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Abstract

Dominic DiClemente
Current-Mode Techniques for UWB Frequency Synthesizers

Doctor of Philosophy, Electrical and Computer EngineerRgerson University, 2011

This thesis deals with current-mode techniques for ultidevand applications.

An overview of ultra-wide band (UWB) wireless communicasos presented. Two
standards for UWB data communications, namely directi®gis UWB (DS-UWB) and
Multi-band orthogonal frequency division multiplexing BYOFDM) UWB are presented.
MB-OFDM UWB devices must hop among 14 UWB channels within 8s5 imposing
stringent constraints on design of frequency synthesizergview of the state-of-the-art
frequency synthesizers for MB-OFDM UWB applications is\pded.

Current-mode phase-locked loops with active inductors active transformers em-
ployed in both loop filters and voltage-controlled oscdlatare proposed and their perfor-
mance is analyzed. Current-mode phase-locked loops diecthwp PLL dynamic range
from the scaling down of the supply voltage.

An active-inductor VCO with both coarse and fine frequengystthent, a hybrid VCO
with a step-down passive transformer loaded with an actidector, and a hybrid VCO
with a step-up passive transformer loaded with a varacempeasposed and their perfor-

mances are analyzed. These VCOs obtain wide frequencygtuamges without relying on



switched back networks.

To meet the timing constraint of UWB frequency synthesizésrrent-mode tech-
niques are further developed for UWB frequency synthesizémn active inductor with
a bank of switched capacitors is proposed to provide fagingc The bank of switched
capacitors eliminates the frequency acquisition lockingetof the frequency synthesizer,
allowing 9.5 ns phase locking time.

The proposed current-mode phase-locked loops, actiwgctods oscillators and hybrid
oscillators were designed and implemented in TSMC-@i&nd IBM-0.13:m CMOS

technologies.
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Chapter 1

| ntroduction

With the explosive growth of the popularity in the unlicedg2e4 GHz Industrial, Scientific
and Medical (ISM) band, the demand for wireless connegtiwielectronic devices is ever
increasing. High quality multimedia require high data sateaddition to a better Quality
of Service (Qo0S). When the Federal Communications ComangsiCC) created the ISM
band they allocated 80 MHz centered at 2.4 GHz allowing fd¢a dates up to 100 Mb/s.
The continuous demand for better video and audio qualityireg higher data rates than
the ISM band can provide. With the advent of digital telems on the horizon, existing
wireless standards become inadequate for the requiredratataf 25 to 935 Mb/s [1].
Current wireless standards cannot support the data ratealeime high-definition videos
due to limited bandwidth. Table 1.1 tabulates existing l@se standards and their data rate

parameters.

1.1 UltraWide-Band

The maximum capacity of a channel is defined by the Shannatieflaheorem,



Table 1.1: Parameters of commercially available wirelete/arks [2].

Protocol| Frequency, Data Rate Throughput| Range

(GHz) (Mb/s) (Mb/s) (m)
802.11a| 5 54 23 35
802.11b| 2.4 11 4.3 38
802.11g| 2.4 25.8 19 38
802.11n| 2.4/5 54 74 70
802.11y | 3.7 54 23 50

C =Wlogy,(14+ SNR), (1.1)

where(C' is the theoretical channel capacity limit] is the bandwidth of the channel, and
SNR is the signal-to-noise ratio of the channel. To increasectiennel capacity two
options exist. The first is to increaseV R, but this is limited by the noise of electronic

circuits and propagation media. The second option is teas® the channel bandwidth.

In 2002, the FCC approved the operation of certain types wdless devices utilizing
ultra wide-band technologies for commercial use. Ultraesidnd systems differ from
traditional narrow-band systems by employing low-poweghkbandwidth signals in place
of high-power low-bandwidth signals. The reduction in tlgmal power reduces theN R,

but the channel capacity is increased due to the substhatiawidth increase.

The first transmission of an ultra wide-band signal was in flae first wireless trans-
mission and dates back to Marconi in 1890 with a spark gaprg@re The spark gap
generator produces a very narrow pulse that has a very langéwidth due to the time-

frequency duality (a narrow pulse in the time domain traesldo a large bandwidth in



the frequency domain). Ultra wide-band systems continodektdeveloped in radar sys-
tems where narrow pulses allow for the accurate distancsunement of aircrafts. Ultra
wide-band systems also found use in military communicathume to the difficulty in the
detection and reception of very narrow pulses. Meanwhiteomaband systems prospered
in the commercial market due to their lower cost and ease pfementation. With the
narrow bandwidth used in traditional systems the data nag¥s severely limited. This
gave rise to a renewed interest in ultra wide-band techiydlmgcommercial applications.
The FCC proposed the largest frequency allocation sparirong3.1 GHz to 10.6 GHz to
be called 802.15.3 UWB. The applications of UWB include [3]:

e Wireless Personal Area Networks (WPANS) - Wireless peisarea networks al-
low the high-speed transmission of signals up to a maximwwtadce of two meters.
An example of WPAN is shown in Fig.1.1, consisting of a mutiidia system that
allows HDTYV signals to be shared between cable/sat set tapshd1D ready tele-
visions, audio systems, Blu-ray DVD players, and persopatputers all without

wires.

e Sensor Networks - The desired characteristics of any UWBcdere a low fabrica-
tion cost, low complexity and low power consumption. Witegk three attributes it
is advantageous to create an array of transceivers that ftcaccurate positioning.
A transducer or other sensors can be included in the traresdeiallow for an array
of measurements to be taken. An example of an UWB sensor netsvthe track-
ing of participants in an endurance race, which allows aatemime tracking and

remote heart beat monitoring of participants.

e Imaging Systems - Similar to sensor networks the ultra ghaldes that define the

UWB can be used for imaging due to a large penetration depih\é wavelengths.



’ [ \,\_f! 4
-
HD Satillite : o
HD-DVD Audio Receiver

iPOD

Figure 1.1: An example of an UWB wireless personal area nétwo

Imaging systems can allow rescuers at the scene of a naisaster to locate victims

without wasting time to dig or endanger the rescuers therasel

¢ \ehicular Radar Systems - A leading cause of death in Nortlerea is car col-
lisions. By using UWB devices as an automated radar warnystesn a warning
tone can be emitted whenever a car or an object approacheshiee alerting or

applying the breaks automatically.

UWB was the first frequency allocation to span over existingehss standards. The
proposed frequency spectrum of UWB and the existing staisdare shown in Fig. 1.2.
Since the existing standards cannot be changed, the FCE&dpsiingent restrictions on

UWB devices. Any UWB “device may not cause harmful interfexe, and must accept
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900MHz 24GHz 3.1GHz 10.1GHz

Figure 1.2: Spectral allocations showing the proposed UWWB a
existing narrow-band interferers.

any interference received, including interference thay osuse undesired operatiohA
harmful interference is defined as “interference that .riossly degrade, obstruct or re-
peatedly interrupts a radio communication servicd® ensure that UWB devices do not
interfere with existing networks under any circumstance RJuévices have severely lim-
ited power to transmit. The spectral mask defined by the FFhasvn in Fig. 1.3 [4].
Outside of the UWB spectrum the power must not be greater thardBm/MHz. The
small signal power of the GPS signal places perhaps the rtrosgent power restriction
on UWB devices in this spectrum. GPS is a network consistfrigany satellites used to
send time signals to receivers for accurate positioning dttenuation caused by travel-
ing through the atmosphere results in small signal powerish@asily corrupted by other

devices.
The UWB spectral mask allows for power transmission of -4B8/MHz in-band,

this low power spectrum ensures that it will not cause ieterfice to existing narrow-band

systems sharing part of the same spectrum (In-band ingesfier In-band interferers can

IFCC 47 C.F.R. Sec 15.5(b).
2FCC 47 C.F.R. 1.907, Sec 2.1.
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Figure 1.3: FCC specified spectral mask for indoor UWB conumaér
devices, severely limiting the output spectrum outside of
3.7-10.3 GHz.

cause interference in UWB devices due to their large sigratl thay saturate amplifiers
and other RF components. As a comparison, cellphones eparatansmission power of
+30 dBm/MHz, which is ten million times greater than that dMB signals. The small
signal power of UWB will mean a very low SNR ratio. Recallimgrh the Shannon-Hartley
capacity theorem, alow SNR can be compensated by large lidthde maintain the same
channel capacity. Out-of-band interferers can also canteeférence even though they do
not share the same spectrum. This is due to the common gractising non-linear power

amplifiers that create harmonic components inside the UV\éstspm [5] .



1.2 Objectives

The objective of this thesis is to develop current-modenéapkes and circuits for applica-
tion in ultra wideband. The current-mode techniques wilhpplied to PLLs and frequency

synthesizers to combat the following challanges:

¢ Integrability: The proposed current-mode techniques khbave less reliance on
on-chip passive components. On-chip passive componedtadditional masking
layers and expense. Passive components also have higanisrwhich require

digitally assisted analog blocks.

e Wide frequency Tuning range: VCOs should have a frequermipdgurange over 30%
without relying on switched bank networks. With a large fregcy tuning range the
current-mode frequency synthesizer can be applied to neeless standards that

rely on spread spectrum techniques or multi-standard sadio

e Quick Hopping: The MB-OFDM UWB quick channel hopping schehss a 9.5
ns guard time. This short quard time makes it impracticalge integer frequency
synthesizers, because it would require a closed loop baltlkdwf several gigahertz.
The proposed current-mode frequency synthesizer shouébleeto lock in under

9.5 ns without resorting to direct frequency synthesis.

1.3 Contributions

In this thesis, several current-mode techniques for widdkapplications are proposed,
and implemented to conform to the objectives stated above major contributions of

this thesis are:



e Current-mode phase-locked loop - The proposed currenenpb@se-locked loop
decouples control signal dynamic range from the scalinghefdupply voltage of
CMOS technologies. In voltage-mode PLLs the dynamic rarigleeocontrol signal
is limited to the supply voltage, a reduction in the dynaraitge will require a higher
VCO gain. The increased VCO gain will result in a higher tafere and increased

noise response.

e Active Inductor and active transformer current-mode fittgr- The inductance re-
quired for current-mode PLLs makes passive on-chip spi@dlictors impractical,
requiring active circuits to mimic inductance. Active iradors and active transform-

ers previously used for bandwidth enhancement are usedifard-mode filters.

e Wideband Oscillators - This thesis will propose three watab oscillators. The
three oscillators are capable of frequency tuning rangesvef 30% without us-
ing switched bank networks. Without relying on switchedlbaatworks, along with
the complexity and problems associated with a discontiafi@guency tuning curve

are avoided.

e Quick hopping scheme - The 9.5 ns locking time of the MB-OFDMWB channel
hopping scheme makes it impossible to use traditional PLdetdrequency syn-
thesizers. This thesis proposes using a deterministiué&m®cy hopping scheme to
allow a PLL to lock in the required time. The quick hopping scte eliminates the
frequency acquisition time required by PLL based frequesyythesizers. By only
requiring a phase lock the proposed frequency synthesizasle to lock frequency

and phase in the required time.



1.4 ThesisOrganization

Chapter 2 (Frequency Synthesizersfor Ultra WideBand devices) provides a brief intro-
duction to Multiple-Band OFDM UWB devices. The locking tincballenges of
MB-OFDM UWB frequency synthesizers are explored. Statéhetart UWB fre-
guency synthesizers including a DLL based frequency sgitbe a modified miller
frequency divider and direct synthesis are introducedfoRaance comparison of

published MB-OFDM frequency synthesizers is included atehd of the chapter.

Chapter 3 (Current-M ode Phase L ocked L oops) introduces modern techniques for bat-
tling the problem of supply scaling in voltage-mode PLLs.r@uat-mode filtering
will be used to replace voltage-mode filtering. The induceaaf the current-mode
filter will be implemented using active inductors. A detdiknalysis of active induc-
tors will follow. Closed-loop expressions for current-neclLLs are derived. The
phase noise of current-mode PLLs is investigated. The sitioul results of an active

inductor based current-mode PLL are provided.

Chapter 4 (Current-M ode Phase L ocked L oopswith Transformers): introduces the con-
cept of current-mode filtering using transformers. The atdace of the transformer
will be implemented using active inductors. A detailed gsel of the winding in-
ductance, mutual inductance, noise, and multiple windisgsovided in the chapter.
Closed-loop expressions for the active transformer baggémt-mode PLLs are de-
rived. The phase noise of current-mode PLLs is also invatdy The simulation

results of the transformer current-mode are presented.

Chapter 5 (Wide-Band VCOsfor Frequency Synthesizers) starts with a brief introduc-
tion to the existing wide band VCOs that utilize switched ksato increase the fre-

guency tuning range. This chapter introduces three newbaiae VCOs that do not



use switched networks. An active inductor that providegddrequency tuning range
is investigated. A hybrid oscillator that utilizes the stipephase noise performance
of a passive transformer and the wide frequency tuning rahga active inductor is
developed. A modified hybrid oscillator that uses the impedascaling property of
a passive transformer to increase the frequency tuningerahgaractors is created.
A comparison of the three presented wide band oscillatodseausting wide band

oscillators that use switched banks is provided.

Chapter 6 (Current-M ode Frequency Synthesizer UWB) introduces a current-mode fre-
guency synthesizer for MB-OFDM UWB. A quick hopping schermattwill enable
the frequency synthesizer to hop within 9.5 ns is develofée. frequency synthe-
sizer will utilize an ILO as the frequency divider. By forgithe CCQO'’s oscillation
frequency to the different regions of the frequency tuniogve the ILO will lock
to different UWB channels. Simulation results and a conguerito existing UWB

frequency synthesizers are provided.

Chapter 7 (Conclusions) Summarizes the contributions of this research and sugtiests

future directions of research on wideband devices.
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Chapter 2

Freguency Synthesizersfor Ultra

WideBand devices

This chapter starts with a brief introduction of MultipleeBd OFDM UWB. Section 2
describes the locking time challenges of MB-OFDM UWB fregeyesynthesizers. Section
3 introduces DLL based frequency synthesizer for UWB devic8ection 4 introduces
a modified miller frequency divider used as an UWB frequengytisesizer. Section 5
introduces direct synthesis, including both parallel Bgsts and single side-band mixing.
Section 6 is a performance comparison of published MB-OFP&duency synthesizers.

The chapter is concluded in Section 7.

Two proposals for the adoption of an UWB standard were ptesgén [6] [7]. The first
is called Direct Sequencing Ultra Wide-band (DS-UWB) anelsudassical ultra wideband
techniques. DS-UWB is a carrier-less modulation scheméik&traditional narrow-band
wireless standards that modulate a base-band signal byierctire base-band is applied to
shaped pulses. Time and frequency have an inversely propalhature, i.e. the narrower

a pulse in the time domain the larger the bandwidth it willgmein the frequency domain.
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By taking the advantage of UWB’s large bandwidth the resglfpulses are ultra narrow
in width, allowing for a high data-rate. The pulses can be atate¢d using traditional
modulation techniques such as pulse position modulatigputse amplitude modulation.
DS-UWB devices have the advantage of simple RF front endstalilkee absence of a
carrier. Synchronization, however, is difficult due to tequirement of near perfect phase
alignment with the receiver’s correlators.

