined by adding the 

capacitance, C2, in parallel w ith the resistance, R, to  Equation 4.1.1. This yields

~ 9 m l   f  9 m l  \ I 1

9m Z  H

where C2 is given by

C2 — CgsZ +  CdbZ +  Cdbl +  Cgdl( l  — 1/Adc).  (4.1.6)
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Qj2 combines a  number of capacitances in parallel, including the Miller effect on Cgdi- 

The 3-dB bandw idth of the limiting amplifier occurs at the pole in Equation 4.1.5 and 

can be w ritten as

=  ^ ± 1 .  (4.1.7)
C/2

4.1.2 T he R ectifier

The circuit schematic for the rectifier is shown in Figure 4.5. It consists of stacked 

differential pairs, Mi to Me, in a G ilbert cell configuration th a t is connected in such a 

way as to create a four-quadrant MOS multiplier [40]. The PMOS transistors, M7 and 

Ms, form the loads of the circuit. Ms and M9 act as a current mirror to  provide the 

output current of the rectifier. The rectifier is biased by a current m irror th a t is shared 

by all of the identical rectifiers in the RSSI. M10 is the half of the current mirror th a t is 

in each rectifier.

The role of this rectifier circuit is to  take an AC input voltage and generate two 

rectified output currents, one th a t is always positive and one th a t is always negative 

relative to  the common mode current. The output currents have a DC component th a t 

is proportional to  the am plitude of the input voltage when it is the positive rectified 

signal, and is inversely proportional when it is the negative rectified signal. Using a low 

pass filter on one of these output currents removes the high frequency component, leaving 

a DC current th a t is either proportional or inversely proportional to  the am plitude of 

the input voltage.

The following describes the ideal operation of the rectifier in Figure 4.5. The idealized
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Figure 4.5: Schematic of the rectifier.

theoretical waveforms in Figure 4.6 help in the description.

The top waveform is the positive differential input voltage (inp). The upper waveform 

from the bottom  graph is the rectified current through transistor M7 th a t is always 

greater than  I max/2  and positive w ith respect to  the common mode output current. The 

lower waveform is the current through transistor M8 th a t is always less than  I max/2  and 

negative with respect to the common mode output current. This is the current th a t gets 

mirrored into M9 and becomes the output current th a t goes to  the summing resistor 

and low pass filter. The maximum current, Imax, is the bias current provided by the 

current mirror transistor, M10. The plot also shows the average currents through M7 

and Mg. The output current th a t is mirrored from transistor M8 to Mg is summed with 

the currents from other rectifiers and passed through an output resistor and low pass
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Figure 4.6: The ideal theoretical transient response of the full-wave rectifier.
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filter capacitor. This resistor and capacitor create a DC voltage th a t is proportional to 

the average current through Mg.

Three points, A, B and C, are labelled in Figure 4.6. “A” corresponds to  the maxi

mum input voltage, “B” corresponds to the common mode point voltage when the input 

is switching and “C” corresponds to the minimum input voltage. At point “C” , inn 

is at its maximum. The circuits in Figure 4.7 A, B and C correspond to these three 

conditions for the input voltage. The rectifier steers the bias current through various 

paths to the load transistors based on the differential input voltage it sees. W hen the 

input voltage is high, as in condition “A” , transistors Mi and M3 are on and all of the 

current is steered through M7. Similarly, when the input voltage is low and inn is high, 

as in condition “C” , transistors M2 and M5 are on and all of the current is also steered 

through M7. In both  of these cases, no current is steered through M8 to  the output 

of the rectifier. W hen the input voltage reaches its switching point at condition “B” , 

the current is split evenly through four paths so th a t each path  takes a quarter of the 

current. Half of the current flows through M7 and half flows through Mg. As the input 

voltage switches, the current through M7 switches between I and 1/2 and the current 

through Mg switches between 0 and 1/2. Both currents change a t twice the frequency 

of the input signal.

As the input voltage switches, it currents transition between states “A” , “B” and 

“C” . W hen the input voltage am plitude is small, as in Figure 4.8A, it spends more time 

near the switching point of condition “B” . The resulting currents are therefore closer
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Figure 4.7: Current steering in the rectifier. A: W hen the input voltage to  the rectifier is 
a t its maximum, Mi and M3 steer all of the current through M7 and none of it through 
Mg. B: W hen the input voltage to  the rectifier is at its switching point, a quarter of 
the current is steered through each of the four paths causing half of the current to  go 
through M7 and half of it through Mg. C: W hen the input voltage to  the rectifier is at 
its minimum (and inn is a t its maximum), M2 and M5 steer all of the current through 
M7 and none of it through Mg.
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to being split half and half between M7 and M8. W hen the input voltage am plitude 

is large and limited, as in Figure 4.8B, it spends a larger percentage of its period near 

its maximum and minimum points of conditions “A” and “C” . The resulting current 

through M7 is closer to  the maximum current and the current through Mg is closer to 

zero.

Ideal
Input
Voltage

Average

Ideal
Output
Currents

i (m s ; i(Ms;

A v e r a g e

TimeTime

Figure 4.8: Theoretical transient input voltage and output current of the rectifier. A: 
W hen the am plitude of the input voltage is small, the currents through both  M7 and M8 
are close to  Im0x/2. B: W hen the am plitude of the input voltage is large and voltage- 
limited, the current through M7 is close to lmax and the current through M8 is close to 
zero.

The overall result is th a t for large input signals, the DC component of the output 

current of the rectifier th a t flows through M8 is close to  zero while for small input signals 

it is close to  half the bias current. This results in the inversely proportional relationship 

between the input voltage and ou tpu t current.
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4.1.3 The R SSI

The receive signal strength  indicator (RSSI) is built from cascaded limiting amplifiers, 

rectifiers, and an output low pass filter as shown in Figure 4.1. Based on the specifi

cations and the performance of the sub-blocks, the number of stages required for the 

RSSI can be determined. The number of stages is denoted as N and is represented in 

Figure 4.9. The input dynamic range for the RSSI gives the lowest possible input signal 

am plitude w ith which the RSSI is expected to perform. This smallest signal am plitude 

is denoted as Vin,min. The to tal gain of the RSSI, A r s s i ,  is the gain required such th a t 

^ in ,m m  results in an output after the final stage limiter of the RSSI th a t just begins to 

clip. This output is denoted as Vout,dip and can be determined from the performance of 

a  limiter. Based on this, the to ta l gain of the RSSI can be w ritten as

A Vout,clip
F -----m s s i

14
(4.1.8)

Stage 1
Vln V

Stage 2 Stage N

•  •  •

\
Gain =  A  Gain =  A

V  out V  out,clip

Gain = A 
 /

Gain — A rssi

Figure 4.9: Block diagram  showing the im portant values used to  calculate the required 
number of limiting amplifier stages, N. This occurs when the input is Vjn,mm and the 
output is Vout,dip- In this scenario, the gain of each limiter is A and the overall gain of 
the N stages is A r s s i -

Knowing V in,min from the specification and V 0ut,cUp from the performance of the 

limiting amplifier, A r s s i can be determined. The gain, A, of each limiting amplifier
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stage is derived in Section 4.1.1. W hen the input level is and the final output

level is Vout,clip, all of the limiting amplifier stages are providing their full am ount of 

gain, A, and the maximum gain of the RSSI, Ar s s i , [12] is given by

A rSSI = A N (4.1.9)

where N is the number of stages th a t can now be determined.

There is a rectifier at the output of each of the N limiting amplifiers stages. The input 

to  the n th  rectifier is the lim iter output signal, V„. As discussed in Section 4.1.2, the 

output of each rectifier is a rectified current. For the n th  rectifier, the DC component of 

this current will be denoted by I„. The output currents from each rectifier are summed 

through the output resistor, Rout, to  produce the DC output voltage, V out■ The output 

voltage can be described by

hout loutRoUt / . \(4.1.10)
Vout = Rout^,{.Iri) •

For the ideal situation, a  large input to  the RSSI causes all of the limiters to  clip their 

outputs. This is depicted in Figure 4.10A. Due to the inverse relationship between the 

input am plitude and the DC component of the output current, as discussed in Section 

4.1.2, all of the rectifiers have an output current of ln =  0. This means the to tal output 

current through the summing resistor is lout =  0 and the output voltage is V out =  0.

In the other extreme case, shown in Figure 4.10B, the input to  the RSSI is very small 

and all limiting amplifiers provide full gain until the final one just begins clipping. This 

will result in the maximum output current, I out,max, and the corresponding maximum 

output voltage, Vout,max- The size of the output resistor is chosen from these values
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A) U ll LHJ
'■ U f\7 } | h • •

j i i = o __________

U ll

12=0 V out= 0  In = 0

l o u t  —  0

U1
V,=vin,

Ibias/2 2 ▼ ouLmax

Figure 4.10: Depiction of the ou tpu t currents from the rectifiers. In A, the input to 
each of the rectifiers is the clipped output from a limiter. The resulting output current 
of each rectifier is zero. In B, the input to the first rectifier is Vmirmn. This scenario 
gives the maximum to ta l ou tput current of lout,max- Knowing Vout,max, the value of the 
output resistor, Rout can be calculated.
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In the case of this design, the maximum theoretical output voltage is V out,m ax =  1-8 V. 

I out,max is the sum of the DC components of each of the rectifier output currents, Ii to 

Ijv- As discussed in Section 4.1.2, Ii will be equal to half the bias current since the input 

to  rectifier 1 is very small. Ijv will be close to  zero since the input to  rectifier N is very 

large.

In summary, based on the input values from the specification along with the perfor

mance of the limiting amplifiers and rectifiers, the RSSI can be assembled by determining 

the required number of stages and the value of the output summing resistor.

4.2 Im plem entation and Sim ulation of the Receive  
Signal Strength Indicator

This section describes how the receive signal strength indicator (RSSI) is implemented 

in the 0.18 pm  CMOS technology. The implem entation is based on a  combination of 

theory from Section 4.1 and simulations. Simulation results showing the performance 

of the circuits is also presented. The im plem entation and simulations of the limiting 

amplifier and rectifier are discussed in Section 4.2.1 and Section 4.2.2, respectively. This 

is followed, in Section 4.2.3, w ith the im plem entation and simulation results of the RSSI.
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4.2.1 T he L im iting Am plifier

The circuit schematic of the limiting amplifier shown in Figure 4.2 is implemented in a 

0.18 gm  CMOS technology. The transistor sizes are summarized in Table 4.1.

Table 4.1: Transistor Sizes in the Limiting Amplifier Shown in Figure 4.2
Transistor #  of Fingers x W idth/F inger 

=  Total W idth (//m)
Length (fim)

M l 4 x 5 =  20 0.18
M2 4 x 5 =  20 0.18
M3 1 x 1 =  1 0.18
M4 1 x 1 =  1 0.18
M5 12 x 5 =  60 0.50

The width of the current tail transistor, M5, is chosen to provide 300 p,A of current to 

each limiting amplifier and it is in a 1:6 ratio w ithin a current mirror. The length of M5 

is non-minimal to  lower the effect of V d s  on the current. As explained in Section 3.2, the 

longer transistor length gives the current mirror a higher output resistance th a t allows 

it to provide a more constant current over a wider range of V d s  [38, p.405]. The sizes of 

the NMOS differential pair transistors, Mi and M2, and the NMOS loads, M3 and M4, 

are chosen to  give the desired gain for the limiting amplifier. Based on Equation 4.1.3, 

theory predicts th a t for these transistor sizes the DC gain should be A*, =  4.47 V /V  or 

13 dB. For a  low input am plitude and at low frequencies, transient simulation results on 

the limiting amplifier show the low frequency gain to  be about 3.44 V /V  or 10.73 dB. 

Part of this discrepancy is due to  the finite load impedance of the amplifier. W hen this 

is accounted for using Equation 4.1.1 and Equation 4.1.2, a more accurate DC gain is 

calculated to  be 3.98 V /V  or 12 dB. These calculations can be seen in Equations 4.2.1
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and 4.2.2 using the DC operating param eters of the amplifier.

(4.2.1)

(4.2.2)

The layout of the limiting amplifier is shown in Figure 4.11. All of the input and output 

ports are labelled, as well as each of the components.

R  = rolr?3_  =  (15.6M1)(44.5M1) =  n  ^  
f 0\ +  ?~o3 15.6A:Q +  44.5 kQ

A 9mi _  (2 .2 4 m A /V ) _
dC 9mz + ^  476/rA /l/ +  86.2/rA /F  ' '

The Lim iting Am plifier Layout

.V

Iv
.V

M 3/M 4

I1/M2

Figure 4.11: The layout of a limiting amplifier. (Refer to the layout key in Figure B .l 
of Appendix B to identify all layers used in the layout.)

The transistors th a t form the differential pair (Mi and M2) are laid out w ith in- 

terdigitated fingers. This one-dimensional matching technique allows the transistors to 

be better matched against tem perature and doping gradients. Since the RSSI requires

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



110

several limiting amplifiers, the layout is designed so it can be placed in an array th a t 

makes efficient use of area and allows each of the limiter sub-blocks to  be connected 

together.

From the layout of the limiting amplifier, an extracted version of the schematic is 

generated. This extracted representation of the circuit includes parasitic capacitances. 

All high frequency simulations th a t are described in the following section are performed 

using this post-layout representation of the circuit.

Lim iting Am plifier Sim ulation R esults

The voltage gain of the limiting amplifier th a t is extracted from the layout is determined 

from transient simulations using the test bench shown in Figure 4.12. V dd =  1-8 V, the 

bias current is set to  provide 300 pA  and a peak input voltage of 1 mV is used. The 

limiting amplifier is loaded with another limiting amplifier to represent a realistic load 

capacitance.

DUT Load
outp

outn

inn

Bias
Current

CommonMode DD

Figure 4.12: The test bench for running transient simulations on the limiting amplifier.

The voltage gain is calculated as 201og(Vouip /V mp). Figure 4.13 shows this voltage 

gain versus frequency. Figure 4.13 also shows the theoretical expectation for the voltage
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gain based on Equation 4.1.5. The values for this calculation are taken from the DC 

operating param eters for the circuit. Additional capacitance is added to  the value of C2 

to  account for the input capacitance of the second limiting amplifier which is loading 

the first one. The simulated gain is about 1.25 dB below the theoretical expectation.

