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ABSTRACT I

Abstract

In this thesis, major concerns in the architectfraternal display interface are
explained. Considering the limited battery capaafy mobile phones and the
increasing amount of required data, the interfdcrilsl be designed for both high-
speed and low-power operation.

In the first prototype design, a 10 Gb/s/lane ttaner is presented. In transmitter
(TX), pseudo serializer and 2:1 ISI mitigating MXe proposed to simultaneously
mitigate inter-symbol-interference (IS1) and acleigpower efficiency. The proposed
serializer reduces the clock distribution of thewemntional serializer to save power,
and the proposed MUX pre-charges or pre-dischatge$loating nodes of the tri-
state inverter to eliminate previous informatiom anitigate ISI. In receiver (RX), a
hybrid loop is employed, which is initially perfoed using a digital loop. After the
frequency detection, the digital loop is deactidatnd the analog loop is activated to
eliminate the remaining frequency and phase eriysutilizing the digital loop,
unlimited frequency detection is possible, and d@nhalog loop can achieve better
power efficiency due to deactivating the edge dekeer (DES) and digital loop filter
(DLF). The prototype chip is fabricated in 28-nm OBl technology and occupies an
active area of 0.196 mm2. Each TX, RX and PLL o@s19.026 mrf) 0.066 mm,
0.012 mrj, respectively. The overall transceiver achievesrargy efficiency of 1.23
pJ/b.

In the second prototype design, a 10 Gb/s recémaiis capable of fast frequency

acquisition in the initial mode and recoveringafserating frequency fast from the
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sleep mode under the supply voltage drift is predo3 he linear characteristic of the
frequency gain curve is used to adjust the indtigital code using a finite-state ma-
chine (FSM). Furthermore, a hybrid CDR is emploteedupport the fast entering and
exiting of the sleep mode by adding AND gates exdigital loop filter, while offering
good jitter performance by utilizing an analog Iddger. Also, supply voltage drift
cancellation (SVDC) circuit is added to maintaimstant current in the presence of
supply voltage drift. Thanks to the hybrid CDR &WDC, even if the supply voltage
drift occurs during the sleep mode, the same frecés recovered fast without fre-
quency re-tracking. A prototype chip fabricate@&nm CMOS technology occupies
an active area of 0.089mnwith 0.99-pJ/bit energy efficiency in the activeade.
The proposed fast tracking method achieves a freyueck time of 0.371s, which

is faster than the conventional frequency lock toh8.02us. In the sleep mode, the
power consumption is decreased by 80% in compatistire active mode. Moreover,
the measured results show that the frequency ®veeed within 36 ns even if the

worst-case supply voltage drift occurs during tleeg mode.

Keywords: Internal display interface, transmitter, receivdock and data recovery,
(CDR), fast frequency acquisition, supply voltagétdsleep mode, wake-up, fast

recovery

Student Number : 2019-25389
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Chapter 1

| ntroduction

1.1 Motivation

The demand for high-performance displays in modenartphones is on the rise.
The implementation of a high-performance displaylives taking three things into
consideration.

The first factor is the display's resolution, whaénotes the number of pixels in
the width and height of the screen. The high-pertorce display features a more
significant number of pixels. Fig. 1.1 is a chdrmowing the resolution changes in the
Galaxy-S series [1]. The chart demonstrates a pssgre shift, with the series starting
from WVGA (800x480) and gradually transitioningii® (1280X720), FHD (1920
X1080), and QHD (2560X1440) with the respectivedoid releases.
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QHD+
2960x1440, 3040x1440, 3200x1440, 3088x1440

QHD
2560x1440
FHD
1920x1080
HD
WVGA 1280x720
800x480

S S2 S3 S4 S5 S6 S7 S8 S9 S10 S20 S21 S22 S23
Ultra Ultra Ultra

Resolution

Fig. 1.1 The display resolution changes of the Bafa series [1]

The second factor to be considered is color deftis parameter indicates the
number of colors that the display can represert, ragh-performance displays can
exhibit a diverse and natural range of colors. iRstance, in the case of black and
white televisions, black is represented as 0 anievds 1, enabling the display to
represent only two colors using 1 bit. In coloetésions, red (R), green (G), blue (B)
are used as the primary colors for subpixels, wheh be combined to represent a
range of colors.

The third element to consider is frame rates. émideo, multiple still images are
arranged sequentially to create the illusion ofiarotEach still image in this sequence
is referred to as a frame, and the number of frasimdayed per second is known as
the frame rate. A higher frame rate means that sitémages need to be processed

per second to create a smooth and seamless vigeoence.

S e ik
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Thus, in order to achieve high resolution, larglicdepth, and high frame rates,
it is essential to have interfaces that can haaddege amount of data.

There are two interfaces for the display of mobplications: the intra-panel in-
terface, which is the interface from the timing totter (T-CON) to the source driver
(SD). And the other is the system-interface whikhe interface between the appli-
cation processor (AP) and the timing controllelGDN).

Many studies have been reported on the intra-pgatesface [2]-[8], and there is
a need to increase the data rates of the systenfisice to keep up with the speed of
the intra-panel interface.

Not only high data rates but also low power systehmild be considered. One of
the representative interfaces for the display obifeoapplications is MIPI (Mobile
Industry Processor Interface). Fig. 1.2 shows tleall architecture of MIPI [9]. The
AP must control not only the display but also vasieystems and interfaces. For this
reason, considering the limited battery life of stplaones, it should be operated as a
low-power system. One of the most attractive apghea is to turn off the module
when it is not in use. Much research has been aedwn links that turn off when
not in use and switch rapidly between the wakengsdeep mode, specified in vari-
ous standards such as PON and DisplayPort [11]-[22]

With this motivation, this dissertation presentsamnsceiver from the AP to the
timing controller embedded controller (TED) for twwin objectives. Firstly, a high-
speed transceiver is proposed to match the reqtotatibandwidth while reducing
the number of lanes, thereby achieving cost benediécondly, a receiver that sup-
ports sleep mode is proposed to implement a lowgp@ystem incorporating designs

for faster frequency acquisition and frequency vecy in each state: initial active
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mode, sleep mode, and wake-up state.
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Fig. 1.2 Overall architecture of mobile applicat{®h
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1.2 Thesis Organization

This thesis is organized as follows. The backgrswfdhe serial link and internal
display interface are described in Chapter 2. Awrddverall structure of the proposed
AP-to-TED interface and it's requirements are désct.

In Chapter 3, high-speed and low-power transmétet receiver is proposed. In
transmitter (TX), the proposed pseudo serializerimized clocking power to reduce
the total power, and ISI-mitigating MUX minimizebdet interference with previous
data. In receiver (RX), hybrid clock and data rewg(CDR) is proposed for the low
power system. The hybrid loop consists of a didaap and an analog loop. The
digital loop is first activated to find the digitebdes. Then the analog loop is activated
to reduce power consumption by blocking the cloathf the digital loop filter (DLF)
and deactivating DLF and edge deserializer (DEBuU@ implementation and meas-
urements are shown.

In Chapter 4, 10 Gb/s receiver supporting sleepenimg@resented. Receiver oper-
ation can be divided into three stages, 1) inative mode, 2) sleep mode, and 3)
wake-up.

In initial active mode, a new frequency acquisitinade is proposed utilizing the
linearity of frequency gain curves. The proposedhoe uses the value of error ac-
cording to the frequency difference to adjust tbdeccorresponding to the initial fre-
quency. finite-state machine (FSM) is used to ddjus code and the process is de-
scribed. Simulation results show that it achievéessger lock time.

In sleep mode, a design for turning off the modaleake power zero is presented.
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Switches are added to each block and the changewer is described through sim-
ulation.

After wake-up, frequency is quickly recovered thgbuhe proposed hybrid loop
CDR with supply voltage drift cancellation (SVD@®y employing supply voltage
drift technique to digitally controlled current bybrid oscillator (HOSC), it can ac-
complish the fast frequency recovery from sleep enbddupply voltage drift occurs
in sleep mode. Circuit implementation and measunesnesults are shown to verify
the proposed scheme.

Chapter 5 summarizes the proposed works and caeshins thesis.
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Chapter 2

Backgrounds

2.1 Overview

There are two types of communication for chip-tqpctommunication: parallel
and serial communication. Parallel communicatiamdsemultiple data signals over
multiple channels. As data speeds increase, pacallemunication requires more
channels, resulting in increased cost and moreigdiyiayers. In addition, as clock
speeds increase, EMI and propagation delay issuearise.

On the other hand, serial communication sendsaledit at a time, sequentially,
requiring only one channel and fewer physical layban parallel communication.

