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ITepiindm

H nopoloa dimhwpoatiny epyaoio moapouctdlel tn HEAETN xou oyedloon Pedyou xheldnhuatog
pdone youniol YoplfBou, o omolog Aettovpyel ato ebpog cuyvotHtwy 6-10,5 GHz. O Bedyog
oyeddotnxe yenowonowviog To PDK tne teyvoroyiag 22 nm CMOS FD-SOI tng Global-
Foundries, n onola undéoyeton VPN anddoon Ye PetwUEVT xatavdiwon toybog. H Sobixacta
oyedlaone tepthopfdver T oyedlaon ot eninedo oynuotxol, TN guoxy| oyedlaor (layout) xou
v enoddevon e opdfc Aettovpyiog petd ) puowxt| oyediaon (post-layout simulations).
Or tehevutaieg 500 BLABXAGIES EQUOUOTTNXAY OE EMAEYUEVO XUXADUOTA X0 OYL GTOV TATEN
Beodyo xhewopatoc gdone. H por tng oyedlaong texuneidveTon xol GUYOBEDETOL and Vew-
entind unoPBadpo, ATOTEAEGUATA TEOCOUOIWCEWY, XOMS XL TNV AVIAUCT TwV cUUBBAUCUGY
(trade-offs) mou npoéxudav ota evdidueca oTddia, 0ONYOVTAC 6T0 TEAXS anotéheoua. Téhog,
1 mapovoa epyacta unopel va anotelécel yerowo Borinuo dcwv emdupoly vo aoyointolv
uE TN oyedlaon Bedy eV XAEWBOUATOC PACTC.

AéZeic xhewdid: Bpoyoc Khewdopatoc ®done (PLL), Yyediaon Ohoxhnpwpévev Kuxh-
oudtev Padoouyvotitwy, CMOS FD-SOI, Evioyutéc Tdniodv Luyvotitwy






Abstract

This thesis presents the study and design of a low-noise phase-locked loop (PLL) op-
erating in the frequency range of 6-10.5 GHz.The loop was designed using the PDK of
GlobalFoundries 22 nm CMOS FD-SOI technology, which offers high performance with re-
duced power consumption. The design procedure includes schematic-level design, phyical
layout, and post-layout simulations. The latter two processes were applied only to selected
subcircuits and not to the complete phase-locked loop. The design flow is documented and
supported by the necessary theoretical background, simulation results, and an analysis of
the trade-offs encountered in the intermediate stages leading to the final outcome. Finally,
this thesis may serve as a useful resource for those interested in the design of phase-locked
loops.

Keywords: Phase-Locked Loop (PLL), RF Integrated Circuit Design, CMOS FD-SOI,
High-Frequency Amplifiers






Euyapiotiec

Apyixd Yo fdeho va evyopiotiow Tov emPBAénovta xodnynt wou I'ewpylo Havorydmovho,
Yior TNV guxoueiol TOU HoU €8WoE Vo aoyohNd® UE TO TaPoY €pY0, TNV xadodNYnon xat Tnv
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Kegpdhawo 1

Extetopevn neplindn ota
EAANVIxd

H napoloo Simhwpoatixt| epyaoio acyoheitor Ye Tov oyedlaoud, TV LAOTOINGT xou TNV
Tpocouolwon evog Bedyou xhewwpotos @done (Phase-Locked Loop-PLL) oto elpog ou-
yvothtwv 6-8.5 GHz. Toa PLL anoteholv Jeuehicddn dopxd otovyela oto olyypova nAex-
TEOVIXE. XUXAOUOTA X OTNY eNe€epyasio GHUNTOS, YN OTNY XavOTNTE TOUS Vo BlaTnEoY
otoept] xou oxpl3| oyéon @dong PeTadl BLO TMEQLOOIXWY OMUATWY. MUYXEXPWEV, ETULTEE-
TIOLUY TOV GUYYPOVIOHO GHUNTOS, TN GUVIEST) CUYVOTHTWY XuL TNV AVAXTNCT QACNE O EPalp-
HOYEC TAETUXOWVWVIOY, EAEYYOL, xau enelepyaciog ofpatoc. To elpoc cuyvoTATwY TTOL
emAEYINXE Yiot TNV Top0VC EQYACLA TEOGPEREL DUVATOTNTES YIo TOAAES EQUPUOYES, OTWE PA-
BL00C TEOVOUL, UXPOXVUATIXES ETOWVLVIES, aclpuata dixtua LAN, egeldixeuyévec emixotv-
oviee uxphc euPéretac (DSRC), obyypova cuothuata pavtdp, BopuPOpIXES ETXOVMVIES,
XOAOOLXY X0 BOPUPOEIXTH TNAEOTTIXT PETAdOOT), dueces Bopugopixéc unneeoies (DBS), epo-
OLTEYVIXY| PUBLOETUXOLVMWVIA Xol BOPLUPOELXY| PUBLOPWVIAL.

Apyxd, mapouotdlovron xou avahbovton ot Teelg xOpteg xatnyoplec Twv PLL (Analog PLL,
Digital PLL, All-Digital PLL), eve& otn ouvéyetor ene&nyolvion oL SLapOpETIXES OPYLTEX-
Tovxég Ty avaroyixov PLL. Ta avaioyixd PLL arotehobvton amd Tov aviyveuty| @dong,
NV avThio poptiou, To QIATEO Bedyou, TOV TUAXVTWTY EAEYYOUEVO and TACT XoL TOV DLLEETY
ouyvotnrog. Kodéva and o avagepiévta umoxuxhmnuota yehetdton Vempntixd xou Ootepa
OYEDLALETOU GUUPVOL UE TOUC TEOXTIXO0UE TEQLOPLOKOUS TOU EUPIVICOVTAL OTO ONOXATPOUEVA
HXUXAGUAT UPNADY GUYVOTHTWY.

IMo Tov aviyveuts| @gdong emAEYOnNxe 1 XAACXT) AEYLITEXTOVIXY|, 1) OTolol amoTEAE(TAL OO
0vo Vetind axponupoddtnTa D flip-flops xou and avtiotpogeic dlapopetinric ToAATAOTHTAC.

H avtiia goptiou oyedidotnxe npoxetuévou va epgaviCovtal uixpotepo mismatch yetagd
TWV PEVUATOY Lyp,Lan xou UELUEVN Lo 0G TWVY SPUIs e GYECT) UE TNV xAaotxy| Totohoyio. T'V
autod emhéydnxe resistive based apyttextoviny ye evowpatwuévo offset current yia Beitiwon
e yeopuxotntag. To mismatch petd Tov puod oyediooud tng avtiiog goptiou etvar 1.83
HA.

Ytov oyedlaoud Tou gihtpou Bedyou doUNxE Wktepn Eupacn xadOg 1 owoTH ETAOYN
ToEoUETEWY xodopllel TN o TadEPOTNTA TOU CUC TAUATOS, TOV YPOVO XAEWOWUATOS XOL TNV ATOp-
euhn Boplfou.

O tahavtothc ekeyyoduevoc and tdon (VCO) oyedidotnxe Baolopevoc oe évav LC to-
havtwti. [poxeévou va xohugiel To ebpog cuyvotitwy 6-8.5GHz, uhotoinxay 2 VCO
xadévag and toug onoloug mepiéyel fine grain capacitors bank xou coarse grain capacitors
bank. H mpdtn emtuyydver uxpd Briuato, cuyxexoiuéva xaAOTTeL 32 undvteg, eV 1 0elTep
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yenowonotelton yior peyohitepa Priwata. Kelowo onueio yia tny oyedlaon twv VCO rAtav o
YopuPog pdong oto 1IMHz offset xadwe xau 1 dratApnon TeAdvTwone xdtw and OTolEGHHTOTE
cLVUTxES.

Téhog, o dloupétng cuyvotnTag vhotofdnxe and plo ahucido oxte D flip-flops.

To tehixd amoteléopota ToEoUCIALovToL EMELTO ANO XATIAANAES TROCOUOIWOELS.  MUY-
XEXPUEVDL 1) TAoT EAEYYOU Vg epovilel otadepr] cuuneptpopd €ncito and mepinou 26 ps xau
xupdtwon g tédng twv 3 mV. H avdiuon tov onudtenv avapopds (Vref) xalL avadpaog
(Vidber) atédeile v Umopdn péviwou opdhuatog gdong 39.11°, T opxetd xovtd otny
Yewpnuixd avopevopevn (36°). H andxhion auth anodideton oe xaduoteprioelc Sidbdoong twy
flip-flops xou TV Aoyixwy TUAGY TEWY TV avTilo goptiou, v umopel va dloptnidel ye Ty
EVOOUATOON €VOS TEOGVETOU XUXADUATOS HETATOTLONS QPACTS.

YuvodiCovtag, to anotehéoyota Belyvouv OTL 1) TEOTEWOUEVY GYEDINOT avTamoxpiveTol
oToUg Baoolg GTOYOUS, TUPOAO TOUG TEUXTIXOUC Teploplopols, e&acpolilovtag oToepy
Aertovpyla, YeYyopn E€TTEUEN UAEWOOUATOS, TEQLOPIOUEVO COAAUN PAoNS %ot xoopY| Poo-
HOLTIXY) GUUTERLPOEAL.
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Chapter 2

Introduction

2.1 Telecommunication Overview

Telecommunications has come a long way in just a few decades, evolving from early
analog communication methods to today’s advanced digital networks. Analog systems,
which utilized continuous waveforms to transmit information, initially dominated commu-
nication technologies. While effective for voice and basic data transmission, these systems
were limited by noise susceptibility, bandwidth constraints, and signal degradation over
long distances.

The shift to digital communication revolutionized the industry by introducing discrete
signal processing techniques, enabling more efficient use of the spectrum and higher data
rates. This transition supported the deployment of complex modulation schemes and mul-
tiplexing methods, expanding the capacity and reliability of telecommunication networks
worldwide.

As demand for faster and more reliable wireless communication has intensified, the
use of microwave frequency bands has become increasingly prominent. These frequencies
offer a favorable balance between bandwidth availability and propagation characteristics,
making them ideal for applications such as satellite communication, radar systems, and
emerging wireless standards.