14

12

10

8
Simulated

6

4

2

0
2

■4

6

10 100 1000 10000

Frequency (MHz)

Figure 4.13: The Theoretical and Simulated Gain of the Limiting Amplifier

From Equation 4.1.7, the 3 dB frequency of the amplifier is expected to  be 1.42 

GHz. From the simulation results, it turns out to be 1.17 GHz. The desired range 

of operation for the limiting amplifier is 70 MHz to 700 MHz, as is required for the 

whitespace detector. This band falls below the 3 dB frequency of the amplifier but 

there is a 1.5 dB degradation in gain across the band. This performance degradation 

is a  compromise with the added power th a t would be required to increase the 3 dB 

frequency. The performance variation over frequency has to  be accounted for in the 

overall design of the receive signal strength indicator.
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The limiting amplifier provides linear gain for low input signals but begins to  limit 

or clip the output as the input gets larger. Figure 4.14 shows the input to  output 

characteristic of the limiting amplifier for a 100 MHz signal. The linear gain is seen for 

peak-to-peak differential inputs below 200 mV. After 200 mV, the output begins to  clip. 

For inputs above 600 mV differential, there is very little increase in output voltage as it 

eventually levels off to  about 1.3 V peak-to-peak differential. At this point, the limited 

output signal is a  square wave.

1400

1200

1000

800

600

400

200

800 1000200 400 600

Differential Input Voltage (mV)

Figure 4.14: The input to  output characteristic of the limiting amplifier.

4.2.2 The R ectifier

The circuit schematic for the rectifier shown in Figure 4.5 is implemented in the 0.18 

gm  CMOS process. The transistor sizes are summarized in Table 4.2.

The width of the current tail transistor, Mio, is chosen to provide 50 //A of current
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Table 4.2: Transistor Sizes in the Rectifier Shown in Figure 4.5
Transistor #  of Fingers x W idth/F inger 

=  Total W idth (/xm)
Length (/im)

M l 1 x 4  =  4 0.18
M2 1 x 4  =  4 0.18
M3 1 x 4  =  4 0.18
M4 1 x 4  =  4 0.18
M5 1 x 4  =  4 0.18
M6 1 x 4  =  4 0.18
M7 2 x 6 =  12 0.60
M8 2 x 6 =  12 0.60
M9 2 x 6 =  12 0.60

MIO 2 x 5 =  10 0.50

to the rectifier through a current m irror with a 1:1 ratio. Mio has a channel length th a t 

is larger than  the minimum available. As explained in Section 3.2, this longer length 

results in a higher output resistance for the current mirror [38, p.405]. The higher 

output resistance means th a t the current mirrored by the current mirror remains more 

constant even if both halves of the current mirror have a different Y d s - The sizes of the 

differential pairs transistors, Mi to Mg, and the PMOS load transistors, M7 to  Mg, are 

chosen from iterative transient simulations using the test bench in Figure 4.15.

DUT
■out

inp K V

Bias
Current

VcommonMode

Figure 4.15: The test bench for running transient simulations on the rectifier.

In these simulations, a param etric sweep of the input am plitude to  the rectifier is
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done which represents the range of am plitudes expected from the output of the limiting 

amplifiers. The param etric sweep is run multiple times while the widths of the rectifier’s 

transistors are varied from 2 pm  to  16 pm. This is done while attem pting to  achieve an 

output current w ith a  DC component th a t is close to  zero when a large, limited input 

signal is applied. Also, the goal is to  achieve an output current w ith a DC component 

th a t is close to  half the bias current when the input am plitude is very small. The final 

transistor values shown in Table 4.2 provide results th a t meet these objectives.

The Rectifier Layout

The layout of the rectifier is shown in Figure 4.16. All of the input and output ports are 

labelled, as well as each of the components.

W r r . n v w r i r . v . w / r . ' . i T

M7/M8/M9

•M1/M2

■M3/M4

-M5/M6

*M4*S4v!
:GND:

Figure 4.16: The layout of a rectifier. (Refer to  the layout key in Figure B .l of Appendix 
B to identify all layers used in the layout.)
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The transistors th a t form the differential pairs (Mi and M2, M3 and M4, M5 and Me) 

and PMOS load (M7 to  Mg) are laid out with interdigitated fingers. This one-dimensional 

matching technique allows the transistors to  be better matched against tem perature and 

doping gradients. Since the RSSI requires several rectifiers, the layout is designed so it 

can be reused for each rectifier and they can be bu tted  up next to  each other to  make 

efficient use of area. Their output current nets are connected together.

As with the limiter circuit, all simulations performed on the rectifier use the version 

of the schematic th a t is extracted from the layout w ith parasitic capacitances. 

Rectifier Sim ulation R esults

The theoretical functionality of the rectifier described in Section 4.1.2 can be compared 

to what is seen in post-layout simulations using the test bench shown in Figure 4.15. 

Figures 4.17, 4.18 and 4.19 show the rectifier input voltages and output currents when the 

peak-to-peak single-ended input voltages are 40 mV, 350 mV and 700 mV, respectively. 

In each of the three cases, the trends predicted in theory are observed. For the low 

am plitude (40 mV) input voltage in Figure 4.17, both  the output current through M8 

and the current through M7 remain close to half of the bias current of 50 pA since the 

differential inputs do not vary much about the switching point. Figure 4.18 shows th a t, 

for a medium sized (350 mV) input, the output current fully switches so th a t all of the 

current flows through M7 for approxim ately half the duty cycle, during which tim e none 

of it leaves the output through M8. The average ou tpu t current is still above zero. In 

Figure 4.19, the input voltages are limited square waves th a t cause hard switching in
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the rectifier. This results in an average output current th a t is very close to zero and the 

full current flows through M7 for the m ajority of the time. Hence, the rectifier functions 

as expected for the entire range of possible input amplitudes.

inp in n  I(M 7 )------ I(M8)

0.73

i  0 73
£  0.72 

|  0.71
M

0.7Q

24.0

^  23 5 
% 23.0

|  22.3

j  22.0

21.3

21.0

I u i e ( n s )

Figure 4.17: Transient response of the rectifier for a 40 mV (small) peak-to-peak single
ended input voltage.

Figure 4.20 shows simulation results for the output current from eight rectifier stages 

th a t have input signals from subsequent cascaded limiters. As such, the input am plitude 

to  each subsequent rectifier is larger th a t the previous one. The figure also shows to tal 

current th a t is the summation of all of the rectifier output currents. This is for a  200 

MHz input signal.

For small input signals, like the 40 mV one into rectifier stage 3, the current is close 

to  half of the bias current or 25 //A and for large input signals, like the 700 mV one 

into rectifier stage 8, it approaches 0 pA. The current does not exactly reach the upper 

and lower limits, having a maximum of about 22 //A and a  minimum of about 1.6 /J.A.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117

inp  i n n  1 (MT) — I (MS)
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§■ 0.90 u
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}  0.60 

0.50
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~  50  0 

%
£ 300  
S 20.0u

10.0
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Figure 4.18: Transient response of the rectifier for a 350 mV (medium) peak-to-peak 
single-ended input voltage.

—  in p  i n n  1 (M7) — I (MS)

1.40

1.20

>  0.80 

|  0.60 

”  0.40

60.0 

30.0 
?  40.0

I" 30 0 | 20.0
u  10.0

0.0
- 10.0

Figure 4.19: Transient response of the rectifier for a 700 mV (large) peak-to-peak single
ended input voltage.
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25.0 ■Rectifier Stage 1 
Rectifier Stage 2 
■Rectifier Stage 320.0

Rectifier Stage 4
15.0

Increased input voltage a t each stage
10.0

results in decreased output current.
—Rectifier Stage 5 
-■Rectifier Stage 6 
'■Rectifier Stage 7 
-Rectifier Stage 8

105

100

Time (ns)

Figure 4.20: O utput currents of each rectifier stage and the to tal ou tput current. As the 
am plitude of the input signal increases at each subsequent stage, the rectifiers average 
output current decreases. For small am plitude input signals, the average current is close 
to Ihias/2 while for large am plitude signals, it is close to  zero.
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The fact th a t the bias and output current mirrors have less than  a  perfect 1:1 ratio 

is the cause of the maximum current not reaching exactly its full value. The current 

mirror formed from transistors Mg and Mg is susceptible to  variations in the current 

being mirrored since Mg always has a  small Vd s  of about 0.6 V, while the V d s  of Mg 

varies w ith the output voltage for a range as large as 0.2 V to  1.7 V. Since the rectifier 

has four levels of stacked transistors, the headroom ( V d s )  for the bias current tail is 

lower than  the diode-connected half of the current mirror. This causes less than  100% 

of the current to  be mirrored since th a t current mirroring is effected by inequalities in 

V d s ■ The minimum current situation does not quite reach zero because this requires a 

perfect square wave w ith zero rise and fall times at the input to  the rectifier to  keep it 

fully switched to the off position. This signal comes from the limiting amplifier, which 

clips the signal but does not give a perfectly ideal square wave.

The to ta l output current in Figure 4.20 is the summation of all of the rectifier currents 

combined. At 200 MHz, the average to tal current has a DC component of about 95 /iA. 

It also has a high frequency ripple. W hen converted to  a voltage by the resistor, this 

ripple is minimized w ith the addition of a parallel 10 pF capacitor th a t acts as a low 

pass filter.

Figure 4.21 shows the average current output from the rectifiers across a  range of 

frequencies. The value of Imax is the current produced by the first rectifier when a 

minimum input voltage of 1 mV peak-to-peak is applied. It has a  5% variation versus 

frequency between 100 MHz and 700 MHz. I i s  the current produced by the final
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rectifier stage when its input is fully clipped. As described above, this current should 

be zero but the limiting amplifier does not give the ideal square wave with zero rise and 

fall times th a t is required for this to  happen. As the frequency is increased, the limiting 

amplifier gives an output th a t is fully switched for a lower percentage of its duty  cycle, 

resulting in an increased current. At higher frequencies, this increase of current is seen 

at each rectifier stage, resulting in the increasing current trend of 18% from 100 MHz to 

700 MHz, seen in l t 0ta i,m ax- h.otai,m ax is the maximum output current of all the rectifier 

stages combined. This occurs when the minimum input voltage of 1 mV peak-to-peak 

is applied to  the first stage. W hen the maximum input voltage is applied, I to ta l,m in is 

lowest, ideally approaching zero.

Imin (pA) Imax (pA) Itotal,max (pA)

120

100

100 200 300 400

Frequency (MHz)

500 600 700

Figure 4.21: Minimum, maximum and to ta l maximum output current of the rectifiers 
a t various frequencies.
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4.2.3 T he R SSI

The receive signal strength indicator (RSSI) is assembled based on the performance of the 

limiting amplifiers and rectifiers, as well as the output am plitude range of the bandpass 

filter, as discussed in the theory in Section 4.1.3. First, the appropriate number of 

limiting amplifier stages is determ ined based on the minimum input voltage, Vin,min, 

from the specifications, along with the limited output voltage, V  out,clip, and gain, A, of 

the limiting amplifier found from simulations in Section 4.2.1.

From the design of the bandpass filter in Section 3.3, it is found th a t the filter output 

am plitude can vary from approximately 1 mV to 100 mV peak-to-peak. In a 50 fl system, 

which represents the environment under which the circuit is tested, this works out to  be 

equal to  power levels from -56 dBm to  -16 dBm using

PdBm =  101og10 ( 3 ^ )

P w a t t s  =  (4-2.3)

V r m s  =

To give some design margin, the RSSI is designed to  work from -60 dBm to  -10 dBm, 

as outlined in the specifications in C hapter 2. This sets the minimum input voltage to 

A/,; jmn — 632 /iVp2p-

Figure 4.14 shows th a t the maximum, clipped output voltage, Vout,clip, from a limiting 

amplifier is about 1.3 V peak-to-peak. The overall required gain of the RSSI, A r s s i , 

can be calculated as

A r s s i  =  =  *93^ 2p =  2057R/K (4.2.4)
Vin,min VOZ[lVp2p

This gain is calculated when the smallest input signal to  the first limiter stage (632
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/iVP2p) causes the final limiter stage to  s ta rt clipping and produce its maximum output

(1.3 Vp2p)• 2057 V /V  of voltage gain is equivalent to  66.3 dB.

From Section 4.2.1, the simulated gain of a limiting amplifier, A, a t low frequencies is 

shown to  be 10.73 dB. At 700 MHz, the high end frequency for the whitespace detector 

application, it is 9.2 dB. Using this worst case value and the to ta l desired gain of the 

RSSI, the number of limiter stages required for the RSSI is calculated by rearranging 

Equation 4.1.9 to  give

_  10 log(ARSSi) = A (d B )RSs i =  66.3 dB  (a o K)
10log(A) A (d B ) limiter 9.2dB  ' ' 1 J

The number of lim iter stages chosen to  implement the RSSI is rounded up from 7.2 to 

8.

The size of the output resistor, Rou4, is determ ined based on Equation 4.1.11. Ideally, 

Vout,max is 1.8 V but in reality, it does not get higher than  about 1.6 V due to the voltage 

required to  keep Mg of the rectifier in saturation. I out,max is taken from Figure 4.21 a t 

700 MHz to  be 111 /xA. The selected resistor size for the RSSI is 14.4 kfl as calculated 

by

1 6V
Rout =  m / M  =  U A k Q ■ (4'2'6)

A 10 pF capacitor is placed in parallel with the output resistor to act as a low pass

filter, reducing high frequency ripple on the output voltage line. This ripple is caused 

by the operation of the rectifier circuit and the capacitor filters it so th a t the output 

voltage becomes the average value of w hat is ou tput from the rectifiers. The value of 

the capacitance is chosen as a compromise between ripple on the output signal and the
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response time of the RSSI.

The RSSI Layout

The layout of the receive signal strength indicator is shown in Figure 4.22. All of the 

input and output ports are labelled, as well as the main sub-circuits. It is built by 

hierarchically placing the eight limiting amplifier and rectifier circuits. One current 

mirror provides the biasing to  all of the limiters and another provides biasing to  all of 

the rectifiers. There are also capacitors on the bias lines to  provide filtering and there 

is a resistor divider at the input to  create the proper common mode bias. These two 

design considerations are discussed in more detail in C hapter 5. The output resistor 

and capacitor are placed off-chip on a printed circuit board th a t is discussed further in 

Chapter 6. This is to  save space on the integrated circuit since these components are 

large. It also gives the flexibility to  change the size of these components when the circuit 

is tested. All the simulations performed on the RSSI use the version of the schematic 

th a t is extracted from this layout w ith parasitic capacitances.

