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ABSTRACT               I 

                  

 

Abstract 

 

 

In this dissertation, design techniques of a highly asymmetric simultaneous bidi-

rectional (SB) transceivers with high-speed PAM-4 and low-speed PAM-2 signals 

are proposed and demonstrated for the next-generation automotive camera link.  

In a first prototype design, a PAM-4 transmitter with 10B6Q DC balance code 

and a PAM-4 adaptive receiver with fixed data and threshold levels (dtLevs) are 

presented. In PAM-4 transmitter, an area- and power-efficient 10B6Q code for an 

AC coupled link system that guarantees DC balance and limited run length of six is 

proposed. Although the input data width of 10 bits is used here, the proposed 

scheme has an extensibility for the input data width to cover various data types of 

the camera. On the other hand, in the PAM-4 adaptive receiver, to optimally cancel 

the sampler offset for a lower BER, instead of adjusting dtLevs, the gain of a pro-

grammable gain amplifier is adjusted adaptively under fixed dtLevs. The prototype 

chips including above proposed 10B6Q code and fixed dtLevs are fabricated in 40-

nm CMOS technology and tested in chip-on-board assembly. The 10B6Q code only 

occupies an active area of 0.0009 mm2 with a synthesized gate count of 645. It also 

consumes 0.23 mW at the operating clock frequency of 667 MHz. The transmitter 

with 10B6Q code delivers 8-Gb/s PAM-4 signal to the adaptive receiver using fixed 

dtLevs through a lossy 12-m cable (22-dB channel loss) with a BER of 1E-8, and the 

eye margin larger than 0.15 UI x 50 mV is measured for a BER of 1E-5. The proto-

type chips consume 65.2 mW (excluding PLL), exhibiting an FoM of 0.37 pJ/b/dB.  



ABSTRACT               II 

                  

 

In a second prototype design advanced from the first prototypes, An asymmetric 

SB transceivers incorporating a 12-Gb/s PAM-4 forward channel and a 125-Mb/s 

PAM-2 back channel are presented and demonstrated. The proposed wide linear 

range (WLR) hybrid combined with a gmC low-pass filter and an echo canceller ef-

fectively suppresses the outbound signals by more than 24dB. In addition, linear 

range enhancer which forms a gain attenuator with WLR hybrid breaks the trade-off 

between the linearity and the amplitude of the PAM-4 signal. The SB transceiver 

chips are separately fabricated in 40-nm CMOS technology. Using above design 

techniques, both PAM-4 and PAM-2 SB transceivers achieve BER less than 1x1012 

over a 5-m channel (15.9 dB channel loss), consuming 78.4 mW. The overall trans-

ceivers achieve an FoM of 0.41 pJ/b/dB and eye margin (at BER of 1e-12) of 0.15 

UI and 0.57 UI for the forward PAM-4 and back PAM-2 signals, respectively, under 

SB communication. This is the best eye margin compared to the prior art SB trans-

ceivers with an FoM less than 0.5.  

 

 

Keywords : Automotive camera link, simultaneous bidirectional (SB) communica-

tion, PAM-4 transmitter (TX), PAM-4 adaptive receiver (RX), PAM-4 DC balance 

code, fixed data and threshold levels (dtLevs), wide linear range (WLR) hybrid, gmC 

low-pass filter, linear range enhancer (LRE), echo canceller (EC) 
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Chapter 1  

 

Introduction 

 

 

 

 

 

1.1 Motivation 

 

Recently, the automobile industry is undergoing rapid industrial change more 

than any other industry field. Automobiles are evolving to become smarter, and au-

tonomous driving, infotainment, V2X, and shared cars are becoming important 

keywords in these fields. To support these platforms technologically, various sensors, 

CPUs, display, drive systems, and batteries are organically combined and evolving.  