The second proposal is called Multi-Band Orthogonal Fraqu®ivision Multiplexing
Ultra WideBand (MB-OFDM UWAB). An ultra wide-band signal isfihed as a signal with
fractional bandwidth greater than 0.2. Fractional banthwisidefined as [8]

: : Fu —Fp
Fractional Bandwidth= ——+—,
2

(2.1)

where F'; and F;, are the upper and lower boundaries of the frequency rangewiveh

90% of the signal energy is contained, respectively. An UW#gtional bandwidth of 0.2
translates into a bandwidth of 500 MHz. Instead of trying tibae the entire UWB band
for a single device, MB-OFDM UWB divides the UWB band into 1dnals with equal
channel width of 528 MHz. MB-OFDM UWB uses more traditionateless techniques

to effectively combat multipathing.

2.1 Multi-Band OFDM UWB

Multi-Band OFDM UWB consists of 14 bands, each has 528 MHzlbadth. Each band

has 128 OFDM subcarriers. The characteristics of 128 stibcaare shown in Table. 2.1.
Only 100 of the 128 carriers are used to carry data. 12 of theaguers are called pilots
and used for synchronization and channel estimation. Aitiaddl 10 subcarriers are used

as guard carriers. The guard carriers are used on eitherdittee data carrying subcarriers
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Table 2.1: Subcarriers of MB-OFDM UWB.

Number of data subcarriers 100
Number of defined pilot carriers 12
Number of guard carriers 10

Null subcarriers 6

Number of total subcarriers used.22
Subcarrier frequency spacing | 4.125 MHz
IFFT/FFT period 242.42 ns

to prevent ICI with other UWB devices. The null carriers asedibeside the guard carriers
and used to relax the filter requirements. A subcarrier feaqu spacing of 4.125 MHz is
used. An IFFT/FFT sampling period of 242.42 ns ensures stibcarthogonality. Table.
2.2 shows the data rates of MB-OFDM.

Table 2.2: Data-rates of MB-OFDM.

Data Rate| Modulation| Code | Conjugate| Time Coded Bits
(Mb/s) Scheme Rate Spreading Per Symbol
53.3 QPSK 1/3 Yes 2 100
80 QPSK 1/2 Yes 2 100
110 QPSK 11/32| No 2 200
160 QPSK 1/2 No 2 200
200 QPSK 5/8 No 2 200
320 QPSK 1/2 No 1 200
400 QPSK 5/8 No 1 200
480 QPSK 3/4 No 1 200

The code rate is the convolutional encoder rate that intteslsnemory into the system

to allow for error detection and correction. At lower dattesathe last 50 subcarriers are
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the conjugate of the upper 50 subcarriers. The use of cotgugydcarriers introduces
redundancy that allows for error correction by sending thmes bits sequence twice in
every OFDM frame. The use of conjugate rather than a simpbdiciion of the base-
band data results in an output signal having no imaginarypomant. An output signal
without an imaginary component reduces the hardware rexpeint of the transmitter, as

only a Q path is required.

Table 2.3: Time-Frequency Codes for a Group 1 MB-OFDM hogpin
sequence.

oOOThAs WNFH

To provide multi-user access and channel diversity an UWBcedewill hop among
multiple channels. Since each mode is composed of 3 chgrmgiso-net of UWB de-
vices will hop around using one of the Time Frequency Cod&€{lshown in Table. 2.3,
allowing for three UWB devices to co-exist in the same sp&ag. 2.1 shows an example
of an UWB device hopping around using the first TFC code frommTable. 2.3. There
is a 9.5 ns interval between hopping from one channel to anatiring which the trans-
mitter and receiver must be ready to send and receive MB-OE[QNhkls. After the guard
interval there is a 60 ns cycle prefix and finally a 312.5 ns ODOddvhal consisting of 128
subcarriers.

Due to the ultra wide-band nature of the signals present in®MDM UWB devices
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Frequency (MHz) 9.5 ns Guard Interval For Tx/Rx
A

I
>l .-

Cyclic Prefix
60.0 ns

> | -
1 1

Band #1
3432 MHz

Band #2 . 312.5ns |
3960 MHz & |

Band #3
4488 MHz

: Period | Time
| 937.5ns |

Figure 2.1: Time-frequency kernel example code used fotipleluser
access as well as high channel efficiency.

there are unique design challenges that are not encoumtdraditional narrow-band wire-
less systems [9]. Traditionally, phase noise, which is asmesaof signal purity is the most
important design parameter for frequency synthesizergh Wie tight spacing between
channels the spectrum of the carrier outside of the charar&width must be sufficiently
attenuated. A less important design constraint is tharsgtiine, the time required to hop

from one frequency to another.

The design constraints of MB-OFDM UWB frequency synthesizge different from
those of frequency synthesizers for narrow-band RF systBuomsto the wide bandwidth of
each channel (subcarrier generation is done in the digitakin), phase noise requirement
is greatly relaxed. Phase noise requirement for a MB-OFDMBJvéquency synthesizer
is only -105 dBc/Hz (plateau) while typical phase noise ofroa-band synthesizers is

below -110 dBc/Hz at 1 MHz offset. Unlike traditional phassise measurements that
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specify the phase noise at some offset from the carrier saidl0@ KHz or 1 MHz, UWB
phase noise requirement is based on a plateau. This is legghase noise has a flat profile
within the loop bandwidth, and MB-OFDM UWB has a large loomthaidth. The cutoff
point of a phase noise plot where the phase noise is no loogeroted by the closed loop
is equal to the closed loop bandwidth of the PLL. A wide bamtiwvis required for UWB

synthesizers in order to have a short lock time

2.2 Lock Timeand Bandwidth Requirements of UWB

MB-OFDM UWB uses spread spectrum by means of an ultra-fagtiency hopping scheme
[10][11][12]. In MB-OFDM UWSB there is only a 9.5 ns guard pedi in which the trans-
mitter/receiver must quit transmitting in one channel aaddady to begin transmission in
another. The 9.5 ns guard period places a strict constraiti@synthesizer. The setting
time, which is the time required for the synthesizer to hoprte frequency, is governed by

the synthesizer’'s 2nd order closed loop expression andéndpy [13]

In(tolerance

T,=—
CWn

: (2.2)

where ( is the damping factory,, is the loop bandwidth, and tolerance is the allowed
steady-state error. If we assumefa tblerance, a damping rati§=, and a loop bandwidth
50 MHz, the required settling time is at least 100 ns. Eq)(&tws that an increase in
the loop bandwidth will decrease the settling time. One magder whether it is possible
to increase the bandwidth until the synthesizer meets tttkngetime requirement. Un-
fortunately there is an upper limit on the bandwidth of thathgsizer that will limit the
settling time to well above what is required by MB-OFDM UWBhi$ limit is due to a 528

MHz channel spacing mandating a maximum loop bandwidth o8 B2Hz. Frequency
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synthesizers are almost exclusively composed of charggpype-Il PLLs that use a fre-
guency/phase detector for a quick phase and frequencysaboi Due to the sampling
nature of the frequency/phase detector the system becamse&sbie if the loop bandwidth

approaches the reference frequency. Garder defined the lupjief stability [13]

(('%7'2)2

r(l+ 2= 25

I(7b = (2.3)

—27b
WeT2

wherea = exp( ), w. is the reference frequency of the synthesizés, the ratio of the
pole frequency to that of the zero frequency, ands the time constant of the stabilizing
zero added by the resistor of the loop filter. With= ¢ the gain marginis 10 dB, resulting
in a minimally stable closed-loop response of the PLL. Wit teference frequency of the
UWB synthesizer being 528 MHz (a 528 MHz reference frequemay chosen to allow
for an integer frequency synthesizer to be used), the uppérdf the loop bandwidth is
approximately 50 MHz.

The inability of narrow-band frequency synthesizers t&loc9.5 ns sparks the search

for new techniques, which include:

e A delay-locked loop with an edge combiner [14] - Instead afgs high-frequency
oscillator to generate the output signal, a low frequency. Blused and the outputs
of the individual delay cells are summed by an edge combiBgrselecting how
many delay cells are used in the feedback loop, the desiegddincy multiplication

factor can be obtained.

e A high frequency PLL with a frequency divider at the outpUi]1By having a fixed
frequency synthesizer with a programmable frequency diyichultiple output fre-
guencies can be generated. The synthesizer only needktmlte fixed frequency

at power-up, resulting in fast locking.
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e Direct synthesis utilizes the frequency translation fiorcof single side band mixing
[16] [17][18] [19] [20] [21] [22] [23] [24]. By multiplying multiple fixed frequency

synthesizers the sum or difference of their output freqigsnis generated. By hav-

ing one of the fixed frequency synthesizers set to the midalieer of mode-1 and

the second fixed frequency synthesizer set to 528 MHz, we eaergte all 3 of

the mode-1 carriers. Because the fixed frequency synthienéy need to achieve

frequency and phase lock at the power-up the channel hobiaglirect synthesis

frequency synthesizer has a short lock time.

2.3 Delay-L ocked Loop Freguency Synthesizer

o—» > 528-MH
samiiz _|PFO[ ] cP | % vco |5 z
+12
frefo PFD& Ve
— CP l C
R—|
PFD& | | % VCDL (N stages) [—
— CP
— o o o
PFD&
— CP -
Sel ; Edge Combiner |ofy,
( 2 bits)°

Figure 2.2: DLL based frequency synthesizer [14].
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The basic DLL frequency synthesizer is shown in Fig. 2.2. olisists of a phase
detector, a charge pump, a loop filter, delay line, and edgebawer. In the place of the
voltage controlled oscillator in a PLL, a DLL uses a voltagattolled delay line driven
by a reference oscillator. The DLL is a first-order systent syl capable of fast locking.
The short locking time makes DLL-based frequency syntleesiattractive for MB-OFDM
UWB.

No frequency multiplication occurs in the loop of a DLL besauhe frequency of the
reference oscillator is fixed and the delay line cannot #ftefrequency of the signal . The
multiplication of the reference frequency is obtained bypngsn edge combiner. When the
DLL is locked the reference oscillator and the output of tkéad line are shifted by 180
degrees. The 180 degree phase shift is equally divided athengdelay cells of the delay
line. Each delay cell has a phase shiftgfwherelV is the number delay cells in the delay
line. When the edges of the delay cell of the DLL are combimedrésulting frequency is
multiplied by a factor ofN. Mismatches in the delay times and layouts of the delay cells

and edge combiner will cause spurs in the output spectruncamdause 1SI.

2.4 Miller Divider Based Frequency Synthesizer

The reason classical frequency synthesizers cannot l0@lsins guard period is due to a
finite closed-loop bandwidth. As described previously, ¢lused-loop bandwidth is lim-
ited to a10*" of the reference oscillator’s frequency. Instead of hafiequency hopping
occurring inside the closed loop of the PLL, the frequeneydgir can be placed outside the
loop therefore not requiring the PLL to re-acquire phasefeegliency lock during channel
hopping [25]. A classical PLL locks to a fixed frequency at stert-up. It is followed by

a programmable frequency divider [15]. The architecturéheffrequency synthesizer is
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Frequency @—r>®7 % o f

Synthesizer

Figure 2.3: Architecture of [15] showing a fixed synthesized
modified Miller frequency divider.

shown in Fig. 2.3. It consists of a fixed frequency synthegizeducing a 7.92 GHz refer-
ence signal, which is used to drive a divided-by-7.5 fregyetivider and a programmable

Miller frequency divider.

LPF

foH?_ % fout

Figure 2.4: Miller frequency divider.

Miller frequency divider shown in Fig. 2.4 consists of a mxad a bandpass filter.
The mixer mixes the output of the reference oscillator wishown output. The output of

the mixer is given by
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Figure 2.5: Modified Miller divider [15].

fo - fout = fout7 fout = %- (24)

Eq.(2.4) shows that once the Miller divider has reached ailibgum state, its output
will be half the reference frequency. The modified Millerquency divider presented in
[15] is shown in Fig. 2.5. The feedback mixer modifies (2.4 in

fo  AS

fo_(foutj:Af):fouta foutZEi 9 . (25)

By using the modified Miller frequency divider in the arcloitgére presented in [15]
the first 3 channels of UWB can be synthesized. The modificatidhe Miller frequency
divider that allowed the additional 2 UWB channels also ltesuin spurs in the output

spectrum.

2.5 Direct Synthesis Frequency Synthesizers

The most common method for generating carrier signals of DM is direct synthesis
[16] [17] [18] [19] [20] [21] [22] [23] [24]. Direct synthes modifies the output of a

fixed frequency synthesizer but doesn’t require a carrigceihat of the desired output
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frequency. Direct synthesis falls into two categories:P@rallel synthesis shown in Fig.
2.6 [26] [27], and (ii) single side band mixing. For parabghthesis no locking is required
by using a separate RF path for all the required channelsdiidveback of this architecture
is the high silicon area and power consumption. The need $gnthesizer and a mixer in

every channel is difficult for mandatory mode-1 devices angractical for a UWB with

Voo BandI Select
% NSy 0-36 dB
. |
.'g"'>®_ﬂ_> 4th Order
4 SK Filter

all 14 channels.

LNAS
0-14 dB |
Band ! A i
Gainse|e°t§ PLLy| PLLy| PLL3|  4st-Order
T Switch Stage E
' va |
Band
Select

4th Order
‘@ “| skFitter |72

Figure 2.6: UWB receiver using multiple RF paths tuned tdhezfc
their respective bands [26].

A more common architecture for direct synthesis is by meé&sigle side band (SSB)
mixing. By using a SSB mixer a high frequency carrier can legdency translated by
the channel frequency offset of 528 MHz. An example of a SSBembased frequency

synthesizer is shown in Fig. 2.7.
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Figure 2.7: MB-OFDM frequency synthesizer based on dirgetieesis
[28].

While SSB allows for the creation of all 14 channels of MB-QW#ith settling time
well under 1 ns, SSB mixers create sidebands located at therad the adjacent channels
that might cause ISI. These spurs are due to the non-liresaat the SSB mixer, and I/Q

mismatch from the oscillators. An example of the generapenlssis shown in Fig. 2.8.

2.6 Performance Comparison

Table. 2.4 compares the performance of published MB-OFDMBUYWquency synthesiz-

ers. Several trends are observed:

e Most of the frequency synthesizers are fabricated on low@bOS processes, with

0.18m CMOS the most widely used.

e All of the MB-OFDM UWB frequency synthesizers suffer frometigeneration of

spurs, with the largest spurs occurring directly ontop gaeeht channels. These
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Figure 2.8: The output spectrum of [22] showing spurs

spurs are due to the open-loop architectures being usedé&rage the UWB carrier

with lock time under 9.5 ns. These spurs will reduce the $eitgiof the receiver.

e MB-OFDM UWB frequency synthesizes have an average poweswaption of 11.2
mW per channel. These power consumption figures are a rémulhdcessity of
multiple PLLs and SSB mixers, both require large power corsion for proper

performance.