RSSI Sim ulation R esults

Transient simulations are performed on the RSSI th a t is extracted with parasitic capac

itances using the test bench in Figure 4.23. In this test bench, a  voltage supply of V dd 

=  1.8 V is provided along with bias currents of 50 //A th a t are mirrored to  the limiters 

and rectifiers. The input signal is provided using a 50 port to  im itate the sources 

tha t are used to  test the fabricated circuit. This source is AC coupled to the circuit 

and on-chip resistor dividers set the bias voltage a t the inputs. The simulations are
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Rbias

220 um________
Rectifiers Output Current

IGNlM

m Cbias

Cbiasinp inn

GND*

Limiting Amplifiers
80 um

Figure 4.22: RSSI layout. (Refer to  the layout key in Figure B .l of Appendix B to 
identify all layers used in the layout.)

performed single-ended even though the circuit has differential inputs. The integrated 

circuit only has a single ended input since there is not enough space for the ex tra pads 

required for the differential input. As a result, the single-ended signal is applied to  one 

of the differential inputs while the other input is internally biased a t its common-mode 

value. The output current from the RSSI is sent through the 14.4 kfl ou tput resistor 

and low pass filter to  generate the output voltage.

Cc = 10 pF

Port 1 ( 1

in R SSI out

Vdd CD

v„

R o u t  —  — _ C o u t

*14.4 kO
i 50 jxA bias 

current

'10pF

Figure 4.23: The test bench used to  run transient simulations on the RSSI.

Using this test bench for transient simulations, a  number of results can be examined.
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The main result of interest from the RSSI is its input to output response. The output 

voltage, Vout■, is expected to descend linearly w ith an exponentially increasing input 

amplitude. Results for the receive signal strength indicator input am plitude to  output 

voltage response for various input frequencies are shown in Figure 4.24. These results 

are obtained by doing a  param etric analysis in which the output voltage is measured 

for various input am plitudes and frequencies. The results show the logarithmic output 

response of the RSSI. The input am plitude level increases exponentially while the output 

voltage decreases linearly. The response is linear for input am plitudes between -60 dBm 

and -10 dBm, which is the desired range based on the output signal levels from the 

bandpass filter.

'700 MHz 
-600 MHz 
-500 MHz 
400 MHz 
-300 MHz 
-200 MHz 
-100 MHz

Freqnenc r

0.4

0.2

0.0

-70 -60 -50

Input Power (dBm)

-40 -30 -20 -10-80

Figure 4.24: The RSSI input versus output characteristic a t various frequencies.

It can be seen in Figure 4.24 th a t a t the lower frequencies, the output uses almost
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the entire range of ou tput voltages while a t higher frequencies it does not use the full 

available voltage range. At 700 MHz, the minimum voltage value reaches about 0.65 V, 

while at 100 MHz, it reaches 0.2 V. This performance degradation a t high frequencies can 

be explained by a  variety of reasons. These include the fact th a t the limiting amplifier 

gain is lower by about 1.5 dB at 700 MHz when compared to 100 MHz. This means 

th a t for the same input am plitude a t each of these frequencies, the ou tpu t am plitude of 

the limiting amplifiers will be lower at higher frequencies. This causes the rectifiers to 

output more current since they are being switched less strongly and the output voltage 

ends up being higher. It is also shown in Figure 4.21 th a t the rectifiers do not switch 

off their minimum current as fully at the higher frequencies, even when the input to the 

rectifier is fully switched and clipping.

The specified range of inputs to  the RSSI is -60 dBm to  -10 dBm. The RSSI should 

ideally have a logarithmic input to  output response over this range. Since the x-axis 

of the graph in Figure 4.24 is in dBm and the y-axis is linear, the logarithmic input to 

output response is seen as a linear function. The curves in this graph appear to be linear 

over the desired -60 dBm to  -10 dBm range. Any error in the linearity of these curves 

can be quantified as the RSSI error. This is the am ount of dB the RSSI curve deviates 

from being linear versus the input power. A graph of the RSSI error a t 100 MHz, 400 

MHz and 700 MHz operation is shown in Figure 4.25. As seen in this plot, the RSSI 

error increases w ith frequency. At 100 MHz, it is a t worst ±  0.4 dB. At 400 MHz, it is 

a t worst ±  1.2 dB. At 700 MHz, it is a t worst ±  2.9 dB.
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Figure 4.25: The RSSI output error w ith respect to  the ideal logarithmic input to  output 
relationship.

Another result th a t can be measured from simulations is the response or settling time 

required for the RSSI to  settle to its final voltage value when the am plitude of the input 

is suddenly changed. The response time is a function of the resistor and capacitor th a t

form the output low pass filter, along with any other parasitic resistance or capacitance

on the output node coming from the pads on the chip and the printed circuit board. An 

equation th a t estim ates the settling tim e can be derived from

Vc = V0e ^  (4.2.7)

th a t describes the voltage on a discharging capacitor. Vo is the initial voltage, Vc is the 

voltage at time, t, and r  =  RC is the time constant.

The settling tim e can be defined as the tim e required for the output voltage to  settle 

to  within 1% of its final value. This means th a t Vc/V q =  0.01 and Equation 4.2.7 can 

be w ritten as

0.01 =  e ^ ? Ut. (4.2.8)
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Substituting r  =  RC, this can be rearranged to

taeUle = -(R C )]n (0 .01 )  (4.2.9)

where R  and C are, respectively, the to ta l resistance and capacitance on the output 

node.

The settling time of the RSSI can be estim ated using the ou tpu t resistance of R  =  

14.4 kfl and the output capacitance 10 pF plus 0.85 pF to represent the capacitance of 

the pads on the chip and the printed circuit board. Using these values in Equation 4.2.9 

gives an estim ated RSSI settling time of t settie =  718 ns.

A sample simulation result for the RSSI output voltage is shown in Figure 4.26. 

Initially, a 200 MHz input signal is given to  the RSSI with an am plitude of 10 mV peak- 

to-peak. After 800 ns, the am plitude is increased to  100 mV peak-to-peak, resulting in a 

lower output voltage, as expected. This plot shows th a t it takes the RSSI approxim ately 

700 ns to settle to its new output value when it experiences an input change. This is 

within 3% of the settling time predicted with Equation 4.2.9.

4.3 Perform ance Sum mary and Comparison to  the  
Literature

In Section 2.4 a  performance summary of receive signal strength indicators (RSSI) in 

literature is given. The performance of the RSSI in this thesis is summarized and 

compared to  the literature in Table 4.3. The reference for this thesis is denoted by a *. 

This table is the same as the one in Section 2.4 w ith the addition of the results from 

this thesis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



129

1.80

1.60

1.40

1.20

1.00

0 .80

0 .60

0 .40
Settling Time

0.20

0.00
2 0 0  4 0 0 600 800  1000  120 0  140 0  1600

Time (ns)

Figure 4.26: The output voltage response of the RSSI.

Table 4.3: Received Signa' Strength Indicator Performance Summary and Comparison
Ref. Tech. Power Area G ain/Stage 

#  of Stages 
Total Gain

Input
Dynamic

Range

3 dB 
Band
width

Error

[12] 0.35 pm  
CMOS

3.2mW 0.48 mm2 9.3 dB x 7 
=  65 dB

-60dBm 
to 5dBm

23MHz ±3dB

[12] 0.5 pm  
CMOS

4.3mW 0.49 mm 2 9.3 dB x 7 
=  65 dB

-60dBm 
to 5dBm

18MHz ±3dB

[33] 0.6 pm
CMOS

6.2mW 0.4 mm2 12 dB x 7 
=  84 dB

-78dBm 
to -3dBm

70MHz ± ld B

[34] 0.35 pm  
CMOS

69mW N /A 12 dB x 7 
=  84 dB

-83dBm 
to -3dBm

110MHz ±0.7dB

[35] 0.6 pm
CMOS

15mW 0.36 mm2 80 dB 68dB 292MHz ± ld B

* 0.18 pm
CMOS

1.6mW 0.02 mm 2 9.2 dB x 8 
=  73.6 dB

-60dBm 
to  -lOdBm

1.17GHz ±2.9dB
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As shown in Table 4.3, the RSSI in this thesis is designed using a  CMOS technology 

with smaller gate lengths than  the others in the comparison. This allows the design to  be 

created in a much smaller area. The area for this design accounts for the eight limiting 

amplifiers and eight rectifiers th a t make up the RSSI. These components combine to  

consume 1.6 mW  of power from a 1.8 V supply, which is less than  the other designs 

being compared. The gain of each limiting stage of 9.2 dB at the higher frequencies 

and the to tal gain of 73.6 dB is comparable to other designs, falling in the middle of 

the results from the literature. The input dynamic range of this RSSI is smaller than  

the other designs because it is designed to cover the bandpass filter ou tput range. The 

limiting amplifiers th a t form this RSSI have a higher 3 dB bandw idth than  those in 

the other designs, allowing them  to  operate a t the higher frequencies required for the 

intended application. The RSSI error of ±2.9 dB is comparable to  the other designs, 

though it is at the high end. This is when operating at the maximum frequency of 700 

MHz. W hen operating down to 100 MHz, the RSSI error is better than  the other designs 

at ±0.4 dB.

Table 4.4 shows the specifications and the performance achieved in simulation of the 

receive signal strength indicator. All of the specifications are achieved. The performance 

a t the high end of the frequency range can be improved further. This is an area for future 

work and improvement with regards to  the design of the RSSI.
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Table 4.4: Specifications and Performance of the Receive Signal Strength Indicator
Specification Targeted Performance Performance Achieved

Frequency Range 70 MHz to  700 MHz Achieved but lower at 
higher frequencies

Input Dynamic Range -60 dBm to  -10 dBm Achieved
Power Consumption Low 1.6 mW

Circuit Area Small 80 /jm x 180 /xm

4.4 Chapter Summary

The design of the receive signal strength indicator (RSSI) for the whitespace detector 

is presented in this chapter. Its role is to  provide an output voltage th a t has a linear 

relationship to  the logarithm of its input am plitude. This output is an indication of 

the measured signal strength. It is built from limiting amplifiers, rectifiers, a summing 

resistor and a bandpass filter. Theoretical equations for the gain and bandw idth of the 

limiting amplifiers are developed along with a theoretical explanation of the functionality 

of the rectifiers. A design procedure for choosing the number of stages for the RSSI and 

the components for the output low pass filter is given.

The circuit im plem entation and layouts of the sub-blocks are shown. An RSSI is 

assembled based on the presented design procedure and the simulation results of the 

limiting amplifiers and rectifiers. The input to  output response of the RSSI is simulated 

over a range of input am plitudes and frequencies. From this response, the accuracy and 

settling time of the RSSI are determined. The performance of the RSSI is compared 

to other RSSI in literature and found to use lower power, require a smaller area and 

operate up to  higher frequencies than  the other presented designs. Though its dynamic
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range is smaller than  other RSSIs, its performance is suitable for the application in the 

whitespace detector and it meets the required specifications.
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Chapter 5 

W hitespace D etector System

The whitespace detector system is implemented as an integrated circuit using a 0.18 fim 

CMOS technology. The two main components of the whitespace detector are the high 

quality factor bandpass filter based on the tunable active inductor and the receive signal 

strength indicator (RSSI) circuit. The design of these circuits is detailed in Chapter 

3 and Chapter 4, respectively. Figure 5.1 is a  block diagram representation of the 

whitespace detector, showing the bandpass filter and RSSI, along with input and output 

(I/O ) buffers and biasing circuitry. The input and output buffers interface the on-chip 

circuits with the off-chip, 50 fi equipment th a t is used to  test them. The biasing circuitry 

directs off-chip bias currents to  the appropriate on-chip circuits. The blocks within the 

dashed box in Figure 5.1 are the on-chip components of the whitespace detector. The 

RF input signal is provided to  the bandpass filter through an input buffer and the 

RF output of the filter can be monitored through an output buffer. The RSSI output 

current, I_out_RSSI, feeds into an off-chip summing resistor and lowpass filter, which 

converts the current to  a  voltage.

133
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RSSIBPF

1 out RSSI
I/ORF in

I/OBIAS RF out

Figure 5.1: Block diagram  of the whitespace detector implemented on the integrated 
circuit. The dashed line indicates the chip boundary.

5.1 The Input and O utput Buffers

A buffer is required to interface between the input and output of the bandpass filter 

and the off-chip, 50 f2 environment. The source follower at the output of the bandpass 

filter does not have the drive strength to  overcome the output capacitance caused by the 

on-chip output pad and the printed circuit board th a t is used for testing. The input of 

the bandpass filter requires a buffer for interfacing because its input impedance is very 

low when tuned to a particular frequency. W ithout a buffer, the 50 source driving 

the filter would not properly transfer the signal to the filter. The filter input impedance 

varies from tens of Ohms to thousands of Ohms across the 70 MHz to 700 MHz band 

and changes whenever the bandpass filter tuning is changed. The input impedance of 

the filter is shown in Figure 5.2 for the situation when the filter is tuned to 200 MHz. 

The input impedance at 200 MHz is approximately 20 ft. Due to  the wide variation 

in input impedance across the 70 MHz to 700 MHz band, a specific input m atching

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

network is not suitable. Instead, an input buffer th a t has high input impedance and 

very low output impedance is desired. At the input, this allows a parallel 50 ft resistor 

to  give a broadband 50 fl m atch to  interface the circuit input with off-chip circuits. The 

noise im pact of the 50 fl resistor is not a concern since the high quality factor of the 

bandpass filter allows it to  be filtered away. The low output impedance of the buffer 

allows for the maximum signal transfer to  the bandpass filter. One such circuit th a t has 

these input and output characteristics is a voltage follower [41]. The voltage follower 

circuit, as described in [41], is implemented as the input buffer to  the bandpass filter. 

Due to its low output impedance, the same buffer is also used as the output buffer for 

the bandpass filter output, which interfaces it to  the 50 fl load.

12000

250

10000 -

150

8000 - 5

6000 -

160 I 200 

Frequency (MHz)

220 240180

4000 -

2000

1000100

Frequency (MHz)

Figure 5.2: Input impedance of the bandpass filter when tuned to  200 MHz.

A schematic of the voltage follower circuit can be seen in Figure 5.3. It consists of
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two cascaded source followers; an NMOS one (M l) and then a PMOS one (M2). The 

source followers are biased in such a way th a t the NMOS bias current is related by 

a  scaling factor, a, to  the PMOS current. The choice of this ratio  is w hat gives the 

voltage follower its very low output impedance [41]. The effective gm of the combination 

of transistors M l and M2 can be expressed by

ff miff m2
Qm (5.1.1)

Q m l QQ m 2

the simplified equation described in [41]. Based on this equation, gm can be made very 

large by setting a  =  gmi/g m2- Since the output impedance of the source follower is in

versely proportional to its transconductance, the result is a very small ou tput impedance. 

M3 and M4 form a current mirror th a t provides the biasing for M l while M5 and M6 

form the current m irror th a t provides the biasing for M2. The design param eters for the 

buffer are summarized in Table 5.1.

