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ABSTRACT               I 

 

Abstract 
 

In this thesis, major concerns in the architecture of internal display interface are 

explained. Considering the limited battery capacity of mobile phones and the 

increasing amount of required data, the interface should be designed for both high-

speed and low-power operation. 

In the first prototype design, a 10 Gb/s/lane transceiver is presented. In transmitter 

(TX), pseudo serializer and 2:1 ISI mitigating MUX are proposed to simultaneously 

mitigate inter-symbol-interference (ISI) and achieve power efficiency. The proposed 

serializer reduces the clock distribution of the conventional serializer to save power, 

and the proposed MUX pre-charges or pre-discharges the floating nodes of the tri-

state inverter to eliminate previous information and mitigate ISI. In receiver (RX), a 

hybrid loop is employed, which is initially performed using a digital loop. After the 

frequency detection, the digital loop is deactivated, and the analog loop is activated to 

eliminate the remaining frequency and phase errors. By utilizing the digital loop, 

unlimited frequency detection is possible, and the analog loop can achieve better 

power efficiency due to deactivating the edge deserializer (DES) and digital loop filter 

(DLF). The prototype chip is fabricated in 28-nm CMOS technology and occupies an 

active area of 0.196 mm2. Each TX, RX and PLL occupies 0.026 mm2, 0.066 mm2, 

0.012 mm2, respectively. The overall transceiver achieves an energy efficiency of 1.23 

pJ/b. 

In the second prototype design, a 10 Gb/s receiver that is capable of fast frequency 

acquisition in the initial mode and recovering its operating frequency fast from the 
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sleep mode under the supply voltage drift is proposed. The linear characteristic of the 

frequency gain curve is used to adjust the initial digital code using a finite-state ma-

chine (FSM). Furthermore, a hybrid CDR is employed to support the fast entering and 

exiting of the sleep mode by adding AND gates to the digital loop filter, while offering 

good jitter performance by utilizing an analog loop filter. Also, supply voltage drift 

cancellation (SVDC) circuit is added to maintain constant current in the presence of 

supply voltage drift. Thanks to the hybrid CDR and SVDC, even if the supply voltage 

drift occurs during the sleep mode, the same frequency is recovered fast without fre-

quency re-tracking. A prototype chip fabricated in 28-nm CMOS technology occupies 

an active area of 0.089mm2 with 0.99-pJ/bit energy efficiency in the active mode.  

The proposed fast tracking method achieves a frequency lock time of 0.37 μs, which 

is faster than the conventional frequency lock time of 3.02 μs. In the sleep mode, the 

power consumption is decreased by 80% in comparison to the active mode. Moreover, 

the measured results show that the frequency is recovered within 36 ns even if the 

worst-case supply voltage drift occurs during the sleep mode. 

 

Keywords : Internal display interface, transmitter, receiver, clock and data recovery, 

(CDR), fast frequency acquisition, supply voltage drift, sleep mode, wake-up, fast 

recovery 

Student Number : 2019-25389  
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Introduction 
 

 

 

 

 

1.1 Motivation 

 

The demand for high-performance displays in modern smartphones is on the rise. 

The implementation of a high-performance display involves taking three things into 

consideration.  

The first factor is the display's resolution, which denotes the number of pixels in 

the width and height of the screen. The high-performance display features a more 

significant number of pixels. Fig. 1.1 is a chart showing the resolution changes in the 

Galaxy-S series [1]. The chart demonstrates a progressive shift, with the series starting 

from WVGA (800x480) and gradually transitioning to HD (1280X720), FHD (1920 

X1080), and QHD (2560X1440) with the respective product releases. 
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The second factor to be considered is color depth. This parameter indicates the 

number of colors that the display can represent, and high-performance displays can 

exhibit a diverse and natural range of colors. For instance, in the case of black and 

white televisions, black is represented as 0 and white as 1, enabling the display to 

represent only two colors using 1 bit. In color televisions, red (R), green (G), blue (B) 

are used as the primary colors for subpixels, which can be combined to represent a 

range of colors.  

The third element to consider is frame rates. In the video, multiple still images are 

arranged sequentially to create the illusion of motion. Each still image in this sequence 

is referred to as a frame, and the number of frames displayed per second is known as 

the frame rate. A higher frame rate means that more still images need to be processed 

per second to create a smooth and seamless video experience.  

Fig. 1.1 The display resolution changes of the Galaxy-S series [1] 
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Thus, in order to achieve high resolution, large color depth, and high frame rates, 

it is essential to have interfaces that can handle a large amount of data. 

There are two interfaces for the display of mobile applications: the intra-panel in-

terface, which is the interface from the timing controller (T-CON) to the source driver 

(SD). And the other is the system-interface which is the interface between the appli-

cation processor (AP) and the timing controller (T-CON).  

Many studies have been reported on the intra-panel interface [2]-[8], and there is 

a need to increase the data rates of the system interface to keep up with the speed of 

the intra-panel interface.  

Not only high data rates but also low power systems should be considered. One of 

the representative interfaces for the display of mobile applications is MIPI (Mobile 

Industry Processor Interface). Fig. 1.2 shows the overall architecture of MIPI [9]. The 

AP must control not only the display but also various systems and interfaces. For this 

reason, considering the limited battery life of smartphones, it should be operated as a 

low-power system. One of the most attractive approaches is to turn off the module 

when it is not in use. Much research has been conducted on links that turn off when 

not in use and switch rapidly between the wake-up and sleep mode, specified in vari-

ous standards such as PON and DisplayPort [11]-[22]. 

With this motivation, this dissertation presents a transceiver from the AP to the 

timing controller embedded controller (TED) for two main objectives. Firstly, a high-

speed transceiver is proposed to match the required total bandwidth while reducing 

the number of lanes, thereby achieving cost benefits. Secondly, a receiver that sup-

ports sleep mode is proposed to implement a low-power system incorporating designs 

for faster frequency acquisition and frequency recovery in each state: initial active 
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mode, sleep mode, and wake-up state. 

 

 

 

Fig. 1.2 Overall architecture of mobile application [9] 
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1.2 Thesis Organization 

 

This thesis is organized as follows. The backgrounds of the serial link and internal 

display interface are described in Chapter 2. And the overall structure of the proposed 

AP-to-TED interface and it’s requirements are described. 

In Chapter 3, high-speed and low-power transmitter and receiver is proposed. In 

transmitter (TX), the proposed pseudo serializer minimized clocking power to reduce 

the total power, and ISI-mitigating MUX minimized the interference with previous 

data. In receiver (RX), hybrid clock and data recovery (CDR) is proposed for the low 

power system. The hybrid loop consists of a digital loop and an analog loop. The 

digital loop is first activated to find the digital codes. Then the analog loop is activated 

to reduce power consumption by blocking the clock path of the digital loop filter (DLF) 

and deactivating DLF and edge deserializer (DES). Circuit implementation and meas-

urements are shown.  

In Chapter 4, 10 Gb/s receiver supporting sleep mode is presented. Receiver oper-

ation can be divided into three stages, 1) initial active mode, 2) sleep mode, and 3) 

wake-up.  

In initial active mode, a new frequency acquisition mode is proposed utilizing the 

linearity of frequency gain curves. The proposed method uses the value of error ac-

cording to the frequency difference to adjust the code corresponding to the initial fre-

quency. finite-state machine (FSM) is used to adjust the code and the process is de-

scribed. Simulation results show that it achieves a faster lock time.  

In sleep mode, a design for turning off the module to make power zero is presented. 
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Switches are added to each block and the change in power is described through sim-

ulation. 

After wake-up, frequency is quickly recovered through the proposed hybrid loop 

CDR with supply voltage drift cancellation (SVDC). By employing supply voltage 

drift technique to digitally controlled current of hybrid oscillator (HOSC), it can ac-

complish the fast frequency recovery from sleep mode if supply voltage drift occurs 

in sleep mode. Circuit implementation and measurements results are shown to verify 

the proposed scheme. 

Chapter 5 summarizes the proposed works and concludes this thesis. 
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Backgrounds 
 

 

 

 

 

2.1 Overview 

 

There are two types of communication for chip-to-chip communication: parallel 

and serial communication. Parallel communication sends multiple data signals over 

multiple channels. As data speeds increase, parallel communication requires more 

channels, resulting in increased cost and more physical layers. In addition, as clock 

speeds increase, EMI and propagation delay issues can arise. 

On the other hand, serial communication sends data one bit at a time, sequentially, 

requiring only one channel and fewer physical layers than parallel communication. 