Fig. 2.1 shows a depiction of parallel and serahmunication, where parallel in-
terfaces require a total of 8 channels to trangritte (8 bits) of information, whereas

serial communication can transmit on just one ckhriris lower number of channels
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results in a relatively lower cost.

Future mobile applications will require low-costal-area interfaces with high
data rates. Because of these reasons, serial capatian is commonly employed.

Serial link is an interface for serial communicati¢ig. 2.2 shows the simplified
block diagram of the serial link. It consists exializer (SER) that converts parallel
data into a series to be transmitted, a desenal2ES) that converts the received
serial data back into parallel data, an equalizar tompensates for the insertion loss
due to the skin effect and dielectric loss incurdeding transmission through the
channel, analog front-end (AFE) to sample the ttethhas passed through the chan-
nel, and a clocking scheme that synchronizes tkeatipn of each circuit.

To receive data accurately, it is essential to lgwehronized clocks between the
transmitter and receiver, or the ability to opeaggnchronously. The clocking archi-
tecture used in SERDES systems is categorized dingoto the synchronization
scheme used between the transmitter and receiveksclin SERDES architecture,
three main types of clock synchronization are pn@dantly employed: synchronous,
mesochronous, and plesiochronous.

Synchronous clocking architecture is a clockingese in which there are no fre-
guency or phase differences between the receivek eind the transmitted data. This
means that there is no need for additional clocdsphadjustments during data sam-
pling. Typically, synchronous clocking is implemedtusing a forwarded-clocking
architecture, as shown in Fig. 2.3. It is cruc@lensure that the delay of the data
channel and the clock channel, as well as the dmidyoth the transmitter side and

the receiver side are matched or within a reasenabige. By tightly controlling
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Fig. 2.3 Block diagram of synchronous clocking @&exdture — forwarded clocking

Transmitter Receiver

DIG

Fig. 2.4 Block diagram of mesochronous clockinghaexture — forwarded clocking

these delays, synchronous clocking architecturegpoavide a simple and cost-effec-
tive solution for constructing a SERDES interfddewever, there are challenges as-

sociated with implementing synchronous clockinghaecture in modern SERDES
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interfaces. As the data rate increases, the timagin for robust data sampling de-
creases while the clock skew(variation in clochvatrtimes) and propagation delay

(time taken for signals to propagate through theud) remain constant. Moreover,

synchronous clocking architecture is sensitivediayl variations. For these reasons,
there are limitations in architectures that reqbigh data rates.

A mesochronous clocking architecture is charaadrizy having only one phase
difference between the receiver clock and the iméitesd data. This clocking scheme
is commonly associated with systems using a foreculocking architecture. Fig.
2.4 shows an example of a typical mesochronous $EREystem using a forwarded
clocking architecture. In a mesochronous clockiogesne, the receiver clock fre-
quency is the same as the transmitter (TX) frequehicerefore, only a delay adjust-
ment is required to achieve optimal sampling timifilgis can be done manually or
automatically, depending on the implementatioa. #ERDES system includes a pre-
training sequence, Clock and Data Recovery (CDRdisiecessary because the con-
troller can perform delay adjustments. In such gagevariable delay line or a phase
interpolator (P1) is sufficient for the purpose.whver, if the system lacks a controller,
CDR becomes essential. It can be achieved using@esdeskewing circuit such as
a delay-locked loop (DLL) or a phase interpolat).(In a mesochronous system, an
alternative configuration is using a common clookhétecture instead of forwarded
clocking architecture. This arrangement is depidteBig. 2.5, which shows an ex-
ample of a mesochronous system using a common alotitecture. In this case, the
receiver employs a phase-locked loop (PLL) to gatiees clock signal with the same
frequency as the transmitter. The clock phasedn #djusted using CDR with the

deskewing circuit mentioned earlier.
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Fig. 2.5 Block diagram of mesochronous clockindhaecture — common reference clock
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Fig. 2.6 Block diagram of plesiochronous clockimghractecture

Despite the need for an additional clock channexernal reference clock gener-
ator, mesochronous clocking architecture is wideskyd in certain applications due to

its simple CDR structure.
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In plesiochronous clocking architecture, the traitteh data and the receiver clock
exhibit a slight frequency difference. Unlike symaous systems with a common
clock, the transmitter and receiver generate thein clocks using their respective
reference clocks in this architecture, as showkign2.6. As a result, the clocks can-
not be perfectly synchronized, leading to a slighguency disparity. This frequency
difference gives rise to a continuous drift in tkative phase of the clocks. While an
elastic buffer can be employed to mitigate thisbpem, it is effective only when data
attenuation is minimal. In most cases, receivagsire the regeneration of attenuated
data, necessitating the use of clock and data eegddDR) mechanisms. Unlike
mesochronous systems, plesiochronous systems detnaakihg of both phase and
frequency. Consequently, the design of the recésgeomes more challenging in ple-
siochronous systems.

Therefore, clocking architectures should be chdsesed on the target application,
taking into consideration their respective advagsaand disadvantages.

In addition to the clocking architecture betweea ttansmitter and receiver, the
selection of the appropriate clocking scheme inah RX should also be taken into
consideration.

There are three main clocking schemes commonly inssetial link: full-rate, half
-rate and quarter-rate. The full-rate scheme alifzita on the rising edge of the clock,
which has an advantage in terms of jitter by reigrihe data in final stage, but re-
quires a fast clock and consumes a lot of poweshawn in Fig. 2.7 (a). To overcome
these disadvantages, the half-rate architecturbédes proposed as shown in Fig. 2.7

(b). It is commonly used because it consumes lesgpand mitigate the timing



Chapter 2. Backgrounds 14

budget. However, if the clock’s duty is broken,ikontal jitter may occur. The quar-

ter-rate scheme, shown in Fig. 2.7 (c), is uséthtesmit high-speed data by using the
rising edges of four low-speed clocks. However,nmt@aning a constant 90° phase
difference between the four clocks can be challengDue to the existence of pros
and cons for each clocking structure, the seledfarocking architectures should be
determined based on factors such as data ratey pegwgrements, and other relevant

considerations.
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Fig. 2.7 Timing diagram of clocking scheme: (a)-falte (b) half-rate (c) quarter-rate
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2.2 Internal Display Interface

2.2.1 Overview

The internal display interface primarily servedfss interface for communication
between the main system-on-a-chip (SoC) and thiedirmontroller (T-CON). It is
divided into different types depending on the taegsplication. Among them, LVDS
was first introduced in 1994 by ANSI/TIA/EIA-644 @ihas been mainly used in var-
ious of applications. Fig. 2.8 shows the descripand specification of LVDS [28].

It transmits serial data with low voltage and smaltage difference, which makes it
resistant to noise and consumes less power. Howineespeed that can be sent per
lane is limited, and as the required data ratecBmes, more lanes are required. As a
result, different interfaces have been developeltamatives for each application.

One of these, iDP, was developed by VESA in 20tMigplayport applications
[11]. The iDP standard defines an internal linkWatn a digital TV system on chip
(SOC) controller and the display panel's timingtoalfer. Compared to LVDS, iDP
offers the advantage of higher data rates per femesr wires, and better EMI char-
acteristics. Fig. 2.9 shows a basic block diagr&iB. In iDP, the TX utilizes pre-
emphasis to help in clock recovery and symbol latkthe sink device by
compensating for the frequency-dependent inseltemof the channel. On the other
hand, the RX employs optional equalization (EQ) @@R techniques to transmit
and receive signals.

Unlike large displays such as TVs and monitors, ileapplications utilize the
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Fig. 2.8 Description and specification of LVDS (lewltage differential signaling) [28]
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Fig. 2.9 Simplified block diagram of internal DiggPort (iDP) PHY Electrical Sub-Layer

[12]

MIPI standard, established by the MIPI Alliance (MRIntel, Nokia, Samsung,
STMicroelectronics, Tl) in 2003 hey established interfaces for processors, inctydi

the AP between peripheral devices, with objectieésachieving cost-effective
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flexibility through component compatibility amongamufacturers, high-speed and
low power. Each device utilizes a different phyklager (PHY) for communication
with the AP. Fig. 2.10 shows the protocol and pteisiayer for each peripheral
devices [9]. Specifically for the display interfage smartphones, it employs the
display serial interface (DSI). Fig. 2.11 illus&ratthe conceptual view and description
of the layers of DSI [10]. Based on the conceptliayjram, the host device or AP
sends information related to pixels or commandsht® peripheral devices, and
receives status or pixel information back from deeices. During this process, DSI
serializes all pixel data, commands, and eventsaiteatypically conveyed to or from
the peripheral device using a parallel data bué widitional control signals in
traditional or legacy interfaces. As mentioned iearlthe amount of data being
transmitted from the AP has been increasing, néa@ng higher speeds for the links
handled by the DSI. Fig. 2.12 illustrates the pereldata rate of the D-PHY according
to different versions. D-PHY 3.0, it has been deped to support a maximum
transmission speed of 9.0 Gbps and up to 11 Gbpshfwrt channels. Additionally,
as the data rate increases, continuous-time limepralizer (CTLE) has been
implemented to compensate for channel loss.