VDD

M5 M6

I bias
♦  out

M1 M2
VDD

R2 M3

M4

Figure 5.3: The voltage follower circuit th a t is used as the input and the output buffer.
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Table 5.1: Design Param eters of the Input and the O utput Buffer Shown in Figure 5.3
Transistor Dimensions ( #  of Fingers x W idth/F inger) /  G ate Length

(W /L )! 20x5 pm  /  0.18 pm
(W /L )2 72x7 pm  /  0.18 pm
(W /L )3 28x7 pm  /  0.5 pm
(W /L )4 34x7 pm  /  0.5 pm
(W /L )5 8 x 7  pm  /  0.5 pm
(W /L )6 40x7 pm  /  0.5 pm

O ther Components Value

Ri 1.94 k fl
r 2 9.69 k n

700 pA

5.1.1 The Input and th e O utput Buffer Layout

The layout of the circuit th a t is used as both  the input and output buffer is shown 

in Figure 5.4. All of the input and output ports are labelled, as well as each of the 

components.

The two source follower transistors, Mi and M2, have widths of 100 pm  and 504 pm, 

respectively. These large widths and bias currents of of 3.5 mA are required to achieve 

the desired impedance characteristics for the buffer. The transistors are segmented into 

fingers to  make the layout more compact. The transistors th a t form the current mirror 

pairs (M3 and M4, M5 and Mg) are laid out with interdigitated fingers to be better 

matched against tem perature and doping gradients. Wide m etal widths are required to 

accommodate the high current. Current carrying m etal is sized to  have a current density 

of 1 m A /pm . Since the transistors are segmented into many fingers, no one finger has 

to  carry more than  175 pA  of current. The input resistor divider th a t sets the input 

bias level to  1.5 V, is formed from resistors Ri and R2. They are made from unit sized
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Cbias

M5/M6

M3/M4
Cbias

120 (iin

Figure 5.4: The layout of the input and output buffer w ith ports and components 
labelled. (Refer to  the layout key in Figure B .l of Appendix B to  identify all layers used 
in the layout.)

resistors of 0.97 kfl such th a t Ri requires two units to  make 1.94 kfl and R2 requires 

ten units to  make 9.7 kfl. These resistor segments are laid out w ith dummy resistors 

on either side. These techniques help to m atch the resistors. It can also be noted th a t 

there are 950 fF filtering capacitors on the bias lines.

From the layout of the input and output buffer, an extracted version of the schematic 

is generated. This extracted representation of the circuit includes parasitic capacitances 

and it is used when simulating the buffer performance.

5.1.2 Input and O utput Buffer Sim ulations

The test bench used to simulate the input and output buffer is shown in Figure 5.5. It 

has 50 fl ports at the input and output th a t are AC coupled w ith 10 /iF capacitors. It
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runs from a supply of Y dd — 1-8 V and uses a 700 pA bias current. This test bench is 

used to  perform S-parameter, transient and periodic steady state  (PSS) simulations.

I/O outin
50 Q 50 Q

700 \iA1 Port 2

Figure 5.5: The test bench used to  simulate the in p u t/o u tp u t buffer.

Figure 5.6 shows the input and output impedance of the buffer from S-parameter 

simulations. The buffer has a large input impedance (greater than  1.6 kfi from 100 MHz 

to  1 GHz) and a very low output impedance. At the high end of desired frequencies of 

700 MHz, the output impedance is less than  13 fl and at low frequencies it is below 5 

fl. Based on these results, the buffer meets the required criteria of having a high input 

impedance and a very low output impedance.

Transient simulations show th a t the voltage gain of the buffer varies from -4 dB to -6 

dB across the 70 MHz to 700 MHz band. This loss is acceptable for the system design. 

A plot showing the linearity of the buffer from a two-tone periodic steady sta te  (PSS) 

simulation is shown in Figure 5.7. Two input tones a t 200 MHz and 205 MHz result in a 

1 dB compression point (P ldB ) of -10.5 dBm and a input referred th ird  order intercept 

(IIP3) of 6.6 dBm. The buffer’s 1-dB compression point is 40 dB above th a t of the 

bandpass filter. As a result the buffer’s linearity is not a big concern and the bandpass 

filter limits the linearity of the system.
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Figure 5.6: Input and output impedance of the voltage follower buffer.
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Figure 5.7: Linearity of the voltage follower buffer showing the 1 dB compression point 
(P ldB ) and the input referred th ird  order intercept point (IIP3).
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5.2 Biasing Circuitry

The BIAS block in Figure 5.1 consists of several current mirrors such as the one shown in 

Figure 5.8. These current mirrors receive bias currents from off-chip, which are mirrored 

and routed to  all of the other circuits on the chip. This provides all of the current biasing 

to  the chip. Depending on the direction of current flow, NMOS or PMOS transistors are 

used. In general, the current m irror transistors have widths th a t are proportional to  the 

amount of current they are providing. Their lengths are set a t 1 //m, which was found 

through simulations to  give current mirrors having equal currents flowing in both  halves 

of the current m irror even if their V d s ’s are not equal. As explained in the discussion 

of the current mirrors in the individual circuit blocks, this is due to  the fact th a t the 

larger than  minimum length gives a larger output resistance which results in a more 

constant current w ith respect to  Vds [38, p.405]. The capacitor connected between the 

gates of the transistors and ground is a 950 fF MIM (metal-insulator-metal) capacitor

tha t filters out noise on the bias lines.

Off Chip On Chip
Current Current

Figure 5.8: Example of current mirror for providing bias currents.

Resistor dividers, such as the one made from Ri and R2 in Figure 5.3, are used to
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provide voltage biasing to  the RSSI and buffer circuits. The on-chip polysilicon resistors 

are matched in the circuit layout and act as a voltage divider. The resistor sizes are 

chosen to  provide the desired DC bias voltage at the input node to the circuit. In the 

case of the input buffer, shown in Figure 5.3, the resistor divider is made up of a 1.94 kfl 

resistor on top and a 9.69 kfl resistor on the bottom . This sets the bias point a t 1.5 V 

from a 1.8 V supply and keeps transistors M l and M4 of the input buffer in Figure 5.3 

in saturation. The resistors draw 154 fiA  of current from the 1.8 V supply. The resistor 

sizes are chosen as a compromise between area used and power consumed. W hen seen 

in parallel with the 50 f I resistor used for matching, these cause the effective resistance 

to  be approximately 49 fl.

Similarly, a resistor divider is used a t the input to  the RSSI. Its top resistor is 1.39 

k f l  and its bottom  resistor is 926 f l .  The resistor divider sets the bias point a t the input 

of first limiting amplifier in the RSSI to  0.72 V when the supply voltage is 1.8 V. These 

resistors draw 777 /xA of current from the 1.8 V supply and give an effective resistance 

of approximately 46 f l  when seen in parallel w ith the off-chip 50 f l  matching resistor at 

the input to  the RSSI. Larger resistors could be used, a t the expense of area, to  reduce 

the current the resistor divider consumes and improve the 50 fl input impedance. The 

input to  the RSSI allows it to  be tested individually, w ithout the bandpass filter.

In cases where the DC bias point at the output of one circuit is not a t the required 

value of the DC bias point for the input of the next circuit, DC coupling capacitors are 

required. This is seen when interfacing between the bandpass filter and RSSI in Figure
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5.1 as well as interfacing between the input and output of the chip and the off-chip test 

environment. 11.3 pF on-chip MIM capacitors are used for this role. The capacitors 

are small enough so th a t they fit on the integrated circuit and large enough th a t their 

impedance is sufficiently small at low frequencies. At 100 MHz, the impedance is 140 Q 

and since it appears in series with the large input impedance of the gate of a transistor, 

it does not have a big im pact on the overall impedance.

For the situation where the bandpass filter is interfaced to  the RSSI, level shifting 

circuitry was examined as an alternative to  using coupling capacitors and resistor di

viders but was not used in the final design. This is because the output bias point of 

the bandpass filter varies depending on where it is tuned and the level shifting circuitry 

would transfer this bias change to  the RSSI. Thus, the RSSI would be biased differ

ently for different bandpass filter tuning. The use of coupling capacitors was seen as the 

simpler solution in the im plem entation of the design.

5.3 W hitespace D etector System  Layout

The layout of the complete whitespace detector integrated circuit (IC) is shown in Figure

5.9. It is implemented in a 0.18 /mi CMOS technology and designed using Cadence CAD 

tools. From this layout, an IC is fabricated for testing.

The whitespace detector system layout is hierarchically built from the circuit layouts 

of the blocks shown in Figure 5.1 th a t have been discussed in earlier chapters. These 

circuits, including bandpass filter, RSSI, input and output buffers and the bias control 

block, are labelled in Figure 5.9. Also labelled are the coupling capacitors, Cc  th a t
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Figure 5.9: The layout of the whitespace detector integrated circuit. (Refer to  the layout 
key in Figure B .l of Appendix B to  identify all layers used in the layout.)
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are used to  interface between circuits while allowing the proper bias voltages. The 

capacitors labelled C v d d  are connected between the supply and ground and are used 

to  filter noise on the supply. The large rings th a t go inside the pads are for the 1.8 

V supply and ground. These rings and wide m etal power routing give a low resistance 

path  for the supply and ground to  the circuits on the IC. There are six ground and six 

supply pads so th a t multiple bondwires can be used in parallel to  reduce the overall 

bondwire inductance, as is discussed further in Section 5.4. The input and ou tpu t pins 

are summarized in Table 5.2 with their nominal DC operating voltages and currents. For 

inputs and outputs th a t have variable voltages and currents depending on the circuits 

operation, the ranges are shown in Table 5.2.

Table 5.2: Summary of the Input and O utput Pins of the W hitespace Detector Integrated 
Circuit_________________________________________________ ,_____________________ ,

Pin Name Type Nominal Voltage Nominal Current
VDD x 6 Voltage Supply 1.8 V 20.9 mA to  21.6 mA
GND x 6 Ground 0 V 21.5 mA to  21.9 mA

R F Jn RF Input 0 V (AC coupled) 0 A
RSSITn RF Input 0 V (AC coupled) 0 A
RF_out RF O utput 0 V (AC coupled) 0 A

IoutJRSSI O utput Current 0.2 V to 1.7 V 14 fiA  to  118 fiA
V: Input Bias Voltage 0 V to  0.5 V 0 A
v2 Input Bias Voltage 0.9 V to 1.2 V 0 A
II Input Bias Current 1.07 V to 1.37 V 5 /iA  to  200 fiA
h Input Bias Current 1.14 V to 1.34 V 2 fiA  to  30 fiA

Ibias_50u Input Bias Current 1.07 V 50 fiA
Ibias_700u Input Bias Current 0.67 V 700 fiA
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5.4 System  Testbench

From the layout of the whitespace detector integrated circuit (IC) seen in Figure 5.9 a 

schematic is extracted including parasitic capacitances. This extracted version of the 

entire chip is used for system testing of the whitespace detector. A schematic of the 

test bench used for testing the whitespace detector IC in Cadence, using SpectreRF, is 

shown in Figure 5.10. This test bench is set up to  model the test conditions th a t are 

encountered during the testing of the fabricated chip.

RF In

, >  Off-chip | /^ 5 0 0 ^ ^ 5 0 0  ±
I 1 resistor 1.8 vf I  ) | -J _
i/PortT  J L

in
in

VddX
V, I_out_RSSI
Vj Whitespace
II Detector IC
ll

Ibtas 50u
Ibias 700u

gnd

Bondwires

- x6

-C T t RF oat

_  1 Port 2

Off-chip 
summing * 
resistor

Off-chip
low pus

filter

Figure 5.10: Test bench for simulating the whitespace detector IC in Cadence.

Each input and output signal has a parallel capacitance, Cpad, representing the pad 

capacitance for each pad on the chip. From the parasitic extraction of the layout, this is
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found to  be about 350 fF. A nother capacitance, Cboard =  500 fF, represents the capaci

tance associated with the printed circuit board (PCB) th a t is used to  facilitate testing 

of the chip. Between these two capacitances is a  bondwire model which represents the 

bondwire th a t connects the chip pad to  the board pad. This model has an inductance of 

approximately 1 nH /m m . The bondwire inductance causes ground and supply bounce 

in the circuit, which is modelled in simulations. W hen the inputs to the circuits switch, 

this results in current switching on the voltage supply and ground. This causes fluctu

ations in the voltage supply and ground based on the equation V =  L x d i/d t, where 

L is the bondwire inductance and d i/d t is the current switching. The bondwire induc

tance is proportional to  the length of the bondwire. The bondwires in the simulation 

are modelled as being 4 mm long. The chip layout and printed circuit board design 

is done in such a way as to  minimize the bondwire length on the critical RF signals. 

For this reason, the RF signals will have bondwires th a t are shorter than  4 mm when 

tested. Other, less critical signals, such as bias lines, may have longer bondwires up to 

8 mm. Bondwire inductance is especially critical on the ground and 1.8 V supply lines 

due to  the ground bounce th a t it may enable. For this reason, six ground pads and 

six supply pads are used to  allow for multiple bondwires in parallel. This reduces the 

overall inductance and reduce the effects of ground bounce.

The whitespace detector has several bias voltages and currents th a t are provided by 

off-chip sources. These sources are generated on the PCB. The fixed current source of 

50 /iA  is used to  bias the circuits in the receive signal strength indicator (RSSI) and the
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source follower in the bandpass filter. The 700 pA current source is used to  bias the 

input and output buffers. The two variable current sources and the two variable voltage 

sources provide the biasing and tuning to the bandpass filter’s active inductor.

The RF input signal is provided to the circuit by a 50 fl port which represents the 50 

fl test equipment. A 50 fl resistor is placed in parallel with the RF input, representing 

the resistor th a t is placed on the PCB to give a broadband 50 fl match. The RF output 

of the bandpass filter th a t comes through the output buffer can be monitored by another 

50 fl port at the output. The output current of the RSSI creates the DC output voltage 

of the whitespace detector as it flows through the 14.4 kfl summing resistor on the 

PCB. The 10 pF parallel capacitor acts as a low pass filter on the ou tpu t voltage signal, 

removing high frequency ripple.

This test bench is used to  perform system level tests on the whitespace detector. 

These tests are described in Section 5.5.

5.5 System  Testing Sim ulations

The following describes a system test scenario th a t was performed on the whitespace 

detector integrated circuit using a  Cadence simulation of the test bench shown in Figure

5.10. In this simulation, the whitespace detector circuit is tested w ith extracted parasitic 

capacitors and bondwire models to  simulate the bonding to the test PCB. The RF input 

source is configured as eleven sinusoidal signals, representing a part of the broadcast 

television band around 200 MHz. Each of the signals has a  peak am plitude of 50 fiV  

(-86 dBV) and the signals are spaced by 6 MHz, as is done w ith television channels.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Some channels are turned on (50 /iV) while others are turned off (0 //V). An additive 

white noise source is also connected to  the RF input with a  peak noise am plitude of 50 

//V. This is to  simulate the effect of input noise on the system.