Fig. 2.1 shows a depiction of parallel and serial communication, where parallel in-

terfaces require a total of 8 channels to transmit 1 byte (8 bits) of information, whereas 

serial communication can transmit on just one channel. This lower number of channels
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Fig. 2.1 Depiction of parallel communication and series communication 

Fig. 2.2 Simplified block diagram of serial link 
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results in a relatively lower cost. 

Future mobile applications will require low-cost, small-area interfaces with high 

data rates. Because of these reasons, serial communication is commonly employed. 

Serial link is an interface for serial communication. Fig. 2.2 shows the simplified 

block diagram of the serial link. It consists of a serializer (SER) that converts parallel 

data into a series to be transmitted, a deserializer (DES) that converts the received 

serial data back into parallel data, an equalizer that compensates for the insertion loss 

due to the skin effect and dielectric loss incurred during transmission through the 

channel, analog front-end (AFE) to sample the data that has passed through the chan-

nel, and a clocking scheme that synchronizes the operation of each circuit. 

To receive data accurately, it is essential to have synchronized clocks between the 

transmitter and receiver, or the ability to operate asynchronously. The clocking archi-

tecture used in SERDES systems is categorized according to the synchronization 

scheme used between the transmitter and receiver clocks. In SERDES architecture, 

three main types of clock synchronization are predominantly employed: synchronous, 

mesochronous, and plesiochronous. 

Synchronous clocking architecture is a clocking scheme in which there are no fre-

quency or phase differences between the receiver clock and the transmitted data. This 

means that there is no need for additional clock phase adjustments during data sam-

pling. Typically, synchronous clocking is implemented using a forwarded-clocking 

architecture, as shown in Fig. 2.3. It is crucial to ensure that the delay of the data 

channel and the clock channel, as well as the delay on both the transmitter side and 

the receiver side are matched or within a reasonable range. By tightly controlling 
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these delays, synchronous clocking architecture can provide a simple and cost-effec-

tive solution for constructing a SERDES interface. However, there are challenges as-

sociated with implementing synchronous clocking architecture in modern SERDES 

Fig. 2.3 Block diagram of synchronous clocking architecture – forwarded clocking 

Fig. 2.4 Block diagram of mesochronous clocking architecture – forwarded clocking 
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interfaces. As the data rate increases, the timing margin for robust data sampling de-

creases while the clock skew(variation in clock arrival times) and propagation delay 

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

synchronous clocking architecture is sensitive to delay variations. For these reasons, 

there are limitations in architectures that require high data rates. 

A mesochronous clocking architecture is characterized by having only one phase 

difference between the receiver clock and the transmitted data. This clocking scheme 

is commonly associated with systems using a forwarded clocking architecture. Fig. 

2.4 shows an example of a typical mesochronous SERDES system using a forwarded 

clocking architecture. In a mesochronous clocking scheme, the receiver clock fre-

quency is the same as the transmitter (TX) frequency. Therefore, only a delay adjust-

ment is required to achieve optimal sampling timing. This can be done manually or 

automatically, depending on the implementation. If a SERDES system includes a pre-

training sequence, Clock and Data Recovery (CDR) is not necessary because the con-

troller can perform delay adjustments. In such cases, a variable delay line or a phase 

interpolator (PI) is sufficient for the purpose. However, if the system lacks a controller, 

CDR becomes essential. It can be achieved using a simple deskewing circuit such as 

a delay-locked loop (DLL) or a phase interpolator (PI). In a mesochronous system, an 

alternative configuration is using a common clock architecture instead of forwarded 

clocking architecture. This arrangement is depicted in Fig. 2.5, which shows an ex-

ample of a mesochronous system using a common clock architecture. In this case, the 

receiver employs a phase-locked loop (PLL) to generate a clock signal with the same 

frequency as the transmitter. The clock phase is then adjusted using CDR with the 

deskewing circuit mentioned earlier.  
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Despite the need for an additional clock channel or external reference clock gener-

ator, mesochronous clocking architecture is widely used in certain applications due to 

its simple CDR structure.  

Fig. 2.5 Block diagram of mesochronous clocking architecture – common reference clock 

Fig. 2.6 Block diagram of plesiochronous clocking archictecture 
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In plesiochronous clocking architecture, the transmitted data and the receiver clock 

exhibit a slight frequency difference. Unlike synchronous systems with a common 

clock, the transmitter and receiver generate their own clocks using their respective 

reference clocks in this architecture, as shown in Fig. 2.6. As a result, the clocks can-

not be perfectly synchronized, leading to a slight frequency disparity. This frequency 

difference gives rise to a continuous drift in the relative phase of the clocks. While an 

elastic buffer can be employed to mitigate this problem, it is effective only when data 

attenuation is minimal. In most cases, receivers require the regeneration of attenuated 

data, necessitating the use of clock and data recovery (CDR) mechanisms. Unlike 

mesochronous systems, plesiochronous systems demand tracking of both phase and 

frequency. Consequently, the design of the receiver becomes more challenging in ple-

siochronous systems. 

Therefore, clocking architectures should be chosen based on the target application, 

taking into consideration their respective advantages and disadvantages. 

In addition to the clocking architecture between the transmitter and receiver, the 

selection of the appropriate clocking scheme in TX and RX should also be taken into 

consideration.  

There are three main clocking schemes commonly used in serial link: full-rate, half 

-rate and quarter-rate. The full-rate scheme aligns data on the rising edge of the clock, 

which has an advantage in terms of jitter by retiming the data in final stage, but re-

quires a fast clock and consumes a lot of power, as shown in Fig. 2.7 (a). To overcome 

these disadvantages, the half-rate architecture has been proposed as shown in Fig. 2.7 

(b). It is commonly used because it consumes less power and mitigate the timing 
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budget. However, if the clock’s duty is broken, horizontal jitter may occur. The quar-

ter-rate scheme, shown in Fig. 2.7 (c), is used to transmit high-speed data by using the 

rising edges of four low-speed clocks. However, maintaining a constant 90° phase 

difference between the four clocks can be challenging. Due to the existence of pros 

and cons for each clocking structure, the selection of clocking architectures should be 

determined based on factors such as data rate, power requirements, and other relevant 

considerations. 
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(a) 

(b) 

(c) 

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

 

2.2.1 Overview 
 

The internal display interface primarily serves as the interface for communication 

between the main system-on-a-chip (SoC) and the timing controller (T-CON). It is 

divided into different types depending on the target application. Among them, LVDS 

was first introduced in 1994 by ANSI/TIA/EIA-644 and has been mainly used in var-

ious of applications. Fig. 2.8 shows the description and specification of LVDS [28]. 

It transmits serial data with low voltage and small voltage difference, which makes it 

resistant to noise and consumes less power. However, the speed that can be sent per 

lane is limited, and as the required data rate increases, more lanes are required. As a 

result, different interfaces have been developed as alternatives for each application. 

One of these, iDP, was developed by VESA in 2010 for Displayport applications 

[11]. The iDP standard defines an internal link between a digital TV system on chip 

(SOC) controller and the display panel's timing controller. Compared to LVDS, iDP 

offers the advantage of higher data rates per lane, fewer wires, and better EMI char-

acteristics. Fig. 2.9 shows a basic block diagram of iDP. In iDP, the TX utilizes pre-

emphasis to help in clock recovery and symbol lock at the sink device by 

compensating for the frequency-dependent insertion loss of the channel. On the other 

hand, the RX employs optional equalization (EQ) and CDR techniques to transmit 

and receive signals. 

Unlike large displays such as TVs and monitors, mobile applications utilize the 
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MIPI standard, established by the MIPI Alliance (ARM, Intel, Nokia, Samsung, 

STMicroelectronics, TI) in 2003. They established interfaces for processors, including 

the AP between peripheral devices, with objectives of achieving cost-effective 

Fig. 2.8 Description and specification of LVDS (low voltage differential signaling) [28] 

Fig. 2.9 Simplified block diagram of internal DisplayPort (iDP) PHY Electrical Sub-Layer 

[12] 
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flexibility through component compatibility among manufacturers, high-speed and 

low power. Each device utilizes a different physical layer (PHY) for communication 

with the AP. Fig. 2.10 shows the protocol and physical layer for each peripheral 

devices [9]. Specifically for the display interface in smartphones, it employs the 

display serial interface (DSI). Fig. 2.11 illustrates the conceptual view and description 

of the layers of DSI [10]. Based on the conceptual diagram, the host device or AP 

sends information related to pixels or commands to the peripheral devices, and 

receives status or pixel information back from the devices. During this process, DSI 

serializes all pixel data, commands, and events that are typically conveyed to or from 

the peripheral device using a parallel data bus with additional control signals in 

traditional or legacy interfaces. As mentioned earlier, the amount of data being 

transmitted from the AP has been increasing, necessitating higher speeds for the links 

handled by the DSI. Fig. 2.12 illustrates the per-lane data rate of the D-PHY according 

to different versions. D-PHY 3.0, it has been developed to support a maximum 

transmission speed of 9.0 Gbps and up to 11 Gbps for short channels. Additionally, 

as the data rate increases, continuous-time linear equalizer (CTLE) has been 

implemented to compensate for channel loss. 