However, operating at these frequencies also introduces new challenges, including higher
propagation losses, increased sensitivity to noise and interference, and greater complexity
in hardware design and signal processing. Ensuring frequency stability and signal integrity
in such environments is fundamental to the success of modern telecommunication systems.

2.2 The necessity of Phase-Locked Loop (PLL)

Phase-locked loops (PLLs) are fundamental building blocks in modern electronics and
signal processing due to their ability to maintain a stable and precise phase relationship
between two periodic signals. At their core, PLLs are closed-loop negative-feedback control
systems designed to synchronize the phase of a controlled oscillator with a reference signal.
This allows PLLs to accurately track and measure signal frequencies, extract desired fre-
quency components while rejecting noise, and synthesize new signals based on a reference
input.

The versatility of PLLs makes them essential across many scientific and engineering
fields. In physics and nanotechnology, they enable precise control in scanning probe mi-
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croscopy and stabilize resonators in MEMS and NEMS devices. Beyond these specialized
uses, PLLs are vital in electronics, optics, and photonics, where phase coherence and fre-
quency stability are critical.

In communications and signal processing, PLLs range from basic clock signal cleanup
to advanced local oscillators in radio systems, offering frequency agility and spectral pu-
rity. They also power ultrafast frequency synthesizers in instruments like vector network
analyzers, enabling rapid, precise tuning.

Moreover, PLLs are fundamental to modern VLSI designs, ensuring synchronization
and timing accuracy in high-speed circuits—a role that grows increasingly important as
digital systems become more complex and faster.

In summary, the necessity of PLLs stems from their unique ability to lock and track
frequencies with high precision, enabling a wide array of applications across multiple dis-
ciplines. Their adaptability and robustness make them essential for advancing technology
in communications, instrumentation, nanotechnology, and high-speed electronics.

2.3 Analysis of the 6-10.5 GHz Band

The 6-10.5 GHz frequency range lies within the Super High Frequency (SHF) band,
which spans 3 to 30 GHz and corresponds to wavelengths from approximately 100 mm to
10 mm. The SHF band supports a broad variety of applications including radio astron-
omy, microwave communications, wireless LANs, dedicated short-range communications
(DSRC), modern radar systems, satellite communications, cable and satellite television
broadcasting, direct broadcast satellite (DBS) services, amateur radio, and satellite radio.

The 6-10.5 GHz frequency range offers significant advantages in bandwidth and reso-
lution but also presents several notable propagation challenges. One primary issue is the
increased free-space path loss, which scales approximately with the square of frequency.
As a result, signals within this band experience higher attenuation than those at lower fre-
quencies, limiting communication range or necessitating higher transmit power and more
sensitive receivers to maintain link quality.

Additionally, the shorter wavelengths at these frequencies reduce the ability of signals
to penetrate obstacles such as walls, foliage, and terrain features. This limitation means
that reliable communication often requires a clear line-of-sight path, posing challenges in
urban and dense environments where obstructions are common.

Parasitic effects within circuit components and environmental factors such as tempera-
ture and humidity variations can impact signal integrity, requiring careful hardware design
and compensation techniques.

Understanding these propagation challenges is essential for optimizing systems oper-
ating in the 6-10.5 GHz band, ensuring that communication and radar applications can
perform reliably across a variety of environments.
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Chapter 3

Different types of PLL

As already been mentioned a Phase-Locked Loop (PLL) is a feedback control system
that generates ana output signal in phase with a reference signal. There are three main
categories:

Analog PLL (APPL): An Analog PLL consists of a phase detector, which compares
the phase of the input and output signals, a loop filter, which smooths the detector’s output
to produce a control voltage, and a voltage-controlled oscillator (VCO), which generates
an output frequency that changes according to that control voltage. Analog PLLs excel in
high-frequency applications because they offer low phase noise and mature, well-understood
design principles. However, they are more complex to design, consume more power, and
are sensitive to both noise and process variations.

Digital PLL (DPLL): A Digital PLL replaces most analog components with their
digital equivalents. Instead of an analog phase detector, it uses a digital one to compare
signals; the loop filter is implemented in digital logic or as a digital signal processor (DSP)
algorithm; and the oscillator becomes a digitally controlled oscillator (DCO). These changes
make digital PLLs more robust against noise and manufacturing variations, and easier to
integrate into mixed-signal systems. The trade-off is that at very high frequencies, digital
designs can become more complex and may not match the phase noise performance of
analog PLLs.

All-Digital PLL (ADPLL): An All-Digital PLL goes one step further by eliminating
all analog components. A time-to-digital converter (TDC) replaces the phase detector, the
loop filter operates entirely in the digital domain, and the DCO generates the output
frequency purely through digital tuning. This approach offers low power consumption,
making it ideal for portable devices, and is highly scalable and compatible with modern
CMOS processes. It is also fully programmable, allowing designers to reconfigure loop
parameters through software. Nonetheless, ADPLLs can face performance limitations at
extremely high frequencies and often require precise calibration to achieve optimal results.

Since the focus of this thesis is the design of an analog PLL, the next sections present
and discuss different analog PLL architectures, their operating principles, and their relative
advantages and disadvantages.

3.1 Charge-Pump PLL (CPPLL)

A Charge-Pump Phase-Locked Loop (CPPLL) is one of the most widely used PLL
architectures, combining a phase-frequency detector (PFD), a charge pump (CP), and an
analog loop filter in its feedback path to control a voltage-controlled oscillator (VCO).
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This configuration enables precise frequency control, high loop stability, and fast lock
acquisition, making CPPLLs highly adaptable for both integer and fractional division
schemes.

The reference input signal of a CPPLL is typically generated by a highly stable oscilla-
tor, most often a crystal oscillator, which provides the frequency f,s.. The PFD compares
the phase and frequency of this reference signal with the feedback signal obtained from the
VCO output after frequency division by an integer N (via the N-divider). This N-divider
can also be replaced by a fractional divider to allow finer frequency resolution. By detecting
both phase and frequency differences, the PFD produces two digital output pulses whose
width and polarity represent the direction and magnitude of the error. These pulses drive
the charge pump, which sources or sinks a current proportional to the phase/frequency
difference:

1. If the VCO lags the reference, the CP sources current to increase the control voltage.

2. If the VCO leads the reference, the CP sinks current to decrease the control voltage.

3. If the two signals are aligned, no net current is produced.

The loop filter converts the Charge Pump’s current pulses into a smooth control voltage.
The characteristics of this filter determine key loop parameters such as bandwidth, damping
factor, and stability. This voltage is applied to the VCO, a voltage-controlled oscillator
whose output frequency varies in proportion to the control voltage. The VCO output
fout is then divided down by the N-divider to produce a feedback frequency fxn close to
fose- Through continuous feedback and adjustment, the two frequencies converge, and once
FN=/fose, the loop is said to be locked.

In summary, CPPLLs combine fast locking, low phase noise, and wide frequency pro-
grammability, offering advantages over simpler PLL architectures, which makes them
widely used in RF synthesizers, communication systems, and test equipment requiring
precise frequency control and high performance.

3.2 Sub-Sampling PLL (SSPLL)

A Sub-Sampling PLL (SSPLL) is an analog PLL variant that uses a subsampling phase
detector (PD) to directly sample the high-frequency output of the voltage-controlled oscil-
lator (VCO) with the lower frequency reference clock. Unlike traditional PLLs that rely on
frequency dividers in the feedback path, the subsampling phase detector samples the VCO
output signal at discrete intervals dictated by the reference clock, effectively translating
the timing or phase error into a voltage error signal without requiring a frequency divider,
as long as the ratio fyco/ fref is an integer.

At each rising edge of the reference clock, the instantaneous amplitude of the VCO
output is captured, producing a sampled signal that represents the phase difference between
the VCO and the reference. If the VCO signal is perfectly in phase with the reference
clock, these samples remain steady; any phase difference causes the samples to fluctuate,
generating a voltage proportional to this phase error.

This sampled error signal is converted into a current by a transconductor and then
passed through a loop filter, which smooths the signal by removing noise and high-frequency
components, resulting in a control voltage. This control voltage adjusts the frequency of
the VCO, causing it to speed up or slow down as needed to reduce the phase difference.
Over time, the loop continuously adjusts the VCO frequency until the output signal is
phase-locked with the reference clock, achieving synchronization.

However, the periodic sampling operation imposes some challenges. The VCO load
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experiences periodic perturbations, modulating its output frequency and generating refer-
ence spurs in the PLL output spectrum, known as BFSK (binary frequency shift keying)
spurs, which are not filtered out by the loop. Additionally, the subsampling phase detec-
tor’s narrow detection range increases the risk of false locking, necessitating a separate
frequency-locked loop (FLL) to ensure robust initial frequency acquisition.

In conclusion, the Sub-Sampling PLL presents an effective solution for high-frequency
synthesis, providing enhanced phase noise performance and a streamlined feedback loop,
while requiring careful mitigation of reference spurs and the implementation of reliable
frequency acquisition techniques.

3.3 Injection-Locked PLL (ILPLL)

An Injection-Locked Phase-Locked Loop (ILPLL) improves oscillator stability and
phase noise by periodically injecting a clean reference signal directly into the voltage-
controlled oscillator (VCO). This injection path supplements the traditional feedback loop,
forcing the VCO to synchronize its phase and frequency to the reference and effectively
“reset” accumulated jitter.

Structurally, an ILPLL consists of the usual PLL components such as the phase de-
tector, loop filter, and VCO, but includes an additional injection path from the reference
signal source to the VCO. This injection path features a digital-to-time converter (DTC),
typically implemented with voltage-controlled delay lines (VCDLs), which precisely con-
trols the timing of the injection pulses to align them with the VCO oscillation phase. A
pulse generator (PG) produces pulses with adjustable width that modulate the amount
of injected energy, while control circuits manage synchronization and timing adjustments
to prevent mismatches between the PLL clock and the injected signal. This specialized
circuitry enables fine-tuning of the injection process to maximize locking efficiency and
minimize disturbance.