The future direction of internal interfaces for niebapplications can be
summarized into two main aspects. Firstly, as theunt of information that needs to
be processed continues to increase, it is cruxiaiplement high data rates. Secondly,
low-power design should be employed for long bgtiiée. Considering these factors,

it is essential to appropriately design the clogldnheme, TX, RX, and EQ.
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Fig. 2.10 MIPI Multimedia specification [9]
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2.2.2 AP-to-TED interface

In high-resolution display, a large amount of damiast be fowarded from the T-
CON to the source driver IC (SD) through a so-chifgra-panel interface. To meet
these requirements, the need for more flexibletgdircircuits and printed circuit
boards has increased, resulting in higher costerdar to address these challenges,
many studies have been conducted to achieve bgthdata rates and power effi-
ciency [2]-[8], [23]-[27]. One of the approachewatves the development of a T-
CON embedded driver (TED) that combines T-CON aidii®o a single chip,
thereby proposing solutions to reduce channel numibe power consumption [25].
Accordingly, the data rates of the AP-to-TED ind&€é must be increased to keep up
with the speed of intra-panel interface.

Fig. 2.13 describes the overall architecture ofAlReto-TED interface, which is
composed of a AP, TED, and a flexible printed atrboard (FPCB). In order to de-
termine the architecture of the TX in AP and theereer in the TED, it is essential to

have a precise understanding of the characteristite FPCB.

AP-to-TED
AP Interface TE D
. Interface _,‘+\_ Interface
Display -;‘l TCON
AL EPCB RX Intra-panel
* interface

Source Driver IC

Camera Interface
X

Display panel

Fig. 2.13 Overall architecture of AP-to-TED interéa
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2.2.2.1 Flexible Printed Circuit Board (FPCB)

Fig. 2.14 depicts an FPCB [29]. The figure illugtsaa different FPCB than the one
actually used to security reasons. When the d#&tanmareases, the FPCB also expe-
riences an increase in channel loss, like othemroéla. This is due to the fact that loss
is frequency-dependent, caused by the skin effettdéelectric loss. Compensating
for higher channel losses requires higher circainplexity and more power con-
sumption.

Therefore, the objective of this paper is to imptata low-power system with a
data rate of 10 Gb/s per lane, surpassing the qarelyi published D-PHY standard.
The channel losses at the Nyquist frequency of &% @ measured for channel
lengths of 7 cm, 10 cm, 15 cm, and 32 cm, resultiigsses of 6.5 dB, 10.4 dB, 10.9
dB, and 16.9 dB, respectively.
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Chapter 3

Design of High-Speed and L ow-

Power Transcelver

3.1 The Design of Transmitter

3.1.1 Proposed Pseudo Serializer

The purpose of the serializer is to convert pardbg¢a generated by a pattern gen-
erator into a serial data format. Fig 3.1 represantidely used 2:1 serializer structure
primarily employed in the transmitter (TX) [30].dbnsists of five latches and a 2:1
multiplexer (MUX). Utilizing a total of five latcheensures sufficient timing margin,

thereby preventing glitches at the final 2:1 MU gst.
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Fig. 3.1 Overall sturcture of 2:1 serializer

However, each latch requires a clock, leading tosiased power consumption. As
a result, as the speed increases, schemes havpropesed to reduce the number of
latches and minimize the clock distribution path][332]. In this chapter, a pseudo-
serializer scheme is proposed as a solution tacesthe number of latches.

The proposed pseudo serializer's overall strudgtuitustrated in Fig. 3.2. Each
20-to-1 SER comprises four 5-to-1 MUXs and three-2-MUXs. Fig. 3.3 depicts
the structure of the 2-to-1 MUX, which comprisestti-state inverters and one
switch.

Both the positive and negative edges of the 5 Ggfzas are employed to create
divided 2.5 GHz and 1.25 GHz signals across alsebaDuring the low level of the
CLK2sc signal, INO is transmitted to SERO, while IN1 ensto INsw through the
switch being activated. When CLKsis high, the transmission of INO is blocked, and

the value stored in I8 is transmitted to SERO. However, it is cruciaptevent any
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transition in the data during this process. Duting high level of CLKsg, the tri-
state inverter and switch that are directly coneg¢d INO and IN1 are turned off. As
a result, any changes in INO and IN1 cannot havengact on SERO. As a result,
SERO is only synchronized by Ckks and the use of flip-flops and latches is mini-

mized to decrease clock distribution and achiewedower consumption.
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3.1.2 Proposed | SI-Mitigating MUX

Fig. 3.4 shows the schematic of conventional MUXt ttonsists of two tri-state
inverters. The voltage of the internal node oftthstate inverter (Rito, Ninito, PiniTa,
Ninit1) can vary depending on the transmitted data, nguster-symbol-interference,
(IS) resulting in different slew rates at the MWXitput. To address this issue, we
incorporate additional switches to pre-dischargprercharge each node, thereby en-
suring a consistent value at the internal nodes.

Fig. 3.5 illustrates the proposed ISI-Mitigating MUThe proposed structure is
designed to pre-charge or discharge the interndé ndepending on the level of the

clock used. In the case where the clock of the ghtie tri-state inverter is at a low

Qo0

SER1 D Q

x
S MU | MUXou

SERO D Q D Q an
CLKsc

CLKse CLKse CLKse

+

Ninit1

Fig. 3.4 The schematic of conventional MUX
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Fig. 3.6 Timing diagram of ISI-Mitigating MUX

level, Q0 becomes the output of the MUX, while @%ent to the output of the MUX

when clock is at a high level. Fig. 3.6 shows artgrdiagram for one case where QO
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and Q1 are intended to transmit 0 and 1, respégtiwhile QO is being transmitted,
the flip-flop at the front of the MUX maintains alue of 1 for Q1. This value causes
Piir1, Ninr2 Of the tri-state inverter of Q1 to be pre-chargegre-discharged, re-
spectively. As a result, before Q1 is transmitidy1 is pre-charged to 0, thus main-
taining a constant internal node value. This pkysle in mitigating ISI by ensuring
the same slew rate.

Fig. 3.7 (a) and (b) show simulation results ofvational MUX and ISI-mitigat-
ing MUX, respectively. Compared to the conventiok)X with an eye width of
0.82 UI, the ISI-mitigating MUX shows an improvementh a width of 0.89 U,

which is an increase of 0.07 UI.

@) (b)

Fig. 3.7 Simulation results of (a) conventional M ISI-Mitigating MUX
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3.1.3 Overall Sturucture of Transmitter

Each transmitter utilizes two differential lanesefominate common noise inter-
ference from a display panel, with each lane resiptmfor a 10-Gb/s data rate. Fig.
3.8 shows the overall structure of the transmitiéye clock-embedded architecture
utilizes a ring-based charge-pump PLL (CP-PLL) veitB12-MHz reference to pro-
vide a 5-GHz clock for the transmitter. The trartsenis divider generates divided
clock signals (2.5, 1.25, 0.25 GHz) for serialiaati

The transmitter consists of a TX-Digital block imding PRBS-Generator and
modules used in logical PHY, a proposed 40-to-21g36SER, a proposed ISI-Miti-
gating MUX, a single-to-differential predriver(SH predriver) to send the signal
through the differential lane, and a source-sdgesinated (SST) output drivers. For
impedance matching with the FPCB, the SST drivercoentrol MOS resistance using

4-bit tunable signals.
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3.2 The Design of Receiver

3.2.1 Overview

As seen in Chapter 2, only the synchronous clockigitecture exhibits a rela-
tionship between the received data and the samgliredg, while other structures lack
synchronization. However, as the data rate incee@sa source synchronous system,
there are various limitations, such as delay geioeig variations in delay due to PVT
variations, and other design complexities. To asklithese issues, embedded clocking
has been considered.