The future direction of internal interfaces for mobile applications can be 

summarized into two main aspects. Firstly, as the amount of information that needs to 

be processed continues to increase, it is crucial to implement high data rates. Secondly, 

low-power design should be employed for long battery life. Considering these factors, 

it is essential to appropriately design the clocking scheme, TX, RX, and EQ. 
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Fig. 2.10 MIPI Multimedia specification [9] 

Fig. 2.11 A conceptual view and description of the layers of DSI [10] 
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Fig. 2.12 The per-pin data rate versus version for D-PHY 
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2.2.2 AP-to-TED interface 
 

In high-resolution display, a large amount of data must be fowarded from the T-

CON to the source driver IC (SD) through a so-called intra-panel interface. To meet 

these requirements, the need for more flexible printed circuits and printed circuit 

boards has increased, resulting in higher costs. In order to address these challenges, 

many studies have been conducted to achieve both high data rates and power effi-

ciency [2]-[8], [23]-[27]. One of the approaches involves the development of a T-

CON embedded driver (TED) that combines T-CON and SD into a single chip, 

thereby proposing solutions to reduce channel number and power consumption [25]. 

Accordingly, the data rates of the AP-to-TED interface must be increased to keep up 

with the speed of intra-panel interface. 

Fig. 2.13 describes the overall architecture of the AP-to-TED interface, which is 

composed of a AP, TED, and a flexible printed circuit board (FPCB). In order to de-

termine the architecture of the TX in AP and the receiver in the TED, it is essential to 

have a precise understanding of the characteristics of the FPCB. 

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

Fig. 2.14 depicts an FPCB [29]. The figure illustrates a different FPCB than the one 

actually used to security reasons. When the data rate increases, the FPCB also expe-

riences an increase in channel loss, like other channels. This is due to the fact that loss 

is frequency-dependent, caused by the skin effect and dielectric loss. Compensating 

for higher channel losses requires higher circuit complexity and more power con-

sumption.  

Therefore, the objective of this paper is to implement a low-power system with a 

data rate of 10 Gb/s per lane, surpassing the previously published D-PHY standard. 

The channel losses at the Nyquist frequency of 5 GHz are measured for channel 

lengths of 7 cm, 10 cm, 15 cm, and 32 cm, resulting in losses of 6.5 dB, 10.4 dB, 10.9 

dB, and 16.9 dB, respectively. 

  

Fig. 2.14 Example illstration of Flexible Printed Circuit Board [29] 



Chapter 3. Design of High-Speed and Low-Power Transceiver               23 

 

  

 

Design of High-Speed and Low-

Power Transceiver 
 

 

 

 

 

  

3.1 The Design of Transmitter 

 

3.1.1 Proposed Pseudo Serializer 
 

The purpose of the serializer is to convert parallel data generated by a pattern gen-

erator into a serial data format. Fig 3.1 represents a widely used 2:1 serializer structure 

primarily employed in the transmitter (TX) [30]. It consists of five latches and a 2:1 

multiplexer (MUX). Utilizing a total of five latches ensures sufficient timing margin, 

thereby preventing glitches at the final 2:1 MUX stage. 
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However, each latch requires a clock, leading to increased power consumption. As 

a result, as the speed increases, schemes have been proposed to reduce the number of 

latches and minimize the clock distribution path [31], [32]. In this chapter, a pseudo-

serializer scheme is proposed as a solution to reduce the number of latches.  

The proposed pseudo serializer's overall structure is illustrated in Fig. 3.2. Each 

20-to-1 SER comprises four 5-to-1 MUXs and three 2-to-1 MUXs. Fig. 3.3 depicts 

the structure of the 2-to-1 MUX, which comprises two tri-state inverters and one 

switch. 

Both the positive and negative edges of the 5 GHz signal are employed to create 

divided 2.5 GHz and 1.25 GHz signals across all phases. During the low level of the 

CLK2.5G signal, IN0 is transmitted to SER0, while IN1 is sent to INSW through the 

switch being activated. When CLK2.5G is high, the transmission of IN0 is blocked, and 

the value stored in INSW is transmitted to SER0. However, it is crucial to prevent any 

Fig. 3.1 Overall sturcture of 2:1 serializer 
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transition in the data during this process. During the high level of CLK2.5G, the tri-

state inverter and switch that are directly connected to IN0 and IN1 are turned off. As 

a result, any changes in IN0 and IN1 cannot have an impact on SER0. As a result, 

SER0 is only synchronized by CLK2.5G, and the use of flip-flops and latches is mini-

mized to decrease clock distribution and achieve low power consumption. 
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Fig. 3.2 Overall structure of proposed pseudo serializer 

Fig. 3.3 Structure of 2-to-1 MUX and timing diagram 
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3.1.2 Proposed ISI-Mitigating MUX 
 

Fig. 3.4 shows the schematic of conventional MUX that consists of two tri-state 

inverters. The voltage of the internal node of the tri-state inverter (PINIT0, NINIT0, PINIT1, 

NINIT1) can vary depending on the transmitted data, causing inter-symbol-interference, 

(ISI) resulting in different slew rates at the MUX output. To address this issue, we 

incorporate additional switches to pre-discharge or pre-charge each node, thereby en-

suring a consistent value at the internal nodes. 

Fig. 3.5 illustrates the proposed ISI-Mitigating MUX. The proposed structure is 

designed to pre-charge or discharge the internal node, depending on the level of the 

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

 
Fig. 3.4 The schematic of conventional MUX 
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level, Q0 becomes the output of the MUX, while Q1 is sent to the output of the MUX 

when clock is at a high level. Fig. 3.6 shows a timing diagram for one case where Q0 

Fig. 3.6 Timing diagram of ISI-Mitigating MUX 

Fig. 3.5 Proposed ISI-mitigating MUX 
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and Q1 are intended to transmit 0 and 1, respectively. While Q0 is being transmitted, 

the flip-flop at the front of the MUX maintains a value of 1 for Q1. This value causes 

PINIT1, NINIT1 of the tri-state inverter of Q1 to be pre-charged or pre-discharged, re-

spectively. As a result, before Q1 is transmitted, PINIT1 is pre-charged to 0, thus main-

taining a constant internal node value. This plays a role in mitigating ISI by ensuring 

the same slew rate. 

Fig. 3.7 (a) and (b) show simulation results of conventional MUX and ISI-mitigat-

ing MUX, respectively. Compared to the conventional MUX with an eye width of 

0.82 UI, the ISI-mitigating MUX shows an improvement with a width of 0.89 UI, 

which is an increase of 0.07 UI. 

 

 

Fig. 3.7 Simulation results of (a) conventional MUX (b) ISI-Mitigating MUX 

(a) (b) 
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3.1.3 Overall Sturucture of Transmitter 
 

Each transmitter utilizes two differential lanes to eliminate common noise inter-

ference from a display panel, with each lane responsible for a 10-Gb/s data rate. Fig. 

3.8 shows the overall structure of the transmitter. The clock-embedded architecture 

utilizes a ring-based charge-pump PLL (CP-PLL) with a 312-MHz reference to pro-

vide a 5-GHz clock for the transmitter. The transmitter's divider generates divided 

clock signals (2.5, 1.25, 0.25 GHz) for serialization. 

The transmitter consists of a TX-Digital block including PRBS-Generator and 

modules used in logical PHY, a proposed 40-to-2 pseudo SER, a proposed ISI-Miti-

gating MUX, a single-to-differential predriver(S-to-D predriver) to send the signal 

through the differential lane, and a source-series-terminated (SST) output drivers. For 

impedance matching with the FPCB, the SST driver can control 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 clocking architecture exhibits a rela-

tionship between the received data and the sampling clock, while other structures lack 

synchronization. However, as the data rate increases in a source synchronous system, 

there are various limitations, such as delay generations, variations in delay due to PVT 

variations, and other design complexities. To address these issues, embedded clocking 

has been considered.  