During operation, the ILPLL injects well-timed pulses from the reference clock into
the VCO, correcting phase and frequency errors by “pulling” the VCO phase towards the
reference periodically. This process reduces accumulated jitter and lowers both in-band and
some out-of-band noise, resulting in improved signal stability and phase noise performance
compared to conventional PLLs. The output frequency generally follows fou:=fref+Af,
where f..r is the reference injection frequency and Af is a small offset or modulation.
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Chapter 4

Design and implementation of a
6-10.5 GHz PLL

The proposed phase-locked loop (PLL) operates in the 6-10.5 GHz frequency range.
The architecture follows a conventional integer-N topology, consisting of a phase—frequency
detector (PFD), a charge pump (CP), a loop filter (LF), a voltage-controlled oscillator
(VCO), and a frequency divider (N-divider). A resistive-based current replication scheme
is implemented in the charge pump to improve current matching and reduce static phase
error. The VCO employs an LC-tank architecture, while the frequency divider scales down
the high VCO output to a frequency suitable for comparison in the PFD. The loop filter,
implemented with two capacitors and one resistor, is designed to ensure loop stability
and desired transient response. The following sections detail the design methodology,
component-level considerations, and performance trade-offs for each block of the PLL.

4.1 Phase-Frequency Detector (PFD)

The phase-frequency detector (PFD) is responsible for comparing the phase and fre-
quency of the reference signal (f,.r) and the feedback signal (fy) derived from the fre-
quency divider. The PFD generates two control signals, UP and DOWN, which drive
the charge pump to either source or sink current into the loop filter. This process ad-
justs the control voltage of the voltage-controlled oscillator (VCO), thereby reducing the
phase and frequency error between the two inputs. A conventional topology based on two
edge-triggered D flip-flops and asynchronous reset logic is used in this design due to its
robustness, simplicity, and suitability for high-frequency operation.

4.1.1 Architecture

The implemented PFD consists of two edge-triggered D flip-flops, with the first clocked
by the reference input f,.y and the second by the feedback input fy4. The D inputs of both
flip-flops are tied to Vpp ensuring that a rising clock edge sets the corresponding () output
high immediately. The Q outputs of the REF and FB flip-flops are each buffered through
two stages of CMOS inverters: first by an inverter with x8 drive strength, followed by an
inverter with x32 drive strength. This two-stage buffering reduces loading on the flip-flops
and provides sufficient drive capability for subsequent logic. The buffered signals then form
the UP and DOWN pulses, which enable the positive and negative current sources in the
charge pump, respectively.
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The UP and DOWN signals are fed to a two-input NAND gate, which produces the
asynchronous reset signal. The NAND output is routed through a chain of four minimum-
sized (x1) inverters to the reset inputs of both flip-flops. This chain restores logic levels,
ensures clean reset transitions, and introduces a controlled delay. The delay is intentionally
included to eliminate dead-zone effects by guaranteeing the generation of small UP or
DOWN pulses even when the inputs are perfectly phase-aligned.

: UpP
L o
v DFF REF
ref [>cx O
RST
Q
O
V RST
- >ck O
Vi DFF FB

—I—_ y
D ¢ b. &’. DOWN

Figure 4.1: Phase-Frequency Detector

4.1.2 Operation

The PFD detects the phase difference between its two inputs and generates an error
signal ve(t) proportional to this difference, expressed as:

Ue(t) = Kpp [(be(t) - @ref(t)} (41)

where Kpp is the phase detector gain in [V /rad].
The PFD can operate under two distinct scenarios:

e Frequency difference: When f,.; and fy;, differ, the PFD generates pulses whose
widths change over time, driving the VCO frequency toward the reference. If f..r
is higher than fyp, the REF flip-flop’s Q output (UP) remains high for most of the
cycle, while the FB flip-flop’s Q output (DOWN) stays low except during short reset
overlaps. This causes the charge pump to source current, increasing the VCO control
voltage and raising ff,. Conversely, if ff, is higher than f,.r, the DOWN output
dominates, sinking current and reducing the VCO frequency.
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e Phasedifference: When the input frequencies are equal but there is a phase offset,
the PFD outputs a pulse proportional to that offset. If REF leads FB, the UP output
remaing high for a duration equal to the phase difference until the FB edge arrives,
at which point the reset logic clears both outputs. If FB leads REF, the DOWN
output behaves in the same way. Due to the finite propagation delay of the NAND
gate and the asynchronous reset path, there is a brief interval during which both
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Figure 4.2: Different Frequency Operation

outputs are high, but this does not disturb loop operation.
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Figure 4.3: Different Phase Operation
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To prevent the so-called dead zone—a condition where perfectly aligned edges produce
no pulses and allow the VCO to drift—this design incorporates a controlled reset delay. As
a result, even when the PLL approaches lock and the time difference between the REF and
FB edges becomes very small, the UP and DOWN outputs still produce narrow pulses. At
perfect lock, these pulses are minimal but remain present to keep the VCO synchronized
with the reference, maintaining continuous control over the loop.

4.2 Charge-Pump (CP)

An ideal charge pump (CP) is a circuit that can either source or sink current. It
consists of two ideal current sources, two switches S7 and Sy, and a load capacitor Cy. The
switches are controlled by digital signals UP and DOWN), as illustrated in Figure The
capacitor C] represents the load; in the context of a PLL, this is typically replaced by the
loop filter.

The operation of the charge pump can be explained with a simple example. Suppose
an UP pulse of width AT arrives at switch S;. When S; closes, a constant current Iy is
delivered to the capacitor C1, charging it. The output voltage increases according to

I - AT
C1

Similarly, when a DOWN pulse arrives at switch Sy, the capacitor is discharged by the
current source, decreasing Vy,; by the same relationship. If both switches are activated
simultaneously, the currents cancel and V,,,; ideally remains unchanged.

In a PLL, the charge pump is typically driven by the outputs of a phase-frequency
detector (PFD). The PFD generates UP and DOWN pulses depending on the phase or
frequency difference between the reference signal and the feedback signal from the VCO.
In steady state, when no phase or frequency difference exists, the PFD produces very short
synchronized pulses. Ideally, these pulses should not alter the output voltage of the charge
pump. In practice, however, small non-idealities lead to a residual voltage ripple at Vi,
caused by slight charging and discharging events during these pulses.

A‘/out =

Vdd
S

} ’
UP.
1

Vout
DOWN o—/‘ S, <
élz

Figure 4.4: Ideal Charge-Pump

4.2.1 Traditional Charge-Pump

A traditional charge pump (CP) implementation is illustrated in Figure [£.5] In this
topology, the sourcing current Iy p is generated by duplicating the reference current Irgp
once through the current mirror structure Mpi;-Mps. The sinking current Ipy, in con-
trast, is obtained by duplicating Irpr twice through an additional current mirror stage,
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specifically Mpi-Mpy and Mpy1-Mpys. This asymmetry introduces a higher sensitivity to
process variations, which results in current mismatch between Iyp and Ipy. Such mis-
matches directly degrade the performance of the PLL, since they contribute to reference
spurs at the output.

Furthermore, a simple rail-to-rail operational amplifier is incorporated into the design.
Acting as a high-speed buffer, the op-amp provides a large input swing that can track the
variations of nodes Vi, and V4 during the charging and discharging phases. It ensures
that node V4 closely follows the control voltage V., while maintaining a fixed voltage
at the drains of the current source transistors. This configuration keeps the transistors in
ideal saturation, improves current matching, and makes the operation of the sourcing and
sinking branches largely independent of the output voltage.

The main drawback of the traditional charge pump remains the current mismatch
caused by process variations and the inherent asymmetry of the mirror stages. In this
work, two different techniques are employed to alleviate this limitation:

1. Replacing the traditional topology with a resistive-based charge pump architecture.
[1] 2. Introducing an offset current, which counterbalanced the residual mismatch. |[2]

MNI

Figure 4.5: Traditional Charge-Pump

4.2.2 Resistive Based Charge-Pump

In the proposed design, the current mirrors typically used for reference current replica-
tion are replaced by an operational amplifier and a resistor. A bandgap-derived reference
voltage, Vrer, is applied in a negative feedback configuration, which stabilizes the refer-
ence current according to

VRER

Ry
Subsequently, through the action of Op-Amp2 and Op-Amp3, the voltage Vypr is
replicated across resistors Ry and R4, generating the sourcing and sinking currents, Iirp
and Ipy, respectively. Each operational amplifier drives a transistor at its output to
ensure voltage stability across the corresponding resistor. Because both Iiyp and Ipy are

Irgr =
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derived directly from a single instance of reference current replication, the impact of device
mismatch is significantly reduced compared to traditional mirror-based implementations.

The most critical element of this architecture is the design of the operational amplifiers.
The central amplifier (OpAmp4), which is responsible for tracking the control voltage V4
at node V4, must be designed to satisfy three essential requirements:

1. High open-loop gain (> 60 dB) to minimize steady-state error.
2. High slew rate and bandwidth to achieve rapid transient response.

3. Rail-to-rail input and output capability to accommodate the full supply voltage
range.

The remaining amplifiers (Op-Ampl-3), which are primarily used for biasing, impose
less stringent requirements. For these devices, a moderate gain exceeding 40 dB is sufficient
to ensure stable operation across the full range of Vrgr, along with rail-to-rail input and
output capability to maintain functionality across the supply voltage.

Similar to conventional charge pump designs, the central op-amp maintains a fixed
voltage at the drains of the current-source transistors, thereby keeping them in saturation
and improving current matching. However, in this work additional measures are imple-
mented to mitigate switching-related non-idealities. Dummy MOSFETs are employed to
suppress the clock feedthrough of the main switching transistors, while the inclusion of
series devices reduces reference spurs and alleviates charge-sharing effects.

Op-amp,
erf

R

Figure 4.6: Resistive Based Charge-Pump
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4.2.3 Operational Amplifiers (OP-Amps)

In order to fully evaluate the suitability of the proposed architecture, it is therefore
necessary to analyze the two categories of operational amplifiers separately.

DC biasing Op-Amps

To meet the requirements of DC biasing in op-amps, a rail-to-rail input op-amp ar-
chitecture was selected. The design begins with a folded cascode stage, implemented
using both PMOS and NMOS differential input pairs (Ms,My,M7,Mg). This configuration
ensures that at least one input pair always remains in saturation, thereby maintaining
first-stage amplification across the entire input common-mode voltage range.