2.7 Chapter Summary

An overview of UWB for wireless communications has been@nésd. The two standards
for UWB transmission namely DS-UWB and MB-OFDM have beertgésed. DS-UWB

uses the direct modulation of narrow pulses to represerttdse-band data. It is difficult
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Table 2.4: Comparison of state-of-the-art UWB frequenaytisgsizers.

Ref. | Technology Lock | Spur | Phase Total | Power
time | Level | Noise Power| per Band
[ns] | [dBc] | [dBc/HZ] | [mMW] | [mW]

[14] | 0.18um CMOS 8 35 | -120 54 |18
[15] | 0.18um CMOS| 4 | -25 | -109 47 | 156
[25] | 90nm CMOS | 9 32 | -120 55 | 3.9
[16] | 0.18um CMOS| 2 -40 65 | 16.25
[17] | 0.18um CMOS| 1 37 | -103 48 | 6.85
[19] | 0.18um CMOS| 2.4 | -20 34 |11.3
[21] | 0.18um CMOS| 2 26 | -98 68 | 22.6
[29] | 0.18um SiGe | 3 40 | -130 88 |12.6
[28] | 0.18um CMOS| 1 37 | -110

[22] | 65nm CMOS | 6 43 | -128 43 |48
[23] | 0.18um CMOS| 3 -30 45 |32
[24] | 0.18um CMOS| 3 33 | -08 117 | 8.3

to synchronize the transmitter and receiver. MB-OFDM useeertraditional narrow-band
techniques by sub-dividing the ultra wide-band into smahds of bandwidth 528 MHz.
MB-OFDM uses orthogonal frequency division multiplexirg high channel efficiency.

A state-of-the-art review of existing MB-OFDM UWB frequgneynthesizers has been
presented. MB-OFDM places a greater constraint on lock &éinteless constraint on phase
noise. We have shown that the lock time is the greatest ciggléor MB-OFDM UWB
frequency synthesizers. A guard time of 9.5 ns requires b@omwidth larger than that set
by the stability of PLL based frequency synthesizers. Thermon approaches to perform
frequency synthesis for MB-OFDM UWB have been investigated

The first approach is DLL based frequency synthesis. A DLhéspable of frequency
multiplication, with the addition of an edge combiner, fuegcy multiplication can be per-

formed. By controlling the number of the delay cells in thiagidine a programmable DLL
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based frequency synthesizer can be created. Low-frequ2icy are able to establish a
very quick lock because only phase lock is required. DLL fiestcy synthesizers generate
spurs due to mismatching in the delay cells and edge combiner

The second approach is the fixed frequency synthesizer ithggammable frequency
divider. By having the programmable frequency divider &t dlitput of the VCO and not
in the VCO feedback loop phase and frequency lock only neetie testablished during
power-up. The modification of the miller frequency dividésaresults in spurs at the
output of the divider.

The third and also most common frequency synthesis for MBXRJWB is direct
synthesis. There are two approaches for direct synthesmely parallel synthesis and
SSB mixing. Parallel synthesis requires the generatiofi Oh&B channels using multiple
frequency synthesizers, resulting in a large silicon arebhagh power consumption. SSB
mixing is the most common approach for MB-OFDM frequencytbgsis. It suffers from
spur generation due to the use of SSB mixing of multiple fixeddiency synthesizers.

It is evident that existing MB-OFDM UWB frequency synthesiz suffer from the
generation of spurs due to the use of open loop architectidgsct synthesis frequency
synthesizers suffer from high power consumption due to #e af multiple frequency

synthesizers and single side band mixers.
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Chapter 3

Current-Mode Phase L ocked L oops

PFD

upP

Y.

DN

Charge pump

Voltage-mode

loop filter
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Voltage-controlled oscillator

el

Rij-cz

Figure 3.1: Configuration of type Il voltage-mode PLLs.

A typical configuration of conventional type Il PLLs is showrig. 3.1. We shall term
these PLLs voltage-mode PLLs as the oscillation frequeridye oscillator is voltage-
controlled. Many new topologies of and design techniquesdtiage-mode PLL, such as

supply-regulated PLLs [30], PLLs with dual-slope phasstrency detectors [31], PLLs
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with frequency tracing circuits [32], [33], PLLs with adap loop dynamics for fast lock-
ing [34], a half-duty sampled feed-forward loop filter fofeeence spur suppression [35],
calibrated phase/frequency detectors [36], and glitek-ftharge pumps [37], to hame a
few, emerged. One of the main drawbacks of voltage-mode Fi.ttse limited dynamic
range of the control voltage. The current-mode PLLs progasehis chapter and shown
in Fig. 3.2 replaces the conventional voltage-mode RC |dtgy fivith a current-mode RL
loop filter. Using current as a control signal the dynamigeanf the control signal is no
longer limited by the supply voltage. The magnitude of thietoa signal is not limited by

the output of the active inductor gyrators.

Current-mode
loop filter

¢_ pronesmsassessesseseany Current-controlled oscillator
in _,| A S e ————

PFD (Y Y AA ~
Pyeo i i

Figure 3.2: Configuration of current-mode phase-lockeg$o0

Section 1 of this chapter introduces modern techniquesdtilitg the problem of sup-
ply scaling in voltage-mode PLLs. Section 2 introduces thacept of current-mode filter-
ing that will be used to replace voltage-mode filtering. Tinguictance of the current-mode
filter will be implemented using active inductors. A detdilenalysis of active inductors
will follow. Current-controlled oscillators are studied Section 3. Section 4 develops
closed-loop expressions for current-mode PLLs. The phase of current-mode PLLs is
investigated in Section 5. Section 6 provides the simutatésults of an active inductor

based current-mode PLL. The chapter is summarized in $ettio
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3.1 Low-Voltage Voltage-ModePLLs

The different scaling factors of the supply and thresholdages reduces the control volt-
age range. The noise present on the control signal remaaisanged. To compensate for
the drop of supply voltage, VCO sensitivity has to increaserder to maintain the same
frequency tuning range. The increase in VCO gain makes th® Yre susceptible to
noise. Two techniques for combating the reduction of theadyic range of the control
signal are supply regulated PLLs [38, 39, 40, 41, 42, 43] affdrdntially tuned PLLs
[44, 45, 46, 47).

REFBR—>{ e

ouT

Figure 3.3: Configuration of a supply regulated PLL.

A supply regulated PLL is shown in Fig. 3.3. The VCO'’s suppijtage is a buffered
replica of the control signal. By using the control signattes VCO'’s supply voltage the
VCO is decoupled from the noisy VDD of the system. Using a l&gu to supply the VCO
limits the topology of the VCO to ring oscillators. One of ttigallanges in the design of a
supply regulated PLL is highlighted in Fig. 3.4. The regatatonsists of an op-amp and a
large pMOSM,,. A large decoupling capacitd?, is usually added to filter the VDD of the
VCO. The addition of the decoupling capacitor and large pM@gates two poles, and

w,. Both polesv, andw, must be an order of magnitude higher than the loop bandwidth o
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the PLL. If the bandwidth of the regulator is not sufficierttigher than the loop bandwidth
they will degrade the phase margin. To hayehigher than the loop bandwidth and still

effectively filter the VDD of the VCO. an op-amp is reauired.

Vb

Figure 3.4: Configuration of a supply regulated VCO.

A differentially tuned PLL is shown in Fig. 3.5. The differsgadly tuned PLL uses
a differential control signal. By having a differential ¢om signal the dynamic range is
effectively doubled. To generate the differential consmnal the PLL must have two
PFDs and two charge pumps, and a differential loop filter,ollog power and silicon
consumption. Having two charge pumps also creates a probienatching, a mismatch
between the two charge pumps generates considerable salifferentially tuned PLLs.
Another challenge with a differentially tuned PLL is thaet’CO must be differentially
tuned, requiring a unique VCO topology.

Supply regulated PLLs are not suitable for UWB frequencytisgsizers due to power
consumption. The large loop bandwidth of a UWB frequencytisgsizer will require a

high powered op-amp with an output pole of tens of gigahddifferentially tuned PLLs
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Figure 3.5: Configuration of a differentially tuned PLL.

are also not suitable for UWB frequency synthesizers. Thagpter explores current-mode

techniques for frequency synthesizers.

3.2 Current-ModeFiltering

3.2.1 Current-Mode Loop Filter

Current-mode filtering is widely used in power electronios fic-dc conversion where
a constant output current is required. Current-mode filtpdiffers fundamentally from
voltage-mode filtering where sustaining a constant outpltiage is the objective. A typical
current-mode low-pass filter consists of an inductor andster in series, as shown in Fig.

3.6. Let the input voltage soureg, (¢) be a square-wave generator with amplitdfeand
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duty cyclet,,,/T, whereT is the period and,, is the ON time. The inductor current is

given by

Vi _ —t/T . —\,—t/T <t<
(1) = (1 —e ) +ig(07)e ™7, 0<t<t,n, (3.1)
i (t; e (tmton)/T, ton <t<T,

on

wherer = £ is the time constant, (0~) andi(t,,) are the initial current of the inductor
att = 0 andt = ¢,,,, respectively. Ifr is sufficiently large, we have ~1 — L and (3.1)

is simplified to

Vil 4 (07) (1= L), 0<t<t,,

is~q "7 . (3.2)
ZL(ton)(]' - %)7 Lon <t<T.
Vin“
Vi
L 17, 0
+
Vin R IL A
0 ton T ¢
(a) (b)

Figure 3.6: Characteristics of current-mode loop filter.

For fixedV,,, the dc component of the inductor current is a function ofdtiy cycle.
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3.2.2 Gyrator-C Floating Active Inductors

Active inductors synthesized using active devices offeratlvantages of a large and tun-
able inductance and virtually no silicon area requiremesgr dheir spiral counterparts
[48, 49, 50, 51]. Two back-to-back connected transcondsctaown as gyrators, with
one port terminated with a capacitive load, as shown in Fig(a}, exhibit an inductive
characteristic at the other port. In the ideal case wherethé impedance of the transcon-

ductors is infinite, the admittance looking into port 1 of gyeator is given by

1
(65 Gor
s (gmlgm2 ) + Im19gm?2

Eq.(3.3) can be represented equivalently by&ie” network shown in Fig.3.7 with

Y(s) = sCy + Gog + (3.3)

Ry=2, Ry=-52 (C,=C, L=-X (3.4)

Im19m?2 ’ Im19m?2 ’

To find out the effective frequency range over which the gyrét inductive, we examine

the impedance of the inductor:

R, sL 41
) R, o (3.5)

Z(s) = (
Ll 524 S(Rplcp + RT) + ®.GL
When complex conjugate poles are encountered, the impedhasdats resonant frequency
WoR 4 /L%p = J/wnwe, WhereR,> R, was utilized andv;; » = *"g%; is the cut-off fre-

p— RS p—
quency of the transconductors. Observe that) has a zero at the frequengy = 7= =

%—011. The Bodé plots of/(jw) are sketched in Fig. 3.7(b). It is evident that the gyrator is

resistive whew < w., inductive whenv, < w < w,, and capacitive whea > w,.

Fig.3.8 shows the inductance of the active inductor medsate8 GHz with the dc

voltage of the input node of the active inductor swept. Magblighed work on active
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Figure 3.7: (a) Configuration of floating gyrator-C activduictors.G,,;
and( are the output conductance of transconductor 1 and
the input capacitance of transconductor 2, respectivi)y. (
Bodé plots of gyrator-C active inductors.

inductors assumes that the transistors of the two transwboi are in saturation. When
the devices are biased near the pinch-gff,is reduced. Further, when the devices are in
the triode, they behave as a conductor with its nearly cahstanductance,, < g,,. The
preceding analysis reveals that even when the transistéhe @ctive inductors enter the
triode region, they still behave as an inductor, except withrger inductance. It should
also be noted that although the output voltage of the prageplihase detector could be
rail-to-rail swing, the resistor preceding the active iottw in the loop filter and the gate
capacitance of the transistors forming the active induatat the swing of the voltage at

the input of the active inductor to a rather small range.
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Figure 3.8: Fully differential gyrator-C active inductarauit. Circuit
parameters W176 = 5,um, W2737778 = 05,um,
W475 = 100,um, ande,lo = O5,um L= 018um for all
transistors() - Dependency of the inductance of the
floating active inductor on the biasing voltagg at 3 GHz.

A - Large-signal behavior of the floating active inductor at
3 GHz.

3.3 Current-Controlled Oscillator

Unlike voltage-mode phase-locked loops, the phase/freryuadjustment of current-mode
phase-locked loop is achieved by a current-controlledlasmi with its control signal being
the output current of the preceding current-mode loop filfdre schematic of a CCO is
shown in Fig. 3.9a. It is a.C-tank oscillator with active inductors proposed by Ismail
et al. in [52, 53, 54]. The tuning of the self-resonant fretpyeof the tank is achieved by

tuning the bias current af/; . M7 s form the trans-impedance amplifier that converts the
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control current/.. to a control voltage. The use o6f; is to reduce the capacitance seen by
I.. Without Mg, a large capacitance will exist at the input of the CCO. Thgacitance will
form anLC network with the large inductor of the preceding currentdetop filter. The
low resonant frequency of theC' network given byw, = \/% results in low-frequency
ripples on the control line of the CCO. These low-frequenpples are then up-converted
to the high-frequency carrier output of the CCO, resultimgystematic phase noise. Fig.

3.9b shows the frequency tuning range of the current-cthettroscillator.

3.6

M1 M4 J2 34
Vb1 Vb1 Vb2
M2 p- M5 M8 32
o -
S st
m3|| I o|{[m7 3
M6
32.8’ b
26 b
@I < I@m
24t 1
0 50 100 150
Control current (uA)

(a) (b)

Figure 3.9: (a) Current-controlled oscillator with curreguse active
inductors. Circuit parameterd¥; = 10pum, Wy = 3um,
Wss = 10,um,W5N6 = 5um,W7 = 5um,]b =1
MA, I, = 100uA,V, = 1V, Ve = 0.2 V. (b) Frequency
tuning range of the current-controlled oscillator

3.3.1 ReplicaBiasfor Activelnductor VCOs

One of the major disadvantages of using active circuitsmbhssize the behavior of passive

components is the voltage dependency of the transcondigctanthe supply voltage. To

36



reduce the effect of this dependency, a technique knownpdisaebias was employed in
design of the loop filter [55]. The replica bias circuit ajgplito the active loop filter is
shown in Fig.3.10. The active loop filter is formed b _,,, the half replica is formed by

M;i1_13 and the op-amp is realized By;,_1s.

T

M13|p %
e

an
11§

M
A

B

Figure 3.10: Fully differential gyrator-C active inducteith replica
biasing.