The top graph in Figure 5.11 shows the discrete Fourier transform  (DFT) of the 

input signal. This shows the spectrum  of the input signals. There are signals present 

a t 174 MHz, 180 MHz, 204 MHz, 210 MHz, 222 MHz, 228 MHz and 234 MHz. The 

amplitude of each of the input signals is -86 dBV. The D FT noise floor is approximately 

-120 dBV.

The next step in this scenario is to tune to  each channel and take an ou tpu t measure

ment to  determine if a signal is present or absent in th a t channel. If no signal is found 

in th a t channel, th a t channel is deemed to  be whitespace. For simulation purposes, five 

adjacent channels are examined: 198 MHz, 204 MHz, 210 MHz, 216 MHz and 222 MHz. 

Of these channels, no signal is present in the 198 MHz and 216 MHz channels. These 

should be detected as whitespace. Following the tuning procedure described in Section 

3.3, the values of the tuning param eters required to  tune to  each of the five channels 

are determined. These tuning values are shown in Table 3.3 from S21 simulations of 

the bandpass filter, which are shown in Figure 3.19. As discussed in Section 3.3, the 

center frequency shown in this table in each tuning case is about 1 MHz higher than  

the center frequency where the maximum transient output signal is seen. This is why 

the transient system simulation described here uses the tuning values seen in Table 3.3 

to  tune to  198 MHz, 204 MHz, 210 MHz, 216 MHz and 222 MHz. For example, in one
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Figure 5.11: Discrete Fourier transform  of the input signal and output signal in several 
tuning configurations.
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tuning configuration, the S21 simulation shows the center frequency to be 199.1 MHz. 

Transient results show th a t the maximum gain is a t 198 MHz. In the system simulation, 

the 199.1 MHz tuning configuration is used to locate the signal at 198 MHz

A transient simulation was run on the whitespace detector integrated circuit w ith the 

described input spectrum. The bandpass filter is initially tuned to  198 MHz then every 

1.5 ps the tuning is changed to the next channel in the sequence. Figure 5.11 shows the 

discrete Fourier transform  (DFT) of the input signal in the upper graph and the D FT 

of the output signal when tuned to each of the five channels, in the five lower graphs. 

The input m agnitude of each channel is a t -86 dBV. In the cases where the whitespace 

detector tunes to  a  channel with a signal, the output magnitude in this channel is about 

-52 dBV, showing approxim ately 34 dB of gain. In the worst case, an adjacent channel 

has an output th a t is 14.2 dB below the selected channel, showing the filters ability 

to  suppress adjacent channels. In the cases where the whitespace detector tunes to  an 

empty channel, the output D FT shows the highest signal of -67.6 dBV from an adjacent 

channel. This is still 14.8 dB below a case where there is a detected signal, meaning 

th a t this will not be mistaken for a  detected signal.

The transient output voltage from the receive signal strength indicator (RSSI) is 

plotted in Figure 5.12. This plot shows the output versus time as the bandpass filter 

tuning is changed every 1.5 ps. As can be seen, a lower voltage around 0.95 V results 

when a signal is detected while a higher voltage of about 1.35 V is seen when whitespace 

has been detected. W ith a difference of 0.4 V, a com parator circuit will be able to
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distinguish between the presence and absence of a  signal.

198 M Hz Tuning 204 M Hz Tuning 210 M Hz Tuning 216 M Hz Tuning 222 M Hz Tuning 
V out= 1.37 V Vout = 0.95 V Vout = 0.96 V Vout= 1.34 V V out= 0.97 V

No Signal Signal Found Signal Found No Signal Signal Found
VV

0.4

Time Qis)

Figure 5.12: The transient output voltage of the RSSI as the bandpass filter is tuned to 
subsequent channels.

The output voltage signal in Figure 5.12 has ripple on it. The ripple is due to the 

normal operation of the rectifiers th a t supply the current to  the output node. The 

am plitude of this ripple can be controlled by the size of the output capacitor forming 

the low pass filter on the output voltage line. A larger capacitor reduces the ripple but 

also slows the settling response of the output voltage, as described by Equation 4.2.9 and 

discussed during the RSSI design in C hapter 4. W ith a  10 pF capacitor in simulations, 

the largest ripple is about 60 mV. The time required for the output voltage to  settle to 

its final value when the filter is switched is about 500 ns to  700 ns.
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5.6 Chapter Summary

This chapter describes how the whitespace detector system is assembled into an in

tegrated circuit (IC). The whitespace detector system has two main components, the 

tunable bandpass filter and RSSI. The IC also requires input and output buffering th a t 

interfaces the on-chip circuits with the off-chip, 50 Q test environment. These buffer are 

designed to have high input and low output impedances. The IC also has an on-chip 

biasing network th a t allows off-chip currents to  be routed to  the required circuits in 

order to  bias them. The layout for the complete integrated circuit is created w ith a 

perim eter of bond pads th a t are used to  bond the fabricated circuit to a printed circuit 

board th a t is used to  facilitate testing. From simulations, the expected voltages and 

currents for each of the input and output pads is obtained to  give a starting  point for 

testing the fabricated circuit.

Simulations are run on the full whitespace detector system th a t is extracted from 

the layout w ith parasitic capacitances. The test bench for this simulation accounts for 

pad capacitances and bondwire inductances on each of the input and output nodes. 

The system simulation shows the whitespace detector working for a scenario with an 

input th a t consists of various channels w ith transm itted  signals and others th a t are 

whitespace. The whitespace detector is tuned to each channel and it gives an output th a t 

distinguishes between the channels th a t are being used and the ones th a t are whitespace.
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Chapter 6 

M easurem ent R esults

The whitespace detector integrated circuit (IC) was fabricated in a  0.18 /xm CMOS 

technology. A photograph of the IC is shown in Figure 6.1. This chapter describes the 

test procedure and measurement results obtained from testing the prototype circuit. To 

facilitate the testing of the IC, it is bonded to  a  printed circuit board (PCB). The design 

of the PCB is discussed in Section 6.1. The whitespace detector IC is designed so th a t 

the system can be tested as a whole but the bandpass filter and receive signal strength 

indicator can also be tested individually and independently of each other. Sections 6.2 

and 6.3 describe the measurement results of each of these circuits.

6.1 Printed Circuit Board

A printed circuit board (PCB) designed specifically for the whitespace detector inte

grated circuit (IC) is used to facilitate its testing. The whitespace detector IC has 22 

pads, which makes it difficult to  test with inexpensive wafer probes. Testing with a 

PCB is a most cost effective solution. The PCB is more versatile than  wafer probing 

since testing is not restricted to  a  location where a probing station is available. Special
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Figure 6.1: Photograph of the whitespace detector integrated circuit with inputs, outputs 
and main circuit blocks labelled.
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circuitry for matching, electrostatic discharge (ESD) protection and bias control can be 

conveniently added to the PCB.

A layout of the PCB, including m etal traces and footprints for components was 

designed*. The PCB is two inches by three inches in size and has gold-plated copper 

metal traces on an FR4 substrate. The top and bottom  view of the PCB layout are 

shown in Figure 6.2.

;  •

&

I  • •  • •  • •

Top View Bottom View

Figure 6.2: The top and bottom  view of the PCB layout.

After the fabrication of the PCB, the whitespace detector IC was fastened to  its 

footprint pad using a  conductive silver epoxy. Each pad on the IC was bonded to  a 

pad on the PCB using gold bondwires th a t have lengths of a few millimeters. Next, the 

components were soldered to  the PCB. These components, including SMA connectors, 

resistors, capacitors and current sources, form the circuitry th a t is discussed in the

* T h e  P C B  w a s  d e s ig n e d  b y  V la d im ir  V u ck o v ic  w i th  in p u t  f ro m  th e  a u th o r  o f  t h is  th e s is .
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following subsections. A photograph of the PCB w ith all its components is shown in 

Figure 6.3. Each of the input and output connectors, as well as the main visible circuit 

components are labelled on the photograph.

GJND I1_H 11_L

Figure 6.3: Photograph of the PCB with input and output pins and circuitry labelled.

6.1.1 T he Power Supply D ecoupling C ircuitry

The power to  the integrated circuit (IC) and printed circuit board (PCB) is provided by 

an external voltage source when the IC is tested. For the performance of the circuits on 

the IC, it is im portant th a t they have a clean DC voltage supply. However, the external 

voltage source can be noisy and the cables used to  connect the power supply to  the 

PCB can pick up noise from signals th a t are transm itted  through the air. To reduce this 

noise, power supply decoupling circuitry is used between the supply and ground on the 

PCB. These are respectively labelled VDD and GND in Figure 6.3. The circuit used for

T hine  Sfln RSSI in

or

V2
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the power supply decoupling is shown in Figure 6.4.

VDD from 
supply

1 kQ Ferrite 
Bead 

I------1

VDD to 
chip

1____1
=  10 pF = =10 pF = =0.1 pF = =  0.01 pF

Figure 6.4: Power supply decoupling circuitry.

The circuitry is designed to  filter noise from the power supply while allowing a clean 

DC signal to pass. The ferrite bead has a series inductance th a t performs this function 

by acting as a large impedance at high frequencies (1 kfl at 100 MHz) and a small 

impedance (0.45 fl) at DC [42]. Following this, a network of capacitors provides a low 

impedance path  to  ground for high frequency signals on the supply, acting as a low pass 

filter to  further ensure th a t a clean DC signal is provided to the chip. In addition to  this 

capacitor network, there are also four 0.1 pF  capacitors between the supply and ground 

which are located close to the IC. All of the power supply decoupling circuitry is on the 

bottom  of the PCB.

6.1.2 B ias Current G eneration and Tuning C ircuitry

Four bias currents are required for the IC. These currents are shown in Table 6.1 and 

the circuitry for generating them  is identified in Figure 6.3. Two of these currents are 

fixed while two are variable. Off-chip current sources can be used to  provide these bias 

current by connecting to  the header pin th a t is attached to the appropriate bias current 

line. This requires four costly pieces of test equipment. An alternative m ethod is also
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available to  generate the bias currents on the PCB. The circuitry for doing this is shown 

in the schematic in Figure 6.5.

Table 6.1: Currents Generated on the PCB and Potentiom eters (POT) Required to  
Generate Them.__________________________________________________________

Current Name Current Value PO T  Required (max. resistance)
Ibias_700u 700 fiA 1 kfl
Ibias_50u 50 fxA 10 kfi

12 2 fiA  - 50 n A 100 kft
11 10 /rA - 400 fiA 10 kfl (for 10 fiA - 200 /iA) 

1 kfl (for 20 /tA - 400 /tA)

Current Sink
(from chip)

Jumper

V +
LM334
Current
Source

Figure 6.5: Bias current generation and tuning circuitry.

The LM334* is a current source chip th a t generates a current th a t is related to  the 

resistance across its R and V- term inals, as shown in Figure 6.5. This relationship 

from [43] is w ritten as

I  r e f  —
227n V / T  68 m V

R.■SET R se t
(6 .1.1)

* T h e  L M 3 3 4  is m a n u f a c tu r e d  b y  th e  N a t io n a l  S e m ic o n d u c to r  C o r p o ra t io n .
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where Ir e f  is the current generated by the source and Rs e t  is the resistance between 

the R and V- terminals. At a tem perature of T =  298 Kelvin, the num erator is 68 mV.

The resistance R s e t  is implemented w ith a potentiom eter which can be tuned to 

give a wide range of resistances. Based on the minimum value of current required, the 

appropriate size of potentiom eter is determ ined using Equation 6.1.1. The maximum 

resistance of the potentiom eters are shown in Table 6.1 for the currents th a t they help 

generate. A sample calculation for determ ining the size of potentiom eter required is 

shown in Equation 6.1.2.

68m V  68m V
R se t  = ~r =  —7~ =  34 k fl  (6.1.2)

I ref

For the current, 12, the minimum current required is Iref  =  2 /iA. This requires a 

resistance of R se t  =  34 kfl. In order to ensure th a t the potentiom eter can be tuned 

to this resistance, it must have a  larger maximum resistance than  this. Therefore a 100 

kQ, potentiom eter is chosen for generating 12. The resistance of the potentiom eter can 

be tuned down to  100’s of fls, ensuring th a t the maximum current for 12 can also be 

generated.

II is a  special case because it requires a large range of currents from 10 //A to  400 

/iA. For this reason, two current sources are used and the appropriate one is connected 

to generate the desired current. A 10 kfl potentiom eter allows the low range of currents, 

from 10 /iA to 200 /iA, to be generated and a 1 kfi potentiom eter allows the high range, 

from 200 /iA to  400 /iA, to  be generated.

The current generated by the current source circuitry is passed into the IC by placing
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a jum per from the current source pin to the pin th a t connects into the IC.

6.1.3 B ias V oltage G eneration

The whitespace detector integrated circuit requires two off-chip tunable bias voltages, 

V I and V2, which are shown in Figure 6.3. These voltages are used for bias tuning in the 

active inductor-based bandpass filter. As with the current sources, the bias voltages can 

be generated by external equipment. They can also be generated, as in Figure 6.6, using 

a potentiom eter as a voltage divider. 10 kf2 potentiom eters enable the bias voltages to 

be tuned from 1.8 V to  zero volts.

VDD

Voltage 
(to chip)

O  O

Figure 6.6: Bias voltage generation and tuning circuitry.

6.1.4 E lectrostatic D ischarge P rotection

Electrostatic discharge (ESD) protection circuitry is used on the PCB to  connect to  all 

input bias lines of the integrated circuit th a t go to  the gate of a transistor. This is to  

protect the IC against large voltages th a t can damage the transistors. The circuitry 

used for the ESD protection is shown in Figure 6.7 [44]. Under normal operation, the 

two diodes are reverse biased and the bias voltage or current feeds the chip as expected. 

If a large positive ESD voltage is on the bias line, the upper diode becomes forward
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biased and the line is discharged to  the supply. Similarly, a  large negative ESD voltage 

forward biases the lower diode and the voltage is discharged through ground. If excess 

charge is built up on the VDD supply, the zener diode discharges it to ground.

Figure 6.7: ESD protection circuitry located on the printed circuit board.

ESD protection is not implemented on the IC due to  space lim itations and uncertainty 

in the reliability of the available ESD protection circuitry in the supplied Cadence design 

kit. Typically, on-chip ESD protection is more effective. Fortunately, no ESD issues were 

observed during testing.