Referenceless CDR is widely used in wireline agpions because it eliminates
the need for an additional reference clock, rasglih cost savings. However, since
there is no reference clock, methods for deterrgitive frequency and synchroniza-
tion from the received input data are necessareferenceless CDR, frequency ac-
quisition is the most critical task, and numerotugi®s have been conducted on
achieving high performance [33]-[43], but there @&een limitations in terms of the
trade-off between capture range, acquisition tiamel power. To mitigate the trade-
off power and frequency range, a frequency acdgoiisgcheme based on stochastic
PFD has been proposed [48]. It can achieve bothk Wwetjuency detection and phase
detection with a high power efficiency becausedhemo need for additional clock
phase and data levels. Therefore, in this thdsésstochastic frequency detection is

employed with hybrid loop CDR to enhance powercedficy.
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3.2.1 Proposed ReferencelessHybrid Loop CDR

CDR is classified based on the type of loop filised. Digital loop filter offer
several advantages over analog loop filter [44].[# is designed using digital logic
cells, which can utilize the available area moffeciehtly than analog components.
Additionally, they can be easily programmed to atljo process, voltage, and tem-
perature (PVT) variations. It also has the advanta#geing easily turned on and off
by adding a simple logic gate to the output of BHd-, whereas analog loop filter
requires complex circuits such as Analog-to-Dig@ahverter (ADC) to store analog
voltage information increasing power consumptiod eincuit complexity [46], [47].
However, DLF has limitations in terms of jitter frsmance due to the latency of the
DLF. As aresult, a hybrid loop filter that combsnte advantages of both analog and
digital loop filters can be designed to achievedrgierformance in terms of both area
efficiency, controllability, power efficiency, aniter performance.

Fig. 3.9 shows the type of tail currents of therloscillator (HOSC) controlled
by digital and analog loop. It consists of fourdgpof tail currents: analog integral
path current ¢, direct proportional path current)band-select currentfland dig-
ital codes ([rrL) current.

The initial frequency locking procedure is illuged in Fig. 3.10. First, band-select
(I3) is adjusted to match the desired frequency b&adond, the digital loop for fre-
guency acquisition is enabled to determine thealigpdes current4), as shown in
Fig. 3.10 (a). During this phase, the output ofahalog loop filter (ArrL) is fixed to
0.7 V using \Wir. When the CDR locks, we can obtaigrR indicating the target

frequency. After obtaining the lock code, the latstector generates a flock signal
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Fig. 3.9Proposed hybrid oscillator whose frequency is ciled by 4 different types of te
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that the process has been completed. This sigpeikdthe clock path to the DLF and
edge DLF to deactivate them, and the DLF staykeafixed Qxrri, as shown in Fig.
3.10 (b). Then the analog loop is activated to nartbe residual frequency error and
obtain phase locking by adjusting thednd ».

Since the DLF and edge DES are turned off, it isaraglvantageous in terms of
power due to the reduction of the clocking patltl ean support switch mode rapidly
through fixed Rtr., and Actre. Additionally, employing a hybrid loop design fici
tates achieving desirable jitter performance.

Fig. 3.11 shows the simulation result of the fremyelocking procedure Sstage
is the process of finding theckx.. 2" stage is turning off the DLF by generating flock
signal from the lock detector and activating thalag loop to remove frequency and

phase error. Finally, phase-locking is performe@8istage.
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3.2.2 Overall Structure of Recalver

Fig. 3.12 illustrates the overall architecturelaf proposed receiver for the AP-to-
TED interface. The receiver consists of two diffei@ lanes, which effectively elim-
inate common noise interference caused by a digalagl. Half-rate clocking is em-
ployed to alleviate timing constraints, and a refieeless CDR is also implemented
to reduce power consumption by eliminating the nfeec dedicated clock lane. A
continuous-time linear equalizer (CTLE) is employ@dompensate for channel loss.
The CTLE boosts the incoming signals passing thiahg FPCB by up to 6 dB at
the Nyquist frequency. After the CTLE, four stroABM latch comparators are used
for 2x oversampling with a half rate. The resultoeja and edge samples are trans-
mitted through two separate paths using SR latches.

In the first path, the sampled data is parallelizgidg a 2-t0-40 deserializer (DES)
to reduce the data rate in the digital loop fi(f2LF). The second path contains BBPD.
The UP and DN signals generated by the BBPD ara@ntedthe integral and direct
proportional paths to control the HOSC.

A two-stage differential ring oscillator is emplalfor low-power implementation.
During the initial frequency tracking phase, thequency is adjusted using a 128-bit
thermometer code generated from the DLF. OngeuDs set, the DLF is deactivated,
and the frequency and phase locking is achievealftr integral and proportional

paths.
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Fig. 3.12 The overall structure of proposed reaeive
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3.3.3 Circuit Implementation

3.3.3.1 Continous-TimeLinear Equalizer (CTLE)

Fig. 3.13 depicts the schematic of a CTLE. It erppla resistive and capacitive
source degeneration to boost up to 6 dB at the Niydnequency. As a differential
input, the default value is set to 100 ohms forténmination resistance. Additionally,
to account for variations in the measurement enwrent, it can be externally con-
trolled. Furthermore, the values @fak and R can be adjusted. Fig. 3.14 illustrates

the post-simulation results of the designed CTLE.

Ieias

Re

Fig. 3.13 The circuit description of CTLE
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3.3.3.2 Digital Loop Filter (DLF)

Fig. 3.15 shows the components of the DLF. A DLmpdses a pattern decoder,
an accumulator, a DSM, a lock detector, and a Igaip controller. Based on the
received data() and edge(k) information, the DLF performs stochastic frequenc
phase detection using a pattern decoder [48], agletion, and DSM. The output pat-
tern is analyzed, and if a certain number of o@noes of specific patterns: ()
are detected, the lock detector triggers a sidtadk). This signal determines which
loop is activated. The loop gain controller allofes adjustment of the integral gain

and direct proportional gain using ti€ linterface.

Digital Loop Filter
flock
flock Lock Detector >
4, CLK DIG
B S4,53
I:)40
E, | Frequency Detection
—_—
D 40b 'y S
KI 4 err
Ws48 I—;—>
E 40b Loop gain Accum.
Controller & DSM
A Do —)

6b i i128b

Fig. 3.15 The components of a digital loop filter
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3.4 M easur ement Results

The prototype chip is fabricated in 28-nm CMOS teidbgy. The photomicro-
graph of the chip is shown in Fig. 3.16. The tatzive area of the chip is 0.196 fm

TX-LANE1 | 0.026 mm?

TX-LANEZ | 0.026 mm?

PLL 0.012 mm?

RX-LANE1 | 0.066 mm®

RX-LANE2 | 0.066 mm?

TX-LANE1

RX-LANE1

PLL

TX-LANE2
P -~ RX-LANE2

RX
DIG

r || SER* DG AFE
DLF HOSC

Fig. 3.16 Die microphotograph
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Fig. 3.17 Power breakdown of transceiver
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FPCB

TX Prototype TX

RX | pres cen)

BERT &

5 ]
Prototype RX . Oscilloscope

T Rx Prototype TX

Fig. 3.18 Measurement setup of proposed transceiver
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where each TX, RX and PLL occupy 0.026 fyn066 mm, 0.012 mm, respectively.
Fig. 3.17 shows the power breakdown of transceiMee.total power consumption of
TX and PLL is 7 mW, and the total power consumptbiRX is 5.3 mW, resulting
in a power efficiency of 1.23 pJ/b.

Fig. 3.18 describes three measurement setups pfapesed transceiver. The per-
formance of transceiver is evaluated with the 7etxannel on the FPCB as shown in
Fig. 3.18(Bottom). PRBS-7 input data is used fer TiRX measurement. In the case
of TX, the data output from TX is verified for iege pattern using BERT and an
oscilloscope, as described at the top of Fig. 3i.3.19 shows the TX measurement
results. The vertical eye opening is 75 mV, andntiézontal timing margin is 0.48

Ul

Fig. 3.19 Measured eye diagram of transmitter dutpu

The following are the RX measurement results. T@suee jitter tolerance, a
PRBS-7 pattern with added random jitter is firshgyated on the Signal Quality

Analyzer. The recovered data at 250 MHz is thenbfeck into the error detector of

5 42T 8t i
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the Signal Quality Analyzer to measure the BER. easured jitter tolerance curve
obtained through this process showed a jitter aolee of 0.29 Ul at the 30 MHz
corner frequency, as shown in the Fig. 3.20. Fig1 3hows the measured bathtub
obtained by shifting the external clock using tkeemal clocking mode, exhibiting a
0.32 Ul opening at BER < 18,

To measure the frequency locking behavior, théasiginal of the DLF inside the
prototype chip is used as the trigger for the @xsulbpe to monitor frequency
acquisition. When a signal is given to arstb thtolfg, the frequency transient
response after the trigger signal is monitored bgilloscope. Fig. 3.22 shows the
waveform results obtained through this procedakts 5.2 us of lock time to recovery
the target of 5 GHz from the initial frequency 0 &Hz. After stochastic frequency
tracking, it is confirmed that the DLF and edge D#ES deactivated while the analog
loop is activated. The jitter histogram of the nemred clock is also measured by
oscilloscope, showing a 2.68rpgitter and 25.33-psvalue as shown in Fig. 3.23.