On the other hand, an increase in price due to the devices or cables connecting 

these networks should be implemented to a minimum. In addition, compared to the 

current traditional automobile, it should be possible to minimize the BOM (Bill of 

Material) or assembly labor through multiplexing and high-speed networking. Thus, 

car communication networks are also evolving from a low-speed but stable CAN to 
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high-speed interfaces of 2.5~10 Gb/s for connecting sensors, processors to enable 

autonomous driving [1].  

As such a high-speed interface for sensor network, the most widely used solution 

is FPD (flat panel display) Link of Texas Instruments [2, 3] as shown in Fig. 1.1. 

However, this technology is not an open standard, and most high-end cameras of 

automotive application currently use proprietary SerDes (serializer/deserializer) 

links. In addition, as the number and resolution of automotive cameras increase due 

to supporting autonomous driving and advanced driver assistance systems (ADAS), 

the data rate required for the high-speed interface is gradually increasing, whereas 

the data rate of the current FPD link remains at only about 4 Gb/s. Because, link 

channel can be 15m long and include up to 4 inline and 2 medium-dependent inter-

face connectors to facilitate cable assembly [4]. In other words, the data rate of high-

speed camera link is limited by the legacy channel bandwidth. Therefore, to provide 

a cost-effective solution over the data rate of 4 Gb/s using the legacy channel com-

ponents, many standards such as IEEE 10GBASE-T1, ASA, and MIPI are discuss-

ing and reviewing the introduction of 4-level pulse amplitude modulation (PAM-4) 

signaling.  

 

Fig. 1.1 Typical application of the high-speed interface. 

 

 

Fig. 1.2 Typical application of the high-speed interface. 
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The increasing number of sensors and corresponding links makes network weight 

a concern, as this impacts fuel consumption of the automobile. For this reason, little 

camera control data and the DC power for the camera from the processor-side sys-

tem are also transported over the same cable (channel) using AC coupling capacitor. 

In other words, bidirectional communication is strongly required to reduce the link 

weight.  

From these motivations, this dissertation presents the design of asymmetric sim-

ultaneous bidirectional transceivers for the next-generation automotive camera link 

with the following three objectives.  

First, PAM-4 DC balance code for AC coupling network.  

Second, robust PAM-4 adaptive receiver for various lengths of cables.  

Third, analog front end design for highly asymmetric simultaneous bidirectional 

communication.  
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1.2 Dissertation Organization 

 

This dissertation is organized as follows.  

In Chapter 2, the background overview and system requirements of the automo-

tive camera link are explained.  

In Chapter 3, the area- and power-efficient 10B6Q encoder for PAM-4 DC bal-

ance is proposed. The comparison with prior works for DC balance is accomplished 

and code characteristics are analyzed by the behavioral model simulation. Then, 

synthesis, circuit implementation, and measurement results are shown.  

In chapter 4, PAM-4 transmitter and adaptive receiver using fixed data and 

threshold levels (dtLevs) are presented. The motivation using PGA and fixed dtLevs 

instead of using conventional data level adaptation is described. In addition, to cope 

with various lengths of cables, equalizers (CTLE and DFE) are adaptively controlled. 

PAM-4 transmitter design considering impedance matching and FFE configuration 

is also described. Then, the circuit implementation and the experimental results of 

the effectiveness of the proposed scheme are shown.  

In chapter 5, analog front end design for highly asymmetric simultaneous bidirec-

tional communication using high-speed PAM-4 and low-speed PAM-2 data is pre-

sented. The requirements of the hybrid and echo canceller compared to conventional 

symmetric simultaneous bidirectional transceiver are explained. To break the trade-

off between the linearity and the amplitude (signal-to-noise ratio), a wide linear 

range hybrid and linear range enhancer are proposed. And, the circuit implementa-

tion is and the measurement results are shown to verify the effectiveness of the pro-
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posed hybrid scheme.  

Chapter 6 summarizes the proposed works in previous chapters and concludes 

this dissertation. 
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Chapter 2  

 

Background on Automotive Camera 

Link 

 

 

 

 

2.1 Overview 

 

Recently, the amount of camera data grows exponentially due to the increased 

number of sensor devices like CMOS image sensors (CIS), RADAR, and LiDAR. 