6.1.5 O utput Low P ass F ilter

The final notable circuit on the PCB is the low pass filter connected to Vout_RSSI 

in Figure 6.3. This filter consists of a parallel resistor and capacitor. The resistor is 

the summing resistor th a t converts the output current from the receive signal strength 

indictor (RSSI) into the output voltage and the capacitor removes ripple from this

VDD

Bias Line
Input Protected Trace 

(to chip)
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voltage. During the design of the RSSI, a 14.4 kfl resistor and a 10 pF capacitor were 

used. The components on the PCB fit into sockets so th a t these component values can 

be used or they can be swapped for other components if required.

6.2 Bandpass Filter M easurem ents

6.2.1 T he Tunable R esponse o f th e Bandpass F ilter

The filter response of the tunable bandpass filter is measured from its S21 S-parameter 

response using a network analyzer. This measurement shows the gain of the filter versus 

frequency from its input, RF_in, to its output, RF_out. In order to  measure the filter’s 

response, test equipment is set up as shown in Figure 6.8.

Anrttsu 37347C 
Vector Network Analyzer 

40 M H z-20  GHz

RF in

H i
System DC

’ 662
:Pov

4A
rer Supply

1.8 V Ground

RF out

Whiteipacc Detector PCB

DUT

Bias C urrent and 
Voltage Monitor

Keithley 2019 
Multimeter

Figure 6.8: The equipment setup th a t is used to  measure the S21 response of the band
pass filter.

The whitespace detector integrated circuit (IC) is the device under test, labelled 

DUT in the diagram. It is bonded to  the whitespace detector PCB. Power and ground 

are provided to  the PCB and IC from the HP 6624A System DC Power Supply. As
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described in Section 6.1, the bandpass filter bias currents, Ii and I2, and bias voltages, 

Vi and V2, are generated on the PCB. The Keithley 2019 M ultim eter is used to  monitor 

the bias currents and voltages as they are tuned. The S21 response of the bandpass 

filter is measured by the A nritsu 37347C Vector Network Analyzer. The input of the 

bandpass filter, R F Jn , is connected to  Port 1 of the network analyzer and the output 

of the bandpass filter, RF_out, is connected to  Port 2 of the network analyzer. Prior to 

testing the circuit, the network analyzer is calibrated over the frequency band of interest; 

50 MHz to  1 GHz.

The plot in Figure 6.9 dem onstrates the bandpass filter S21 response when the filter 

is tuned to have a center frequency of 183 MHz and a  3 dB bandw idth of less than  500 

kHz. In order to  achieve this response, the filter’s tuning param eters are set to  R =  55.2 

/xA, R =  4.7 /iA, Vi =  650 mV and V2 =  857 mV. This high quality factor response 

shows th a t the filter works as designed at this frequency.

The next test dem onstrates the tunability  of the bandpass filter. W ith the other 

tuning param eters held constant (I2 =  4.7 /iA, Vi =  650 mV, V2 =  857 mV), the bias 

current, R, is tuned from 45.9 /iA to  77.2 /iA, allowing the filter response to be tuned 

from 177 MHz to  201 MHz while maintaining a high quality factor. These results are 

shown in Figure 6.10. The filter center frequency is tuned to 177 MHz, 183 MHz, 189 

MHz, 195 MHz and 201 MHz, which correspond to  the center frequency of the broadcast 

television bands for channels, 7 through 11. Each response has a high quality factor and 

in the worst case, the gain a t the edge of an adjacent channel is 18 dB below the gain
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Figure 6.9: The measured S21 response of the bandpass filter when tuned 183 MHz.

at the center of the channel. In the best case this difference is 26 dB. This performance 

is close to  and marginally better than  the performance seen in simulations around the 

same frequency range. For the simulated results shown in Figure 3.19, the difference 

between the gain at the center of the band and th a t a t the edge of the adjacent band is 

15 dB. The difference relates to  the accuracy of the tuning. By tuning the quality factor 

this value can be adjusted.

The bandpass filter is tested and shown to  be able to  tune to  frequencies across the 

desired band of 70 MHz to 700 MHz. This is done by adjusting the drain current in 

the transistors of the active inductor by tuning the bias currents Ii and I2. Figure 6.11 

shows the center frequency of the bandpass filter measured from the S21 results on the 

network analyzer as the drain current is tuned.
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Figure 6.10: The measured S21 responses of the bandpass filter when tuned to  five 
adjacent television channels.
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Figure 6.11: The measured and simulated center frequency of the bandpass filter versus 
the tuned drain current in the active inductor.
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On the same graph, the simulated results are shown. Both the measured and simu

lated bandpass filter achieve the desired range of center frequencies and the frequency 

increases w ith increasing drain current. The measured results show th a t about three 

times more current is required to  achieve the same center frequency. The fact th a t all 

center frequency tunings can be achieved despite this discrepancy is an advantage of 

the tunable nature of the circuit. The larger current required for a particular center 

frequency means th a t the overall inductance of the active inductor is higher than  ex

pected for a particular current. The higher current compensates for this by increasing 

the transconductances of the active inductor transistors which lowers the inductance, 

because it increases the denom inator of Equation 3.2.1. The higher inductance can be 

caused by larger than  expected transistor or parasitic capacitances, made up of the term s 

(Cgdi +  Cgs2 +  Cgd2 +  C0) and (Cgsl +  Cgs2 +  Cgd3 +  Cb) in the num erator of Equation 

3.2.1.

From S21 measurements on the network analyzer the tuning of the quality factor and 

gain of the bandpass filter can be seen when one of the control voltages is tuned. The 

tuning controls are set to Ii =  43 p.A. I2 =  6.7 pA  and V2 =  858 mV while Vi is tuned 

from 0 to  90 mV. The graph in Figure 6.12 shows how the gain a t the center frequency 

(which also indicates the quality factor of the filter) increases w ith the increasing control 

voltage until 65 mV where it levels off at a center frequency gain of approximately 20 

dB. This is the same result as seen when the filter is simulated.
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Vj (mV)

Figure 6.12: The gain at the center frequency of the filter from S21 measurements on 
the network analyzer as Vi is increased.

6.2.2 T he Transient R esponse o f th e Bandpass F ilter

The transient, large-signal response of the bandpass filter is measured using the test 

equipment set up as shown in Figure 6.13. The 1.8 V supply voltage and ground are 

provided to the device under test by the HP 6624A System DC Power Supply while 

the bias currents and voltages for the circuit are monitored using the Keithley 2019 

M ultimeter. The Agilent E82570 PSG Analog Signal G enerator provides the input signal 

for the test bu t the lowest signal level th a t it can provide is -20 dBm. The bandpass 

filter’s operation range is for lower input level so the HP 8495B Variable A ttenuator is 

connected in line w ith the input signal to  provide attenuation. It provides a variable 

attenuation of 0 to 70 dB in increments of 10 dB. The signal from the attenuator is 

sent into the RF input to  the bandpass filter, which is RF_in of the IC DUT on the 

whitespace detector PCB. The output signal of the bandpass filter, RF_out, is measured
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by the Agilent infiniium 54855A DSO 7 GHz Oscilloscope.

Hf
System IX

662
: po»

4A
ter Supply

1.8 V Ground

Agilent E82570 
PSG Analog Signal Generator < 

250 kHz-2 0  GHz

HP 8495B 
•Variable Attenuator < 

0 -7 0  dB

RF in
Whitespace Detector PCB

DUT
RF out Agilent infiniium 

54855A DSO 
7 GHz Oscilliscope

Bias Current and 
Voltage Monitor

Kcithley 2019 
Multimeter

Figure 6.13: The equipment used for transient measurements of the bandpass filter.

The filter is tuned, following the tuning procedure described in Section 3.3.5, to  have 

a center frequency of 170 MHz with a  low gain of approxim ately 6 dB. W hen -50 dBm (2 

mVP2p) input signal is given a t 170 MHz, the output on the oscilloscope shows a  4 mVP2P 

(-44 dBm) signal a t 170 MHz. This is shown as the top waveform in Figure 6.14. If the 

input signal is adjusted to  165 MHz, the output on the oscilloscope is barely discernable 

above the noise as shown in the middle waveform in Figure 6.14. This shows th a t the 

filter works to  selectively transm it signals at the tuned frequency while filtering them  

out at other frequencies. The bottom  waveform in Figure 6.14, shows the ou tpu t when 

the gain a t the center frequency is increased and the center frequency is tuned to  189 

MHz. W ith the increased gain, the maximum signal seen a t the output of the bandpass 

filter and the output buffer is approximately 6 mVP2P (-40.5 dBm). This shows th a t the 

poor linearity of the bandpass filter limits the maximum output voltage. The linearity 

measurement results are discussed in Section 6.2.3. It should also be noted th a t the
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small ou tput voltages of the bandpass filter are not much larger than  the noise produced 

by the system, though they are large enough to  measure results.

170 MHz Input Signal

n
-4

165 MHz Input Signal

Maximum Transient Output Signal

0 10 20 30 40 50
Tim e (hs)

Figure 6.14: Transient output signals from the bandpass filter. TO P: 170 MHz signal 
with the filter tuned to  170 MHz. MIDDLE: 165 MHz signal with the filter tuned to  170 
MHz. BOTTOM : 189 MHz signal w ith the filter tuned to 189 MHz and higher gain.

6.2.3 B andpass F ilter Linearity

The S21 response of the bandpass filter shows how the filter works under ideal circum

stances and when signals are small. Since the filter is required to  have a high quality 

factor th a t provides high gain, non-linear distortion occurs when larger input signals 

are seen by the filter. This non-linearity is measured using two-tone tests th a t show the 

filter’s second-order intercept point (IP2) and th ird  order intercept point (IP3). In order
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to perform these tests, test equipment is set up as shown in Figure 6.15.

1.8 V Ground

RF in RF out

Bias Current and 
Voltage Monitor

DUT

HP 8495B 
Variable 

Attenuator 
0 -7 0  dB

HP6624A 
System DC Power Supply

Agilent E82S70 
PSG Analog Signal 

Generator 
250 kH z-40  GHz

Agilent E82570 
PSG Analog Signal 

Generator 
250 kH z-2 0  GHz

HP 11667A 
Power Splitter/ 

Combiner 
D C - 18 GHz

Agilent E4440A 
( 3 H z-26.5 GHz 
* PSA Series 
Spectrum Analyzer

Whitespace Detector PCB

Figure 6.15: The equipment setup used to  measure the linearity of the bandpass filter.

Two RF input tones are required in order to  perform the two-tone test. Each of these 

tones is generated by an Agilent E8257D PSG Analog Signal Generator. The two tones 

are combined together using the HP 11667A Power Splitter/Com biner. The tones are 

then passed through the HP 8495B Variable A ttenuator th a t can provide up to 70 dB of 

attenuation. This is required to generate input signals for the bandpass filter th a t are 

small enough to  not cause non-linear distortion a t the lowest range of input powers. The 

tones are input into RF_in of the bandpass filter and the output is taken from RF_out 

and is measured on the Agilent E4440A PSA Series Spectrum Analyzer.

Before beginning the tests, the setup is calibrated to account for loss in the combiner. 

Measurements show th a t the signal generated by the 250 kHz - 40 GHz signal generator 

experiences 6.5 dB of loss before it reaches the DUT. The signal from the 250 kHz to  20 

GHz signal generator experiences 7 dB of loss. These losses are accounted for during all 

linearity measurements.
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The Third Order Intercept Point (IP3)

W hen the bandpass filter is used for the application of the whitespace detector, there 

are certain scenarios when non-linearities can lead to  a  signal being falsely detected. 

These false-positive scenarios mean th a t no signal is present in the channel of interest 

bu t non-linearities in the bandpass filter make it seem like there is a signal present in the 

channel. One such scenario is caused by third-order interm odulation (IM3). W hen two 

frequency tones, fi and f2, are applied to the filter, non-linearity can cause IM3 tones at 

frequencies of 2fi - f2 and 2f2 - fi- If these tones are large enough and fall a t the tuned 

frequency, they can cause this false positive scenario.

To test this scenario, the bandpass filter is tuned to  a center frequency of 189 MHz and 

having a  center frequency gain of 31 dB. This corresponds to  the broadcast television 

channel 9 th a t operates from 186 MHz to 192 MHz. Two tones are applied in the 

adjacent channel a t 192 MHz and 195 MHz. These can generate an IM3 tone at the 

center frequency of 189 MHz. Due to  the high, narrowband gain of the filter, it was not 

possible to measure an increase in the interm odulation tone, right a t the center frequency. 

Test results show th a t the center frequency signal level remains a t approximately -50 

dBm, even when one would expect to  begin seeing the IM3 tone increasing at the center 

frequency.

In order to work around this situation and actually see the interm odulation tone, the 

same test is run again but the two input frequencies are chosen to  give an IM tone at 

one channel away from the bandpass filter’s tuned center frequency. At this point, the
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gain is lower such th a t increases in the interm odulation tone can be seen and measured. 

This effectively runs the same test bu t with a lower gain. The input tones of 196 MHz 

and 197 MHz are used to  create an IM3 tone a t 195 MHz. The results of this test are 

shown in Figure 6.16.

-30
m>3 = -41 dBm

-40

-50
Fundamental (slope = 1 dB/dB)

-60

-70

-80
DVB (slope = 3 dB/dB)

-90

100
-70 -65 -60 -55

Input Power (dBm)

-50 -45 -40

Figure 6.16: Measured third-order intercept results for the bandpass filter when 196 
MHz and 197 MHz input tones create an IM3 tone a t 195 MHz.

The input power of the two tones a t 196 MHz and 197 MHz is swept from -70 dBm to 

-40 dBm and the output power is measured a t 196 MHz for the fundam ental ou tpu t and 

195 MHz for the IM3 output. The upper curve is the output power of the fundamental 

tone which has a linear slope of 1 dB /dB  for low input signals. The lower curve shows 

the IM3 tone’s output power. At low input signals, this tone can not be seen above the 

noise floor of about -92 dBm. Once it becomes apparent, it increases by 3 dB /dB . The 

input-referred third-order intercept point (IIP3) is found a t the intersection point of the
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1 dB /dB  sloped line from the fundam ental tone and the 3 dB /dB  sloped line from the 

IM3 tone. From this test, IIP3 is shown to  be -41 dBm, which dem onstrates the poor 

linearity of the filter for “large” input powers. The filter may be linear a t the low power 

range.

For comparison, the bandpass filter is simulated under the same conditions used for 

the test measurement. The filter is tuned to  have approximately 31 dB of gain at the 

center frequency of 189 MHz. The input power of the two signals at 196 MHz and 197 

MHz are swept from -70 dBm to  -30 dBm while the IM3 output power is measured at 

195 MHz. This is done using a periodic steady sta te  (PSS) simulation and the results 

are shown in Figure 6.17. The simulation results also show the filter’s poor linearity 

with IIP3 =  -40 dBm compared to  -41 dBm in the measured scenario shown in Figure 

6.16.

The Second Order Intercept Point (IP2)

Another false-positive situation can arise due to  second-order interm odulation (IM2). 