Table 1 presents a comparison with other transcgivachieving a power

efficiency of 1.23 pJ/bit.



Chapter 3. Design of High-Speed and Low-Power Taainer

g 00— Equipment Limi
9 100
=
= 10
£
<
5 | B e — s
k= 0.29UI------*
204
0.01 0.1 1 10 100
Frequency [MHz]
Fig. 3.20 Measured jitter tolerance curve (BER 2210
1e-2
1e-4
o 1e-6
L
0 1e-8
1e-10
1e-12 0.32UlI .

0 02 04 06 08 1.0
Sampling Clock Phase [Ul]
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SSC 2018 JSSC 2022 ISSCC 16 ISSCC 17 VLSI 21 This Work
[23] [24] [7] [26] [27]
Technology 28 nm 180 nm TX: 65, RX:180 65 65 28
Application Display Display Display High High AP-to-TED
PP Panel I/F Panel I'F Panel I/F Performance I/F | Performance I/F I'F
Interface Architecture X RX TX & RX TX & RX TX & RX TX & RX
Clocking Scheme N/A Embedded Forwarded 4 IBOIe HOMGS Embedded
Synchronous Synchronous
Referenceless CDR N/A Yes No No No Yes
CDR Architecture N/A Analog Analog Digital N/A Hybrid
RX Sampling Rate N/A Octa-Rate Quad-Rate Half-Rate Half-Rate Half-Rate
Equalizer FFE.PE CTLE, DFE | FFE,CTLE,DFE CTLE FFE,CTLE CTLE
' TX +PLL:0.95
Supply Voltage (V) 1.0 1.8 - 0.9 - RX : 0.9
TX:0.335 TX:0.052
TX+PLL:2.1
TX+PLL: Clk Gen : 0.328 PLL : 0.012
o 8 N . . .
Area (mm®) 0.675 RX:0.75 HMM_. .N%w RX: 0.382 TX+RX:0.7 RX: 0.132
o Total : 1.045 Total : 0.196
Channel Loss (dB) @ Nyquist 12 6-29 24 - 9 9.6
Data Rate (Gb/s/lane) 2.1 5.2 6 3-10 27 10
na_wnw_w ..M A SR Mrﬂn.an.uq
Power (mW) TX: 127 RX:216 - o RX :55.85 o
RX:25.9 Total : 145.62 RX:5.3
Total : 57.5 ’ : Total : 12.3
Energy Efficiency A)_.WM.MQM 4 1X:3:32 an”.cmawq
Nu._.\s TX:6.04 RX:41.5 - RX: 2.59 .—.WWM .N.mowo RX: 0.53
Total : 5.75 o Total : 1.23
PLL Clock Jittergys (ps) - N/A 0.7 (LC) 0.36 (LC) - 1.61 (Ring)
Recovered Clock Jittergys (ps) N/A 5.73 (Ring) 3(LC) 0.76 (LC) N/A 2.68 (Ring)
JTOL Corner Frequency (MHz) N/A 3 - 15 N/A 30
Min. JTOL(UIr») N/A 14 - 35 N/A 29

Table 3.1 Comparision of the proposed transceivtr prior design
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Chapter 4

Recalver with Fast Frequency Ac-
quisition in Active mode and Fast
Recovery from Sleep mode under

Voltage Drift

4.1 Overview

The receiver operation can be divided into thregest, 1) initial active mode, 2)
sleep mode, and 3) wake-up. In this chapter, tisggddechniques are explained to
improve the performance of the receiver at eadjestaig. 4.1 represents the concep-

tual diagram of the proposed receiver, depictedraieg to each state.
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The first stage is initial active mode, when theeieer is first powered on and
needs to acquisite the frequency during a traip@god. To shorten the activation
time, a fast frequency tracking method is neededaShew frequency detection
method is utilized to achieve a faster lock timéhie initial active mode.

The second stage corresponds to the sleep modewhath means turning off the
module when not in use, making it an attractiveaspfor saving powerln order to
support sleep mode, we add switches to the citbattcompletely turn off the bias
and oscillator while also allowing for easy restanaof relevant voltage information.

The third stage is wake-up mode, in which the medsilreactivated from sleep
mode. There are two primary considerations for skége. First, retracking the fre-
quency during the training period after wake-upasteful in terms of power. There-
fore, it is necessary to store the frequency in&drom before sleep mode to skip the
retracking frequency process. Second, even if geland temperature (VT) drift oc-
curs, this information remains valid during wake-up

Much studies have been conducted on rapidly tiangig between sleep mode
and active mode, focusing on different standard$-[[22]. Previous works such as
[13] and [14] have achieved instant locking byimitlg a gated voltage controlled
oscillator-based architecture, which is well-suiteddrapid on/off applications. How-
ever, they are sensitive to VT variations due @ dklay difference and require an
additional settling time if VT drift occurs in thedff state. In [16], fast lock time is
achieved by sweeping the oscillator phase over t4pétitive patterns, but there are
difficulties in obtaining an appropriate proportagmain considering frequency drift
of the VCO occurred in the off state.

In view of these drawbacks, we propose a receiubrawsupply-insensitive hybrid
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CDR for the AP-to-TED interface to achieve fastfiency recovery from sleep mode

under supply voltage drift.

In conclusion, we proposed a design that enabiterfrequency acquisition for
achieving faster lock time in initial active mode, well as low power and VT robust

design for the sleep mode and wake-up stages.

> 4 Vosc=1.05v 4
c
g Vosc=0.95V =
ol ... 4o =
@
- [o)
w o
8' Fast Freq. AVosc-Robust
o Acquisition Fast Recovery
>
Initial Active Sleep Wake-up

Fig. 4.1 Concetual diagram of proposed receiver
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4.2 Proposed Frequency Detector

4.2.1 Prior Work

Previous studies have shown a trade-off relatignbktween frequency capture
range, power, and frequency acquisition time. Hawewa frequency acquisition
scheme based on stochastic PFD has been proposiési/tate this trade-off to some
extent [48]. The stochastic methodology involvesarbing sequential data-edge-data
patterns under various phase and frequency condijtis shown in Fig. 4.2. These
patterns are classified to collect histograms,rapdesentative histograms are selected.
Weights are then calculated using Bayes’ theorenfeasribed in Fig. 4.3. Through
this iteration process, the PD gain curve and FHD garve are ultimately achieved as
shown in Fig. 4.4.

This method enabled a wide range of frequency aitopn with high power effi-
ciency. However, starting frequency tracking frotowaer initial frequency compared
to the operating frequency results in a longer lcie. Therefore, in this paper, we
propose a fast frequency acquisition using theastaristics of the frequency gain
curve. As a result, proposed design can achieestarflock time compared to con-

ventional frequency locking.
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DO EO D1

Monitor sequential pattern

Fig. 4.2 Concept of stochastic FPD [48]
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Fig. 4.3 Flow chart of design techniques of stotibdsequency-phase detector [48]
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4.2.2 Fast Frequency acquisition Using Linearity
Fucntion

When observing the FD gain curve shown in Fig.(8)4we can observe a linear
characteristic in a specific range with referermehe point where the Pr(LATE) —
Pr(EARLY) = 0. Therefore, we propose a frequenciecking method for coarsely
adjusting codes to achieve faster frequency adopngiising the error[= Pr(LATE) —
Pr(EARLY) ] values for each code. By obtaining ttedue of error, internal division
is utilized to adjust the initial code closer te flock point. To facilitate this process,
finite state machine (FSM) is employed to adjust¢bdes. The FSM has three main
stages as shown in Fig. 4.5.

The first state is to adjust thecta. to the frequency corresponding to the

Late frequency setting
& Error accumulation (L)

v

Early frequency setting
& Error accumulation (E)

v

Initial Digital code =

Overall code X
+E

!
flock 0 — 1

Fig. 4.5 The main stages of FSM
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Late(DetrL_LaTE), @nd the value of the corresponding etrés calculated. Then FSM
proceeds to the next state.

In the second state, the-{a. is adjusted to the frequency corresponding to the
Early (Dctre_earLy), and the value of the corresponding eE @ determined. Finally,
the internal division is performed using these galuBased on the outcome of the
internal division, the brr.is adjusted to Brr._uroate When the last stage of the
FSM is completed, it generates a signal indicatimgcompletion (flock). This signal
deactivates the digital loop and immediately a¢&sahe analog loop, enabling the
removal of remaining frequency error and phase ¢hrough the direct proportional
path and integral path.