The half replica circuit replicates the DC bias conditiorttod circuit to be used as a
reference to minimize the effect &, fluctuation on the circuit. With the replica circuit
being equally affected by, fluctuationV, of the load transistors is the same. By com-

paringV,, to the reference voltage the error can be used to adjustéisesbias to maintain
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Figure 3.11: Distribution of the inductance of the activeéuntor
without replica biasing due to process variations (500
samples in Monte Carlo simulation)

a constant/,,. The constant,, maintains a constant load, a constant gain, subsequently a

constant inductance.

Table 3.1 compares the effect of the fluctuation of the suppliage on the inductance
of the active inductor with and without replica biasing.dtseen that the inductance of the
active inductor without replica biasing is sensitivelfg,, fluctuation with a sensitivity of
0.167 nH/mV. It is reduced to 0.0235 nH/mV when replica lsigss used. The effect of
process spread on the inductance of the active inductovésiigated using Monte Carlo
simulation. The non-replica bias and replica bias indumtarare shown in Fig.3.11 and
3.12 respectively. It is clear that the replica bias givesoaenconstant inductance. Itis seen

that a large degree of the spread of the inductance of theeaatiuctor without replica
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Figure 3.12: Distribution of the inductance of the activeuntor with
replica biasing due to process variations (500 samples in
Monte Carlo simulation)

biasing exists. When replica biasing is employed, the faeklmechanism significantly

reduces the effect of process spread on the spread of thetamahe of the active inductors.

3.4 Loop Dynamicsof Active-Inductor based Current-Mode
PLL

Fig.3.13 shows the basic configurations of current-mode lidters for types | and Il
current-mode PLLs. In the vicinity of the lock state, be@atlge phase variation is small,
PLLs can be considered as linear systems and conventiai@hsain approaches can be

used to analyze PLLs.
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Table 3.1: Effect ol/pp fluctuation on the inductance of active
inductors with and without replica biasing.

Vpp | Inductance Inductance

(V) | with replica (nH) without replica (nH)
1.70| 193.2 154.2

1.74| 193.7 146.6

1.78| 192.8 139.6

1.82| 1914 133.4

1.86| 189.8 126.9

1.90| 188.5 120.7

----------- Vpd L R |

.............

RL

lowpass %

Figure 3.13: Current-mode filters for type | and type Il catrenode
PLLs.

34.1 Typel Current-ModePLLs

Consider type | current-mode PLLs shown in Fig.3.14. Leteglect the series resistér

for the time being. The closed-loop transfer function of . is given

(DO(S) K chco 1
Hels) = = 3.6
(s) D, (s) L g Ko (3.6)

whereK,; and K., are the gain of the phase detector and that of CCO, resplyctives
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Figure 3.14: Phase diagram for type | current-mode PLLs.

seen that the system has two purely imaginary poles andaseftire, marginally stable.
To stabilize the system, a resistor can be added in seribghégtinductor. The closed-loop

transfer function becomes

Kdecco 1

(3.7)

Kdecco ’
L

The added resistor moves the poles from the imaginary axtsetteft half ofs-plane and

stabilize the PLL. The system is now a Type | PLL. The loop bedth w, and damping

factor¢ are given byw, = \/% and¢ = 1/4[%3%. The damping facto¢ can be

tuned by varyingk without affecting the loop bandwidth.

3.4.2 Typell Current-ModePLLSs

: R :
b + Vpd : cDout

I{CCO

Figure 3.15: Phase diagram for type Il current-mode PLLS.
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The loop can also be stabilized by adding a resistor in gradith the inductor, as

shown in Fig. 3.15. The closed-loop transfer function irs ttase is given by

Kdecco sL + R

RL 2 Kdecco Kdecco :
5%+ s—+FHp— + —%

He(s) = (3.8)

The system is now a type Il PLL with loop bandwidth) and damping factof given by

Wy, = % and¢ = Kp‘jj;;wL. It should be noted that the resist®provides a direct

path for high-frequency disturbances from the phase datéatbypass the loop-filtering
inductor, deteriorating the phase noise. To eliminate dngsvback, an inductor with a
small inductancel(;) can be added in series with the resistor as to block higiu&acy

ripple currents passing through the resistor shown in Fig.6.31t is evident that these

configurations bear a strong resemblance to their voltaggernsounterparts.

1
OJE Vod s
in—s-O—— Kpq pd § /\/\/_(m f Keco out
: e

Figure 3.16: Phase diagram for type Il current-mode PLL& wit
additional inductor.

3.4.3 Non-ideal Cases

As shown earlier that active inductors have parasities R, C,). In this section, we
investigate the effect of these parasitics on the loop dycsof current-mode PLLs. Con-
sider type | current-mode PLLs first. Because typicéljy> R and R>> R, hold, R, can be

neglected. It can be shown that the phase transfer functitn(y neglected is given by
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K chco sL —+ R
HC(S) = p P ) (39)
LRp 32 + S(% + Kp}i%lp(cco) + Kpdi(cco

The loop bandwidth and the damping factor are given by

Kdecco Rp
= , 3.10
“ I \|R+R (3.10)

R 1 1
_EB JE KL 3.11
S S\ Kkl 2, Y (3.11)

The loop bandwidth is approximately the same as that of thalidase and the damping
factor is increased slightly. Whefi, is considered, because it is in parallel with, the
phase transfer function in this case is given by (3.9) iftreplaced withZ,, = Rp||ﬁ.
The results of both the loop bandwidth and damping factarsare nearly the same as the
case whert, is neglected. Let us now consider type Il cases. Negia@asR,>R. The
phase transfer function whe, is neglected is given by

KpiKeco sL+ (R+ Ry)

LRp 32+S(% + Kpdgcc()) + Kpdfcco(l + %)

H(s) = (3.12)

The loop bandwidth and the damping factor are given by

Kdecco\/ Rs
n = 1+ —, 3.13
¢ \/ L R (3.13)

R | 1 1 | LEKpqK o
- S — i — 3.14
¢ 2\ KpaKeool 2 R? ( )

It is seen that the bandwidth remains approximately unobam@ad the damping factor is

increased slightly. Whef,, is considered, it can be shown that both the loop bandwidth
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and damping factors remain nearly unchanged.

3.5 PhaseNoiseof Current-Mode Activelnductor PLLS

To analyze the phase noise of the current-mode PLLs in thedtate, consider the type |
current-mode PLL of Fig. 3.17 where the noise from the infhé,noise of the active loop

filter and that of the CCO are considered. The phase noise atiiput of the PLL is given
by

L+ R KpaKeeo Keeo
%NCCO(S) + pdA Nz (3) + NLP(S)a

Ny(s) = A

whereA = s?L+ sR+ KpiK o Itis seen that noise from the input and that from the looprfiib

the output of the PLL have a low-pass characteristic whetesdrom the CCO to the output of the
PLL has a band-pass characteristic. These noise transemathristics bear a strong resemblance
to those of voltage-mode PLLs. The phase noise of type lectmimode PLLs can be analyzed in a

similar way.

I<CCO

Figure 3.17: Phase noise analysis of Type | current-modesiithe
lock state.
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3.6 Simulation Results of Active-Inductor Current-mode

PLL

A current-mode PLL has been implemented in TSMC-Qrh81.8V 6-metal 1-poly CMOS tech-
nology and analyzed using SpectreRF from Cadence Desidar8ysvith BIM3.3v device models.
The simplified schematic of the PLL is shown in Fig. 3.18. Aealiéntial voltage buffer is inserted
between the CCO and phase detector to restore the voltagg.sWhe PLL is designed to operate
at 3 GHz. The current-mode loop filter consists of al3 active inductor with an output current
capability exceeding the required 44\ to achieve lock. Each side of the inductor is connected
to a 2.25 K2 poly resistor. The parasitic series resistance of the eatiductor R, whose value is
usually much smaller than 2.25k has a negligible impact on the loop dynamics of the PLL. The
parasitic parallel resistak, and capacitoC, of the synthesized inductor, however, provide direct
paths from the phase detector to the CCO for high-frequerstyrdances to bypass the loop filter,
deteriorating the phase noise of the PLL. The layout of the Blshown in Fig. 3.19.

LT .
|24 . R o
pd Active N
¥in ib V'V inductor Viv— CCO v:+[>
— ?/oltage
T oip buffer

Figure 3.18: Simplified schematic of the proposed curreottenPLL.

Fig. 3.20 shows the output current of the current-mode ldtgr fivith various duty cycles of
the input voltage. It is seen that the dc component of theubutprrent of the loop filter varies
with the duty cycle of the input voltage. Fig. 3.21 shows tfiea of the fluctuation of the supply
voltage on the cut-off frequency of the loop filter. It is sdbat the cut-off frequency is sensitive
to Vpp fluctuation, calling for replica biasing. This differs froRL loop filters employing spiral

inductors whose cut-off frequency is independent of suppliage fluctuation. Fig. 3.22 compares
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Figure 3.20: Dependence of the output current of currerderioop
filter on the duty cycle of the input voltage (post-layout).
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Figure 3.21: Effect of the fluctuation of supply voltage oa tut-off
frequency of the current-mode loop filter (post-layout).

the effect ofVpp fluctuation on the oscillation frequency of CCOs with (i) e inductors and
(i) active inductors. It is observed that LC-tank CCOs vatttive inductors are more sensitive to
Vpp fluctuation, revealing that the minimization of switchingise is critical to the operation of
active inductor-based LC-tank CCOs. Fig. 3.23 plots thdrcbourrent of the current-mode PLL.
The PLL reaches the lock state in 50 ns approximately. Theehaise plot is shown in Fig. 3.24.
The phase noise of the PLL is -84.5 dBc at 1 MHz frequency b#iad -70 dBc reference spurs at
125 MHz. The effect of process variations on the performaridhe proposed PLL is investigated
using corner analysis and the results are tabulated in TaBle Fig. 3.25 shows the effect of
Vpp fluctuations on the phase noise of the proposed current-Rotle The power consumption
of the phase detector, the current-mode loop filter, and @ @re 90.5:W, 100.1uW, 12.2 mW,
respectively. The power consumption of the current-mode fiter is negligible, mainly due to its
small dc biasing current required for obtaining a large otdnce. The layout area of the PLL is

2800 um?.
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Figure 3.23: Control current of the proposed current-mdde P
(post-layout).
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Figure 3.24: Simulated Phase noise of the proposed cumede PLL
(post-layout).

Table 3.2: Corner analysis results of the PLL (post-layout)

Process| Phase noise at IMHz Loop bandwidth Lock time
corner | frequency offset (dBc) (MH2) (nsec)
TT -84.5 125 50
FF -76.5 220 63
SS -93 117 116
FS -90.8 140 46
SF -72.9 85 150

3.7 Chapter Summary

An in-depth examination of the principle of current-modéefihg and its application to PLLs have

been presented. Current-mode PLLs use currents as coiginals By using currents as control
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Figure 3.25: Effect ol/pp fluctuation on the phase noise of the
proposed current-mode PLL at 1MHz frequency offset
(post-layout).

signals instead of voltage the dynamic range of the conigolats is decoupled from the voltage
supply scaling.

We have shown that using current-mode filtering to replattage-mode filtering yields current-
mode PLLs. The oscillator of the PLLs must also be change fro/oltage controlled oscillator
to a current controlled oscillator. We have shown that curreode filtering can be implemented
using inductors. ArRL filter effectively filters the signal from the phase dete@nd controls the
oscillation of the CCO. We have also shown that the curreerifilg inductors can be implemented
using active inductors.

The second part of this chapter focused on the use of actiliesiars current-mode filtering in
PLLs. We have shown that type | and type Il current-mode Plav&tihe same loop bandwidth and
damping parameters as those of their voltage-mode coamtelfe have also shown that the phase

noise performance of current-mode PLLs bears a strong t#aapne to that of voltage-mode PLL.
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Chapter 4

Current-Mode Phase L ocked L oopswith

Active Transformers

One of the drawbacks of inductor-based current-mode PLUisieed for a large inductor in the
loop filter. This chapter proposes the use of transformetisdérioop filter of current-mode PLLs to
utilize the mutual inductances of the transformer to imprthe performance of the loop filter. The
transformers are implemented using coupled active indsictSection 1 introduces current-mode
filtering using transformers. A detailed analysis of thd-seluctances, mutual inductances, and
noise of active transformers is provided in Section 2. $actidevelops the closed-loop expression
of active transformer current-mode PLLs. The phase noiseation 5 provides the simulation

results of active-transformer current-mode PLLs. The tdrap summarized in Section 6.

4.1 Current-ModeFiltering

4.1.1 Current-Mode L oop Filter with Transformers

A transformer-based current-mode low-pass filter can betoacted by connecting a resistor in

series with the primary winding of a transformer, as showRim 4.2. For current-mode circuits,
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Figure 4.1: Configuration of current-mode phase-lockegs$assing
transformer filtering.

the load of the secondary windirig, is ideally zero, this leads t6:(s) = 0. Because

Vin(s) = Rii(s) + Vi(s),
Vi(s) = sLi111(s) + sMyaIs(s), (4.1)
Vo(s) = sLools(s) + sMa1I1(s),

where L1; and Ly, are the self-inductance of the primary and secondary wislinespectively,

M-, and M5 are the mutual inductance from the primary winding to theoedary winding and

that from the secondary winding to the primary winding, extely, we arrive at

IQ(S) __ M21 1 (4 2)
Vin(s) R1Los s(—L“LQI%l_LJZ[;QMm) +1 '
It is evident that the filter is a low-pass with its cutoff fremncy given by
Ry 1
3dgB=——F—. 4.3
W_3dB Lll (1 B M12M21) ( )
L1 Loz
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Figure 4.2: Current-mode loop filter using passive tramsfos.

4.2 CMOSACctive Transformers

The active transformer proposed in this chapter evolva®s Wdu's current-reuse active inductors
of Fig.4.3(a) [56] and consists of two coupled active indust as shown in Fig.4.3(b). Active

transformers are two-port networks depicted by

Vi= le(s)fl + Zlg(s)fg,
Vo = Zo1(s) 11 + Zaa(s)1o,

(4.4)

whereZ;1(s) andZaa(s) are the self-impedanceg;2(s) andZs; (s) are the transimpedances.

421 Sdf-inductance of Primary Winding

The input impedance of the primary winding with M1 and M2 itieal is given by

Cos
g Fg t1 (4.5)
C2 2 gm_ ﬁ
gs 8% + chs + oz,

ZH(S) =

The frequency of the zero and the self-resonant frequendpeoprimary winding are given by

Wyl = C"; andw, 11 = gg respectively. The primary winding is inductive when;; < w <

wo,11. The self-inductance, parasitic series and paralleltaasigs, and the parallel capacitance of

the primary winding, denoted b¥1, R11s, R11,,, andChy , respectively, are obtained from the
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admittance of the primary windingR11 , ~ gim, Ry =~ g%;, Ci1p = Cys, andLy; = C;g Note

Im>>g, Was utilized. Also noteZ;;(0) = R11,3||R11,ngo/g§1. The preceding results show that a

small dc biasing current is needed in order to obtain a laetféreductance of the primary winding.
It should be noted that whef,, is considered(’y; , and Ly, increase slightly while?, and R

remain unchanged.