Referenceless CDR is widely used in wireline applications because it eliminates 

the need for an additional reference clock, resulting in cost savings. However, since 

there is no reference clock, methods for determining the frequency and synchroniza-

tion from the received input data are necessary. In referenceless CDR, frequency ac-

quisition is the most critical task, and numerous studies have been conducted on 

achieving high performance [33]-[43], but there have been limitations in terms of the 

trade-off between capture range, acquisition time, and power. To mitigate the trade-

off power and frequency range, a frequency acquisition scheme based on stochastic 

PFD has been proposed [48]. It can achieve both wide frequency detection and phase 

detection with a high power efficiency because there is no need for additional clock 

phase and data levels. Therefore, in this thesis, the stochastic frequency detection is 

employed with hybrid loop CDR to enhance power efficiency. 
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3.2.1  Proposed Referenceless Hybrid Loop CDR 
 

CDR is classified based on the type of loop filter used. Digital loop filter offer 

several advantages over analog loop filter [44], [45]. It is designed using digital logic 

cells, which can utilize the available area more efficiently than analog components. 

Additionally, they can be easily programmed to adjust to process, voltage, and tem-

perature (PVT) variations. It also has the advantage of being easily turned on and off 

by adding a simple logic gate to the output of the DLF, whereas analog loop filter 

requires complex circuits such as Analog-to-Digital Converter (ADC) to store analog 

voltage information increasing power consumption and circuit complexity [46], [47]. 

However, DLF has limitations in terms of jitter performance due to the latency of the 

DLF. As a result, a hybrid loop filter that combines the advantages of both analog and 

digital loop filters can be designed to achieve better performance in terms of both area 

efficiency, controllability, power efficiency, and jitter performance. 

Fig. 3.9 shows the type of tail currents of the hybrid oscillator (HOSC) controlled 

by digital and analog loop. It consists of four types of tail currents: analog integral 

path current (I1), direct proportional path current (I2), band-select current (I3) and dig-

ital codes (DCTRL) current. 

The initial frequency locking procedure is illustrated in Fig. 3.10. First, band-select 

(I3) is adjusted to match the desired frequency band. Second, the digital loop for fre-

quency acquisition is enabled to determine the digital codes current (I4), as shown in 

Fig. 3.10 (a). During this phase, the output of the analog loop filter (ACTRL) is fixed to  

0.7 V using VINIT. When the CDR locks, we can obtain DCTRL indicating the target 

frequency. After obtaining the lock code, the lock detector generates a flock signal 
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that the process has been completed. This signal blocks the clock path to the DLF and 

edge DLF to deactivate them, and the DLF stays at the fixed DCTRL, as shown in Fig. 

3.10 (b). Then the analog loop is activated to remove the residual frequency error and 

obtain phase locking by adjusting the I1, and I2. 

Since the DLF and edge DES are turned off, it is more advantageous in terms of 

power due to the reduction of the clocking path, and can support switch mode rapidly 

through fixed DCTRL, and ACTRL. Additionally, employing a hybrid loop design facili-

tates achieving desirable jitter performance. 

Fig. 3.11 shows the simulation result of the frequency locking procedure. 1st stage 

is the process of finding the DCTRL. 2nd stage is turning off the DLF by generating flock 

signal from the lock detector and activating the analog loop to remove frequency and 

phase error. Finally, phase-locking is performed in 3rd stage.  

 

Fig. 3.9 Proposed hybrid oscillator whose frequency is controlled by 4 different types of tail 

currents 
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(a) 

(b) 

Fig. 3.10 Frequency locking procedure of the proposed CDR: (a) digital loop activation, and 

(b) analog loop activation 
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Fig. 3.11 Simulation result of frequency locking procedure 
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3.2.2  Overall Structure of Receiver 
 

Fig. 3.12 illustrates the overall architecture of the proposed receiver for the AP-to-

TED interface. The receiver consists of two differential lanes, which effectively elim-

inate common noise interference caused by a display panel. Half-rate clocking is em-

ployed to alleviate timing constraints, and a referenceless CDR is also implemented 

to reduce power consumption by eliminating the need for a dedicated clock lane. A 

continuous-time linear equalizer (CTLE) is employed to compensate for channel loss. 

The CTLE boosts the incoming signals passing through the FPCB by up to 6 dB at 

the Nyquist frequency. After the CTLE, four strong-ARM latch comparators are used 

for 2x oversampling with a half rate. The resulting data and edge samples are trans-

mitted through two separate paths using SR latches. 

In the first path, the sampled data is parallelized using a 2-to-40 deserializer (DES) 

to reduce the data rate in the digital loop filter (DLF). The second path contains BBPD. 

The UP and DN signals generated by the BBPD are fed into the integral and direct 

proportional paths to control the HOSC. 

A two-stage differential ring oscillator is employed for low-power implementation. 

During the initial frequency tracking phase, the frequency is adjusted using a 128-bit 

thermometer code generated from the DLF. Once DCTRL is set, the DLF is deactivated, 

and the frequency and phase locking is achieved through integral and proportional 

paths. 
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3.3.3  Circuit Implementation 
 

 

3.3.3.1  Continous-Time Linear Equalizer (CTLE) 
 

Fig. 3.13 depicts the schematic of a CTLE. It employs a resistive and capacitive 

source degeneration to boost up to 6 dB at the Nyquist frequency. As a differential 

input, the default value is set to 100 ohms for the termination resistance. Additionally, 

to account for variations in the measurement environment, it can be externally con-

trolled. Furthermore, the values of IBIAS and RS can be adjusted. Fig. 3.14 illustrates 

the post-simulation results of the designed CTLE. 

 

Fig. 3.13 The circuit description of CTLE 
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Fig. 3.14 Frequency response of CTLE [post-simulation results] 
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3.3.3.2  Digital Loop Filter (DLF) 
 

Fig. 3.15 shows the components of the DLF. A DLF comprises a pattern decoder, 

an accumulator, a DSM, a lock detector, and a loop gain controller. Based on the 

received data(D40) and edge(E40) information, the DLF performs stochastic frequency-

phase detection using a pattern decoder [48], accumulator, and DSM. The output pat-

tern is analyzed, and if a certain number of occurrences of specific patterns (S1, S3) 

are detected, the lock detector triggers a signal (flock). This signal determines which 

loop is activated. The loop gain controller allows for adjustment of the integral gain 

and direct proportional gain using the I2C interface. 

 

 
Fig. 3.15 The components of a digital loop filter 
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3.4 Measurement Results 

 

The prototype chip is fabricated in 28-nm CMOS technology. The photomicro-

graph of the chip is shown in Fig. 3.16. The total active area of the chip is 0.196 mm2, 

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

Fig. 3.18 Measurement setup of proposed transceiver 
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where each TX, RX and PLL occupy 0.026 mm2, 0.066 mm2, 0.012 mm2, respectively. 

Fig. 3.17 shows the power breakdown of transceiver. The total power consumption of 

TX and PLL is 7 mW, and the total power consumption of RX is 5.3 mW, resulting 

in a power efficiency of 1.23 pJ/b. 

Fig. 3.18 describes three measurement setups of the proposed transceiver. The per-

formance of transceiver is evaluated with the 7-cm channel on the FPCB as shown in 

Fig. 3.18(Bottom). PRBS-7 input data is used for the TRX measurement. In the case 

of TX, the data output from TX is verified for its eye pattern using BERT and an 

oscilloscope, as described at the top of Fig. 3.18. Fig. 3.19 shows the TX measurement 

results. The vertical eye opening is 75 mV, and the horizontal timing margin is 0.48 

UI. 

 

The following are the RX measurement results. To measure jitter tolerance, a 

PRBS-7 pattern with added random jitter is first generated on the Signal Quality 

Analyzer. The recovered data at 250 MHz is then fed back into the error detector of 

Fig. 3.19 Measured eye diagram of transmitter output 
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the Signal Quality Analyzer to measure the BER. The measured jitter tolerance curve 

obtained through this process showed a jitter tolerance of 0.29 UI at the 30 MHz 

corner frequency, as shown in the Fig. 3.20. Fig. 3.21 shows the measured bathtub 

obtained by shifting the external clock using the external clocking mode, exhibiting a  

0.32 UI opening at BER < 10-12. 

To measure the frequency locking behavior, the arstb signal of the DLF inside the 

prototype chip is used as the trigger for the oscilloscope to monitor frequency 

acquisition. When a signal is given to arstb through I2C, the frequency transient 

response after the trigger signal is monitored by oscilloscope. Fig. 3.22 shows the 

waveform results obtained through this process. It takes 5.2 us of lock time to recovery 

the target of 5 GHz from the initial frequency of 3.5 GHz. After stochastic frequency 

tracking, it is confirmed that the DLF and edge DES are deactivated while the analog 

loop is activated. The jitter histogram of the recovered clock is also measured by 

oscilloscope, showing a 2.68-psrms jitter and 25.33-psp-pvalue as shown in Fig. 3.23.  