The error value needs to be accumulated due te fators such as voltage and
thermal effects rather than just the single eradu@. To achieve this, assuming suf-
ficient compensation for loss in the equalizer, simaulate with noise and obtain a
new frequency gain curve by varying the averagimgt Fig. 4.6 shows the results
obtained for averaging times of 500 Ul, 1000 UIQAQ&JI, and 2000 UI, respectively.
In all four cases, a linear trend similar to thegftency gain curve without noise is
observed. Additionally, a more pronounced lineaarabteristic is observed as the
averaging time increases. Based on these resnltf)ig thesis, simulations and
measurements are conducted by varying the avertigieg

Fig. 4.7 represents the three stages of the FSkheirD gain curve. To reduce
computations, instead of using the entire codepevéorm internal division using the
midpoint code under the assumption that the loadeomorresponding to the target
frequency is within the range of 7°d0 to the midgaiode. Therefore, in the simula-

tion, we use half of the whole code, which is &ther than the entire code of 127.
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Fig. 4.7 The concept of the frequeny tracking im /D gain curve
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Additionally, to determine the size of the entiogle without subtraction operations,
the value corresponding tois fixed at 7'd0. The count of accumulations istsel6
(640 UI).

In the first state, Brreis set to 7°d0, and the error is accumulated t@iolt. In
next state, Brr. IS set to 7'd64, and the error is accumulatedotaio E. The total
code length, in this case, becomes 64, which isetingth of the used &r. interval.

Based on the values bfandE, the code for starting frequency tracking is calcu
lated by interpolation. Once the calculation is ptete, the updatedd»=. adjusts the
initial code. Fig. 4.8 shows the simulation resulise accumulated error resulted in
a value of 72 fok. and -80 forE. So if we substitute these values into the eqnatio
below, we can obtain the rounded value of 30, arsddonfirmed that we also get the
same result of

Dcrrivppare = Derri tare + (Derri_earty — Derri_pate) (4.1)
L

X
L+ |E|
where Dergy party = 64, Derrp, pare = 0,L =72,E = —80

30 from the simulation.

Fig. 4.9 represents the simulation results of fezmy transient behavior. It shows
a frequency of 4.35 GHz atdkk. 1ate, and the value df is obtained while the fre-
quency is fixed. Nex& is obtained at a frequency of 5.74 GHz, correspantb the
Dcrre_earLy. After about 100 ns of calculation timecfR. urpate is outputted, and
frequency and phase tracking is performed immelgiate

Fig. 4.10 compares the locking time when the predaerode is turned off. It takes

1.83us from the initial frequency of 4.35 GHz to 5 Giile the proposed frequency
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tracking mode achieves a faster time of (ud2

Result 30

Fig. 4.8 Simulation results of error accumulatiowl @alculation
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4.3 Proposed Hybrid CDR with Fast Recov-

ery from Sleep Mode under Voltage Drift

4.3.1 Hybrid Loop CDR with SVDC

4.3.1.1 Motivation

Storing the frequency information is important, lius also essential to make the
same operating conditions at wake-up. If the suppltage and temperature (VT) are
not the same, different currents flow even with shene Rtr., and Actre. This dif-
ference in current causes frequency error andmegjadditional settling time at wake-
up.

Also, to minimize bit errors after the wake-up statés iimportant for the CDR to
correct frequency errors and prevent the accunaulati phase errors. To achieve this,
it is necessary to set a higher value for propodi@ain (ko). The minimum k re-

quired to correct the frequency error can be exaess follows [16] :

Ko > (1) y |Fosc — Fparal _ 1B (4.2)
d Fpara p
F —F 4.3
where B = |Fosc — Fparal (4.3)
Fpara

wherep is the update rate assumed to be 0.5. A largarak overcome initial fre-

quency errors but can increase cycle/hunting j[#6}. Consequently, this leads to
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increased design complexity in CDR design.
In this work, a supply-insensitive hybrid CDR i®posed to correct the initial fre-
quency error. It offers an efficient approach fastffrequency recovery under sleep

mode by minimizing initial frequency error, evertle presence of voltage variations.

4.3.1.2 Analysisof Prior Design

In Chapter 3, we determined the digital code vithag corresponds todw.of 0.7
V. This value is used to restore the frequency whevakes up from sleep mode.
However, this information is valid when operatingiominal voltage (1V). Fig. 4.11
(a) shows the supply voltage sensitivity, illustrgtthe oscillation frequency variation
when supply voltage is changed whilerA is fixed at 0.7 V.

Despite using the same:-f., and Actri, the operating frequency could be out of
the desired range due to the supply voltage dififis is because the total amount of
current flowing through the HOSC changes, as ilaisd in Fig. 4.12. Considering
the nominal voltage of 1 V, the amount of changthaband-select current and the
digital codes current is more pronounced than kiaage in the integral path current.
Therefore, to adjust the five frequency gain curvkethe HOSC as depicted in Fig.
4.11 (b), the SVDC is employed exclusively to dtabithe band-select and digital
codes current, as shown in Fig. 4.13, which acsiantmost of the variation. Thus,
even with a supply voltage drift during sleep maostant current flows for the
same DRrri, reducing the frequency drift so that no additlatuisition time is re-

quired.



Chapter 4. Receiver with Fast Frequency AcquisitioActive mode and Fast Re-

covery from Sleep mode under Voltage Drift 64
N —e—VDD=1.1V
T 8] ——vob=105V
(L] —— VDD=1V
~ 74 —+—VDD=095V
> VDD =0.9V
e
® 87
g_
@ 97
S
L
4 -
T ) ] T T
0.5 0.6 0.7 0.8 0.9
Actre (V)
(a)
N —e—VDD=1.1V
T 8] —— vop=105V
(O] —— VDD=1V
~ 74 —+—VDD=095V
> VDD =0.9V
c
@ 87
>
R el asans e :
S ]
L. :
4 - '
T T T

I I
05 06 07 08 09
ACTRL (V)

(b)

Fig. 4.11 Simulated oscillator frequency sensiitit Actr. for various supply voltages (i

without SVDC, (b) with SVD(
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4.3.1.3 Supply Voltage Drift Cancellation (SVDC)

TED includes various circuits such as source dii@€eand T-CON, resulting in a
high presence of supply noise factors. Therefoymanhic supply noise rejection
should also be considered besides supply voltafie dumerous studies have been
conducted to reduce supply sensitivity [50]-[56bnSidering rapid on/off applica-
tions, it is necessary to achieve fast settlingetih the bias and implement a low-
power system using simple hardware. Consequehtyuse of LDO (Low-Dropout
Regulator) is not suitable from a power perspectarel schemes relying on back-
ground operations are not suitable due to theig lcadibration time [53]. Also, the
inclusion of additional active devices within thectlator also leads to increased
power consumption and noise [55]. Therefore, weleyeal the supply-noise-com-
pensating technique (SNC), which does not requseparate loop and enables fast
bias settling time [56].

The circuit implementation of the supply voltagétdrancellation is shown in Fig.
4.14. It consists of a frequency-tuning unit celittadjusts the frequency, a bias volt-
age generator (BVG) that adjusts the gate volta@4Q@SFET in frequency unit cell
by assembling two Nagata current sources [50] aamgbrid oscillator. The bias volt-
age generator consists of a total of three MOSFiilistwo series resistors. To sup-
port sleep mode, MOSFETs:l6ind M> are used to turn off the bias voltage generator
completely. When the sleep mode sigri#lK(;,) is received, Y and \4 become
logically low, causing the NMOS in the frequencytuurrent cells to be completely
turned off.

The frequency unit current cell comprises of thkd®@SFETs: M, Ms,and M,
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Fig. 4.14 Circuit implementation of supply voltadygft cancellation
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where My and M function as current sources, receiving gate veltiagm the bias
voltage generator, andg\urns the current source on and off accordindgpéodutput
of the DLF. When the supply voltage increasesatheunt of &as increases, which
change Y and \4. In the case of ¥ it is affected only by Rbut in the case of ¥
more IR drop is generated by iffR.). Accordingly, the change amount of I¢
greater than the change amount of \Ha§) and the change amount of,i6 smaller
than the change amount of VIQE. Therefore, the overdrive voltage of the MOSFET
Ma, Ms changes with different polarity and the same magei. So, in conclusion, a
constant current flows in the vicinity of nominalltage.

Fig. 4.15 (a) shows the simulation results of biglsage change in BVG and Fig.
4.15 (b) shows the current change in the frequémnung cell versus in VDBsc

Fig. 4.16 shows the simulation results of the aurahange versus a change in
VDDoscfor temperature. Simulations are performed fo€ 020 °C, 40 °C, 60 °C, 80
°C, although the optimal point for each temperaigtightly different, dscremained
constant regardless of VI variation.