+ +
Vi || v,
Po oS
I Iy

S P S

+ +

M2) 9 |:> \:1 é”é;
MI I—u—| M3

() (b)

Figure 4.3: (a) Wu’s current-reuse active inductors. (lopesed
CMOS active transformers.

4.2.2 Sdf-inductance of Secondary Winding
The impedance looking into the secondary winding is given by

Cys
Jo sgi—l—l

= 2 o2 9m gmYo *
Css s + s+

gs

ZQQ(S) (46)
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o v dmZGo
It has a zero at frequenay, 22 = é]gs and the self-resonant frequenegy »» = oo The sec-
ondary winding is inductive whew, 20 < w < w,22.The self-inductance, parasitic series and
parallel resistances, and the parallel capacitance ofetbenslary winding, denoted bfy,,, Roo s,

Cys
g2

Ry, ,, andCoy ,, respectively, are given bty , ~ gi Rog s = g%' Cap = Cys, andLyy =

AlS0 noteZa(0) = Rag s||Ra2 p=1/gm.

4.2.3 Mutual inductance from primary to secondary windings

The voltage at the secondary winding terminal is obtainethfthe small-signal equivalent circuit

of the winding

SCgs + 9o gfn(sC’gs + go)

Va(s) =~ I, —
( ) 820923 + SCgsgm + ImYo (SCgs + gm)(32033 + SCgsgm + gmgo)

c

The voltage at the coupling node C is obtained by solving tiragry winding

9m Il
V.(s)~ . 4.7
<(#) 207, 8% + s + B *.7)
s gs

The transimpedance can be quantified by substituting (@t@)4.7) withl, =0

% (sCys + 9o)
2 (sCys + gm)(s2CZ, + 5Cgsgm + gmGo)?

Zn(s) = — (4.8)

The cutoff frequency of the mutual inductance is givendgyy; = —%’f) approximately.
We comment on the preceding development w(ip, = w. 11. The lower frequency bound of the

inductive region of both the primary and secondary windiisgthe same. (iiJv, 20 < w,11. The
primary winding has a higher upper frequency bound, as teexiin Fig.4.4. (iii)Los > Lq1. This

agrees with the simulation results shown in Fig.4.4.
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Figure 4.4: Simulated self-inductance of the primary arabedary
windings and mutual inductance from the primary winding
to the secondary winding of the active transformer. Circuit
parameters W = 50um, L = 0.18um for all transistors,

Jp, Js = 150pA, Vin = 0.8V, and Vi, = 0.2 V.

4.2.4 Current-Mode L oop Filter Using Active Transformers

The schematic of the current-mode loop filter is shown in Bi§. The transformer is replica biased
to reduce its sensitivity t&'pp. Fig. 4.6 shows the dependence of the output current of the lo
filter on the duty cycle of the input voltage. Fig. 4.7 plote thependence of the bandwidth of the
loop filter onVpp. The loop filter with the replica-biased nMOS active transfer exhibits the

lowest sensitivity and was chosen in this design. Fig. 4d8vstthe dependence of the bandwidth of
the loop filter on the reference volta§g; of the auxiliary amplifier of the replica-biasing circuit at
all process corners (SS, SF, FS, FF) and in the nominal ppamexlitions (TT)V,3 is an external

voltage that can be tuned manually. For each process ctinedpllowing tuning range of the cutoff
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frequency of the loop filter can be obtained by varylrg from 0 to 0.6V : (i) FF : 50-900 MHz,
(ii) SS : 1-300 MHz, (i) TT : 3-600 MHz, (iv) SF : 2-400 MHz, an(v) FS : 27-770 MHz. The
location of the poles of the proposed PLL can be changed byingathe bandwidth of the loop
filter. This allows us to tune the loop bandwidtf) and loop dynamics of the PLL. The tunability
of the bandwidth of the loop filter provides an effective amdremic way to offset the effect of

process variation.

; 1
][] ¢ gllg s

VS
Vs pMOS transformer nMOS transformer

pMOS active transformer nMOS active transformer
\_ with replica biasing Y, \_ with replica biasing Y,

Figure 4.5: Current-mode loop filter. pMOS active transferm
Vii =12V, Vi =12V, Vi3 = 1.3 V. nMOS active
transformerV,; = 0.7V, Vi, = 0.7V, Vi3 = 0.5 V.
R = 6kS). L = 0.18um for all transistors. The numbers in
the figures are transistor width.

The inductances of the active transformer are inverselpgitimnal to the transconductance
of the gyrators. Normally the transistors of the gyrators biased in the saturation. When the

transistors are in the triode, they behave as a transcamdwdh its transconductanceg;; < gp,.
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Figure 4.6: Simulated dependence of the output current of
active-transformer loop filter on the duty cycle of the input
voltage.

In this case, an inductive characteristic exists with adaigductance. It should be noted that the
resistor and the input capacitance of the primary windingpefactive transformer limit the swing of
the voltage at the input of the transformer to a rather sraatje, ensuring that transistors connected

to the primary winding node remain in the saturation.

4.2.5 Quality Factors

The quality factor of the primary winding is obtained fronv[5

Quw) = == = =, (4.9)

- (4.10)
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Figure 4.7: Simulated sensitivity of the bandwidth of
active-transformer loop filter to supply voltage.

RC,
Qafw) =1 - =2

—WLC, =1 (2)% = (£2)? (4.11)

Wo Wo
@1 (w) quantifies the quality factor at low frequenci€$;(w) accounts for the effect of the finite

output impedance of MOSFETSs, afid (w) shows that the quality factor vanishes when approach-

iNg w,. To boostQ(w), % should be reduced.
P

4.2.6 Noiseof Activetransformers

The thermal noise and flicker noise of transisfaare represented by an equivalent noise current
source with its powei2; = (4kTgny + %)Af, where K is Boltzmann constant, T is the

temperature of the semiconductor junctigp, is the transconductance of the semiconductor device,
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Figure 4.8: The dependence of loop filter bandwidth on redias
reference voltage at process corners and in nominal
conditions.

K is the flicker-noise coefficient]; is the junction current, and is frequency. To quantify the

total noise of the active transformer, a noise-voltage geoev?2 and a noise-current genera%rat
the input of the primary winding are employed, as shown in Bi§. At low frequencies the noise

current and noise voltage are given by

B =i Tt ins (00 [T+ ) (4.12)

m

and
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2= (22)* 5 [zfﬁ + 125 + 25 + (g—m)%} - (4.13)

Figure 4.9: Noise equivalent circuit of active transformer

4.2.7 Active Transformerswith Multiple Windings

The configurations of active transformers with multiple @iifgs are shown in Fig.4.10.

4.3 Loop Dynamicsof Transformer Based Current-Mode
PLLs

From Fig.4.11, we have

Vpa(s) = RI1(s) + sLi111(s) + sMiala(s). (4.14)

Because the active transformer is uni-directiondl, = 0. For the secondary windingj(s) =
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Figure 4.10: Active transformers with multiple windings.
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Figure 4.11: Block diagram with noise sources of the PLL ckletate.

sLooI5(s)+sMoy 11 (s). Because the load of the secondary winding is a CCO whoseimpedance

is zero ideally, we hav&;(s) = 0. Further notingl.(s) = —I2(s), we arrive at

Mo Voa(s). (4.15)

L(s) = ——2
(5) Lyy(sLii + R) pd
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The cutoff frequency of the current-mode loop filter is obtal from (4.15) ‘wrr = Li The
11

transfer function of the PLL is given by

Do(s) KpaKecoMan
= 4.16
(I)Z(S) A ’ ( )

whereA = s2L11 Loy + SRLyo + KpaKccoMo1. The loop gain-bandwidth produet, and damping

KdeccoM21
=4 — 4.17
On =\ T (4.17)

R Loy
= . 4.18
¢ 2 \/KdeccoLllM21 (4.18)

We comment on the preceding development : (i) The PLL is tyig) The damping factog can

factor¢ of the PLL are given by

be tuned by varying? without affecting the loop bandwidth. (i}, = wrr/2. (iv) The higher
the self inductances, the smaller the loop bandwidth, thtetbéhe suppression of the transient
disturbances encountered at the input. (v) The larger thielahinductance, the larger the loop
bandwidth, the weaker the suppression of transient dighods at the input because lag,

allows these disturbances to couple to CCO more easily.

4.4 PhaseNoiseof Current-ModeActiveTransformer PLLs

To analyze the phase noise of the PLL in the lock state, censig). 4.11 where the noise from the
input, the noise of the loop filter, and the noise of the CCOcaresidered. The phase noise of the

PLL is given by

$L22($L11 + R)
A

KecoLoa(sLii + R)
A

choKde21

Ny(s) = A

NCCO(S) + NLP(S) + Nm(s).
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It is seen that the noise from the input has a low-pass clarstat with the cutoff frequency,,.

. . .. N, LR
The noise from the loop filter has a band-pass characteristic —>-(j0) = 2" low
Nrr KppMs

corner frequency, = Lﬁ and the center frequenay,,. The noise from the CCO has a high-
11

pass characteristic with the corner frequengy These observations reveal that the contribution

of the noise from the input to the phase noise of the PLL is ipahfrequencies below,,. The
contribution of the noise from the CCO to the phase noise efRhL is mainly at frequencies
beyondw,. The contribution of the noise from the loop filter to the phawise of the PLL is

mainly in the vicinity ofw,,.

4.5 Simulation Resultsof Active-Transformer Current-Mode

PLL

A 3.0 GHz active transformer current-mode PLL with its binfgiblocks presented earlier has been
implemented in TSMC-0.18n 1.8V 6-metal CMOS technology. The layout of the PLL is shown
in Fig.4.12. Fig. 4.13 plots the control current of the PLIheTPLL reaches the lock state in 60
ns approximately. The phase noise of the PLL was analyzet uke time-domain behavioral
simulation techniques proposed in [58, 59, 60], specificdl) the phase noise of the CCO was
analyzed using Cadence’s SpectreRF with the considerafighe fold-over of the broad-band
noise sources. The amplitude of the timing jitter of the CC&wbtained from its phase noise. In
Verilog-AMS time-domain simulation of the PLL, the osciltan period of the CCO was disturbed
using the extracted timing jitter, together with a normallgtributed random generator with zero
mean and unity variance. (ii) The active transformer loderfils modeled as a series RL network
with the inductance, resistance, and noise extracted fto®pectreRF simulation results. (iii) The
PFD was modeled using Verilog-AMS with delays extractedrfrits schematic-level SpectreRF
simulation results. (iv) Time-domain analysis of the PLLswaarried out and a large number of

oscillation periods were recorded after the PLL reachedldbk state. The phase noise of the
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PLL was obtained from FFT analysis of the recorded periochef@CO with 512K samples and
Hanning window using Matlab. The results are shown in Figi4.The phase noise of the PLL is
approximately -100 dBc/Hz at 1 MHz frequency offset, higtlean that of the CCO at the same
frequency offset. The power consumption of the CCO, the fitied the PFD is 15 mW, 0.138 mW,
and 0.864 mW, respectively.

Figure 4.12: Layout of the PLL.

4.6 Chapter Summary

An in-depth examination of the principle of active CMOS sfotmers has been presented. The
primary winding self-inductance, secondary winding setftictance, and mutual inductance have
been derived. The application of the active transformeutoent-mode filter has been highlighted.
The quality factor and the noise of active transformers Heaen derived.

It has been shown that active transformers can be used asntumode filters for use in current-
mode PLLs. The loop dynamics of the transformer based dumexe PLLs have been analyzed,
clearly showing the addition of the mutual coupling factothe loop bandwidth and damping. The
phase noise of the transformer current-mode PLL has also &ea@yzed. The noise generated by
the active transformer is bandpass filtered by the PLL'sezldsop transfer function. Finally, the

performance of an active transformer current-mode PLL lea® Ipresented.
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Figure 4.13: Simulated control current of the PLL (postelat).
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Figure 4.14: Simulated phase noise of the PLL.
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Chapter 5

Wide-Band VCOsfor Freguency

Synthesizers

VCOs for wireless communications are mainly passive tank oscillators due to their superior
phase noise performance. These VCOs, however, suffer tiendriawback of a small frequency
tuning range. Several mechanisms exist to tune the osmilltequency of passive LC-tank oscil-
lators, with varactors being the most widely used. The feegy tuning range of.C' oscillators
with varactors is limited by the ratio of the capacitancehsf varactor to the total capacitance at
the node to which the varactors are connected. The typieguéncy tuning range of varactbr’

VCOs is less than 10%.

This chapter starts with a brief introduction of existingdeiband VCOs that utilize switched
banks to increase the frequency tuning range. Section Zidescan active inductor VCO that
provides a large frequency tuning range. Section 3 intreglchybrid oscillator that utilizes the
superior phase noise performance of a passive transfomaetha wide frequency tuning range of
an active inductor. Section 4 introduces a modified hybradllasor that uses the impedance scaling
property of a transformer to increase the frequency turémge of varactors. Section 5 compares

the performance of three aforementioned oscillators. Hagier is concluded in Section 6.
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5.1 Wide-band VCOs

The most common method to increase the frequency tuningerahd.C' tank oscillators is to
employ a switched capacitor bank [61][62][63][64][65]. ArC tank oscillator with a switched
capacitor bank is shown in Fig. 5.1. The VCO uses a binary htedycapacitor bank. It is also
common to use a grey encoded switched capacitor bank. Thpasition of the switches used
to connect the switched capacitors to th€' tank network are also shown in the figure. The use
of NMOS or transmission gate devices as switches introdunesnted parasitic resistances and
reduces the quality factor of theC' network.

The tuning range of the switched capacitor bank is limitedviay factors: switch capacitance,
and varactor capacitance ratio. The switches used to cotimecapacitors will introduce their
source/drain-to-substrate capacitances tolibietank and limit the highest frequency of oscilla-
tion. A large switch is required to reduce the series rest&ta This, however, will result in high
source/drain capacitances. The second limitation of thitclsed capacitor bank occurs when the
fixed capacitors are introduced into th€’ tank and reduce the varactor’s fixed-to-variable capaci-
tance ratio subsequently.

To overcome the problem of limiting the varactor’s frequetgning range by the additional
fixed capacitance to théC tank is to switch passive inductors instead of capacitorg. [By
changing the inductance of t&' tank the fixed capacitance seen by the varactor is nearlyaians
resulting in a higher frequency tuning range than usingchei capacitors. An example of inductor
switching is shown in Fig. 5.2. The current alternating hesiw the inductor and capacitors is the
bias current of the VCO scaled up by the quality factor, réqgithe switches to handle large
current. The second disadvantage is the silicon area eztjtarinclude multiple spiral inductors on
chip.