Table 1 presents a comparison with other transceivers, achieving a power 

efficiency of 1.23 pJ/bit. 
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Fig. 3.20 Measured jitter tolerance curve (BER < 10-12) 

Fig. 3.21 Measured BER bathtub curve 
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Fig. 3.22 Measured frequency acquisition behavior 

Fig. 3.23 Measured 5-GHz recovered clock 
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Receiver 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 three stages, 1) initial active mode, 2) 

sleep mode, and 3) wake-up. In this chapter, the design techniques are explained to 

improve the performance of the receiver at each stage. Fig. 4.1 represents the concep-

tual diagram of the proposed receiver, depicted according to each state. 
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The first stage is initial active mode, when the receiver is first powered on and 

needs to acquisite the frequency during a training period. To shorten the activation 

time, a fast frequency tracking method is needed. So a new frequency detection 

method is utilized to achieve a faster lock time in the initial active mode. 

The second stage corresponds to the sleep mode state, which means turning off the 

module when not in use, making it an attractive option for saving power. In order to 

support sleep mode, we add switches to the circuit that completely turn off the bias 

and oscillator while also allowing for easy restoration of relevant voltage information. 

The third stage is wake-up mode, in which the module is reactivated from sleep 

mode. There are two primary considerations for this stage. First, retracking the fre-

quency during the training period after wake-up is wasteful in terms of power. There-

fore, it is necessary to store the frequency information before sleep mode to skip the 

retracking frequency process. Second, even if voltage and temperature (VT) drift oc-

curs, this information remains valid during wake-up. 

Much studies have been conducted on rapidly transitioning between sleep mode 

and active mode, focusing on different standards [11]-[22]. Previous works such as 

[13] and [14] have achieved instant locking by utilizing a gated voltage controlled 

oscillator-based architecture, which is well-suited for rapid on/off applications. How-

ever, they are sensitive to VT variations due to the delay difference and require an 

additional settling time if VT drift occurs in the off state. In [16], fast lock time is 

achieved by sweeping the oscillator phase over 1100 repetitive patterns, but there are 

difficulties in obtaining an appropriate proportional gain considering frequency drift 

of the VCO occurred in the off state. 

In view of these drawbacks, we propose a receiver with a supply-insensitive hybrid 
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CDR for the AP-to-TED interface to achieve fast frequency recovery from sleep mode 

under supply voltage drift. 

In conclusion, we proposed a design that enables faster frequency acquisition for 

achieving faster lock time in initial active mode, as well as low power and VT robust 

design for the sleep mode and wake-up stages. 

 

 

 

 

 

 

 

 

  

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 relationship between frequency capture 

range, power, and frequency acquisition time. However, a frequency acquisition 

scheme based on stochastic PFD has been proposed to alleviate this trade-off to some 

extent [48]. The stochastic methodology involves observing sequential data-edge-data 

patterns under various phase and frequency conditions, as shown in Fig. 4.2. These 

patterns are classified to collect histograms, and representative histograms are selected. 

Weights are then calculated using Bayes’ theorem as described in Fig. 4.3. Through 

this iteration process, the PD gain curve and FD gain curve are ultimately achieved as 

shown in Fig. 4.4. 

This method enabled a wide range of frequency acquisition with high power effi-

ciency. However, starting frequency tracking from a lower initial frequency compared 

to the operating frequency results in a longer lock time. Therefore, in this paper, we 

propose a fast frequency acquisition using the characteristics of the frequency gain 

curve. As a result, proposed design can achieve a faster lock time compared to con-

ventional frequency locking. 
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Fig. 4.2 Concept of stochastic FPD [48]  

 

Fig. 4.3 Flow chart of design techniques of stochastic frequency-phase detector [48] 
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(a) 

(b) 

Fig. 4.4 Achieved (a) phase detection gain curve (b) frequency detection gain curve 

[48] 
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4.2.2 Fast Frequency acquisition Using Linearity 
Fucntion 

 

When observing the FD gain curve shown in Fig. 4.4 (b), we can observe a linear 

characteristic in a specific range with reference to the point where the Pr(LATE) – 

Pr(EARLY) = 0. Therefore, we propose a frequency detecting method for coarsely 

adjusting codes to achieve faster frequency acquisition using the error[= Pr(LATE) – 

Pr(EARLY) ] values for each code. By obtaining the value of error, internal division 

is utilized to adjust the initial code closer to the lock point. To facilitate this process, 

finite state machine (FSM) is employed to adjust the codes. The FSM has three main 

stages as shown in Fig. 4.5. 

The first state is to adjust the DCTRL to the frequency corresponding to the 

Fig. 4.5 The main stages of FSM 
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Late(DCTRL_LATE), and the value of the corresponding error L is calculated. Then FSM 

proceeds to the next state.  

In the second state, the DCTRL is adjusted to the frequency corresponding to the 

Early (DCTRL_EARLY), and the value of the corresponding error E is determined. Finally, 

the internal division is performed using these values. Based on the outcome of the 

internal division, the DCTRL is adjusted to DCTRL_UPDATE. When the last stage of the 

FSM is completed, it generates a signal indicating the completion (flock). This signal 

deactivates the digital loop and immediately activates the analog loop, enabling the 

removal of remaining frequency error and phase error through the direct proportional 

path and integral path. 

The error value needs to be accumulated due to noise factors such as voltage and 

thermal effects rather than just the single error value. To achieve this, assuming suf-

ficient compensation for loss in the equalizer, we simulate with noise and obtain a 

new frequency gain curve by varying the averaging time. Fig. 4.6 shows the results 

obtained for averaging times of 500 UI, 1000 UI, 1500 UI, and 2000 UI, respectively. 

In all four cases, a linear trend similar to the frequency gain curve without noise is 

observed. Additionally, a more pronounced linear characteristic is observed as the 

averaging time increases. Based on these results, in this thesis, simulations and 

measurements are conducted by varying the averaging time. 

Fig. 4.7 represents the three stages of the FSM on the FD gain curve. To reduce 

computations, instead of using the entire code, we perform internal division using the 

midpoint code under the assumption that the lock code corresponding to the target 

frequency is within the range of 7’d0 to the midpoint code. Therefore, in the simula-

tion, we use half of the whole code, which is 64, rather than the entire code of 127. 
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Fig. 4.6 Simulated frequency detection gain curve by varing the averaging time 

Fig. 4.7 The concept of the frequeny tracking in the FD gain curve 
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Additionally, to determine the size of the entire code without subtraction operations,  

the value corresponding to L is fixed at 7'd0. The count of accumulations is set to 16 

(640 UI). 

In the first state, DCTRL is set to 7’d0, and the error is accumulated to obtain L. In 

next state, DCTRL is set to 7’d64, and the error is accumulated to obtain E. The total  

code length, in this case, becomes 64, which is the length of the used DCTRL interval. 

Based on the values of L and E, the code for starting frequency tracking is calcu-

lated by interpolation. Once the calculation is complete, the updated DCTRL adjusts the 

initial code. Fig. 4.8 shows the simulation results. The accumulated error resulted in 

a value of 72 for L and -80 for E. So if we substitute these values into the equation 

below, we can obtain the rounded value of 30, and it is confirmed that we also get the 

same result of   

 
�����_���	�
 = �����_�	�
 + �����_
	��� − �����_�	�
� 

                                                 × �
� + |
| 

(4.1)

 

 

where �����_����� = 64, �����_���� = 0,  = 72, # = −80 

30 from the simulation. 

Fig. 4.9 represents the simulation results of frequency transient behavior. It shows 

a frequency of 4.35 GHz at DCTRL_LATE, and the value of L is obtained while the fre-

quency is fixed. Next, E is obtained at a frequency of 5.74 GHz, corresponding to the 

DCTRL_EARLY. After about 100 ns of calculation time, DCTRL_UPDATE is outputted, and 

frequency and phase tracking is performed immediately. 

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

1.83 μs from the initial frequency of 4.35 GHz to 5 GHz, while the proposed frequency 



Chapter 4. Receiver with Fast Frequency Acquisition in Active mode and Fast Re-
covery from Sleep mode under Voltage Drift                           59 

 

tracking mode achieves a faster time of 0.42 μs. 
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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, but it is also essential to make the 

same operating conditions at wake-up. If the supply voltage and temperature (VT) are 

not the same, different currents flow even with the same DCTRL, and ACTRL. This dif-

ference in current causes frequency error and requires additional settling time at wake-

up. 