Fig. 4.17 shows the simulation results conductdd worner variation. The simu-
lations are performed for SS, TT, and FF cornefthoigh each optimal point is

slightly different, it can be observed that theya iflat region for each of them.
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4.4 Analog Front-End Supporting Sleep

M ode

To save power during sleep mode, it is necessatistdle both the data and clock
paths. A switch is added to the current bias ofGi&E to block the data path, as
shown in Fig. 4.18 (a), that allows it to be fullgactivated during sleep mode. To
block the clock path, the frequency of the hybrititbator must be set to zero. To
accomplish this, the two loops that adjust the tybscillator must be turned off. Fig.
4.18 (b) shows the current switch on the tail auire hybrid oscillator. In the case
of the DLF, AND gates are added to the output ef@i.F to disable it during sleep
mode. The gate of the MOSFET responsible for tmeeati of the integral path in the

AcTrLis connected to ground to cut off the current. Waevake-up signal is received,

ActrL I 1

ouT ouT WKy O 3

IND-] fain Vinr
w—{

WKyp —— Dcrre I3
I_ ?I_I WKup1
(a) (b)

Fig. 4.18 Current switch on a) current bias of CT)Hail current of hybrid oscillator
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the AND gate is activated to restore digital codes] the Arr. is designed to be
reactivated through Mr, which is used to fix the &r. during initial locking. Fur-
thermore, to prevent leakage in the floating nalle clock and data paths are inten-
tionally shorted to either the ground or VDD. Hgl9 is the simulation result of the
change in frequency and current for two cases: Hgnnentering sleep mode from
active mode. 2) wake-up from sleep mode. In the ch€TLE and DES, 1.2 uA and
222 uA of current flow as a result of post-simudatirespectively, and in the case of
AFE and HOSC, 343 uA of current flow as a resulsofiulation. The process of
restoring Rrr. and Actre is shown in Fig. 4.20. According to the WK the Drrre

is restored to the initially locked code and thais restored to 0.7 V, respectively.
Since activating the analog loop prior to the negtion of ActrL can result in the false
lock caused by erroneous UP and DN detector oytputssignals are incorporated.
WKuyes, turns on all bias, while Wi, activates the loop. Accordingly, it can be

confirmed that the frequency is also recovered GHz.
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Fig. 4.20 Simulation results for the process ofistpand restoring code.
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4.5 Circuit Implementation

45.1 Overall Structure

Fig. 4.21 shows the overall architecture of theppsed receiver for the AP-to-TED
interface. It comprises a receiver and a commanttaier, which allows an external
control of the module via aiQ interface with a sleep-mode signal. To alleviate
ing constraints, half-rate clocking is employed andferenceless CDR is also imple-
mented to reduce power consumption by eliminatiegtock lane. The receiver con-
sists of a CTLE, strong-ARM samplers, SR latchéBB&D, a deserializer (DES), a
charge pump, a DLF, and a hybrid oscillator. Sigmessing through the FPCB are
applied to the CTLE, which employs a resistive aapacitive source degeneration to
boost up to 6 dB at the Nyquist frequency. In addjta switch is attached to the
current mirror to support the sleep mode, allowtimg bias to be turned on and off.
After the CTLE, four strong-ARM latch comparatore aised for 2x oversampling
with a half rate. The data and edge samples amertiigted in two paths through SR
latches. In the first path, the DES reduces the dite in the DLF. The second path
contains a BBPD. The UP and DN signals generatddo8BPD are applied to the
integral and direct proportional paths to conthe HOSC. During initial frequency
tracking, the frequency is adjusted by a 128-l@titometer code generated from the
DLF. Once R+rLis fixed, the DLF is deactivated and the frequdociing and phase

locking are accomplished with integral and diradportional paths.
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Fig. 4.22 shows the schematic of the HOSC withSW®C including the simula-
tion results of the SVDC. A two-stage differentigdg oscillator is utilized for low-
power implementation. The range of frequency isded with Brr. for the desired
band. Tail current is partitioned into two parteedhat cancels out supply voltage
drift and the other that does not. Band-selefafid digital codes current)lare used
to keep a constant current in the event of suppltage drift.

The digital block comprises a pattern decoder canmulator, a DSM for stochas-
tic frequency-phase detection, a lock detectoretimine which loop is activated,
a loop gain controller to adjust the integral gaima the direct proportional gain, and
FSM for fast frequency acquisition. Utilizing the dinear signal througiC enables

the option to turn the fast frequency tracking modeor off.
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4.5.2 Command Controller

A command controller is composed of synthesizedaligates. The controller
takes a reference clock (CEK) from a bit error tester (BERT). Each module is
turned on/off using the signals PLL_WKfor PLL, TX WKuyp for TX, AND
RX_WKuyp1and RX_WHKp, for RX.

It functions in two modes. The first mode activasesl deactivates the receiver
externally. The second mode is a sequential moaggemach signal is generated with
a certain delay. The delay between the signalsydelelay, delay) can be adjusted
by changing the number of delay stages and thedspfethe reference clock. When
all wake-up signals become high level, the Flag_JMbecome high level, indicating
that all signals have been applied. Fig. 4.23 shbesimulation results of behavior

modeling of command controller.

PLL_WKyp
]
TX_WKye H
T (]
RX_WHKypq : :
1 A . [—‘
Rx_wKupz : ] H
* " ‘
Flag_WKup i .

—> < > <
delay, delay; delay;

A 4

Fig. 4.23 The simulation results of behavior mauglbf command controller
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4.6 M easurement

The prototype chip is fabricated in 28-nm CMOS teidbgy. The photomicro-
graph of the chip is shown in Fig. 4.24. The tatzive area of the chip is 0.089 fim
where the RX and command controller occupy 0.082 mma 0.007 m#) respec-
tively. Fig. 4.25 describes two measurement setape: for verifying the receiver
performance and the other for measuring the SVDt@pwance. Fig. 4.26 shows the

detailed measurement setup for verifying the resésv performance. The

Command

4
1 Cot 0.007 mm
1700 2| CTLE |0.0036 mm’
mm AFE+OSC ”
< 2 1SVDC 0.033 mm’
2| DES 0.01 mm’
2| Digital | 0.0353 mm’
550 mm T
o
’I
P |
d 1 |
L i DLF !
L i
e H
o DES CTLE
5 DIG AFE
z/ [ et
’r' | OSC |
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Command ; SVDC :
Contoller | 0 oo ] SN ge——aa 2

Fig. 4.24 Die microphotograph
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Fig. 4.25 Meausrement setup for (a) receiver peréorce (b) SVDC
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Fig. 4.26 Detailed measurement setup for verifygapiver's performance

Signal Quality Analyzer (Anritsu Mu1800A) generateBRBS-7 pattern for the input
data. To measure jitter tolerance, Signal Qualitalikzer generates data with added
random jitter and the 250 MHz receovered dataftf¢al the error detector(ED) . For

measuring the power consumption of the module th bleep mode and active mode,

S e ik
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BERT applies a 312.5 MHz clock to operate the conmdr@ontroller inside the chip.
Through theaC signal, it is adjusted whether the chip is irvaciode or sleep mode.

For measuring SVDC, the UXA Signal Analyzer N9048Rised to measure the
free-running frequency in open-loop. Also oscillage (Tektronix MSO73304DX) is
used for measuring frequency locking behavior @tef histograms of the recovered
clock.

The proposed receiver achieves error-free operaf®BR < 10' when
recovering 10 Gb/s PRBS-7 in nominal voltage, M. 4.28shows the measured
jitter tolerance with PRBS-7 and BER <*%0Fig. 4.27 shows the power breakdown
of the proposed receiver. The total power conswnyif the receiver in active mode
is 9.9 mW, the CTLE, AFE, DES & DLF, and HOSC camgs 0.784 mW, 3.145
mw, 1.24 mW, and 4.731 mW. On the other hand, oked power consumption is
1.962 mW, showing 80% power reduction comparedatioe@amode, with CTLE con-
suming 0.043 mW, AFE consuming 0.422 mW, DES & QoAsuming 0.385 mW,
and HOSC consuming 1.112 mW.
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4.6.1 Fast frequency tracking

To measure the frequency acquisition behaviord@dGb/s, the reset signal of the
DLF is used as the trigger signal. After the triggignal, the oscillator frequency is
measured, and the lock time is defined as the pdietre the frequency average in
the observed window is 5 GHz. The measurementsaar@ucted in two directions.

Firstly, to confirm the linearity of the gain cursbe frequency range of the HOSC
is adjusted using &r.. As the HOSC operates at different frequency ranitpe code
values from the FSM are different, and this wilMadidated by observing the updated
frequency.

Secondly, to verify that the frequency gain cummains consistent regardless of
the changing averaging time, the error is accuradlay varying the number of accu-
mulations and measuring the transient responsell¥irall these results are post-
processed to compare the fast acquisition mode twélconventional mode on the
same plot.