There are two very important design considerations whemguswvitched banks on wide band
VCOs. The first consideration is that there must be overlahafuning curves from each switched
value. An example of a single bit switched capacitor bank’rg curves are shown in fig. 5.3. The

figure clearly shows two independent tuning curves, onehficapacitor switched in and the other
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Figure 5.1: Schematic of a wide-band VCO using a switchedaci&qr
bank [66].

capacitor switched out. The highest frequency of the loweremust overlap the lowest frequency

of the top curve to ensure continuous frequency tuning.

The second consideration in the design of PLLs using banickad VCO is the control circuit.
The control circuit must automatically switch in the fixegbaaitors or inductors when the required
frequency is outside the range of the existing switch stinectWhen the PLL tunes from the highest

frequency of a lowest curve to the bottom frequency value bfgher curve the PLL's control
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Figure 5.2: Schematic of a wide-band VCO using a switchedatat
bank [68].

voltage must cover the entire PLL's control range voltagee Worst case scenario is if the PLL must
lock to a frequency that translates into a frequency neatraimsition between two switched curves.
A normal property of a locking PLL is a 2nd order oscillati@and it is possible the overshooting

can cause the control circuitry to switch between the twintyourves.

5.2 Active-Inductor UltraWide-band VCO

An active inductor LC-tank voltage-controlled oscillagavith an ultra wide frequency tuning range
was investigated in [70] as an alternative to switched bdokachieve a large frequency tuning

range . Two inductance tuning mechanisms, namely the waahe-buning mechanism for coarse
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Figure 5.3: VCO tuning curves of a 1-bit switched capacitmk[69].

frequency adjustment over a large frequency range for baledtion and the primary tuning mech-
anism for the fine frequency tuning in closed loop controteys are developed in this thesis for
the proposed UWB frequency synthesizer VCO. The absencpimall énductors significantly re-
duces the silicon consumption of the oscillator and thetiilitya of the quality factor of the active

inductor using two negative resistors results in good phase performance.

The proposed ultra wide-band VCO is a fully differentialiaetinductor LC' oscillator utilizing
the active inductor proposed by ket al[71]. Lu active inductor shown in Fig. 5.4 is a differentjall
configured gyrator-C active inductor. The input gyrator jga of pseudo-differential common-gate
amplifiers composed a¥/; 3 4 ¢ and the output gyrator is a pair of source followers consistf

M, 5. A negative resistor network is formed by cross-couplégys to compensate for the resistive
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Figure 5.4: Schematic of Lat. al active inductor VCO.

loss of the active inductor. Transistal$, 4 are biased in the triode and behave as a pair of voltage-
controlled resistors whose resistance is controlled’}y It was shown in [71] that the differential

input impedance of the active inductor (looking into outpjit andV, ") is given by

2[s(Cys3 + Cys2) — Gms + Gas1]

gdsl[9m3 + gm2 + 3(0933 =+ Cgs2)] ®.1
The inductance of the active inductor is given by
L, — Q(Cgsg + Cgsg) (5.2)

 Gas1(20m3 + gm2 — gas1)

It is evident that the inductance is dependeny,qf, ¢,.3 andg,s1. Although the inductance of
the active inductor can be tuned by varying these parameétersmost convenient way is to vary

Vi1, Which will in turn tunesg1 4.
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Figure 5.5: Schematic of the proposed ultra wide-band VCid dual
tuning mechanisms.

The schematic of the proposed ultra wide-band VCO is shovigrb.5 with the modification
to Lu active inductor highlighted. Two frequency tuning rhagisms are utilized in the proposed
VCO. The first tuning mechanism, called the wide-band tumirechanism, tunes the oscillation
frequency of the oscillator by varying,;, which in turn tunegys,; 4. It is seen that,; provides a
frequency range from 0.2 6.5 GHz as shown in Fig. 5.6.

The modification to Lu active inductor adds an additionalingrelement and will be called
the primary frequency tuning mechanism. The primary fregyduning element is composed of
M7 89.10- V2 controls the inductance of the active inductor by adjustimg current drawn by

M~ 8.9.10 Subsequently the transconductanced/f; 5 ¢:

2 (0983 + Cgs2)

Le = )
" 9as1(B3VIpss + Bav/Ipsa — ast)

(5.3)
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Figure 5.6: Dependence of the oscillation frequency of V@O/g.

whereS, and s are the transconductance parameterdfgfand M3 and are given by

w

B =\ 2uCon (), (5.4)

Fig.5.7 shows the dependence of the oscillation frequeh&yC®D on Vj, for different M7 g
sizes.

The additional bias current from/; s does not flow through the negative resistance network
of My 12. This will reduce the quality factor of the oscillator sugaently increase the phase

noise performance. To reduce the dependence of the phase pmiformance on the additional
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Figure 5.7: Dependence of the oscillation frequency of V@O/g.

bias current a second negative resistance netwiyk, is added. As bias current is directed away
from the negative resistance networkdi i its resistance value will be reduced. The redirected
bias current will cause the negative resistancé/gfi, to increase. The sum total of the negative
resistance formed by/;; 12 and My 19 networks will remain constant regardless of the tuning
value. The quality factor of the active inductor is obtairiexin the ratio of the imaginary part of

the impedance of the active inductor to the real part of theeitance.

Q — w(Cgs?» + CgsZ)(2gm3 + 9m2 — gdsl) (5 5)
(gm3 + gm2)(9dsl - ng) + w2(Cgs3 + 0952)2

It becomes evident that the quality factor of the active ¢tduis dependent of the biasing
condition of the devices of the active inductor and the fesquy tuning voltages’,; ;2. Fig. 5.8
shows the dependence of the phase noise of the oscillatigpon

The proposed VCO has been designed and implemented in TS, 1.8V 6-metal 1-poly
CMOS technology. The layout of the VCO is shown in Fig. 5.9.e Tutput is buffered with an

open drain PMOS matched to SDfor wafer probe measurement. The oscillator is analyzeugusi
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Figure 5.8: Dependence of the phase noise of VCOg@and nMOS
size.

SpectreRF from Cadence Design Systems with BSIM3V3 deviggefs. The output of the VCO
is shown in Fig. 5.10. The simulated phase noise of the VC@adsa in Fig. 5.11 with the VCO
tuned to 1.6 GHz. It is seen that the phase noise is -118.53H#Baf 1 MHz frequency offset. The

power consumption of the VCO is 45 mW.
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Figure 5.9: Layout of VCO.
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Figure 5.10: Waveform of the output voltage of VCO.
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Figure 5.11: Simulated phase noise of VCO.

Active inductor VCOs are a viable option for UWB frequencyshesizers. They offer a large
tuning range and meet the phase noise specification of UWB .nfdjor problem using active in-
ductor VCOs is high power consumption, mainly due to thedadias current. While a large bias
current is not required for the operation of the VCO, it iswkwer, necessary for phase noise per-
formance. If the signal swing is a large portion of the biagent then the active devices become
highly non-linear and the inductance varies largely with signal current, which shifts the reso-
nance frequency of theC' tank. This shift causes the quality factor of the tank to diba low bias

current. As a result, a high power consumption is requireshture that the phase noise meets the

specifications.

5.3 Wide-Band Hybrid VCO with Active-Inductor L oad

The active inductor VCO presented in the previous sectiaahiarge frequency tuning range but

suffers from high-power consumption. Large power consiongs required to reduce phase noise
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performance. The active devices that compose the activeiodbecome highly non-linear when
the VCO has a large output voltage swing. To minimize the pimmise reduction due to the large
signal swing the bias current must be increased. With a las birrent the large frequency tuning
range is still maintained, so a means to obtain both goodephatse performance and a large

frequency tuning range, and low-power consumption will kgl@red.

Ip Is
o T >— <
+ M T 1
Vo Cp == Lp%” Lp Vs La
C 1

Figure 5.12: Ideal transformer loaded with an active induct

Fig.5.12 shows a transformer loaded with an active inductor simplify the analysis of the
total inductance, both the transformer and the active ittdiare assumed to be ideal. Writing KCL

for both the primary and secondary windings without condidethe capacitors yields

V, = sLyl, + sMI,,
(5.6)
I,

MI L, +— =0,
sMI,+ s +sC’v

whereL, , L, , and L, are the self inductance of the primary winding, that of theoseary
winding of the transformer, and the inductance of the adtideictor, respectively}/ is the mutual
inductance of the transformer. Note thidt= k,/L, L, wherek is the coupling factor. The current

of the secondary winding is obtained from (5.6)

Iy~ —1I,, (5.7)



where we have assumdq, > L, to simplify analysis. The equivalent inductance seen frhe t

primary winding of the transformer is given by

Leg = Ly(1 + k3), (5.8)

M
/CpLa

tor. It is seen from (5.8) that the equivalent inductaricg can be tuned by varying the inductance

wherek, = is the effective coupling factor of the transformer loadethvihe active induc-

of the active inductor. The resonant frequency of Hide network formed byC;, and the inductance

seen from the primary winding of the transformer is given by

| |
“o = oL, <\/1 i kg> ' (5:9)

The first term on the right hand side of (5.9) quantifies thereslonant frequency of the trans-
former network without the active inductor while the secteicn specifies the amount of the shift
of the resonant frequency when the active inductor is caedeto the secondary winding of the
transformer. The tuning range of the resonant frequenchefransformer loaded with the active
inductor can be determined from the tuning range.gf . Assuming that the inductance tuning

range of the active inductor is given By, ,,i, < L, < Lgmaz, EQ. (5.8) becomes

M?
P
La,minLa,mam Cp

ALy =1L AL,, (5.10)

whereAL.y = Legmaz — Legmin @NAAL, = Ly maz — La,min - EQ.(5.10) reveals that to increase
the frequency tuning range, the mutual inductadéeand inductance tuning range of the active
inductor AL, should be maximized.

Active inductors exhibit a high level of noise as comparethwheir spiral counterparts. The
contribution of the noise of the active inductor conneciedhe secondary winding of the trans-
former to the noise seen at the primary winding of the tramsés can be determined by assuming
that the transformer is noiseless and representing the mdithe active inductor with its noise-

voltage generatoi/’_f and noise-current generat@ , as shown in Fig.5.13. Consider Fig.5.13
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Figure 5.13: Noise analysis of noiseless passive transfiolmaded
with a noisy active inductor.

without the capacitance of the active inductor. We assumigthand/, are uncorrelated to simply
analysis. The noise voltage on the primary as a result frosersmurces on the secondary are given

by

M
V, = sLy(1 +k2) + T Vat sMl,. (5.11)
1

The first term on the right hand side of (5.11) is the voltag¢hef primary winding without
considering the noise of the active inductor while the rerimgi terms quantify the contribution of

the noise of the active inductor to the noise seen at the pyimending of the transformer with its

power given by

Vi = (%) VZ+ (M)TE. (5.12)

Eq.(5.12) reveals that the contribution of the noise of ti&va inductor can be reduced by low-
ering the mutual inductance. This, however, will also loter frequency tuning range, providing a

trade off between noise and tuning range. Also observeditstie largetZ, , the lowerlV;2,.

To quantify the effect of the active inductor connected #® $kecondary winding of the trans-
former on the overall quality factor of the transformer natky we assume that the transformer
is ideal and representing the active inductor is modelet waiit ideal inductor,, in series with a

resistorR, , as shown in Fig.5.13. We negleg}, , the series resistance of the primary winding for
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the time being. The impedance looking into the primary wagdof the transformer is given by

1 $*(LaLy = M?) + sLyR,
R, o+l

7, = , (5.13)

wherew, = f—z is the lower frequency bound of the active inductor. Sineeabtive inductor is
inductive only whenv, < w < w,, (5.13) can be simplified by utilizing: +1=~ =,

Wz

Zy ~ sLy(1 + k2) 4+ ng Ry, (5.14)

wheren, = E—Z is the effective turn ratio of the transformer. Eq.(5.14)eas that the transformer
network can be represented by an inductor of inductdnge= L, (1 + k2) in series with a resistor
of resistanceR., = n,R, . The quality factor of the transformer network is obtainesif

wlL

24— Qu(1+ k) (5.15)

Q= ey

whereQ, = WRL; is the quality factor of the active inductor. Eg. (5.15) r@gehat the quality factor
of the transformer network is better than that of the actidguctor. It should be emphasized that
the preceding results were derived without consideringdbe of the windings of the transformer
and the parallel parasitic resistance of the active inducto

When the series resistance of the primary winding is comsijehe impedance looking into

the primary winding of the transformer becomes

R.R,

Zy ~ sLy(1 + k2) 4 (naRa + Rp) + T

(5.16)

Eq. (5.16) was derived by assumiig > L andR, > R, whereR; is the series resistance
of the secondary winding. The quality factor of the transfer network in this case is estimated

from

(5.17)
Ro Ly
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Figure 5.14: Quality factor analysis of passive transfarlnaded with
an active inductor.
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The schematic of the proposed passive transformer VCO witheainductor frequency tuning
is shown in Fig. 5.15. The spiral transformer is stack-caméd to maximize the coupling factor.
Further, it is step-down configured with turn ra%? = % such that the voltage swing of the primary
winding can be large in order to cope with the large voltagmgwf the oscillating nodes while the
voltage swing of the secondary winding is kept small to mimarthe nonlinear effect of voltage
swing on the inductance of the active inductor. For the psepof comparison, the spiral VCO
shown in Fig. 5.15(b) and the active inductor VCO shown in¥:ith(c) have also been designed in
IBM CMRF8SF-0.13m 1.2V CMOS technology. The oscillators analyzed using Spectre from

Cadence Design Systems with BSIM4 device models.

Fig. 5.16 shows the frequency tuning curve of the propose®VIihe frequency tuning range
of the proposed VCO is approximately 6.5-10 GHz. The fregueining range of the active
inductor VCO is found to be 0-7 GHz approximately. Fig. 5.hpws the phase noise of these
VCOs. The phase noise of the spiral inductor VCO and thateptioposed VCO are evaluated at
7.9 GHz whereas that of the active inductor VCO is evaluatetl@Hz. It is seen that the phase
noise of the proposed VCO is significantly lower as comparith tlvat of the active inductor VCO.
The phase noise of the active inductor VCO, the spiral ir@u@iCO, and the proposed VCO at
1 MHz frequency offset is -80.18 dBc/Hz, -106.9 dBc/Hz, ah@0.5 dBc/Hz, respectively. The
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Figure 5.15: (a) Proposed VCO. (b) Spiral inductor VCO. (cj)ive
inductor VCO.

layout of the transformer is shown in Fig. 5.18. The outpuhefVCO is buffered with two source
followers that are loaded with spiral inductors to boost dngplitude of the output voltage. The

power consumption of the passive VCO, active inductor VQ@, the proposed VCO is 4 mW, 25
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mW, and 29 mW, respectively.

Frequency (GHz)

03 ‘ 05 ‘ 07
Control voltage (V)

Figure 5.16: Simulated frequency tuning of proposed VCO.