Also, to minimize bit errors after the wake-up state, it is important for the CDR to 

correct frequency errors and prevent the accumulation of phase errors. To achieve this, 

it is necessary to set a higher value for proportional gain (KP). The minimum KP re-

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

 

%�  >  '(
)*  × |+,-� − +�	�	|

+�	�	
= |.|

)  
(4.2) 

/0121 . =  |+,-� − +�	�	|
+�	�	

 
(4.3) 

where ρ is the update rate assumed to be 0.5. A larger KP can overcome initial fre-

quency errors but can increase cycle/hunting jitter [49]. Consequently, this leads to 
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increased design complexity in CDR design. 

In this work, a supply-insensitive hybrid CDR is proposed to correct the initial fre-

quency error. It offers an efficient approach for fast frequency recovery under sleep 

mode by minimizing initial frequency error, even in the presence of voltage variations. 

 

4.3.1.2  Analysis of Prior Design 
 

In Chapter 3, we determined the digital code value that corresponds to ACTRL of 0.7 

V. This value is used to restore the frequency when it wakes up from sleep mode. 

However, this information is valid when operating in nominal voltage (1V). Fig. 4.11 

(a) shows the supply voltage sensitivity, illustrating the oscillation frequency variation 

when supply voltage is changed while ACTRL is fixed at 0.7 V. 

Despite using the same DCTRL, and ACTRL, the operating frequency could be out of 

the desired range due to the supply voltage drift. This is because the total amount of 

current flowing through the HOSC changes, as illustrated in Fig. 4.12. Considering 

the nominal voltage of 1 V, the amount of change in the band-select current and the 

digital codes current is more pronounced than the change in the integral path current. 

Therefore, to adjust the five frequency gain curves of the HOSC as depicted in Fig. 

4.11 (b), the SVDC is employed exclusively to stabilize the band-select and digital 

codes current, as shown in Fig. 4.13, which accounts for most of the variation. Thus, 

even with a supply voltage drift during sleep mode, constant current flows for the  

same DCTRL, reducing the frequency drift so that no additional acquisition time is re-

quired.  
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(a) 

 

(b) 

Fig. 4.11 Simulated oscillator frequency sensitivity to ACTRL for various supply voltages (a) 

without SVDC, (b) with SVDC 
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Fig. 4.12 Simulated current changes versus a change in VDDOSC 

Fig. 4.13 Hybrid oscillator with SVDC 
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4.3.1.3  Supply Voltage Drift Cancellation (SVDC) 
 

TED includes various circuits such as source driver IC and T-CON, resulting in a 

high presence of supply noise factors. Therefore, dynamic supply noise rejection 

should also be considered besides supply voltage drift. Numerous studies have been 

conducted to reduce supply sensitivity [50]-[56]. Considering rapid on/off applica-

tions, it is necessary to achieve fast settling time of the bias and implement a low-

power system using simple hardware. Consequently, the use of LDO (Low-Dropout 

Regulator) is not suitable from a power perspective, and schemes relying on back-

ground operations are not suitable due to their long calibration time [53]. Also, the 

inclusion of additional active devices within the oscillator also leads to increased 

power consumption and noise [55]. Therefore, we employed the supply-noise-com-

pensating technique (SNC), which does not require a separate loop and enables fast 

bias settling time [56]. 

The circuit implementation of the supply voltage drift cancellation is shown in Fig. 

4.14. It consists of a frequency-tuning unit cell that adjusts the frequency, a bias volt-

age generator (BVG) that adjusts the gate voltage of MOSFET in frequency unit cell 

by assembling two Nagata current sources [50], and a hybrid oscillator. The bias volt-

age generator consists of a total of three MOSFETs and two series resistors. To sup-

port sleep mode, MOSFETs M1 and M2 are used to turn off the bias voltage generator 

completely. When the sleep mode signal (34567888888888) is received, V1 and V2 become 

logically low, causing the NMOS in the frequency unit current cells to be completely 

turned off.  

The frequency unit current cell comprises of three MOSFETs: M4, M5,and M6, 
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Fig. 4.14 Circuit implementation of supply voltage drift cancellation 

(a)                                 (b)    

Fig. 4.15 The simulation results of (a) bias voltage change in a BVG (b) current of fre-

quency tuning cell change versus a change in VDDOSC  
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where M4 and M5 function as current sources, receiving gate voltage from the bias 

voltage generator, and M6 turns the current source on and off according to the output 

of the DLF. When the supply voltage increases, the amount of IBIAS increases, which 

change V1 and V2. In the case of V2, it is affected only by R1, but in the case of V1, 

more IR drop is generated by (R1+R2). Accordingly, the change amount of V1 is 

greater than the change amount of VDDOSC, and the change amount of V2, is smaller 

than the change amount of VDDOSC. Therefore, the overdrive voltage of the MOSFET 

M4, M5 changes with different polarity and the same magnitude. So, in conclusion, a 

constant current flows in the vicinity of nominal voltage. 

Fig. 4.15 (a) shows the simulation results of bias voltage change in BVG and Fig. 

4.15 (b) shows the current change in the frequency tuning cell versus in VDDOSC.  

Fig. 4.16 shows the simulation results of the current change versus a change in 

VDDOSC for temperature. Simulations are performed for 0 ºC, 20 ºC, 40 ºC, 60 ºC, 80 

ºC, although the optimal point for each temperature is slightly different, IOSC remained 

constant regardless of VDDOSC variation.  

Fig. 4.17 shows the simulation results conducted with corner variation. The simu-

lations are performed for SS, TT, and FF corners. Although each optimal point is 

slightly different, it can be observed that there is a flat region for each of them.  
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Fig. 4.16 The simulation results of current change versus a change in VDDOSC for 

temperature 

Fig. 4.17 The simulation results of current change versus a change in VDDOSC for 

corner variation 



Chapter 4. Receiver with Fast Frequency Acquisition in Active mode and Fast Re-
covery from Sleep mode under Voltage Drift                           70 

 

4.4 Analog Front-End Supporting Sleep 

Mode 

 

To save power during sleep mode, it is necessary to disable both the data and clock 

paths. A switch is added to the current bias of the CTLE to block the data path, as 

shown in Fig. 4.18 (a), that allows it to be fully deactivated during sleep mode. To 

block the clock path, the frequency of the hybrid oscillator must be set to zero. To 

accomplish this, the two loops that adjust the hybrid oscillator must be turned off. Fig. 

4.18 (b) shows the current switch on the tail current of hybrid oscillator. In the case 

of the DLF, AND gates are added to the output of the DLF to disable it during sleep 

mode. The gate of the MOSFET responsible for the current of the integral path in the 

ACTRL is connected to ground to cut off the current. When a wake-up signal is received, 

       

(a)                               (b) 

Fig. 4.18 Current switch on a) current bias of CTLE b) tail current of hybrid oscillator 
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the AND gate is activated to restore digital codes, and the ACTRL is designed to be 

reactivated through VINIT, which is used to fix the ACTRL during initial locking. Fur-

thermore, to prevent leakage in the floating node, the clock and data paths are inten-

tionally shorted to either the ground or VDD. Fig. 4.19 is the simulation result of the 

change in frequency and current for two cases: 1) when entering sleep mode from 

active mode. 2) wake-up from sleep mode. In the case of CTLE and DES, 1.2 uA and 

222 uA of current flow as a result of post-simulation, respectively, and in the case of 

AFE and HOSC, 343 uA of current flow as a result of simulation. The process of 

restoring DCTRL and ACTRL is shown in Fig. 4.20. According to the WKUP1, the DCTRL 

is restored to the initially locked code and the ACTRL is restored to 0.7 V, respectively. 

Since activating the analog loop prior to the restoration of ACTRL can result in the false 

lock caused by erroneous UP and DN detector outputs, two signals are incorporated. 

WKUP1, turns on all bias, while WKUP2 activates the loop. Accordingly, it can be 

confirmed that the frequency is also recovered to 5 GHz.  
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4.5 Circuit Implementation 

 

4.5.1 Overall Structure 
 

Fig. 4.21 shows the overall architecture of the proposed receiver for the AP-to-TED 

interface. It comprises a receiver and a command controller, which allows an external 

control of the module via an I2C interface with a sleep-mode signal. To alleviate tim-

ing constraints, half-rate clocking is employed and a referenceless CDR is also imple-

mented to reduce power consumption by eliminating the clock lane. The receiver con-

sists of a CTLE, strong-ARM samplers, SR latches, a BBPD, a deserializer (DES), a 

charge pump, a DLF, and a hybrid oscillator. Signals passing through the FPCB are 

applied to the CTLE, which employs a resistive and capacitive source degeneration to 

boost up to 6 dB at the Nyquist frequency. In addition, a switch is attached to the 

current mirror to support the sleep mode, allowing the bias to be turned on and off. 