The behavior of the input stage can be summarized in three scenarios:

e Scenario 1: As the input common-mode voltage approaches the positive supply
voltage (Vpp), the PMOS pair transitions into the triode or even cutoff region,
while the NMOS pair remains in saturation.

e Scenario 2: As the input common-mode voltage approaches ground, the NMOS pair
enters the triode or cutoff region, while the PMOS pair remains in saturation.

e Scenario 3: For intermediate values of the input common-mode voltage, both the
PMOS and NMOS input pairs remain in saturation.

To ensure that all transistors operate in saturation across these scenarios, a wide-swing
current mirror (Mi5—Mig) was adopted for the NMOS branch. Given the low supply volt-
age of 0.8 V, super-low threshold voltage (SLVT) devices were employed, as they provide
the minimum required Vpg for saturation. Furthermore, the transistor dimensions were
carefully chosen to guarantee proper saturation operation, with the final sizing values listed
in Table X.

The second stage consists of a common-source amplifier, where transistor My operates
in saturation. The node between transistors M4 and M7 establishes the dominant pole
of the op-amp, which provides frequency compensation and ensures stability. Through
parametric analysis, the values of Ry and C were determined to achieve a phase margin
greater than 65°.

Finally, transistors My, Ma, M5, Mg, My, and Mis are utilized for current mirroring,
ensuring accurate biasing throughout the circuit.

10u4 V__I . M4 |__ "

12 |

|
£

A

R, ¢,

[

Vn+

Vp+ v[}— 40uA

v_o-l M; M, |—<v+ —
10uAd

M; —[ M,

Figure 4.7: DC biasing OP-Amp Architecture
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Table 4.1: Device sizing of DC biasing OP-Amp

Device Width (nm) Length (nm) Number of fingers Multiplier Type
M, 640 100 4 4 RVT
M, 640 100 4 4 RVT
M, 1280 20 8 2 RVT
My 1280 20 8 2 RVT
M; 640 100 4 4 RVT
Mg 640 100 4 4 RVT
M7 1280 20 8 2 RVT
My 1280 20 8 2 RVT
My 3000 40 15 4 SLVT
Mo 3000 40 15 4 SLVT
My, 3000 40 15 4 SLVT
Mo 3000 40 15 4 SLVT
M3 3000 40 15 4 SLVT
My 3000 40 15 4 SLVT
Mis 400 40 2 1 RVT
Mg 600 40 3 3 SLVT
M7 600 40 3 3 SLVT
Mg 600 40 3 3 SLVT
Mg 600 40 3 3 SLVT
My 3000 40 15 4 SLVT
My 800 40 4 2 SLVT
Ry 0.36 3700 - 8 N+ Poly Silicided
Cy 1844 1844 - - Apmom1v8

High-Speed Op-Amp

The primary distinction between a high-speed op-amp and the previously discussed
DC-biased op-amp lies in the requirements of the output stage. In high-speed designs, the
output stage must be capable of sourcing currents up to 500 uA while ensuring that all
transistors remain in saturation.

To support this high current, the output transistors are significantly larger than those
used in the DC-biased op-amp. This increased sizing allows the transistors to handle

larger load currents without leaving saturation.

In addition, the larger devices reduce

the overdrive voltage, which improves the linearity of the amplifier under high-current
conditions, enhancing overall performance.
The final sizing is summarized in Table

& D
10uA v "I M, M4 |_ M I ImA
”; V,,, 40u4 J\{\z/\’-l I_ Vout
M, M, — 1 C
v_-l 7 ) l—<v+ —
1004 4”__, M,
M; —[ M,

Figure 4.8: High-Speed OP-Amp Architecture
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Table 4.2: Device sizing of High-Speed OP-Amp

Device Width (nm) Length (nm) Number of fingers Multiplier Type
M, 640 100 4 4 RVT
M, 640 100 4 4 RVT
M, 1280 20 8 2 RVT
My 1280 20 8 2 RVT
M; 640 100 4 4 RVT
Mg 640 100 4 4 RVT
M7 1280 20 8 2 RVT
My 1280 20 8 2 RVT
M, 3000 40 15 4 SLVT
Mo 3000 40 15 4 SLVT
My, 3000 40 15 4 SLVT
Mo 3000 40 15 4 SLVT
M3 3000 40 15 4 SLVT
My 3000 40 15 4 SLVT
M5 400 40 2 1 RVT
Mg 600 40 3 3 SLVT
M7 600 40 3 3 SLVT
Mg 600 40 3 3 SLVT
Mg 600 40 3 3 SLVT
My 10000 40 20 4 SLVT
My 10000 40 20 4 SLVT
Moo 16000 40 20 4 SLVT
Ry 0.36 3700 - 8 N+ Poly Silicided
C 1303 1330 - - Apmom1v8

4.2.4 Current Mismatch and Reference Spur Analysis:
Comparison of Traditional and Resistive-Based Charge
Pumps

The improvements achieved by transitioning from a traditional charge pump (CP) to
a resistive-based CP can be analyzed through current mismatch behavior.

In traditional CP architectures, asymmetric current mirroring introduces mismatch
between the charging and discharging currents. Specifically, the up current (I_UP) under-
goes one stage of mirroring, while the down current (I_DN) is mirrored twice. This can
be expressed as:

2AVryap
Iyp=(12 ————F—— 1T 4.2
or = (1 g o) T, 42)
Ipy = (14 22¥THP 3 (4 =2VIEAN ) o 43
PN ( Vasp — Vrap Vasy — Vran ) o (4:3)
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mismatch is:

offset:

Assuming Vgsp = Vasny = Vs and Vrgp = Vrnn = Vorn, the resulting current

)+

In a resistive-based CP, the currents are determined using resistive elements to set the

(4.4)

Vas — Vru

Vas — Vru

2A
In = Iyp — Ipx = ( VrH

‘/Offset 71\I (4 5)

V.
—offset,P Ipy = Irgr £ N
2

Iyp = Irgr =
up REF R,

For symmetric design parameters (Vogset,p = Voffset,N = Voftset and R = Ry = R), the

maximum current mismatch becomes:
2V, 2V,
I/A _ IUP . IDN _ offset _ offset IREF~ (46)
R Vi
This analysis demonstrates that:
(4.7)

I\ < In,

indicating that the resistive-based CP achieves lower current mismatch than the tradi-
tional architecture.
The results in [1] quantitatively compare the mismatches of the two architectures and

confirm the improvement.
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Figure 4.9: Mismatch comparison: (a) Traditional CP, (b) Resistive-based CP.

Most reference spurs in PLLs are caused by charge and discharge current mismatches

in the CP. The resulting phase error can be expressed as:
ton AIA
P =2 —
error T‘—Tref Icp

where T is the reference period, t,, is the PFD turn-on time, Icp is the nominal CP

(4.8)

current, and Ia represents the current mismatch.
For a traditional second-order charge pump PLL, the reference spur magnitude due to

this phase error is:
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(4.9)

ton In K kE+1
Pspur:2010g<on aKvco k+ )7

A wrerCo k

where Kyco is the VCO gain, k = C1/C5 is the low-pass filter capacitor ratio, and wyer
is the reference angular frequency.

This expression highlights that reducing Al is a direct and effective method for sup-
pressing reference spurs in the PLL output.

4.2.5 Offset current

The second linearization technique is to add an offset current. Because of charge-
pump current mismatch, the CP characteristic around zero phase error is nonlinear, which
increases VCO output spurs. Introducing a small I, shifts the CP characteristic so
that, for small phase errors, the CP operates in a more linear region (Fig. [£.10).

¥

Linear

e

“Nonlinear
; . >
A’ Region ¢,

Figure 4.10: PFD-CP characteristic

When the PLL is locked, a small steady-state phase error appears with the feedback
clock leading the reference clock. In this condition UP stays low (so Iyp is disconnected),
while DN produces a pulse and turns on the DN switch so Ipy flows. Let ¢1 be the interval
where DN and FDBCK are both high. During FDBCK high, the offset current I,gset is
also enabled.

Over one FDBCK period, the charge-pump output current Icp oyt is therefore

—IpN + Doffset, 0 <1t <t
]CP70Ut(t) = Tofiset s t1 <t< T/2

0, otherwise
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This produces ripple on the pre-filtered node V; only during the high level of FDBCK;
during the low level of FDBCK (and, correspondingly, when CKREF is high), V; is essen-
tially flat. Because the switched-capacitor/ sampled LPF (S-LPF) samples Vi only when
FDBCK is low, the sampled control voltage V¢, remains constant in steady state, which

justifies the steady-state assumption.
In the next figure, the corresponding waveforms are presented to provide a clearer

understanding of the charge pump operation.
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Figure 4.11: Timing waveforms

The final structure of the charge pump is shown in Figure .12 followed by the table
listing the device dimensions. It should be emphasized that the FDBCK 4 and FDBCKp

signals illustrated in this figure are internal control signals of the charge pump. These
signals are generated through multiple inversions of the FDBCK signal.
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Figure 4.12: Resistive based Charge Pump with offset current

Table 4.3: Device sizing of Charge Pump

Device Width (um) Length (nm) Number of fingers Multiplier Type
M, 8 40 20 1 RVT
M, 8 40 20 4 RVT
M; 8 40 20 4 RVT
M, 8 40 20 4 RVT
Ms 30 40 20 4 RVT
Mg 30 40 20 4 RVT
M7 30 40 20 4 RVT
Mg 30 40 20 4 RVT
M, 15 40 10 8 RVT
My 15 40 10 8 RVT
My, 10 40 20 4 RVT
A{lg 10 40 20 4 R\]T
M 10 40 20 4 RVT
My 10 40 20 4 RVT
M 3.75 40 20 P RVT
M 3.75 40 20 2 RVT
M 3.75 40 20 2 RVT

R 0.5 3220 - 1 N+ Poly Silicided
Royy 0.5 3220 - 5 N+ Poly Silicided
C 22 22 - 4 Apmom1v8
C, 1303 1330 - 4 Apmoml1v8
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4.2.6 Layout

This chapter presents the physical layout of the charge pump (CP). The main design
goal is to minimize the occupied area while ensuring reliable operation. Particular emphasis
is placed on transistor matching, since mismatches can lead to current imbalance and
reduced output accuracy. To improve matching, the common-centroid layout technique is
employed, which reduces systematic variations caused by process gradients.

Another important factor is the management of parasitic capacitances. Large and
irregular coupling capacitances can introduce unwanted delays, charge leakage, and signal
distortion, degrading the efficiency of the charge pump.