This is where two tones a t frequencies fi and f2 mix together to create an IM2 tone at 

fi +  f2 or f2 - fi- In circuits whose operation is limited to  a  narrow band of frequencies, 

these IM2 term s usually fall out of band and can be filtered. The application of the 

whitespace detector is from 70 MHz to  700 MHz. This band is wide enough th a t two 

tones within the band can mix to  create an IM2 tone th a t is also in the band and cannot 

be filtered.

As is the case when testing the th ird  order interm odulation, the high gain of the
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IIP3 = -40JBm
- 2 0
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Input Power (dBm)
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Figure 6.17: Simulated third-order intercept results for the bandpass filter when 196 
MHz and 197 MHz input tones create an IM3 tone a t 195 MHz.

filter makes it not possible to  measure meaningful results if the two tones are mixed so 

th a t the IM2 tone falls right a t the center frequency to  which the filter is tuned. For 

this reason, the filter is tested with tones th a t cause the IM2 tone to be generated one 

channel away from the center frequency. Here, the lower gain perm its measurements 

to  be taken. The filter is tuned with a gain of 31 dB at 189 MHz. The two tones are 

applied w ith the frequencies fi and f2 set to  91 MHz and 92 MHz. This creates the IM2 

tone at 183 MHz. The results from these measurements are shown in Figure 6.18.

The input power of the two tones a t 91 MHz and 92 MHz is swept from -60 dBm 

to -30 dBm and the output power is measured a t 92 MHz for the fundamental output 

and 183 MHz for the IM2 output. The curve showing the fundam ental tone has a linear 

slope of 1 dB /dB  for low input signals. The curve showing the IM2 tone’s ou tpu t power

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



176

-40

-50

-60

Fundamental (slope = 1 dB/dB)
-70 -•

IIP2 = -46 dBm
-80

-90
IM2 (slope = 2 dB/dB)

100
-60 -55 -50 -45

Input Power (dBm)

-35 -30-40

Figure 6.18: Measured second-order intercept results for the bandpass filter when 91 
MHz and 92 MHz input tones create an IM2 tone at 183 MHz.

increases by 2 dB /dB  after the signal level rises above the noise floor. The input-referred 

second-order intercept point (IIP2) is found a t the intersection point of the 1 dB /dB  

sloped line from the fundam ental tone and the 2 dB /dB  sloped line from the IM2 tone. 

For this test, IIP2 is shown to  be -46 dBm.

For comparison, the bandpass filter is simulated under the same conditions used for 

the test measurement. The filter is tuned to  have approximately 31 dB of gain a t the 

center frequency of 189 MHz. The input power of the two signals at 91 MHz and 92 

MHz are swept from -70 dBm to -30 dBm while the IM3 ou tpu t power is measured at 

183 MHz. This is done using a periodic steady state  (PSS) simulation and the results 

are shown in Figure 6.19. The simulation results also show the poor linearity of the 

bandpass filter with IIP2 =  -45 dBm as compared to  -46 dBm in the measured scenario
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tha t is shown in Figure 6.18.

IIP2 = -45 jlBm
-50

- fi 0 - -  Fundamental (slope = 1 dB/dB)

_________
IM 2 (slope = 2 dB/dB)

-90

-1 0 0

-70 -65 -55 -50 -45 -40 -35 -30

Input Power (dBm)

Figure 6.19: Simulated second-order intercept results for the bandpass filter when 91 
MHz and 92 MHz input tones create an IM2 tone at 183 MHz.

6.3 R eceive Signal Strength Indicator M easurem ents

The performance of the receive signal strength indicator (RSSI) is tested using the 

equipment set up as shown in Figure 6.20. As w ith the bandpass filter testing, the 1.8 

V supply voltage and ground are provided by the HP 6624A System DC Power Supply 

while the bias current for the circuit is monitored using the Keithley 2019 M ultimeter. To 

test the input am plitude to ou tpu t voltage characteristic of the RSSI, a  signal generator 

is used to  provide the radio frequency (RF) input signal. The Agilent E82570 PSG 

Analog Signal G enerator is used for this purpose. The lowest signal level th a t the signal 

generator can provide is -20 dBm. The RSSI is designed to  work with signal levels as
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low as -60 dBm. To provide these lower signal levels, the HP 8495B Variable A ttenuator 

is connected in line w ith the input signal. It provides a variable attenuation of 0 to 70 

dB in increments of 10 dB. The output signal from the attenuator is sent into the RF 

input to the RSSI, which is R SSIJn of the IC DUT on the whitespace detector PCB. 

The output voltage of the RSSI, Vout, is measured by the Agilent infiniium 54832D 

MSO 1 GHz Oscilloscope.

HP 6624A 
System DC Power Supply

1.8 V

Agilent E82570 
PSG Analog Signal Generator I 

25# kH z-20 GHz

HP8495B 
-^Variable Attenuator 

0 -7 0  dB

Ground

RSSI In
Whiteipace Detector PCB

DUT

Bias Current 
Monitor

Vout Agilent Inflnllnm 
> 54832D MSO
1 GHz Oscllliicope

Keithley 2019 
Multimeter

Figure 6.20: The equipment setup th a t is used to  measure the input am plitude to  output 
voltage characteristic of the RSSI.

6.3.1 R SSI Input A m plitude to  O utput V oltage C haracteristic

The input am plitude to  output voltage characteristic of the RSSI is measured using the 

test setup shown in Figure 6.20. Measurements of the output voltage, Vout, are taken as 

the am plitude and frequency of the input signal to  the RSSI are varied. This results in 

the family of input am plitude versus output voltage curves shown in Figure 6.21. These 

curves are for input signals w ith frequencies from 100 MHz to 700 MHz.

The curves in Figure 6.21 show the inverse relationship between the input am plitude
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Figure 6.21: The measured RSSI input am plitude versus output voltage characteristic 
a t various frequencies.

and output voltage as expected from simulations. Also as expected, the lower frequency 

curves have a greater variation. For larger input signals from -20 dBm to -10 dBm, the 

curves are fairly linear as designed and above -10 dBm they begin to flatten out. This 

is the same as was seen in simulations. For lower input signals, between -50 dBm and 

-20 dBm, the slopes of the curves change and level off to 1.15 V at about -45 dBm. 

The circuit is designed to  operate with input signals as low as -60 dBm though the test 

results show a difference in the output voltage only down to -45 dBm. This and the 

non-linear shape of the curves in certain regions can be due to  the RSSI’s sensitivity not 

being low enough for small am plitude signals. This can cause noise to have a greater 

impact on the voltage levels. A -45 dBm input signal is equivalent to  3.6 mV peak-to- 

peak looking into the 50 load impedance at the input of the RSSI. This is not large 

and it is reasonable to  hypothesize based on the measurements th a t noise in the circuit
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could have a comparable amplitude. This noise gets amplified by the RSSI and causes 

the RSSI output voltage to  look the same as the lowest possible detectable signal. W ith 

a  very low input signal, the RSSI output in simulations is pulled up as high as 1.7 V 

but due to  the noise when testing, the level can only get pulled up as high as 1.15 V.

Figure 6.22 shows the input am plitude to output voltage response of the measured 

and simulated RSSI for a 200 MHz input signal. The simulated response is much more 

linear. For signals above -40 dBm (6.3 mV peak-to-peak), the simulated and measured 

results track each other w ith a  maximum deviation of approxim ately 25 %. For signals 

below -40 dBm, the measured results level off at 1.15 V, which is suspected to  be due 

to  noise th a t overwhelms the input signal, as previously discussed.

1.8 

1.6 

P  1.4
Sim ulated

.Measured

S- 0.6

0.4

0.2

0.0

-40 -30

In p u t A m plitude  (dB m )

-20 -10-60 -50

Figure 6.22: The measured and simulated RSSI input am plitude versus output voltage 
characteristic a t 200 MHz.
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6.3.2 R SSI Settling  R esponse to  an Input A m plitude Step

The input am plitude to  output voltage curves in Figure 6.21 show the output voltage 

of the RSSI under various frequency and input am plitude combinations, when the volt

age has settled. The measurements in this Section show the ou tpu t transient voltage 

when an abrupt step occurs in the RSSI input amplitude. This abrupt change in input 

am plitude can model a  change in the tuning of the bandpass leading to a channel with 

a  higher or lower transm itting signal. It can also model a channel th a t is being mon

itored as whitespace, when the licensed user suddenly begins to  transm it again. The 

RSSI response m ust be fast in order to  capture this change so th a t the device using the 

whitespace detector can decide on the proper course of action.

The settling response test is done using the test bench shown in Figure 6.20. In order 

to capture the transition in the RSSI output voltage th a t gives its step response, the 

following steps are taken. The signal generator is set to give a 200 MHz signal a t -30 

dBm. The oscilloscope measures the output voltage to  be 809 mV. The tim e scale on 

the oscilloscope is set to  a large value of 50 ms. At a  moment in time, the signal from 

the signal generator is manually increased to  -10 dBm. This causes the RSSI output 

voltage on the oscilloscope to  transition to  380 mV. Once this transition is seen, the 

image on the oscilloscope is stopped and frozen. Now, the transition is zoomed into in 

order to  see the step response of the RSSI. This manual measurement procedure gives 

results th a t are satisfactory for the purpose of dem onstrating the desired step response. 

The step response of the RSSI for this scenario is shown in Figure 6.23. The settling
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time of the RSSI is measured as the tim e required for the output voltage to  settle to 

within 1% of its final value. On the oscilloscope this is measured to be 10.1 //s.

l.o

0.9

0.8 -

Measured

0.6

0.5

0.4

0.3

Time (jis)

Figure 6.23: The measured and simulated step response of the RSSI to a changing input 
amplitude.

For comparison, the simulated settling response of the RSSI is also shown in Figure 

6.23 for the same am plitude and frequency input signals th a t are used for the measured 

results. The simulated settling tim e is 700 ns, which is more than  ten times faster than  

the measured results. This result is based on an output capacitance of 10.85 pF, as 

discussed in C hapter 4. The discrepancy can be due to  capacitance in the cables used to 

measure the output voltage. The cable th a t is used has two alligator clips th a t connect 

to  the RSSI output term inal and ground and lead to  a  BNC connector th a t connects to  

the oscilloscope. In C hapter 4, Equation 4.2.9 is used to calculate the settling time based 

on the output capacitance and resistance and is shown to predict the simulated settling 

time well. Using this equation, the to ta l output capacitance in the test environment
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is estim ated to be 152 pF, which is greater than  the output capacitance of the circuit 

alone.

6.4 Chapter Summary

This chapter describes the measurement results obtained from testing the whitespace 

detector integrated circuit (IC). The IC is bonded to a printed circuit board (PCB) th a t 

is designed specifically for the whitespace detector. The PCB facilitates the testing of 

the circuit while providing power supply decoupling and ESD protection. It also allows 

several bias currents and voltages for the circuit to be easily generated and tuned.

The whitespace detector is designed so th a t its two main components, the tunable 

bandpass filter and the receive signal strength indicator, can be tested individually from 

each other or together as a system. The bandpass filter test results show th a t its center 

frequency and quality factor can be tuned with the same trends th a t are predicted from 

theory and simulations. The filter’s center frequency can be tuned across the whole 

range of desired frequencies from 70 MHz to  700 MHz. M easurements also show th a t its 

quality factor can be increased and decreased using the control voltages as predicted in 

theory and simulations. Transient measurements of the bandpass filter are shown. The 

linearity of the filter is found to  be a lim itation to  its performance, as seen in simulations 

and discussed in previous works of literature [11,17]. The maximum signal levels seen at 

the output of the bandpass filter are approximately -40 dBm. This non-linearity issue 

is an area for future work in improving the bandpass filter.

The input am plitude to  output voltage characteristic of the RSSI is measured over
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the 70 MHz to  700 MHz frequency band and shown to  follow the trends expected from 

simulations and theory. The settling response of the RSSI is measured for an input signal 

th a t has a sudden change in am plitude. Measurements show th a t the RSSI’s dynamic 

range is lower than  simulated, limiting its signal detection range to  -45 dBm to  0 dBm. 

This, in combination with the bandpass filter’s linearity lim itation, make it difficult to 

measure results for the whitespace detector system as a  whole. As independent circuits, 

measurement results show th a t bo th  the tunable bandpass filter and the RSSI work.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 7 

Conclusion

An integrated circuit (IC) th a t can be used to detect whitespace in the radio frequency 

(RF) spectrum  was developed and tested. The whitespace detector IC was designed 

to operate in the broadcast television frequency band from 70 MHz to  700 MHz. The 

goal of whitespace detection is to  locate unused bands of frequency so th a t they can be 

reused in order to increase the efficiency of the RF spectrum . The whitespace detector 

was constructed from a high quality factor, tunable bandpass filter and a receive signal 

strength indicator (RSSI).

The tunable bandpass filter is based on an active inductor. Equations were developed 

to predict the inductance and series resistance of the active inductor, as well as the center 

frequency and quality factor of the bandpass filter. Simulation results dem onstrated the 

filter’s ability to  have its center frequency tuned across the 70 MHz to  700 MHz band. 

The trends for the tuning of the filter were analyzed. An analysis was also presented on 

the bandpass filter’s performance w ith regards to  transient simulations, linearity, noise 

and stability. The performance of the filter th a t was fabricated on the integrated circuit 

was tested. Simulation and measurement results showed agreement for linearity results

185
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and tuning trends. Though linearity was found to be a lim itation for the bandpass filter 

for larger input signals, its ability to  tune across the desired frequency band w ith a  high 

quality factor response was dem onstrated.

The RSSI was built as a logarithmic amplifier from cascaded limiting amplifiers 

and rectifiers. A design procedure for constructing the RSSI from these sub-circuits 

was developed. The sub-circuits and the RSSI were simulated, showing th a t the RSSI 

has the desired logarithmic input am plitude to  output voltage characteristic for input 

signals ranging from -60 dBm to  -10 dBm, across the frequency band from 70 MHz to  

700 MHz. The RSSI’s settling response to  a changing input signal was also examined. 

Test results of the RSSI showed its settling response and input to output characteristic. 

The measured input to  output characteristic dem onstrated the RSSI working for input 

signals ranging from -45 dBm to 0 dBm, over the 70 MHz to 700 MHz frequency band.

The bandpass filter and RSSI were assembled to form the whitespace detector. Sim

ulations dem onstrated the system ’s ability to  distinguish between channels th a t have 

a signal present and those th a t are whitespace. Due to the bandpass filter’s linearity 

lim itations and the RSSI’s low signal sensitivity limitations, measurement results did 

not show the two components working as a  system. Improvements to  these limitations 

are areas for future work.