After the CTLE, four strong-ARM latch comparators are used for 2x oversampling 

with a half rate. The data and edge samples are transmitted in two paths through SR 

latches. In the first path, the DES reduces the data rate in the DLF. The second path 

contains a BBPD. The UP and DN signals generated by the BBPD are applied to the 

integral and direct proportional paths to control the HOSC. During initial frequency 

tracking, the frequency is adjusted by a 128-bit thermometer code generated from the 

DLF. Once DCTRL is fixed, the DLF is deactivated and the frequency locking and phase 

locking are accomplished with integral and direct proportional paths. 
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Fig. 4.22 shows the schematic of the HOSC with the SVDC including the simula-

tion results of the SVDC. A two-stage differential ring oscillator is utilized for low- 

power implementation. The range of frequency is selected with BCTRL for the desired 

band. Tail current is partitioned into two parts: one that cancels out supply voltage 

drift and the other that does not. Band-select (I3) and digital codes current (I4) are used 

to keep a constant current in the event of supply voltage drift. 

The digital block comprises a pattern decoder, an accumulator, a DSM for stochas-

tic frequency-phase detection, a lock detector to determine which loop is activated,  

a loop gain controller to adjust the integral gain and the direct proportional gain, and 

FSM for fast frequency acquisition. Utilizing the en_linear signal through I2C enables 

the option to turn the fast frequency tracking mode on or off. 
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4.5.2 Command Controller 
 

A command controller is composed of synthesized digital gates. The controller 

takes a reference clock (CLKEXT) from a bit error tester (BERT). Each module is 

turned on/off using the signals PLL_WKUP for PLL, TX_WKUP for TX, AND 

RX_WKUP1 and RX_WKUP2 for RX.  

It functions in two modes. The first mode activates and deactivates the receiver 

externally. The second mode is a sequential mode where each signal is generated with 

a certain delay. The delay between the signals (delay1, delay2, delay3) can be adjusted 

by changing the number of delay stages and the speed of the reference clock. When 

all wake-up signals become high level, the Flag_WKUP become high level, indicating 

that all signals have been applied. Fig. 4.23 shows the simulation results of behavior 

modeling of command controller. 

 

  

Fig. 4.23 The simulation results of behavior modeling of command controller 
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4.6 Measurement 

 

The prototype chip is fabricated in 28-nm CMOS technology. The photomicro-

graph of the chip is shown in Fig. 4.24. The total active area of the chip is 0.089 mm2, 

where the RX and command controller occupy 0.082 mm2 and 0.007 mm2, respec-

tively. Fig. 4.25 describes two measurement setups: one for verifying the receiver 

performance and the other for measuring the SVDC performance. Fig. 4.26 shows the 

detailed measurement setup for verifying the receiver’s performance. The

Fig. 4.24 Die microphotograph 
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Signal Quality Analyzer (Anritsu Mu1800A) generates a PRBS-7 pattern for the input 

data. To measure jitter tolerance, Signal Quality Analyzer generates data with added 

random jitter and the 250 MHz receovered data fed it to the error detector(ED) . For 

measuring the power consumption of the module in both sleep mode and active mode, 

(a) 

(b) 

Fig. 4.25 Meausrement setup for (a) receiver performance (b) SVDC 

Fig. 4.26 Detailed measurement setup for verifying receiver’s performance 
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BERT applies a 312.5 MHz clock to operate the command controller inside the chip. 

Through the I2C signal, it is adjusted whether the chip is in active mode or sleep mode. 

For measuring SVDC, the UXA Signal Analyzer N9040B is used to measure the 

free-running frequency in open-loop. Also oscilloscope (Tektronix MSO73304DX) is 

used for measuring frequency locking behavior and jitter histograms of the recovered 

clock. 

The proposed receiver achieves error-free operation (BER < 10-12) when 

recovering 10 Gb/s PRBS-7 in nominal voltage, 1 V. Fig. 4.28 shows the measured 

jitter tolerance with PRBS-7 and BER < 10-11. Fig. 4.27 shows the power breakdown 

of the proposed receiver. The total power consumption of the receiver in active mode 

is 9.9 mW, the CTLE, AFE, DES & DLF, and HOSC consumes 0.784 mW, 3.145 

mW, 1.24 mW, and 4.731 mW. On the other hand, the total power consumption is 

1.962 mW, showing 80% power reduction compared to active mode, with CTLE con-

suming 0.043 mW, AFE consuming 0.422 mW, DES & DLF consuming 0.385 mW, 

and HOSC consuming 1.112 mW.  
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Fig. 4.27 Power breakdown of active mode and sleep mode 

Fig. 4.28 Measured jitter tolerance curve 
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4.6.1 Fast frequency tracking 
 

To measure the frequency acquisition behaviors for 10 Gb/s, the reset signal of the 

DLF is used as the trigger signal. After the trigger signal, the oscillator frequency is 

measured, and the lock time is defined as the point where the frequency average in 

the observed window is 5 GHz. The measurements are conducted in two directions. 

Firstly, to confirm the linearity of the gain curve, the frequency range of the HOSC 

is adjusted using BCTRL. As the HOSC operates at different frequency ranges, the code 

values from the FSM are different, and this will be validated by observing the updated 

frequency.  

Secondly, to verify that the frequency gain curve remains consistent regardless of 

the changing averaging time, the error is accumulated by varying the number of accu-

mulations and measuring the transient response. Finally, all these results are post-

processed to compare the fast acquisition mode with the conventional mode on the 

same plot. 

Fig. 4.29 represents the measured conventional frequency transient response before 

post-processing. The data rate is 10 Gb/s with PRBS-7 and the initial HOSC initial 

frequencies are (a) 4.55 GHz, (b) 4.37 GHz, and (c) 4.87 GHz. The corresponding 

lock times are 3.02 μs, 3.4 μs, and 1.2 μs, respectively. 

Fig. 4.30 shows the measured frequency behaviors of the conventional tracking 

mode and fast tracking mode with varying initial HOSC frequency. In all cases, the 

averaging time is set to 640 UI, and the update control (DCTRL_UPDATE) corresponding 

to the updated frequency is observed. For case Fig. 4.30 (a), the operating range of the 

HOSC is 4.55 to 5.83 GHz, and it takes about 0.37 μs lock time. In case Fig. 4.29 (b), 
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(a) 

(b) 

(c) 

Fig. 4.29 Measured frequency acquisition behaviors before post-processing @ 10 Gb/s 

PRBS-7 with varying inital HOSC frequency (a) 4.55 GHz, (b) 4.37 GHz, (c) 4.87 GHz 
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the HOSC operated within the range of 4.37 to 5.65 GHz, with a lock time of 0.38 μs. 

In the case of Fig. 4.29 (c), the HOSC has an operating range of 4.87 to 6.15 GHz, 

and 0.41 μs of lock time is achieved. 

Based on the results of cases (a), (b), and (c), it can be observed that the calculation 

of L and E values vary due to the difference in operating frequency. Due to the line-

arity of the frequency gain curve, it can be confirmed that even with changes in the 

values of L and E, the calculated code from the FSM consistently results in a fre-

quency near 5 GHz. 

To confirm the frequency gain curve with varying averaging time, we adjust the 

number of accumulations. The operating range of HOSC is set to 4.55 ~ 5.83 GHz, 

and we measure the frequency behavior by changing the averaging time to 1000 UI 

and 2520 UI, following the previous measurement of 640 UI. Fig. 4.31 (a) and (b) 

 
(a) 
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   (b) 

(c) 

Fig. 4.30 Measured frequency acquisition behaviors with varying intial DCO frequency    

(a) 4.55 ~ 5.83 GHz, (b) 4.37~5.65 GHz, (c) 4.87 ~ 6.15 GHz  
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illustrate the frequency acquisition behavior measured at 1000 UI and 2520 UI and 

lock times are 0.48 μs and 0.79 μs, respectively. As more errors are accumulated com-

pared to the 640 UI case, it takes longer time for lock acquisition. Calculating L and 

E, and observing the frequency updated by the interpolated value, we can see that 

frequency tracking starts around 5 GHz. This confirms that the frequency gain curve 

remains linear and consistent even with changes in the averaging time. 