Signal routing is also a critical aspect. The charge pump requires the transfer of signals
over relatively large distances within the integrated circuit. To ensure low-resistance paths
and reduce voltage drops, thicker metal layers are extensively used for both long-distance
interconnects and for carrying the supply (Vpp) and ground (GND) networks.

To support these requirment, the 22 nm CMOS FD-SOI technology provides eight metal
layers: M1, M2, C1, C2, C3, TA, OI, and LB. M1 and M2 are the lowest layers, mainly used
for short local interconnects, with a minimum width of 40 nm. The intermediate C-layers
(C1-C3) are 1.1x the height of M1, offering slightly higher current limits and lower sheet
resistance (10 Q/pm at 44 nm width versus 15.5 /pm for M1).

The TA layer, nine times taller than M1, supports up to 3.1 mA at minimum width
(360 nm) and is suitable for higher-power signal routing. The OI layer is thirty-four times
the height of M1, with a minimum width of 1.8 pm, a current limit of 71 mA, and an
extremely low sheet resistance of 0.027 Q/um. These properties make OI ideal for power
supply distribution and long interconnects in the PLL design. In contrast, the LB layer,
although 2.8 um thick, has less favorable electrical properties and is therefore not utilized
in the layout.

In the following figure, the layout of the charge pump, including the loop filter, is
depicted. The total area is calculated as 302.913 um x 197.88 ym = 0.05994mm?2. As
can be seen, the loop filter capacitor occupies a significantly larger portion of the area
compared to the rest of the circuit. The DC biasing op-amps are arranged in an almost
square configuration, while the high-speed op-amp is positioned such that, together with
the capacitor C, = 1.6404pF’, it forms a rectangular structure.
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Figure 4.13: Charge Pump and Loop Filter Layout

Op-Amps Layout

The layouts of the operational amplifiers (op-amps) are shown next for clarity. The
transistors of the current mirrors are arranged in a common-centroid configuration and
enclosed by guard rings to minimize the effects of process variation. For the differential
pair, maintaining symmetry after interconnect placement is particularly important to en-
sure accurate operation. In the folded NMOS branch, the biasing transistor belongs to a
different device type and therefore requires a guard ring, since super-low-Vr devices use a
triple-well structure, whereas regular devices do not. The remaining PMOS devices share
a common guard ring. Beneath them, the resistor and capacitor (implemented using the
lowest thin-metal layers) are placed alongside the active common-source NMOS transistor.
Dummy devices are also included to enhance matching and mitigate the well proximity
effect.

The inter-stage signal paths are routed through different metal layers and are delib-
erately not stacked vertically, thereby reducing coupling capacitance. Power is supplied
through the TA layer, chosen for its ability to handle higher currents with low resistance,
making it suitable for both Vpp and ground connections.

The main distinction between the DC biaging amplifier and the high-speed, high-current
amplifier lies in the PMOS high-current mirror, which is connected via the IA metal layer
to the common-source NMOS. While the use of thicker metals improves current-handling
capability, it also increases parasitic capacitance. As a result, a smaller compensation
capacitor is required to maintain a high phase margin.
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Figure 4.14: DC biasing Op-Amps Layout

Figure 4.15: High-Speed Op-Amp Layout
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4.2.7 Pre Vs Post Layout

The final step of the design and implementation process is the comparison between pre-
layout and post-layout results. The first simulation is a transient analysis of the charge
pump (CP) with the UP signal held at logic low. The FDBCK,.s signal is high for half
of the period, while the DN signal remains high for a duration five times shorter, in order
to demonstrate a near steady-state condition. Figures and show the pre-layout
and post-layout simulation results, respectively.

Vy and V, Pre-Layout
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Figure 4.16: V, and V, Pre-Layout
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V; and V, Post-Layout
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Figure 4.17: V, and V, Post-Layout
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Next, the mismatch between the UP and DN current sources is evaluated using DC
parametric operating-point analysis. Two cases are considered:

1. UP = logic low, DN = logic high
2. UP = logic high, DN = logic low

In both cases, FFBCK,.y is held at logic high to ensure that the output voltage remains
stable and no offset current is delivered to the output capacitors. A large mismatch in-
creases the lock time of the PLL and results in reference spurs of higher magnitude. Figures
and present the pre-layout and post-layout current mismatch, respectively.
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Figure 4.18: Pre-Layout Mismatch
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lup & lgown Post-Layout
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Figure 4.19: Post-Layout Mismatch

In the pre-layout simulation, the mismatch is minimal (1.74 pA), whereas in the post-
layout simulation it increases to 10.82 pA. This degradation is mainly caused by voltage
drops across vias and interconnect metals connected to the load resistors. To mitigate this
issue, the resistor values were adjusted. The original resistance was R = 194.64 ). Since

the voltage across a resistor is given by V = I - R, the corrected resistor value is calculated
as:

1
Rnew = Rold " 7 old (4.10)
500pA
The updated values are:
Ry, = 181.26 Q, Ry, = 177.05 (4.11)

After this correction, the mismatch is reduced to 1.83 pA which is comparable to that
of the pre-layout design.
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lup & lgown Post-Layout
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Figure 4.20: Imporved Post-Layout Mismatch

4.3 Loop Filter

The loop filter plays a crucial role in stabilizing the phase-locked loop (PLL) by con-
verting the pulsed current from the charge pump into a smooth control voltage (V) and
by shaping the loop’s frequency response. A well-designed filter ensures that V. settles
to its intended steady-state value, eliminating residual phase error and maintaining lock.

A second-order loop filter, as shown in Figure {4.21] is widely used because it offers a
good balance between noise suppression and loop stability. By integrating low-frequency
error components and attenuating high-frequency disturbances, it controls the trade-off
between acquisition speed, phase margin, and jitter performance.

In PLL designs, the loop filter must also account for parasitic capacitances and the
load presented by the VCO. These effects influence the filter’s ability to reject spurious
signals and maintain stability, making careful selection of component values essential. The
following section outlines the step-by-step procedure for determining these component
values based on phase margin and desired loop bandwidth.

4.3.1 Loop Filter Design Procedure

The following loop filter design methodology follows the guidelines provided by Rene-
sas [3]. The transfer function of the second order filter is:

H(s) = L+ shCh (4.12)

s(Cr+Co+ R Q%)
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Figure 4.21: Second Order Loop Filter

From the transfer function the zero occurs at:

1
" ROy
and provides phase lead, which helps to increase the phase margin and stabilize the loop.

The first pole is located at the origin (w,1=0) and ensuring that the steady-state phase
error is zero. The second pole is at:

(4.13)

Wz

w O+ 0y
P27 RIC1Cy

This high-frequency pole attenuates control-voltage ripple and suppresses noise beyond the
loop bandwidth, but if placed too close to the zero frequency, it can reduce phase margin.
In practice, Cy is chosen much smaller than C7 so that wys > w, preserving the intended
lead compensation effect while providing high-frequency noise suppression.

For a PLL to operate reliably, PM must be greater than 50°, ensuring that the loop
remains stable. In this work, a phase margin of 65° was chosen as a design target. This
value provides a balanced compromise: it offers ample stability margin to prevent oscilla-
tions and reduces overshoot and ringing in the transient response, thereby improving lock
time consistency and minimizing the impact of disturbances on output jitter. From the
phase margin (PM) equation, it is possible to calculate the ratio C/Cs:

(4.14)

b—1
PM = arctan <) (4.15)
2vb
where b =1+ &
By selecting the desired loop bandwidth f. and using the phase margin equation, the
loop filter components can be calculated systematically. The resistor R; is determined by:

_ 2nfeN
Icpcho

Ry (4.16)

where N is the divider ratio, I, is the charge pump current, and K, is the VCO gain.
The capacitor C is computed as:

a

" 2nf.R

Ch (4.17)

where a = £¢ is a design constant related to the desired loop response. Finally, the smaller

capacitor Cgp is derived from:
Ch

ap
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where 8 = %

By solving the system of equations and refining the design through simulations to
minimize voltage ripple, the final values for the loop filter components are determined as
follows: The final component values are C7 = 205.08 pF, Cy = 12.2816pF, and R; =
59.07kS). The phase margin was then recalculated to be 63.26°.

To better understand the frequency response of the loop filter, Figure shows the
Bode diagram of the open-loop transfer function, with the zero and second pole frequencies
clearly marked.
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Figure 4.22: Loop Filter Bode Diagram

4.4 Voltage Controlled Oscillatos (VCO)

A voltage-controlled oscillator (VCO) is a key building block in a phase-locked loop
(PLL), as it converts a control voltage into an output frequency with high precision. The
frequency of the VCO output is directly related to its input voltage, allowing fine control
over the oscillation frequency. The proportionality between input voltage and frequency
is characterized by the VCO gain, often expressed as Kvco = ﬁ—‘é in units of (Hz/V). In
PLL design, the ideal VCO combines a wide tuning range with low power consumption
and good spectral purity.

Two types of VCOs are typically used in integrated PLLs: ring oscillators and LC-
VCOs. Ring oscillators are the simplest to implement on-chip, consisting of an odd number
of cascaded inverting stages connected in a loop. This configuration naturally oscillates and
can reach very high frequencies with relatively straightforward design. Ring oscillators are
compact and can achieve low-to-moderate power consumption, but they tend to produce
square-wave outputs with higher phase noise compared to LC-based designs.

In contrast, LC-VCOs are widely preferred in applications requiring superior phase
noise performance and better figure of merit (FOM). An LC-VCO uses a resonant LC tank
circuit, where an inductor L is connected in parallel with a capacitor C, oscillating ideally
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To sustain oscillation, the energy added by a differential cross-coupled transistor pair must
exceed the energy dissipated by R, the inductor’s series loss resistance, which dominates
over the capacitor’s loss resistance. This active pair generates a negative resistance R, that
cancels the effect of R;. From Barkhausen’s criterion, the oscillation startup condition is
satisfied when the magnitude of the negative resistance is greater than or equal to the
tank’s equivalent resistance, expressed as:

(4.19)

2

P
,where g, is the transconductance of each transistor in the cross-coupled pair. An LC-
VCO has been chosen as the suitable topology, and its detailed design analysis is presented
in the following sections.