7.1 Contributions to  Research

The contributions in this thesis where improvements have been made to existing research 

include the following:
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• More accurate equations than  those presented in [11] for modelling the inductance 

and series resistance of the active inductor were derived in Section 3.1.1.

• An active inductor-based tunable bandpass filter with a wider center frequency 

tuning range of 70 MHz to  700 MHz was designed and is presented in C hapter 3.

• An algorithm for tuning the bandpass filter was developed as shown in Section 

3.3.5.

• An RSSI was designed to  work over a wide frequency band of 70 MHz to  700 MHz 

and is presented in C hapter 4.

• The settling time of the RSSI in response to  a changing input am plitude was 

characterized as a  performance param eter for working in a whitespace detector in 

Section 4.2.3.

A prim ary contribution of this thesis is that:

•  A low power and small sized integrated circuit for detecting whitespace in the 

frequency spectrum  was design using a tunable bandpass filter and a receive signal 

strength indicator.

7.2 Advantages and Disadvantages o f the D esign

Based on the design, simulation and measurement of the whitespace detector, an eval

uation of its advantages and disadvantages can be made. Table 7.1 summarizes the
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main advantages and disadvantages of the whitespace detector and its building block 

components, the tunable bandpass filter and receive signal strength indicator.

Table 7.1: Advantages and Disadvantages of the W hitespace Detector and its Sub
circuits__________________________________________________________________________

Advantages Disadvantages
Small Integrated Circuit Size:
Bandpass Filter: 50pm x 70pm
RSSI: 80pm x 180pm
System(including pads): 1150pm x 700pm

Nonlinearity of the bandpass filter 
may cause false signal detection, 
leading to lowered efficiency in 
whitespace detection.

Low Power Consumption: 
Bandpass Filter: 1.6 mW 
RSSI: 1.6 mW

Large blocker signals can saturate 
the bandpass filter, potentially hiding 
whitespace, due to  the nonlinearity of 
the filter.

The filter has wide band center frequency 
tunability from 70 MHz to  700 MHz.

The bandpass filter tuning 
param eters must have high precision 
in order to keep the filter’s center 
frequency and quality factor locked.

The RSSI’s fast acquisition time of less 
than  1 ps gives potential for fast sweeping 
of the frequency band.

Measurement results show th a t the 
RSSI’s input dynamic range is limited 
by its sensitivity to  low input signals.

Low power and small circuit area allow 
multiple circuits to  be placed in an array 
for improved system performance.

7.3 Future Work

There are several areas for future work to improve the performance and enhance the 

whitespace detector. Investigation can be made to improve the linearity of the bandpass 

filter, giving it the ability to  work with larger input signals. Test results show th a t the 

RSSI does not work for input signals th a t are below -40 dBm, so improvements can be 

made here. The whitespace detector can be enhanced with circuitry th a t autom atically 

controls its tuning and circuitry th a t interprets and allows adaptation to  the output
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detection signal.

7.3.1 B andpass F ilter Linearity

The non-linearity of the bandpass filter is a lim itation of this design, and active inductors 

in general [11,17]. The high quality factor and gain of the filter a t its center frequency 

contribute to  the linearity problem. Another contribution is the fact th a t the transistors 

in the active inductor are stacked four-high and require significant voltage headroom 

for all of them  to remain in saturation. An area to  investigate to  improve the linearity 

is to work w ith an increased supply voltage, though this would result in higher power 

and make the circuit more difficult to  integrate into systems th a t are moving towards 

lower supply voltages. A ttem pts were made to  adjust the transistor sizes in the active 

inductor bu t this did not improve linearity. A new topology may be needed for the 

active inductor th a t provides better linearity.

If only small improvements could be made to  the linearity of the bandpass filter, 

alternate system considerations would be required for the whitespace detector. For 

example, some sort of autom atic gain or attenuation control circuitry could be used 

before the bandpass filter to  limit input signal levels to  those th a t are w ithin the linear 

region of the bandpass filter. This circuitry could use the receive signal strength indicator 

to  monitor the output level from the bandpass filter and feedback a signal th a t tells 

whether the attenuation a t the input should be increased or decreased.
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7.3.2 R SSI Sen sitiv ity

Simulations show th a t the RSSI has the desired logarithmic input am plitude to output 

voltage response for input signals from -60 dBm to  -10 dBm. Measurement results show 

th a t the RSSI’s input sensitivity only goes down to  -45 dBm. Input signals below this 

appear to be overwhelmed by noise. Though care was taken to  limit the effect of ground 

bounce, this could also be a source of the problem and further investigation could be 

done into limiting it. A possible solution may be to  have a broadband low noise amplifier 

before the RSSI. This would limit the noise into the RSSI while providing gain to the 

signal th a t is output from the bandpass filter. Improving the sensitivity of the RSSI, 

along with improved linearity of the bandpass filter would allow the whitespace detector 

system to be tested to  view similar results to the simulations shown in Section 5.5.

7.3.3 R SSI V oltage Offsets

The input dynamic range of the RSSI can be limited by offsets in the output voltage 

of its limiting amplifier stages. Further work can be done to  investigate this issue as a 

possible improvement to the dynamic range. Since the amplifier stages are DC coupled, 

any output offset of a given stage gets transferred as a DC input to  the following stage. 

The stage then provides gain to  this DC input, resulting in further offset in the following 

stage. The overall result is th a t, after several limiting amplifier stages, the offset has 

accumulated so th a t la tter stages in the RSSI no longer contribute to  the RSSI output. 

This effectively reduces the number of stages in the RSSI and lowers its dynamic range.
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7.3.4 B andpass F ilter Tuning Control

The tuning of the bandpass filter is accomplished by manually adjusting the bias control 

currents and voltages of the filter. Future work could include the design of additional 

circuitry to control the tuning of the bandpass filter. This additional tuning control cir

cuitry could use the tuning algorithm described in Section 3.3.5 as the starting point for 

its implementation. It could be implemented using custom analog or digital circuitry or 

a Field Programm able G ate Array (FPGA ). The tuning control circuitry could monitor 

the signals at the output of the bandpass filter and receive signal strength indicator. Us

ing knowledge from these signals and the tuning algorithm, the bandpass filter’s tuning 

param eters could be altered to  adapt the tuning characteristics of the filter to meet the 

required needs. The circuitry may need to  incorporate a phase-locked loop to  track and 

lock the center frequency of the bandpass filter.

7.3.5 W hitespace D etection  Interpreter

Simulation results in Section 5.5 show th a t the RSSI gives an ou tpu t voltage th a t can 

be used to  distinguish between a detected signal and whitespace. Future work could 

include the design of circuitry th a t interprets this output voltage and makes a decision 

as to whether whitespace or an occupied channel has been detected. This circuitry could 

involve a com parator th a t makes this decision by comparing the RSSI output voltage 

with a threshold value. An analog to  digital converter could convert the output voltage 

to digital signals so th a t some digital circuitry can interpret if whitespace has been 

detected. Along with making a  decision on the detection of whitespace, the circuitry
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could feed back signals to  any autom atic gain controller th a t is used to  limit the gain 

before the bandpass filter. The interpretation and decision making circuitry would have 

to  account for variations in the RSSI response over frequency when making its decisions.
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A ppendix A  

Equation Derivations

A .l  A ctive Inductor Input Im pedance Equation

Equation A. 1.1 describes the input impedance of the active inductor. Individual term s

from this equation are shown in Equations A .1.2 through A .1.7.

7  (A  Vinjs) _  1 + sA  + s2B
in^  I in{s) C  + sD  + s2E  + s3F  ( ' ' )

A  —  r 0l{C g d \  +  Cgs2 +  C gd2) +  T ^ C g g  1 +  Cgg 2 +  Cgf® )

+ r o lr  o z ig m l  +  9m bl){C gd l  +  C gs2 +  C gdu)
(A.1.2)

B  —  r  0\ r  0z { C gsl +  C gd'i){C gdl  +  Cgs2 +  Cg,®)  (A .1.3)

C  ^'ol9m 2^9m l  “F 9m 3 ^ o 3 [*?ml d "  9m bl\)  (A. 1.4)

B  —  T 0\(^ g m l\C g d l  d "  d "  9m2^'gd2  4 ”  9  mb \ d '( / . s ' '2 )  4 ”  ^o2fjni2^mjs2

+ r 0i r o3(gmigrns[Cgdl +  Cgs 2] +  gmz9mbl[Cgdl +  Cgs2\ +  9m 2C gd2[9mbl +  5 m l ] )
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E  — r0l(C gs2Cgs3 +  Cgd2Cgs3 + Cgdl Cgg  ̂+ CgslCgs2 + Cgg2Cgd'i)

+ r ol 1'o'A(Sml [Cgs2Cgd2  +  C g < 2 2 C g s 3  +  C gs2Cgs3  +  C gd \C ga^\

~.(4n2[Egd2Egd‘d 4~ Cgs\Cgd2\ “I” 9mbl\f~'gs^CgsZ ~  Cfy(/ ‘2 Eg ;̂g

~^Qrn& \CgsiCgdZ  “ I”  Egd  1 EgdW 4 "  C gg\C gd\  4 “  C gg\C gd2 4 “  Egd2 Cgd:\ 4 "  E g  s 1_ E g  .s 2  ] )

(A.1.6)

F  — r oi r oz{CgdlCgszCgdZ +  Cgs2Cgd2Cgd3 +  Cgd\Cgd2Cgd3

Egs 1 Cgd\ Egd‘2 4~ Cgs lC gs2C gd2 4“ Cgg\Cgd\Cgg% 4“ Cgg\Cgd2Cgg3 (A.l.T)

~\~Cgs2 Cgs'iCgd'i 4" Cgd^Cgg^Cgd3 4“ C gg\Cgg2Cgg’i)

In order to derive simplified equations for the inductance and series resistance of the

active inductor from Equation A. 1.1 a  numerical analysis of the equation is performed.

Using DC operating point simulations, the values of the coefficients, A through F, are

calculated and their relative sizes compared. This is shown in Table A .I.

Table A .l: N um erical!Evaluation of Equation A. 1.1
Term M agnitude a t 100 MHz M agnitude Relative to  Largest Term

ujA 101 1
uj2 B io- 1 0.01

C io- 1 1
u;D i o - 3 0.01
u 2 E 10"4 0.001
cu'6F IO"5 0.0001

Table A .l shows th a t the term  containing A is 100 times larger than  the other term  

in the numerator. The term  containing C is at least 100 times larger than  all of the other 

term s in the denominator. This is valid for the 70 MHz to 700 MHz range of frequencies 

over which the inductors is used. From this information, Equation A. 1.1 can be further 

reduced to

Z M  =  (A.i.8)
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with less than  one percent loss of accuracy.

The real part of Equation A. 1.8 can give a simplified equation for the series resistance 

of the active inductor, which is shown as

R s  =  7  ̂ =  ---------7------------------ ?---------------rr- (A .1.9)
C Cf;l flm'2ifjrn 1 T  fjrtt'hJJtrt 1 T  9 nth 1 j J 

The imaginary part of Equation A. 1.8 can give a simplified equation for the induc

tance of the active inductor, which is shown as

  A _ r0l(Cqdi+Cqs2-i-Cqd2)+‘’’o3(Cqsl+Cqs2+Cqd3)~^r0l ro3(9ml+gmbl)(Cqdl+CfiS2+Cgti2) J
c  r0igm2(g m l ~\~9‘m3'f'o3 [<? m

Through factoring, Equation A. 1.10 can be rearranged to  give

^  _  r oi(Cgdi +  C gS2 +  Cgdz){}. +  ro3[gmi  +  gmbi\) +  r oz{Cgsi +  Cgs2 +  C g(n )  ^  ^  ^

A>lf7m2(<7ml T  9m2Xod\,9'm\ T  *?m6l])

A .2 Derivation of the Bias Current Versus Frequency 
Trends

The following is the derivation of curves of best fit to describe the trends of the required 

bias currents, Ii and I2, versus the center frequency of the bandpass filter. These curves 

are shown w ith simulated results in Figure 3.23. For these derivations, all currents are 

in pA and all frequencies, represented by fo, are in MHz. The curves of best fit represent 

the trends observed using the typical BSIM3 v3.2 transistor models for transistors in 

the TSMC 0.18pm CMOS technology [39].

The bias current, Ii, th a t is required to tune to  a particular center frequency follows 

a second order polynomial trend  w ith respect to  the center frequency. From simulated
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results in Table 3.4, three frequency/current pairs are taken to  determine the coefficients 

A, B and C, in the polynomial given by

Af* + B f 0 +  C  = h .  (A.2.1)

These pairs are: (200 MHz, 27 /iA), (400 MHz, 69 f iA )  and (600 MHz, 136 //A). Substi

tu ting  these pairs into Equation A.2.1, gives Equations A.2.2, A.2.3 and A.2.4.

A(200)2 +  5(200) +  C  = 27 (A.2.2)

A(400)2 +  5(400) +  C  = 69 (A.2.3)

A(600)2 +  5(600) + C =  136 (A.2.4)

Equation A.2.4 minus Equation A.2.3 gives

200000A +  2005 =  67. (A.2.5)

Equation A.2.3 minus Equation A.2.2 gives

120000A +  2005 =  42. (A.2.6)

Equation A.2.5 minus Equation A.2.6 gives

80000A =  25. (A.2.7)

Solving Equation A.2.7 gives A =  0.0003125. Substituting A into A.2.6 gives B =

0.0225. Substituting A and B into A.2.2 gives C =  10. W ith these three coefficients,

the second order polynomial th a t describes the best fit curve for Ii can be w ritten as

h  =  0.0003125/q +  0.0225/o +  10 (A.2.8)
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where Ii is the bias current in /zA and fo is the frequency in MHz.

The bias current, I2, th a t is required to tune to  a particular center frequency follows 

a linear trend w ith respect to  the center frequency. From simulated results in Table 

3.4, two frequency/current pairs are taken to determine the coefficients D and E, in the 

linear given by

h  =  D f 0 +  E.  (A.2.9)

These pairs are: (300 MHz, 9.5 //A) and (400 MHz, 13 /iA). Substituting these pairs 

into Equation A.2.9, gives Equations A.2.10 and A.2.11.

9.5 =  £>(300) +  £  (A.2.10)

13 =  £>(400) +  E  (A.2.11)

Isolating E in Equation A.2.10 and Equation A.2.11 and equating them  gives

9.5 -  300£> =  13 -  400£>. (A.2.12)

Solving Equation A.2.12 gives D =  0.035. Substituting D into A.2.10 gives E =  -1. 

W ith these two coefficients, the linear equation th a t describes the line of best fit for I2 

can be w ritten as

h  =  0.035/o -  1. (A.2.13)

where I2 is the bias current in //A and f is the frequency in MHz.
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