54 Wide-Band Hybrid VCO with Varactor L oad

Varactors are characterized by their high quality factdre €ffective quality factor of an LC-tank
constituted by a spiral inductor and a varactor is mainlgaeined by that of the spiral inductor.
Various techniques such as pattern-shielding in the satiestind using thick metals for spirals have
been proposed to increase the quality factor of spiral itmtac The former has limited improvement
while the latter is typically not available in low-cost CM@&hnologies. Spiral transformers have
also been used as a viable means to improve the quality f@&prThe increase of the quality factor
is achieved by increasing the overall inductance of the imptdy including the mutual inductance

with a small increase in the winding resistance. This is kmas transformer feedback [19, 73].
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Figure 5.17: Simulated phase noise of spiral inductor VGsilya
inductor VCO, and proposed VCO (labeled Hybrid VCO).

Several design techniques have been proposed to incressedbency tuning range of transformer

VCOs [74, 75, 76].

In this thesis, we propose a new technique to increase thjadrey tuning range of LC-tank
oscillators without sacrificing phase noise performancd.[The proposed technique employs a
step-up transformer loaded with a varactor at the secondarging. By placing the varactor at
the secondary winding, its impedance is reflected to the gmirwvinding, increasing the desired

variable capacitance.

Fig. 5.19 shows a transformer loaded with a varactor. To liynihe analysis, both the trans-
former and the varactor are assumed to be ideal. Writing K&Zlbbth the primary and secondary

windings without considering the winding capacitancedsel
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Figure 5.18: Layout of proposed VCO.

V, = sLyl, + sMI,,
(5.18)
I,

MI, + sLgly + —- =0,
sMI,+s +3Cv 0

whereL,, L, andC, are the self inductance of the primary winding, that of theoselary winding,
and the capacitance of the varactor, respectively, ni$ the mutual inductance. The current of

the secondary winding is obtained from (5.18)

MI 1
Iy = P 5.19
2t (wvez) 619
wherew, s = e is the self-resonate frequency of the secondary windinge itluctance
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seen from the primary winding is given by

k2
Leg=1L, (1 + m) . (5.20)
It is seen from (5.20) thaL., can be tuned by varying the capacitance of the varactor. The

resonant frequency of the primary winding is given by

(5.21)

(.(JOJ)
\/CL \/1+ 2+w2

The first term on the right hand side of (5.21) quantifies tHéresonant frequency of the
primary winding without the varactor while the second teprafies the amount of the shift of the
resonant frequency when the varactor is connected to tlmmdecry winding. The tuning range of
the resonant frequency of the primary winding of the tramafir loaded with the varactor can be
determined from the tuning range bf,. Assuming that the capacitive tuning range of the varactor

is given byCv,minécvécv,mam’ (519) becomes

2
M-4w,

ALe, ~ 7(82 2R
o

AC,, (5.22)

whereALgy = Legmaz — Legmin ANAAC, = Cy maz — Cumin- EQ. (5.22) reveals that to increase
the frequency tuning range, the mutual inductahf@nd capacitance tuning range of the varactor
AC, should be maximized.

The contribution of the noise of the varactor to the noisenssethe primary winding can be
determined by assuming that the transformer is noiselessegmesenting the noise of the varactors
with its noise-voltage generatdan? and noise-current genera@, as shown in Fig. 5.20. If we
assume that}, andr,, are uncorrelated to simply analysis the noise voltage optingary resulting

from a noise source on the secondary is given by

M
Vo = sLp(1+x) + 7 Vo + sMI, (5.23)
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Figure 5.19: Ideal transformer loaded with a varactor.

where
k‘2

EE— 5.24
52 + was ( )

X

The first term on the right hand side of (5.23) is the voltage¢hef primary winding without
considering the noise of the varactor while the remaininghsequantify the contribution of the
noise of the varactor to the noise seen at the primary windifige noise power at the primary
winding is given by

M

2
V3, = <L—> VZ+ (M) T2 (5.25)

Eq.(5.25) reveals that the contribution of the noise of theetor can be reduced by lowering
the mutual inductance. This, however, also lowers the #aqu tuning range, providing a trade off

between noise and frequency tuning range.

Spiral inductors typically have a quality factor rangingrfr 5-15 while quality factors larger
than 50 are common for varactors. The quality factor of an&rktis therefore dominated by that
of the spiral inductor. However, using the reflected impedant the varactor to increase the tuning
range no longer warrants neglecting of the quality factdghefvaractor. To quantify the effect of the
varactor connected to the secondary winding on the oveuallity factor of the primary winding,
we assume that the transformer is ideal and we represenathetor with an ideal capacitar, in

series with a resistoR,, as shown in Fig. 5.21. By neglectirg), the impedance looking into the

90



Ip IS

o —p <
+ M +
v == LS ||& L v

(e,

Figure 5.20: Noise analysis of noiseless passive transfiolmaded
with a noisy secondary circuit.

primary winding is given by

Zp=sLy(1+ x) + nRs, (5.26)

where the turn ratia is

Ly (5.27)

Eqg. (5.26) reveals that the primary winding can be represehy an inductor of inductance

Leq = Ly(1 + x) in series with a resistor of resistanée, = nR,. The quality factor of the

primary winding is obtained from

wl,
Qp=J = Q1+, (5.28)
eq
where the quality factor of the secondary winding is given by
wls (5.29)

Qs: Rs'

When the series resistance of the primary winding is consijehe impedance looking into

the primary winding of the transformer becomes
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R.R,

Zp=sLy(14 x)+ (nRs + Rp) + 1.

(5.30)

Eq.(5.30) was derived by assumifigy> R whereR, is the series resistance of the secondary

winding. The quality factor of the primary winding in thissmis estimated by

Qp~Qs (&) . (5.31)
IP I
o | <
+ 4 + ]
Rp é é Rs E 2 E
V M Vs | ;- Cv
Lpg ||§ Ls I
(o,

Figure 5.21: Quality factor analysis of transformer loadgith varactor.

The schematic of the proposed transformer VCO with reflecégécitance frequency tuning is
shown in Fig. 5.22. The output of the VCO is buffered with tvemisce followers that are loaded
with spiral inductors to boost the output voltage. The tfamser is stack-configured to maximize
its coupling factor. Furthermore, it is step-up configurdmw& = g turn ratio such that an up-
scaling of the secondary winding impedance into the primmiriding is obtained. This increases
the frequency tuning range of the VCO. The self-inductancth® secondary winding functions
to tune out the fixed capacitance of the varactor, preverntifrpm being multiplied back to the
primary winding circuit and reducing the frequency tunimgge of the oscillator. The proposed

VCO has been designed in IBM CMRF8SF-Qub3 1.2V CMOS technology and analyzed using
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Spectre from Cadence Design Systems with BSIM4 models.hegrurpose of comparison, another
VCO utilizing the same transformer with the same varactadiog to the primary winding was also

designed and analyzed.

Figure 5.22: Schematic of transformer VCO with reflectedac#tpnce
frequency tuning. Circuit parameter$l;; o, = 60um,
W3 4 = 80um, tail current source : NMOS transistor with
W = 250um L = 2um, V=1V. The buffer is a differential
pair with a balun load, the nMOS transistors are the same
size as the core ones, and the balun is 9.8 nH. Varactor :
L =2pym, W = 64pm.

Fig.5.23 shows the frequency tuning curve of the propose®VThe frequency range of the
VCO with the varactor loading the primary winding is 8.2-lGHz. The frequency tuning range
of the proposed VCO with the varactor loading the secondangiwg is 7.25-10.2 GHz. A 64
increase in the frequency tuning range is obtained.

Fig.5.24 compares the phase noise of the two VCOs. It is desntlie phase noise of the
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Figure 5.23: Simulated frequency tuning of VCO with varadtading
the secondary and primary windings.

proposed VCO is comparable to that with varactor loadingpttiary winding. The phase noise
of the VCO with varactor loading the primary winding and tbathe VCO with varactor loading
the secondary winding are - 109 dBc/Hz and -111 dBc/Hz at 1 Kfetpuency offset, respectively.
The layout of the proposed VCO is shown in Fig. 5.28. The caondition of the stacked
transformer is shown in Fig.5.28 and the micro photo of thwi€ated chip in Fig. 5.29. The

primary winding stacked on the top of the secondary winding.

5.5 Performance Comparison

Table. 5.1 tabulates the performance metrics of the thresepted wide band oscillators and com-
pares them to existing wide band VCOs. It is clear from thégperance comparison that the active
inductor is able to achieve a large frequency tuning randle good phase noise performance. The
cost of high phase noise performance is high power consompiihe active inductor hybrid takes

advantage of the large frequency tuning range of the aatidadtor and the phase noise perfor-

mance of the passive transformer. The varactor loaded €O is able to achieve good phase
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Figure 5.24: Phase noise of VCO with varactor loading theséary
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Figure 5.25: Power consumption of VCO with varactor loadimg
secondary and primary windings.

noise performance, low power consumption and still retaingde frequency tuning. All of the
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Figure 5.26: Phase noise plot of the proposed VCO.
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Figure 5.27: Layout of proposed VCO.

VCOs are capable of providing a large frequency tuning ramigfgout resorting to bank switching

networks.
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Figure 5.28: Configuration of the transformer used in therichp3CO.

Figure 5.29: Die photo of the transformer used in the hybi@Dv

5.6 Chapter Summary

The development of wide frequency tuning range VCOs witlswitched bank networks has been

presented. We have shown that active-inductor VCOs expdntd phase noise performance and
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Table 5.1: Comparison of wide band VCOs .

Ref. Technology Center| Power| Phase Bit Tuning
freq. Noise Select| Range
[GHZ] | [mW] | [dBc/HZ] [%0]
[65] 0.13um CMOS| 4 10.5 | -120 9 37
[78] 0.18um CMOQOS| 5.6 309 |-75 n/a 64
[63] 0.18um CMOS| 1.12 9 -118 6 64
[67] 65nm CMOS | 11.45 | 3.48 | -99 6 126
[61] 0.13um CMOS| 4.28 |5 -119 3 39
[62] 0.13um CMOS| 4.8 1.2 -113 3 37
[66] 0.18um CMOS| 3.71 7.02 | -124 3 39
[68] 0.13um CMOS| 3.2 n/a -124 2 87
[69] 0.13um CMOS]| 5.2 8 -101 3 69
Active Inductor 0.18um CMOQOS| 1.6 45 -118 n/a 69
Active Inductor Hybrid| 0.18um CMOS| 8 29 -100 n/a 43.7
Varactor Hybrid 0.13um CMOS 8.73 576 |-111 n/a 33.8

provide a wide frequency tuning range, at the cost of highgsgansumption. Hybrid oscillators

that utilize the wide frequency tuning of active inductorsl dhe low noise of passive transformers
have been proposed. Hybrid oscillators that employ a pasemnsformer loaded with a varactor
have also been proposed. The impedance transformatiore afathsformer boosts the frequency
tuning range of the oscillators while maintaining low phasiése. These hybrid VCOs meet the

specifications of the first mode of UWB.
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Chapter 6

UWB Current-M ode Freguency
Synthesizer

This chapter proposes a frequency synthesizer for UWB. Toogsed frequency synthesizer uses
current-mode architecture investigated in Chapter 5. ttbduces a new hopping scheme for fast
locking. This chapter starts with an introduction of the taspping scheme that will be utilized for
the MB-OFDM UWB current-mode frequency synthesizer. Thiglghopping scheme will allow

a traditional integer PLL based frequency synthesizer ¢k in 9.5 ns, as required by MB-OFDM
UWAB. Section 6.2 discusses a wide frequency tuning range YHa0is suitable for current-mode
MB-OFDM UWB frequency synthesizers. Section 6.3 studiearsgbbang phase detector for MB-
OFDM frequency synthesizers. Section 6.4 investigatesngttion loxking frequency divider.
Section 6.5 contains simulation results of the entire eufmeode UWB frequency synthesizer, and

comparisons to published works. The chapter concludesdtidbes.6
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6.1 Quick Hopping for UWB Frequency Synthesizer

A fast-locking frequency synthesizer consists of a phasectiar, a CCO, an ILO and a loop filter
with a controllable switching current, as shown in Fig. 6Usually an ILO pre-scaler is used to
reduce the frequency and power consumption of}\ghtaequency divider, but in the quick hopping

scheme the ILO acts as a programmable divider.

-----------------------------------

CCO
LPF i
Switchable :
S : Veo
|n|t|era_l_.Y_(.)Itages§ 3168MHz
528MHz — PD X 3696MHz
| Y 4224MHz

.,
-----------------------------------

ILO

6,7,8th
Sub-harmonic
Divider

Figure 6.1: Architecture of a frequency synthesizer utitizthe quick
hopping scheme.

The loop filter is a typical current-mode loop filter, and cavitsh to a fixed current output.
By switching to this prefixed current the CCO is instantlycfenl to oscillate at a pre-set frequency.
By having multiple prefixed values to jump to, the CCO freguenan be rapidly shifted. The
schematic of the fast-hopping current-mode loop filter mahin Fig. 6.2. The filter differs from
normal current-mode loop filters by adding a switched-capabank. By switching in a capacitor
with a pre-charged value and the old capacitor out a new ldtep éurrent is generated. Each UWB
sub-channel is assigned a capacitor and each capacit@cisgrged with a specific voltage.

As the capacitors are switched out of the circuit they cardwely trickle charged or discharged
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Figure 6.2: Schematic of proposed Mixer for frequency tiaien.

to the proper voltage. The prefixed value stored on the capagill cause the CCO to jump to a
new frequency, which is approximately the frequency of a UgB-channel. Fig. 6.3 shows a
typical tuning curve of a VCO transposed on top of the sulAloaic lock range of the ILO. In the
tuning range of the VCO there are three sub-harmonics irL.iBddcking range. In the lower tuning
range of the VCO there is the tuning range of the 6th subhaimés the control signal increases
VCO frequency will exceed the lock range of the 6th sub-hanimoAs the control signal continues
to increase VCO frequency will fall into the 7th sub-harnhick range. These sub-harmonics
spread across the tuning range of the VCO. If the UWB frequegaothesizer is locked to the 6th
sub-harmonic, a command will be sent to switch out the ctigapacitor and the 2nd capacitor will
be switched in. The 2nd capacitor is pre-charged and calusdetjuency synthesizer to shift VCO
frequency. The new frequency will be within the lock rangetd ILO’s 7th sub-harmonic. The
frequency synthesizer’s feedback will cause the VCO ta simél lock to the 7th sub-harmonic of
the reference frequency. This process is repeated and thB fdtjuency synthesizer hops from

one channel to another.

Unfortunately, UWB sub-channels are not an integer metgdlany reference frequency. With
a reference frequency of 528 MHz, the required divisiorosator the first three UWB sub-channels
are 6.5, 7.5 and 8.5. The 0.5 division ratio is difficult toliza Instead of trying to add an ad-

ditional 0.5 division in the feedback loop the proposed tiexty synthesizer will operate at twice
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Figure 6.3: CCO tuning curve showing the UWB sub-channels
including the locking range of the ILO.

the required frequency. By doubling the reference frequehe division ratios become 6, 5, and
8. Doubling the frequency will require the CCO to have twike frequency tuning range, requir-
ing over 3 GHz frequency range for the first 3 UWB channels. liiag the frequency has two

key advantages, increased loop bandwidth and quadratneraj®n. By doubling the reference
frequency we can double the loop bandwidth, which will daseethe lock time. The second ad-
vantage is that the output divide-by-2 will provide a quagi output, eliminating the need for a

phase shifter or quadrature VCO. The final frequency syizbetpology is shown in Fig. 6.4.