4.4.1 Topology Overview

To cover the required PLL frequency range of 6-10.5 GHz, two LC-VCOs are employed.
The first operates over 6-8.5 GHz, and the second over 8-10.5 GHz. The architecture of
both VCOs is shown in Figure In each design, the cross-coupled NMOS transistors
are biased via a single current mirror formed by Ms-M,y. The LC tank consists of an
inductor, a constant capacitor and a MOS-varactor. Therefore, the tuning network em-
ploys a combination of coarse-grain capacitor bank and fine-grain capacitor bank to cover
the entire frequency range. The coarse capacitor bank provides discrete frequency steps,
offsetting the overall tuning range in larger increments. The fine capacitor bank enables
smaller step adjustments, allowing precise alignment of the tuning curve before relying on
the varactor for continuous control. In operation, the coarse bank selects the appropriate
frequency interval, the fine bank refines the frequency within that interval, and finally, the
varactor locks the VCO to the exact desired frequency.

coarse grain
cap banks

e

Figure 4.23: Voltage Controlled Oscillator

A MOS varactor is employed as the tunable element. The varactor is directly tuned by
an analog control voltage and plays a critical role in defining the frequency response within
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the tuning range. A MOS varactor can be realized using a MOSFET with its source and
drain terminals short-circuited. The gate is biased at Vj;4s, while the control voltage V.
is applied to modulate the gate potential relative to the source V5. This modulation alters
the varactor’s capacitance Cy,. As illustrated in the characteristic curve increasing
Vetrt from Vigrpmin 10 Vigrimae results in an increase of the capacitance from Ci,ipn to
Cinaz- In the context of a resonant circuit, this capacitance variation causes the oscillation
frequency to decrease from fr,a: t0 finin. The characteristic curve of the MOS varactor
shows plateaus at both voltage extremes. These regions correspond to reduced capacitance
sensitivity % making them unsuitable for precise tuning. To ensure predictable behavior,
we therefore operate in the central region of the curve, where the f — Vi, relationship is
approximently linear.

le—14 Capacitance vs Bias Voltage
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Figure 4.24: MOS Varactor

The MOS varactor inherently provides only a limited tuning range, since its capacitance
variation between Cpy;, and Chugs is constrained by device physics. As a result, the corre-
sponding tuning gain Ky oo cannot be made arbitrarily large. A high Ky co would lead to
excessive sensitivity of the oscillation frequency to control-voltage noise, thereby degrading
the phase noise performance of the VCO. To increase the overall frequency coverage while
preserving phase noise characteristics, a multiband VCO architecture is adopted. This
multiband operation allows the VCO to cover a wide frequency range without requiring
an excessively high Kvco, thereby maintaining both wide coverage and good phase-noise
performance.

In this approach, multiple overlapping frequency ranges are employed to span the
desired tuning spectrum. This is achieved by integrating a digitally controlled fine-grain
capacitor bank into the LC resonator. The capacitor bank is designed with 32 overlapping
frequency bands, each of which can be selected through digital control signals. The choice
of 32 bands was determined through simulation as an optimal solution, ensuring that the
tuning gain Ky oo remains within a moderate and well-controlled range.

To implement the digitally controlled capacitor bank, MOS switches controlled by
digital logic levels (‘0 for off and ‘1’ for on) are used to selectively add or remove discrete
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capacitance values from the LC tank. In the proposed design, 10 MOS switches and
10 capacitors are implemented in a symmetrical topology with a grounded center node

(Figure {4.25)).
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Figure 4.25: Capacitor bank

For instance, if a specific tuning state such as band 27 must be selected, the corre-
sponding digital control word applied to the switches may take the form of 11011, where
each bit determines the on/off state of the associated capacitor.The selected switches con-
tribute discrete capacitance values of 16C it +8Cunit+2Cunit+Cunit, leading to a total
capacitance addition of 27C,;,;.

The coarse-grain capacitor banks share the same basic structure as the fine-grain ca-
pacitor bank, consisting of a symmetrical arrangement of switches and capacitors with a
grounded center node. These coarse-grain banks are used to achieve large frequency steps.
In the VCO operating in the 6-8.5 GHz range, the coarse-grain capacitor bank consists of
6 MOS switches and 6 fixed capacitors, whereas in the VCO operating in the 8-10.5 GHz
range, only 4 MOS switches and 4 fixed capacitors are used. This difference in configu-
ration allows each VCO to achieve the desired tuning range while maintaining controlled
tuning gain and frequency resolution.
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Figure 4.26: Coarse-tuning capacitor banks of two VCOs: (a) first VCO (6-8 GHz),
(b) second VCO (8-10 GHz).
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4.4.2 Design Procedure

To begin with, the first step in the VCO design is the sizing of the MOSFETs. The
cross-coupled NMOS pair is biased using a single current mirror formed by transistors Ms
and My. The diode-connected transistor Ms is biased with a current of 32.41 pA, achieved
using a resistor of R = 2.5 k) connected to the supply voltage Vpp = 0.8 V. My is
designed to operate strongly in the triode region to ensure proper current mirroring and
stable biasing of the cross-coupled pair. The drain current is Ip = 12.39 mA. Finally, it
is important to achieve a large transconductance (g, ), as indicated by equation (3.10), to
maximize oscillation amplitude and frequency stability. The calculated transistor sizes for
the cross-coupled pair and biasing circuitry are summarized in the following table:

Table 4.4: MOSFETs sizing of both VCOs.

Device Width (um) Length (um) Number of fingers g, (mA/V) Ip (mA)

M, 400 0.04 80 133.5 6.198
M, 400 0.04 80 133.5 6.198
Ms 1.2 1 1 201.8 0.032
My 480 1 80 76.8 12.39

In the design of VCO, the inductor and fixed capacitor of the LC resonator are carefully
chosen. The quality factor (Q) is a key parameter that influences performance. A higher-Q
resonator has a narrower bandwidth, providing better frequency stability since it is less
affected by component variations and external factors. However, the reduced bandwidth
also limits the oscillator’s tuning range. Additionally, high-Q circuits sustain oscillations
with minimal energy loss, ensuring efficient and stable operation. Selecting an appropriate
Q factor involves balancing frequency stability, tuning range, and energy efficiency.

Taking these considerations into account, the Q factor is selected as 20, which is close
to the maximum value supported by the technology (21) at the design frequency of fo =
7.25 GHz. The inductor value is set to 100 pH.

The target frequency range of 6-8.5 GHz is divided into three sections, corresponding
to the steps controlled by the coarse-grain capacitor bank. Focusing on the first third of
the range, the minimum and maximum total capacitance are calculated based on equation
(3.9). The total capacitance consists of contributions from the varactor, the transistors,
the capacitor banks, parasitic effects, and the fixed capacitor.

By setting the maximum VCO gain Kyco to 40 MHz/V, the required capacitance
variation (ACyq,) is determined through varactor sizing, yielding:

ACyqr = 108.85fF.

Subsequently, the unit capacitance Cyp; of the fine-grain capacitor bank is evaluated.
From (3.9), the total capacitance difference is found to be:

Cmax - Cmm = 1.616 va

which leads to the relation:

312 + ACyqr = 1.616 pF.

Solving for z, the smallest unit capacitance is obtained as:
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Cunit = 48.611F.

This implies that the varactor capacitance variation must satisfy:

Avaow" > Cunita

to ensure overlapping between adjacent frequency bands. For a 20% overlap, the re-
quired varactor variation is:

ACyer = 1.2 Cypir = 130.62 {F.

Since Cyp;t is defined, the fine-tuning capacitor bank can be constructed using binary-
weighted elements (powers of two). The same procedure is repeated for the remaining
two frequency sections. Finally, the fixed capacitor Ceonst is selected to define the upper
frequency limit of the oscillator. Specifically, Ceonst ensures that the tuning starts from
8.5 GHz and extends down to 6 GHz, thus enabling continuous frequency coverage across
the desired range. Although at first glance the entire range does not appear fully covered
due to the nonlinear decrease of Ky co and parasitic capacitances that were not explicitly
included in the above calculations.

After iterative adjustments and simulations, the final design results in four frequency
sections, each consisting of 32 bands. The values of the capacitors corresponding to each
band and section are summarized in the following table:

Table 4.5: Capacitor sizing of the 6-8.5 GHz VCO.

Device Width (yum) Length (um) Multiplier Overall Value (fF)

Ceonst 9.35 9.35 8 2364.83
Char 1.6 0.5 1 8.69-43.01
Clunit 3.09 3.09 1 30.84
Counit 3.09 3.09 2 61.68
Clrunit 3.09 3.09 4 123.36
Cunit 3.09 3.09 8 246.72
Cli6unit 3.09 3.09 16 493.44
Co 12.27 12.27 1 509.46
Ch 23.82 23.82 1 1940.16
Cy 29.3 29.3 1 2939.83

It is also important to consider the sizing of the MOSFET switches used in the capacitor
banks. The switches must be designed sufficiently large to ensure reliable operation, i.e.,
to properly connect and disconnect the capacitors without introducing excessive resistance
R, or degrading the tuning linearity.
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Table 4.6: MOSFETs switches of the 6-8.5 GHz VCO.

Fine-grain capacitor bank

Device Width (um) Length (nm) Multiplier Number of fingers

swi 1.4 40 1 2
SWo 1.4 40 1 2
Sws 2.8 40 1 4
SWy 2.8 40 1 4
Sws 5.6 40 1 8
SWg 5.6 40 1 8
swry 11.2 40 1 16
sws 11.2 40 1 16
SWo 22.4 40 1 32
Sw1g 22.4 40 1 32

Coarse-grain capacitor bank

Device Width (um) Length (nm) Multiplier Number of fingers

swy 44.8 40 1 32
SWo 44 .8 40 1 32
Sws 179.2 40 1 32
SWy 179.2 40 1 32
Sws 320 40 1 32
SWe 320 40 1 32

As a final note, a stability test was performed, with particular focus on the ss_ 120
corner in Cadence Virtuoso. For sustained oscillation under all conditions, the loop gain
must remain higher than unity, satisfying the Barkhausen criterion. In addition, the phase
noise (PN) was evaluated, as it is a key performance parameter for oscillators. The tar-
get specification requires a phase noise close to =100 dBc/Hz at 1 MHz offset, ensuring
acceptable spectral purity and system-level performance.