Fig. 4.29 represents the measured conventionaldrary transient response before
post-processing. The data rate is 10 Gb/s with RRBS&d the initial HOSC initial
frequencies are (a) 4.55 GHz, (b) 4.37 GHz, andt(@Y GHz. The corresponding
lock times are 3.08s, 3.4us, and 1.4is, respectively.

Fig. 4.30 shows the measured frequency behavioteeotonventional tracking
mode and fast tracking mode with varying initial SO frequency. In all cases, the
averaging time is set to 640 Ul, and the updatérob(DcrrL_urpate) COrresponding
to the updated frequency is observed. For caselfid0.(a), the operating range of the

HOSC is 4.55 to 5.83 GHz, and it takes about QLlbck time. In case Fig. 4.29 (b),
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Fig. 4.29 Measured frequency acquisition behaviefsre post-processing @ 10 Gb/s

PRBS-7 with varying inital HOSC frequency (a) 4GBz, (b) 4.37 GHz, (c) 4.87 GHz
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the HOSC operated within the range of 4.37 to &68&, with a lock time of 0.38s.
In the case of Fig. 4.29 (c), the HOSC has an opgraange of 4.87 to 6.15 GHz,
and 0.41us of lock time is achieved.

Based on the results of cases (a), (b), and @nite observed that the calculation
of L andE values vary due to the difference in operatingdency. Due to the line-
arity of the frequency gain curve, it can be canéd that even with changes in the
values of L and E, the calculated code from the KS®Msistently results in a fre-
quency near 5 GHz.

To confirm the frequency gain curve with varyingeeaging time, we adjust the
number of accumulations. The operating range of Ei@&Sset to 4.55 ~ 5.83 GHz,
and we measure the frequency behavior by changm@gveraging time to 1000 Ul

and 2520 Ul, following the previous measuremené4d Ul. Fig. 4.31 (a) and (b)
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Fig. 4.30Measured frequency acquisition behaviors with vagyitial DCO frequency

(a) 4.55 ~ 5.83 GHz, (b) 4.37~5.65 GHz, (C) 4.85.15 GHz
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illustrate the frequency acquisition behavior meadwat 1000 Ul and 2520 Ul and
lock times are 0.48s and 0.7%s, respectively. As more errors are accumulated com
pared to the 640 Ul case, it takes longer timddok acquisition. Calculating L and
E, and observing the frequency updated by thepotated value, we can see that
frequency tracking starts around 5 GHz. This comdithat the frequency gain curve
remains linear and consistent even with changéseiaveraging time.

The proposed receiver achieved a faster lock tiomepared to the existing struc-
ture based on the stochastic frequency-detectiohaddoy utilizing the linearity char-

acteristics of the gain curve.
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4.6.2 Frequency recovery from sleep mode under sup-
ply voltage drift

Fig. 4.32 shows the measured frequency of therfreeing HOSC when &r.is
fixed at 0.7 V. As illustrated, the frequency does follow a linear trend and tends
to be flat with respect to changes in VBYa A table depicting the results f850 mV

varied from the nominal voltage is also providedhvrequency pushing of up to 811
MHz/V.

N 5.1 : FP =AFreq./AV |

a= ] b dl L L ! [AVmv] [FP [MAzIV]] :

o ' : i [0 [ 810714 |:
= 54 ; t [ 40 | 613752
5 30 | 337.151
- 20 | 168.876
o 4.9 A0 | 25.188
= +10 | -687.252
(on +20 | -622.506
o 4.8 +30 | -650.588
L +40 | -743.599
50 | -777.040

4.7 , : — L e iRl

0.9 0.95 1 1.05 11

VDDosc (V)

Fig. 4.32 Measured frequency of free-running HOSC

To verify the recovery back to the same operatingdency even with the supply
voltage drift during sleep mode, the follwing thieps are performed: (1) operate
the CDR in the nominal voltage to lock the freque(®) enter the sleep mode with
the command from the command controller through3Genterface and (3) change

the supply voltage and turn on the module agaih witvake-up signal through the

I°C interface.
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Fig. 4.33 Posprocessed waveform of frequency recovery aftepsteede. (a) Initial activ

mode voltage : 1 V and (b) 0.95V, 1.05 V

The post-processed waveform obtained through these steps are shown in Fig.
4.33. After entering the sleep mode, frequencyvegoin four cases is observed:

0.95V,1V, 105V, 1.1 V. The original operatifigquency of 5 GHz is recovered



Chapter 4. Receiver with Fast Frequency AcquisitioActive mode and Fast Re-
covery from Sleep mode under Voltage Drift 91

within 34 ns, 32 ns, 32 ns, 36 ns, respectively. Bi33 (b) depicts the results of
measuring frequency when the nominal voltage is)\géd in the first step. This is
done with a variation a£100 mV from the nominal voltage during the sleepdmo
and it can be seen that frequency is recoveredn@®ins and 32 ns.

Table 1 shows the comparison with other receivepparting the sleep mode. Our
design shows low power consumption and offers ffasfuency lock at wake-up in

the presence of supply voltage drift in the sleggen
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JSSC ISSCC ESSCIRC JSSC This Work
2020 [16] 2018 [15] 2016 [13] 2015 [14]
Technology 65 nm 14 nm 65 nm SOI 90 nm 28 nm
CDR Type Digital Digital Digital Digital Hybrid
Supply Voltage (V) 1.1 0.9 1.2 1.2 1.0
Data Rate (Gb/s) 12 56 12-23 2.2 10
Channel Loss (dB) | 20 @ 6 GHz - - - 9.6 @ S GHz
Power | Active-mode 45.7 *126 24.6 11.6 9.9
(mW) | Sleep-mode 3.7 *8 0.04 N/A 1.77
Energy Efficiency .
(pI/b) 3.8 2.2 10.7 5.27 0.99
a.\:—, Lpplonrat Yes N/A N/A Yes Yes
during Sleep-mode
Wake-up | w/o drift 120 (10 ns) 384 (6.8ns) 4 (2 ns) 1 (0.5 ns) <360 (36 ns)
Time (UD) | w drift - - - - (Vyom  S0mV)

*Exclude Oscillator power consumption

Table 4.1 Comparison table with other receiverpsuing the sleep mode
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Chapter 5

Conclusions

In this thesis, a design technique focusing on-Bigged and low-power internal
display interface for next-generation mobile apgiiens is presented.

First, a high-speed and low-power transceiver agppsed for an AP-to-TED in-
terface. In the TX, a pseudo SER and a 2:1 mitigalUX are utilized to achieve
not only high-speed operation but also alleviatersymbol interference (ISI) while
maintaining good power efficiency. In the RX, a hgldoop CDR is employed. The
digital loop enables unlimited frequency tracki@nce the frequency lock code is
found, the digital loop is deactivated while acting the analog loop to achieve better
power efficiency. The prototype chip is fabricated28-nm CMOS technology and
occupies an active area of 0.196 fnmhere each TX, RX, and PLL occupies 0.026
mn?, 0.066 mmM, 0.012 mm, respectively. The performance of the transces/eval-
uated with the 7-cm channel on FPCB. Thanks todower schemes in both TX and

RX, the proposed design achieves 1.23 pJ/b, thecbesgy efficiency compared to
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prior transceiver designs.

Second, a receiver supporting a sleep mode is pegabfor an AP-to-TED inter-
face. The receiver can be divided into initial @etmode, sleep mode, and wake-up
state. Schemes are proposed for each state toanisuperformance.

In the initial mode, a fast locking mode utilizitige linearity of the frequency gain
curve of the previously published stochastic fremyedetection is proposed. The
FSM internally divides the entire code and adjtistsinitial frequency for HOSC by
using the error values based on the frequencyrdiifee. Once all stages of the FSM
are completed, the analog loop is immediately attid to remove frequency and
phase errors while deactivating the digital looproligh the FSM, the frequency
tracking code can be coarsely moved closer toatget frequency code, achieving a
significantly faster lock time of 0.31s.

For sleep mode, a switch is added to deactivateltuk distribution path and all
biases in the module. Also, the SVDC scheme isdddkely to stabilize the digitally
controlled current of the hybrid oscillator, ensgria constant current flow. Thanks
to the SVDC, the operating frequency can be re@al/aith the same Bri, ActrL,
regardless of the supply voltage drift during sleeyge.

This receiver and command controller are fabricated28-nm CMOS process and
achieve BER < I when recovering 10-Gb/s data with 0.99-pJ/b posfficiency
in the active mode. Thanks to the above schemegadiver consumption is decreased
by 80% compared to the active mode, and the frexyuenrecovered within 36 ns

even when the supply voltage drift occurs durireygteep mode.
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