The proposed receiver achieved a faster lock time compared to the existing struc-

ture based on the stochastic frequency-detection method by utilizing the linearity char-

acteristics of the gain curve.  
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Fig. 4.31 Measured frequency acquisition behaviors with varying averaging time 

(a) 1000 UI, (b) 2520 UI 

(a) 

(b) 
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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 the free-running HOSC when ACTRL is 

fixed at 0.7 V. As illustrated, the frequency does not follow a linear trend and tends 

to be flat with respect to changes in VDDOSC. A table depicting the results for ±50 mV 

varied from the nominal voltage is also provided, with frequency pushing of up to 811 

MHz/V.  

To verify the recovery back to the same operating frequency even with the supply 

voltage drift during sleep mode, the follwing three steps are performed: (1) operate 

the CDR in the nominal voltage to lock the frequency (2) enter the sleep mode with 

the command from the command controller through the I2C interface and (3) change 

the supply voltage and turn on the module again with a wake-up signal through the 

I2C interface.  

Fig. 4.32 Measured frequency of free-running HOSC 
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The post-processed waveform obtained through these three steps are shown in Fig. 

4.33. After entering the sleep mode, frequency recovery in four cases is observed: 

0.95 V, 1 V, 1.05 V, 1.1 V. The original operating frequency of 5 GHz is recovered 

(a) 

(b) 

Fig. 4.33 Post-processed waveform of frequency recovery after sleep mode. (a) Initial active 

mode voltage : 1 V and (b) 0.95 V, 1.05 V 
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within 34 ns, 32 ns, 32 ns, 36 ns, respectively. Fig. 4.33 (b) depicts the results of 

measuring frequency when the nominal voltage is changed in the first step. This is 

done with a variation of ±100 mV from the nominal voltage during the sleep mode 

and it can be seen that frequency is recovered within 33 ns and 32 ns. 

Table 1 shows the comparison with other receivers supporting the sleep mode. Our 

design shows low power consumption and offers fast frequency lock at wake-up in 

the presence of supply voltage drift in the sleep mode.  
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Conclusions 
 

 

 

 

 

In this thesis, a design technique focusing on high-speed and low-power internal 

display interface for next-generation mobile applications is presented. 

First, a high-speed and low-power transceiver is proposed for an AP-to-TED in-

terface. In the TX, a pseudo SER and a 2:1 mitigating MUX are utilized to achieve 

not only high-speed operation but also alleviate intersymbol interference (ISI) while 

maintaining good power efficiency. In the RX, a hybrid loop CDR is employed. The 

digital loop enables unlimited frequency tracking. Once the frequency lock code is 

found, the digital loop is deactivated while activating the analog loop to achieve better 

power efficiency. The prototype chip is fabricated in 28-nm CMOS technology and 

occupies an active area of 0.196 mm2, where each TX, RX, and PLL occupies 0.026 

mm2, 0.066 mm2, 0.012 mm2, respectively. The performance of the transceiver is eval-

uated with the 7-cm channel on FPCB. Thanks to low power schemes in both TX and 

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

Second, a receiver supporting a sleep mode is proposed for an AP-to-TED inter-

face. The receiver can be divided into initial active mode, sleep mode, and wake-up 

state. Schemes are proposed for each state to enhance its performance.  

In the initial mode, a fast locking mode utilizing the linearity of the frequency gain 

curve of the previously published stochastic frequency detection is proposed. The 

FSM internally divides the entire code and adjusts the initial frequency for HOSC by 

using the error values based on the frequency difference. Once all stages of the FSM 

are completed, the analog loop is immediately activated to remove frequency and 

phase errors while deactivating the digital loop. Through the FSM, the frequency 

tracking code can be coarsely moved closer to the target frequency code, achieving a 

significantly faster lock time of 0.37 μs. 

For sleep mode, a switch is added to deactivate the clock distribution path and all 

biases in the module. Also, the SVDC scheme is added solely to stabilize the digitally 

controlled current of the hybrid oscillator, ensuring a constant current flow. Thanks 

to the SVDC, the operating frequency can be recovered with the same DCTRL, ACTRL, 

regardless of the supply voltage drift during sleep mode.  

This receiver and command controller are fabricated in a 28-nm CMOS process and 

achieve BER < 10-12 when recovering 10-Gb/s data with 0.99-pJ/b power efficiency 

in the active mode. Thanks to the above schemes, the power consumption is decreased 

by 80% compared to the active mode, and the frequency is recovered within 36 ns 

even when the supply voltage drift occurs during the sleep mode. 
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초 록 
 

본 논문은 모바일 어플리케이션을 위한 내부 디스플레이 인터페이스에 

대한 새로운 구조에 대해 제안하고 있다. 고사양의 디스플레이 구현을 위

해 필요한 데이터 양의 증가와, 스마트폰의 제한된 배터리 용량을 고려하

면 인터페이스는 고속 및 저전력 동작을 고려하여 설계되어야 한다. 

첫 번째 프로토타입 설계에서는 10 Gb/s/ lane 으로 동작하는 송수신기

가 제시되었다. 송신기에서는 모조의 직렬 변환기와, 2:1 부호 간 간섭 완

화 MUX 를 사용하여 좋은 전력 효율과, 부호간 간섭을 완화시켰다. 제안

하는 직렬 변환기는 기존의 직렬 변환기보다 클럭 배분을 감소시켜 파워

를 절약했고, 제안하는 MUX 는 구성하는 tri- state inverter 내부의 플로팅 

노드들을 미리 충전, 혹은 방전시켜 그전에 전송된 데이터의 정보를 없애 

부호 간 간섭을 제거하였다. 수신기 단에서는 혼성 루프를 사용하였다. 

먼저 디지털 루프를 활성화하여 주파수 추적을 한다. 주파수 추적이 끝나

면, 아날로그 루프를 활성화하여 남은 주파수 에러와, 위상 에러를 제거

한다. 디지털 루프를 사용하여 무제한의 주파수 추적이 가능하게 하였고, 

아날로그 루프를 통해서는 edge 용 직병렬 변환기와 디지털 루프 필터를 

비활성화하여 좋은 파워 효율을 가져갔다. 프로토타입 칩은 28- nm 

CMOS 공정으로 만들어졌으며, 0.196 mm2을 차지한다. 그중에서 송신기, 

수신기, 위상 고정 루프는 각각 0.026 mm2
, 0.026 mm2

, 0.026 mm2의 면

적을 차지한다. 전체 송수신기는 1.23 pJ/b의 에너지 효율을 보였다.  

두 번째 프로토타입 설계에서는, 활성화 모드에서는 더 빠른 주파수 

추적을 할 수 있고, 비활성화 모드를 지원하며, 비활성화 모드 동안 전압 



 

 

공급기의 전압 변화에도 원래 주파수로 빨리 복원하는 수신기가 제안되었

다. 주파수 이득 곡선의 선형성을 활용하여 최초의 디지털 코드를 유한 

공급장치를 이용하여 조정하였다. 그리고 디지털 루프 필터의 출력에 

AND 게이트를 추가하여 빠르게 비활성화 모드로 들어갈 수 있고, 다시 

복원할 수 있게 하였으며 아날로그 루프를 통해서는 좋은 지터 성능을 가

져갈 수 있는 혼성 루프 클럭 복원 회로를 사용하였다. 또한 공급 전압 

변화를 무효화 시킬 수 있는 회로를 추가하여 항상 일정한 전류가 흐르도

록 하였다. 혼성 클럭 복원 회로와, 공급 전압 변화 무효 회로를 통해 비

활성화 모드에서 공급전압의 변화가 생겨도 주파수 재추적 없이 빠르게 

복원할 수 있었다. 프로토타입 칩은 28- nm CMOS 공정에서 제작되었으

며, 0.089 mm2
 의 면적을 차지하였고, 활성화 상태에서 0.99 pJ/bit의 에

너지 효율을 보였다. 제안하는 빠른 주파수 추적 방식은 기존의 주파수 

잠금될 때까지 시간인 3.02 μs 보다 더 빠른 0.37 μs의 주파수 잠금 시간

을 달성할 수 있게 하였다. 비활성화 모드에서는 활성화 모드에 비해 80% 

전력 감소를 보였다. 또한 비활성화 모드에서 공급 전압 변화가 최악으로 

일어나도 활성화 되었을 때 주파수가 36 ns 이내의 빠른 복원 시간을 달

성할 수 있었다. 

 

주요어 : 내부 디스플레이 인터페이스, 송신기, 수신기, 클럭복원회로, 

빠른 주파수 추적, 전압공급변화, 모드 비활성화, 모드 재활성화, 빠른 주

파수 복원 
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