A summary of the simulation results is provided in Table [4.7] while the corresponding

plots are shown in Figures [£.27] [4.28] [£.29] and [4.30]

Table 4.7: Simulation results of the 6-8.5 GHz VCO

Metric 6-8.5 GHz VCO
Frequency bandwidth 5.986-8.528 GHz
Tuning voltage range 0-0.8 V
Power consumption 9.912 mW
Phase noise @ 1 MHz -99.5 dBc/Hz
Maximum Ky co 61.347 MHz/V
Loop gain nominal 2.0341
Minimum loop gain (ss_ 120) 1.4514
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Figure 4.27: Total bands of 6-8.5 GHz VCO
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Figure 4.28: Frequency range of 6-8.5 GHz VCO
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Following the same design methodology, the procedure is applied to the VCOs operating
in the frequency range of 8-10.5GHz The values of the capacitors corresponding to each
band and section are summarized in the following table:

Table 4.8: Capacitor sizing of the 8-10.5 GHz VCO.

Device Width (yum) Length (um) Multiplier Overall Value (fF)

Clonst 20.47 20.47 8 1426.83
Coar 1.1 0.5 1 6.21-29.93
Clunit 2.55 2.55 1 20.74
Counit 2.55 2.55 2 41.48
Claunit 2.55 2.55 4 82.96
Csunit 2.55 2.55 8 165.92
Cl6unit 2.55 2.55 16 331.84
Co 14.1 14.1 1 677.06
4 19.85 19.85 1 1346.42

Table 4.9: MOSFETs switches of the 810.5 GHz VCO.

Fine-grain capacitor bank

Device Width (um) Length (nm) Multiplier Number of fingers

swi 1.4 40 1 2
SWo 1.4 40 1 2
Sws 2.8 40 1 4
SWy 2.8 40 1 4
Sws 5.6 40 1 8
SWe 0.6 40 1 8
swry 11.2 40 1 16
sws 11.2 40 1 16
SWo 22.4 40 1 32
Swig 22.4 40 1 32

Coarse-grain capacitor bank

Device Width (um) Length (nm) Multiplier Number of fingers

Swy 44 .8 40 1 32
SWo 44 .8 40 1 32
Sws 89.6 40 1 32
SWy 89.6 40 1 32
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A summary of the simulation results is provided in Table while the corresponding
plots are shown in Figures [£.31] [£:32] [£-33] and [£.34]

Table 4.10: Simulation results of the 810.5 GHz VCO

Metric 8-10.5 GHz VCO
Frequency bandwidth 7.87-10.51 GHz
Tuning voltage range 0-0.8 V
Power consumption 9.912 mW
Phase noise @ 1 MHz -94 dBc/Hz
Maximum Ky co 87.8 MHz/V
Loop gain nominal 2.0251
Minimum loop gain (ss_ 120) 1.3284
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Figure 4.31: Total bands of 8-10.5 GHz VCO

95



Frequency [GHz]

Kyco [MHZ/V]

10.5

10.0 \

9.5

9.0

8.5

8.0

80

[}
[=]

5

20 A

AN
AN

AN

AN

~.

0 20 40 60 8
Band Number

Figure 4.32: Frequency range of 8-10.5 GHz VCO

T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Veer [V]

Figure 4.33: Ky co of 8-10.5 GHz VCO

26



45 -

40 -

35 A

'3_3‘ 30
[=%
©
5 25
>
3 %
o
% 20
[us]
15 4
10 4
5_
T T T T T
0 20 40 60 80

Band Number

Figure 4.34: Band overlap percentage of 8-10.5 GHz VCO

4.5 RF Amplifier

At the output of the LC-tank voltage-controlled oscillator, an RF amplifier is connected.
This stage is critical for the correct operation of the phase-locked loop because it converts
the inherently sinusoidal output of the VCO into a clean rectangular waveform suitable for
digital processing. Specifically, the frequency divider, implemented as a chain of D flip-
flops (see chapter , requires a well-defined rectangular input to reliably detect rising
and falling edges. At high frequencies, a sinusoidal signal crosses the logic threshold only
briefly, which can lead to missed transitions and incorrect division. Therefore, the RF
amplifier serves as a conversion stage to ensure robust digital operation.

Due to the inductor in the LC tank, the VCO output amplitude may exceed the supply
voltage, resulting in a DC offset. To remove this offset, a coupling capacitor is placed at
the amplifier input. The core of the amplifier is a CMOS inverter, biased near its point of
maximum small-signal gain. At this operating point, the inverter sharpens the sinusoidal
waveform around its switching threshold, producing a nearly rectangular output. This
behavior is illustrated in the following figure.
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Figure 4.35: RF Amplifier Signal Transformation

A feedback resistor is connected between the inverter’s input and output to stabilize
the operating point. This resistor allows a small DC current to flow, biasing the inverter
close to its optimal switching threshold and ensuring high gain around the zero-crossing of
the input sinusoid.

The values of both the coupling capacitor and the feedback resistor are critical for
proper operation. The capacitor must be large enough to block the DC offset and filter
low-frequency components, but not so large that it lowers the dominant pole frequency
below the target range of 6-10.5 GHz, which would reduce the inverter’s gain. The resistor
must allow a small DC offset between input and output, keeping the inverter biased near its
peak gain point, slightly below 400 mV. Proper selection of these components guarantees
reliable conversion of the sinusoidal VCO output into a rectangular waveform suitable for
the divider stage.

The schematic of the RF amplifier, along with the final component dimensions deter-
mined through parametric simulations and the corresponding transient simulation results,
is shown below.
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Figure 4.36: RF ampl_iﬁer schematic

Table 4.11: Capacitor sizing of the 6-8.5 GHz VCO.

Device Width (um) Length (nm) Number of fingers Multiplier Type Overall Value (fF)
M,y 1.92 20 24 1 LVT -

M, 0.64 20 8 1 VT -

c 3.15 3150 - 1 Apmom1v8 49 41fF

R 0.5 5300 - 4 High R-N-+ Poly 30KQ

4.6 Divider

In phase-locked loop (PLL) systems, frequency dividers play a crucial role in scaling the
output frequency down to the reference frequency for comparison in the phase-frequency
detector (PFD). Two common types of dividers used are integer (N) dividers and fractional
dividers.

N-dividers divide the input frequency by an integer value N, providing a straightforward
and stable division method. They are simple to implement, produce minimal reference
spurs, and are commonly used in applications where the output frequency is an integer
multiple of the reference.

On the other hand, fractional dividers allow non-integer division ratios by rapidly
switching between two adjacent integer division values. This flexibility enables finer fre-
quency resolution and supports fractional frequency synthesis, expanding the PLL’s tuning
range. However, fractional dividers introduce additional complexity and can generate spurs
due to the fractional switching, which may require spur reduction techniques.

In this work, the frequency divider is implemented as an N-divider constructed from
a chain of eight D flip-flops (DFFs), effectively realizing a divide-by-256 counter since
28-256, as shown in Figure m . Each flip-flop’s D input is connected to its inverted
output (Q’). The Q output of each flip-flop clocks the next stage, creating a sequential
divide-by-two chain. The Q output of the eighth flip-flop provides the divided frequency
signal, which serves as the feedback input to the phase-frequency detector (PFD) within
the PLL loop.

Ll) Qj LD Qj |—1) Qj LD gj\'—ﬂ Q:| LD Qj\LD Q:|
i \
i ak 0" \\—{ K Q' \\— ST 04 \\— Kk Q' \LD(LI« Q' \¥ ck Q' \LD(LA ok \\— ak Q' \\@

Figure 4.37: Frequency Divider
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Chapter 5

Final Results

The final system-level simulation was obtained by integrating all previously designed
sub-blocks into a single model. The simulated architecture comprises the phase-frequency

detector, charge pump, loop filter, voltage-controlled oscillator (VCO), RF amplifier, and
frequency divider, as illustrated in Figure

reference output
—_—

PFD Charge-Pump Loop Filter— VCO | /\/ — ﬂ

feedback

Divider

Figure 5.1: System Level Phase-Locked Loop

The reference frequency was configured to 23.5 MHz, resulting in a target output
frequency of

fout = fref X 256 = 6.017 GHz.

For correct locking behavior, the PLL was operated with the first VCO, which covers the
frequency range of 6-8.5 GHz. Within this range, the second-to-last band of the 32 available
tuning bands was selected. This configuration was required because the implemented PLL
lacks an automatic band-selection circuit capable of detecting when the control voltage
Vetr1 approaches the edge of a band and subsequently switching to an adjacent band.

The transient simulation was performed over a duration of 30 ps in order to capture the
complete steady-state behavior of the PLL. This time window was chosen to ensure that
all loop dynamics—specifically lock acquisition, stabilization of the control voltage, and
suppression of transient effects—were fully observable. Furthermore, the chosen duration
provides a sufficient margin for the system to achieve stable steady-state operation.
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5.1 Simulation Results

The final transient simulation results are shown below. The critical PLL metric—the
control voltage—reaches steady-state (locked condition) at approximately 26 ps, with a
voltage ripple of just 2.94 mV (less than 3 mV). Achieving this low ripple required signifi-
cantly enlarging the loop filter capacitors.

Control Voltage vs Time
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Figure 5.2: Control Voltage .

Next, the steady-state phase error is assessed. The phase difference between V,.r
and Vigper, is measured at 39.11°, which aligns closely with the theoretical calculation of
180/5 = 36. The deviation is likely due to propagation delays in the D flip-flops and logic
gates preceding the charge pump. If necessary, a phase-shifter circuit could correct this
residual phase error.

Vref vs Vfdbck — Phase Difference via Rising-Edge @ 0.4 V

[
Phase error (avg) = 39.11° (+0.00°)
At (avg) = 4.622 ns
Measured period T = 42.546 ns (f = 23.504 MHz)
N cycles =5

Vref crossing
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0.4

Voltage (V)

0.2

0.01 o - - ] -
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Time (ps)

Figure 5.3: Vier and Vigper
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The RF amplifier output waveform is nearly rectangular, which suffices for digital logic:
subsequent stages only need a clean rising edge to operate correctly.