102



6336 MHz

7392MHz
8448 MHz
T CCO :
Switchable i
Initial Voltages: VCO :
1056MH : : | 3168MHz
/I PD —| N BN = | 3696MHz
> - :
{ PD i ’> </\1> 2 F—a
ILO [
6,7,8th
Sub-harmonic
Divider

Figure 6.4: Final topology of the current-mode UWB frequenc
synthesizer.

6.2 Wide-Band VCO

The wide-band hybrid VCO with varactor load from chapter 8 b used in the UWB Current-

Mode Frequency Synthesizer and is redrawn in Fig. 6.5 fovemence. The VCO uses the
impedance scaling properities of a passive spiral tram&forto increase the capacitance tuning
range of a varactor used to load the secondary winding. Téreased capacitance tuning range

results in a large frequency tuning range of the primary wigdircuit.

Additional varactors were added to the secondary windiomfthe VCO presented in chapter 5
to reduce the VCO's center oscillation frequency to the sdddWB band. The re-tuned frequency
tuning range is shown in Fig. 6.6. The VCO is able to span XX Gillowing it the ability to tune
to all three of the lower UWB bands.

The phase noise of the wide-band hybrid VCO with varactad isshown in Fig. 6.7, the phase
noise at 1 MHz is -108 dBc/Hz, which is lower than that requiiog the UWB specification.
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Figure 6.5: Schematic of transformer VCO with reflected cépace
frequency tuning. Circuit parameter$l; o, = 60um,
W3 4 = 80um, tail current source : NnMOS transistor with
W = 250pm L = 2um, V=1V. The buffer is a differential
pair with a balun load, the nMOS transistors are the same
size as the core ones, and the balun is 9.8 nH. Varactor :
L =2um, W = 64pm.

6.3 Bang-Bang Phase Detector

The phase detector for the proposed current-mode frequamifiesizer is a bang-bang phase de-
tector, with the schematic shown in Fig. 6.8. The bang-bdmse detector is composed of two
back-to-back TSPC latches to form a D Flip-Flop. The tranifaction of the bang-bang phase
detector is shown in Fig. 6.9. The ouput is either high or l@pe&hding on which phase is leading.
The bang-bang phase detector has a very large gain, regsintan fast lock. When the frequency
synthesizer is phase and frequency locked the output ofahg-bang phase detector output will

toggle as the VCO and reference phase will alternate betieagimg and lagging.
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Figure 6.6: Simulated frequency tuning of VCO with varadt@ding
the secondary and primary windings.
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Figure 6.7: Phase noise plot of the Wide-Band Hybrid VCO with
Varactor Load.

6.4 Injection locked Oscillator for Frequency Division

The schematic of the ILO used for frequency division is shawig. 6.10. It consists of a pseudo-

differential pair. AnRC relaxation oscillator is used instead of Af'-tank oscillator because the
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Figure 6.8: Schematic of bang-bang phase detector.
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Figure 6.9: Output voltage of Bang-Bang phase detector.

locking range ofL.C-tank ILOs is small.

A large lock range is required for the proposed frequencyddiviLO because the larger the
lock range the lower the dead-zone in the VCO's tuning cuetesben the ILO’s subharmonic lock
ranges. When the VCO is inside the dead-zone, the frequentlyesizer is open loop and will drift
to the channel above the dead-zone. To ensure that the VQ@oawiall inside the dead-zone, the
ILO’s lock range must be maximized. The lock range of the psagl ILO is shown in Table. 6.1.

As the frequency difference increases the ILO requires riore to lock. The locking time of

the ILO can be increased by increasing the bias current dEtgeat the cost of power consumption.
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Figure 6.10: Schematic of proposed ILO.

Vo-

Table 6.1: Locking range of ILO harmonics

Harmonic Lower Upper

Number Frequency (GHz) Frequency (GHz)
6 6.145 6.559

7 7.152 7.666

8 8.310 8.655

The locking transient of the ILO is shown in Fig. 6.11. Thedayof the ILO is shown in Fig.6.12.

6.5 Simulation Results

A current-mode UWB frequency synthesizer has been implézdeim TSMC-0.13m 1.2V 8-

metal 1-poly CMOS technology and analyzed using Spectre®tf Cadence Design Systems with
BIM3.3v device models. The frequency synthesizer is abled& in the required 9.5 ns guard
period. The locking transient is shown in Fig. 6.13, the Bgnizer is switched between the first
and third UWB bands. Due to the switching capacitor netwhekdapacitances can be individually

tuned to optimize the loop bandwidth and damping for eacheliWB bands.
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Figure 6.11: Locking transient of ILO.

Figure 6.12: Layout of proposed ILO.

Table. 6.2 compares the proposed current-mode UWB frequsmthesizer to published UWB

frequency synthesizers. Several key advantages proposedehcy synthesizer over published
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Figure 6.13: Locking characteristics of the proposed UWB
Current-mode frequency synthesizer.

works becomes apparent:

e Low power consumption - because the proposed UWB frequeyripasizer does not use
multiple single side band mixers its power is much lower tHaact synthesis based UWB

frequency synthesizers.

e No spur generation - because the proposed frequency sizgheses a closed loop PLL
instead of frequency translation or non-linear frequencitiplication or division it does not

generate significant spurs.

6.6 Chapter Summary

A current-mode frequency synthesizer for MB-OFDM UWB hasrb@resented. It was shown
that the proposed quick hopping scheme allowed the frequemthesizer to hopping under 9.5 ns,
meeting the MB-OFDM UWB requirement. The frequency synttersuses an ILO as its frequency

divider. The frequency synthesizer doesn’t contain a @ognable divider to channel hop. Instead,
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Table 6.2: Comparison of state-of-the-art UWB frequenaytisgsizers.

Ref. Technology Lock | Spur | Phase Total | Power
time | Level | Noise Power| per Band
[ns] | [dBc] | [dBc/Hz] | [mW] | [mW]
[14] 0.18um CMOS| 8 -35 -120 54 18
[15] 0.18um CMOS]| 4 -25 -109 a7 15.6
[25] 90nm CMOS | 9 -32 -120 55 3.9
[16] 0.18um CMOS| 2 -40 n/a 65 16.25
[17] 0.18um CMOS| 1 -37 -103 48 6.85
[19] 0.18um CMOS| 2.4 | -20 n/a 34 11.3
[21] 0.18um CMOS| 2 -26 -98 68 22.6
[29] 0.18um SiGe | 3 -40 -130 88 12.6
[28] 0.18um CMOS| 1 -37 -110 n/a n/a
[22] 65nm CMOS | 6 -43 -128 43 4.8
[23] 0.18um CMOS| 3 -30 n/a 45 3.2
[24] 0.18um CMOS| 3 -33 -98 117 8.3
This Work | 0.13um CMOS| 9 n/a -108 8.5 2.83

it uses the sub-harmonic injection locking of an ILO to lookatselect sub-harmonics of the CCO
output. To select which sub-harmonic the ILO locks to the GG®cillation frequency is forced
to a new region of the frequency tuning curve. By applying eg®t control signal value onto the
loop filter the CCO can be shifted close to the UWB band. Oned€XBO is in the proximity of the

UWB band the feedback mechanism will ensure fast phase lock.
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Chapter 7

Conclusions

7.1 ThesisSummary

This thesis dealt with the design of current-mode techridaeultra wideband applications.

The FCC's two proposed standards for UWB transmission nam8UWB and MB-OFDM
UWB had been discussed. DS-UWB uses the direct modulatiorawbw pulses to represent the
base-band data. It, however, is difficult to synchronize. -@BDM UWB uses more traditional
narrow-band techniques by sub-dividing the ultra wideebao a set of small bands of 528 MHz.
A quick hopping protocol allows 9.5 ns guard time. The shagrgd time requires a loop bandwidth
greater than the stability limit of PLL based frequency bgsizers. Three state-of-the-art UWB
frequency synthesizers were presented: A DLL with edge aoenpa fixed frequency synthesizer
with a programmable output frequency divider, and directtisgsis. All of the existing UWB
frequency synthesizers suffer from output spurs.

An in-depth examination of the principle of current-modéefihg and its applications to PLLs
was presented. Current-mode PLLs use currents as the ksiginal. The use of a current-mode
signal allowed the decoupling of the control signal dynamnainge from supply voltage scaling.

Current-mode filtering can be accomplished using activedtats or active transformers. Active
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inductors and active transformers offer the advantages svhall silicon area and a tunable in-
ductance. Active inductors and active transformer cusnendle filtering for PLLs was examined
in detail. Type | and type Il current-mode PLLs were devetbpsing active inductors and ac-
tive transformer. Type | and type Il current-mode PLLs haweilar loop bandwidth and damping
parameters as their voltage-mode counterparts. Activisfiseamer current-mode PLLs also have
additional mutual coupling parameters in the tuning of taplbandwidth and damping. The phase
noise shaping from the noise sources in the PLL of a currertterPLL was analyzed. The simu-
lation results of an active inductor current-mode PLL andetive transformer current-mode PLL

were presented.

Three wide frequency tuning range VCOs for MB-OFDM UWB weeveloped. It was shown
that active inductor VCOs exhibit good phase noise perfomaaand provide a wide frequency
tuning range, at the cost of high power consumption. A hybddillator that utilized the wide
frequency tuning of an active inductor and the low noise ofhaspre transformer was analyzed.
Another hybrid oscillator that employed a passive tramafarloaded with a varactor was also de-
veloped. It was shown that the impedance transformationaoformers can boost the frequency
tuning range of the oscillator while maintaining low phasése. All three wideband VCOs were

capable of providing large frequency tuning ranges withiestoring to switch banked networks.

A current-mode frequency synthesizer for MB-OFDM UWB wagaleped. The quick hopping
scheme enabled the frequency synthesizer to hop within®.%me frequency synthesizer used an
ILO as the frequency divider. The frequency synthesizesdbeontain a programmable divider to
channel hop. It uses sub-harmonic injection locking of a@ tb lock to a selective sub-harmonics
of the CCO output. The CCO'’s oscillation frequency is for¢ed new region of the frequency
tuning curve to accomplish channel hopping. By applyingeagat control signal value to the loop
filter the CCO was forced to the proximity of the UWB band in ahhthe feedback mechanism will

result in phase and frequency lock.
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7.2 FUTURE RESEARCH

The work reported in this thesis can be extended in the fatigwlirections:

1. Extending the active inductors and active transformeompensate for process spread and
supply voltage variation. This will allow the inductancetloé active components to be better

defined, especially when a large input is encountered.

2. Extending the pre-set voltage concept to adjust the V@Quiency directly instead of chang-
ing the control signal value. A common technique to exterdftequency tuning range of
VCO is to switch capacitors in theC'-tank circuit. This will increase the tuning range of the

VCO while reducing the VCO sensitivity leading to better phaoise.

3. Improving the design flow of hybrid varactor loaded ostdls. The design of hybrid os-
cillators requires laying out the proposed transformer aué€hce Virtuoso. The layout is
imported into ADS finite element solver to generate an edgmtacircuit network. Once
ADS creates the equivalent circuit network the network entimported back into Cadence
to simulate VCO's frequency tuning range. This design pilace is slow and required a

great effort to fine tune the transformer to adjust the freming frequency.
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Appendix A

Publications

D. DiClemente and F. Yuan, “A low phase noise large frequenning range CMOS voltage-
controlled oscillator using spiral transformer and actinductor,” Analog Integrated Circuits

and Signal Processingsubmitted in May 2011.

D. DiClemente, F. Yuan, and A. Tang, “Current-mode phas&dd loops with CMOS active
transformers,IEEE Transactions on Circuits and Systems |l - Express 8nifl.55, No. 8,

pp.771-775, August 2008.

D. DiClemente and F. Yuan, “Current-mode phase-lockeddaapnew architectureJEEE
Transactions on Circuits and Systems Il - Express Bridt 54, No. 4, pp. 303 - 307, Apr.
2007

D. DiClemente and F. Yuan, “A passive transformer voltagetmlled oscillator with re-
flected impedance frequency tuning,” Proc. IEEE Mid-Wesnh8yon Circuits Syst., pp.80-
83, Seattle, August 2010.

D. DiClemente and F. Yuan, “A passive transformer voltagetmlled oscillator with active
inductor frequency tuning for ultra wideband applicatiériBroc. 2nd Microsystems and

Nanoelectronics Research Cqrdp.80-83, Ottawa, Oct. 2009.
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D. DiClemente and F. Yuan,“Ultra-wide tuning range voltagatrolled oscillator,"Proc.

IEEE Int'l Symp. on Circuits and Systenpp.2097-2100, Taipei, May 2009.

D. DiClemente and F. Yuan, “Current-mode phase-locked dgdpresented at CMC Mi-
crosystems Annual Sympttawa, Oct. 2007.

D. DiClements, F. Yuan, and A. Tang, “CMOS active transfarmerent-mode phase-locked
loops,” Proc. IEEE Mid-West Symp. Circuits and Systepis1528-1531, Montreal, Aug.
2007.

D. DiClemente and F. Yuan, “Current-mode phase-locked dowmjih low supply voltage
sensitivity,” in Proc. IEEE Int'l Symp. Circuits Systpp. 2172 - 2175, New Orleans, May
2007.

D. DiClemente and F. Yuan, “Current-mode phase-locked dgdpresented at CMC Mi-
crosystems Annual Symposiudttawa, Oct. 2006.

D. DiClemente and F. Yuan, “An area-efficient CMOS curremde phase-locked loop,”
Proc. IEEE MidWest Symp. on Circuits and Systevia.2, pp.574-578, August 2006.
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Appendix B

Glossary

BER
CCO

CP

DAC
DS-UWB
FCC
GPS
HDTV
ICl

IF

IFFT
IP3

ISM
MB-OFDM
PD

PFD

PLL

Bit Error Rate

Current-Controlled Oscillator

Charge Pump

Digital to Analog Convertor

Direct Sequencing Ultra Wide-Band
Federal Communication Commission
Global Positioning System

High Definition Television
Inter-Channel Interference
Immediate Frequency

Inverse Fast Fourier Transform
Third-order Intercept Point
Instrument, Scientific, and Medical
Multiple Band Orthogonal Frequency Division Multiplexing
Phase Detector

Phase/Frequency Detector

Phase Locked Loop

116



QoS
QPSK
SSB
SNR
TFC
TSPC
WPAN
VCO

Quiality of Service

Quadrature Phase Shift Keying
Single Side Band mixing
Signal to Noise Ratio

Time Frequency Code

True Single Phase Clocked
Wide Personal Area Network

\oltage-Controlled Oscillator
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