V_out vs Time
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Figure 5.4: Vier and Vigyer

Finally, the output spectrum demonstrates the PLL’s spectral purity. The first refer-
ence spur (at 2f,.s) is suppressed by at least 31.38 dB below the carrier—well within design
targets. However, the second reference spur (at 3f..¢) has relatively lower suppression at
only 17.81 dB.

Vout frequency spectrum

-7.29 dB
9 First reference spur to primary frequency difference = 31.38 dB
Second reference spur to primary frequency difference = 17.81 dB
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Figure 5.5: Output spectrum of PLL

While adding loop filter components can sometimes further attenuate higher-order
spurs, it’s important to understand how loop filters affect spurious tones: the filter atten-
uates disturbances above the loop bandwidth by approximately 40 dB per decade—this
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applies to spurs whose frequency falls beyond the loop bandwidth. In other words, in-
creasing attenuation for the 3 f,..y spur would require extending the loop filter’s bandwidth
or increasing attenuation in that frequency range. However, this comes at the cost of
increased phase noise or other trade-offs.

To suppress higher-order spurs more effectively without compromising loop stability or
noise performance, more advanced techniques can be considered—such as a sampled-loop
filter, oversampling, or other reference-spur reduction architectures. These can significantly
reduce spurs without heavily impacting loop dynamics ( [4], [5]).

Overall, the PLL meets its primary design goals in terms of stability, lock time, phase
error, and spectral quality, validating the robustness of the implemented architecture.
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Chapter 6

Conclusion and future work

This thesis has presented the design, implementation, and evaluation of a Phase-Locked
Loop (PLL) operating in the 6-8.5 GHz frequency range. The motivation for this work
arises from the growing demand for precise frequency synthesis and signal synchronization
in modern communication and high-frequency systems. Beginning with the fundamentals
of PLLs and progressing toward practical simulation results, this study has addressed
both the theoretical foundations and the practical challenges involved in realizing a robust
design.

The contributions of this work are multifaceted. A comprehensive examination of the
PLL’s core building blocks—the phase detector, charge pump, loop filter, voltage-controlled
oscillator (VCO), and divider—was carried out with emphasis on their interdependencies.
Particular attention was devoted to the loop filter, where capacitor sizing proved to be
critical in minimizing ripple on the control voltage. The final design achieved a stable
steady-state control voltage with a ripple of approximately 3 mV (measured 2.94 mV) and
a lock time of about 26 ps, thereby validating the importance of careful filter design in
overall PLL performance.

In addition, the analysis of the reference and feedback signals revealed a steady-state
phase error of approximately 39.11°. Although slightly higher than the theoretical 36°, this
deviation was consistent across simulations and is attributed to propagation delays in the
flip-flops and logic gates preceding the charge pump. The stability of this error suggests
that it could be effectively compensated by incorporating a dedicated phase-shifting circuit.
Furthermore, the charge pump current behavior confirmed correct operation, with the UP
branch momentarily activated each cycle to balance offset currents and maintain loop
stability.

The spectral performance of the PLL was also evaluated, and the results demonstrated
satisfactory signal purity. Reference spurs at 2f.er were suppressed by more than 31 dB,
while those at 3 frr were reduced by 17 dB, values that are acceptable for practical com-
munication applications. Taken together, these results confirm that the PLL architecture
developed in this work successfully meets its primary design objectives: stability, fast
lock time, controlled phase error, and adequate spectral cleanliness. The system not only
demonstrates the feasibility of high-frequency PLL design in the 6-8.5 GHz range but also
highlights the practical trade-offs that must be addressed in real-world implementations.

Beyond its technical findings, this thesis also serves as a broader reference for future
students and engineers interested in PLL and RF circuit design. The methodology em-
ployed—combining theoretical analysis, iterative design through simulation, and careful
interpretation of results—offers a structured framework that can be extended to other
high-frequency circuit design problems. The insights gained here, particularly regarding
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loop filter optimization and phase error analysis, are directly applicable to a wide variety
of communication and instrumentation systems.

Although the present design achieves its intended objectives, several opportunities for
improvement and extension remain. Possible directions for future work include:

1. Completion of the physical layout. The next logical step toward practical im-
plementation is to finalize the full physical layout of the PLL. This includes careful
routing of interconnects, minimization of parasitics, and verification through post-
layout extraction and simulation. A completed layout would enable fabrication and
real silicon testing, thereby validating the design beyond simulation.

2. Development of an automatic band-selection circuit. The VCO tuning range
in this work is constrained by the control voltage V.. Designing an automatic
band-selection mechanism would allow the circuit to detect when V,;,; approaches
its limits and automatically switch frequency bands. This would improve reliability
across process, voltage, and temperature variations, and extend the usable frequency
range.

3. Integration of an RF switch. An on-chip RF switch could be added to enable
seamless selection between the two VCOs considered in this work [6]. Such in-
tegration would not only simplify system-level design but also enhance versatility
in multi-band communication systems where dynamic frequency reconfiguration is
required.

4. Incorporation of a programmable prescaler. Currently, the divider in the
feedback path supports only fixed integer division ratios. A programmable prescaler
enabling fractional-N division would significantly expand the flexibility of the PLL,
allowing finer frequency resolution and enabling its use in applications that demand
precise channel spacing |[7].

5. Implementation of a bandgap reference circuit. The biasing circuitry in this
design could be further improved by integrating a bandgap reference. Such a circuit
would provide stable and predictable bias currents across variations in temperature
and manufacturing process, ensuring more consistent performance of the PLL over
a wide operating range [§].

6. Integration of a phase shifter. A steady-state phase error of approximately
39.11° was observed in this work, slightly higher than the theoretical prediction.
Incorporating a phase shifter into the feedback path could effectively cancel this
error, improving synchronization accuracy and reducing spurious tones associated
with phase misalignment [9].

7. Design and integration of a crystal oscillator. While the present design as-
sumes an external reference, a more self-contained architecture could be achieved
by designing and integrating a crystal oscillator. This addition would provide a
stable and low-jitter reference source, enabling the PLL to operate as a standalone
frequency synthesizer.

8. Further optimization of the VCO and loop dynamics. The performance
of the VCO remains a key determinant of the overall PLL characteristics. Future
efforts could focus on lowering phase noise and improving spectral purity through
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careful transistor-level optimization. More advanced techniques, such as sampled-
loop filters, oversampling strategies, or adaptive biasing, could also be implemented
to suppress higher-order spursbuilding on work such as [5] and [4].

In summary, this thesis has demonstrated the feasibility of designing a high-frequency
PLL in the 6-8.5 GHz range and has highlighted both the opportunities and challenges
associated with such an endeavor. The results confirm that the design meets its primary
objectives while also pointing toward clear directions for future research. By addressing
the outlined extensions and optimizations, future work can further improve performance,
robustness, and applicability, ultimately contributing to the development of more advanced
PLL architectures and continued innovation in RF system design.
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Chapter 7

Appendix

7.1 D Flip-Flop (DFF)

A D flip-flop, also known as a “data” or “delay” flip-flop, is a fundamental digital
memory element used to store a single bit of data. It has one data input (D), a clock input
(CLK), and two outputs: Q and its complement Q’. The D flip-flop operates synchronously,
meaning it samples and stores the input value only on a specific clock edge (usually the
rising edge). When the clock signal is low, the flip-flop holds its previous state and ignores
any changes at the D input. When the clock signal transitions to high, the flip-flop captures
the value present at D and updates the Q output accordingly:

e If D = 0, then Q will be set to 0.

e If D =1, then Q will be set to 1.

The complementary output Q’ always holds the inverse of Q: if Q = 1, then Q' = 0, and
vice versa.

The behavior of the D flip-flop can be summarized in the truth table below, which
shows the relationship between the clock, the D input, and the outputs Q and Q:

Clock D Qnext ;ext
Rising edge | 0 0 1
Rising edge | 1 1 0

No clock edge | X | Qcurrent current

Table 7.1: Truth table of the D Flip-Flop

Note that some flip-flops can be asynchronous, responding to inputs without a clock,
but the D flip-flop used in PLL circuits is typically synchronous to ensure timing precision.

7.2 NAND Gate

The NAND gate performs the NAND (NOT AND) operation on two or more binary
inputs and produces a binary output. It can be thought of as a combination of an AND
gate followed by a NOT gate. The output of a NAND gate is low (0) only when all its
inputs are high (1); otherwise, the output is high (1).

In Boolean terms, a NAND gate returns:

e 1, if any of the inputs is 0 (or any combination where not all inputs are 1).
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e (), only if all inputs are 1.

Specially, 2-Input NAND Gate has two inputs and one output. With two inputs, there
are 22=4 possible input combinations. The truth table and logic symbol for the 2-input
NAND gate are shown below.

Input A | Input B | Output (A NAND B)
0 0 1
0 1 1
1 0 1
1 1 0

Table 7.2: Truth table of 2-Input NAND Gate

7.3 Inverter

The NOT gate is one of the main building blocks of Digital Logic Circuits. A NOT
Gate, also called an inverter, has only one input and one output. The output of the NOT
gate is logic 0 when its input is logic 1 and the output is logic 1 when its input is logic 0.
Thus, the output is always the complement of its input.

In most modern digital designs, the inverter is implemented using CMOS technology.
A CMOS inverter consists of two types of transistors: a PMOS transistor connected to the
positive supply voltage (Vpp) and an NMOS transistor connected to ground. The input
signal controls both transistors simultaneously:

e When the input is low (0), the PMOS transistor turns on (conducts), and the NMOS

transistor turns off (non-conducting). This connects the output to Vpp, producing
a high output (1).
e When the input is high (1), the PMOS transistor turns off, and the NMOS transistor
turns on. This connects the output to ground, producing a low output (0).
This complementary action ensures that the inverter consumes very little static power,
only drawing significant current during switching transitions.

Drive Strength and Inverter Sizes
Inverters come in different sizes, labeled as x1, x2, x4, x8, etc. These indicate the
drive strength of the inverter — essentially how much current it can provide to charge or
discharge the load capacitance quickly:

e A X1 inverter is the baseline size with minimum drive strength.

e A X2 inverter is roughly twice as strong, capable of driving twice the load faster.

e Larger sizes like x4 or x8 provide even greater drive strength but at the cost of

more silicon area and power consumption.

Selecting the appropriate inverter size is a balance between speed, power, and area require-
ments in the circuit design.
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