The resolution of these sensors is also increased to support advanced driver assis-

tance systems (ADAS) and autonomous driving. This trend requires a higher band-

width of data transmission for the automotive CIS link as described in Chapter 1.  

In this chapter, an overview of the automotive CIS link system and the fea-

tures/requirements of the link system is presented. Figure 2.1 depicts the conceptual 

diagram of the automotive CIS link architecture. In the CIS link system, the next 

five features or functions are required. Details about these five requirements are de-
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scribed in the next Section 2.2.  

 

1. Channel  

2. Power over differential line (PoDL) and AC coupling 

3. DC Balance code 

4. Simultaneous bidirectional communication 

5. Adaptive receive equalization 

 

Figure 2.2 and 2.3 illustrate the functional block diagram of the serializer (Ser) 

and deserializer (Des) of the CIS link.  

 

Fig. 2.1 Automotive CMOS image sensor (CIS) link architecture. 

 

 

Fig. 2.2 Automotive CMOS image sensor (CIS) link architecture. 
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Fig. 2.3 Deserializer (Des) functional block diagram. 

 

 

 

 

Fig. 2.3 Serializer (Ser) functional block diagram. 

 

 

 

Fig. 2.4 Serializer (Ser) functional block diagram. 
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The Ser plays a role of receiving data from the CIS and transferring data to the 

channel by the impedance matched driver. In actual commercial chips, there is a 

block for receiving CIS data such as latches instead of the pattern generator illustrat-

ed in Fig. 2.2. However, in this dissertation, the pattern generator emulating CIS da-

ta is utilized to focus on the physical layer (PHY) design of the automotive CIS link. 

In addition, Ser should receive the CIS control signal delivered from the Des using a 

hybrid and low-pass filter (LPF). Since the amount of data and corresponding data 

rate are highly asymmetrical between transmitting high-speed camera data and re-

ceiving low-speed CIS control data, LPF can be utilized to enhance the signal integ-

rity of the received data.  

The major role of the Des is properly receiving data that suffers from severe in-

ter-symbol interference and reflections of the cables and connectors. Thus, equaliz-

ers such as continuous-time linear equalizer (CTLE) and decision feedback equalizer 

(DFE) are required to compensate for the frequency-dependent loss. In addition, 

these equalizers need to be adaptively controlled covering the various channel con-

ditions. Moreover, there is a requisite to send small amount of control data for CIS. 

In actual commercial chips, there is a block for receiving CIS control data (from the 

processor) instead of pattern generator depicted in Fig. 2.3. However, in this disser-

tation, the pattern generator emulating CIS control signal is utilized to focus on the 

PHY design same as Ser side. On the Des side, even in the data transition period of 

the low-speed control data, multiple symbols of the high-speed camera data should 

be sampled properly. In other words, highly precise hybrid operation and echo can-

celling are strongly required.  

In the next section, details of the system requirements are reviewed.  
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2.2 System Requirements 

 

2.2.1 Channel 

 

Understanding the transmission medium (channel) is crucial to design a robust 

communication system for any interface applications. There are roughly three types 

of cables used for an automotive interface. Ethernet uses unshielded twisted pair 

(UTP) cables, while shielded twisted pair/quad (STP/STQ) or coaxial cables are 

used for flat-panel display (FPD) and camera SerDes link. UTP cables are popular 

low-speed transmissions that use protocols such as controller area network (CAN) 

 

Fig. 2.4 Cable assembly. 
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and Ethernet. For transmissions with higher speeds, STP/STQ cables offer better 

performances in terms of electromagnetic interference (EMI). Coaxial cable is also 

used for high-speed transmission due to its light weight and size. In this dissertation, 

SerDes design is performed using STQ cables (as shown in Fig. 2.4), which are ex-

cellent in terms of EMI.  

Figure 2.5 shows the channel characteristics of the 10m STQ cable. Five cables 

of 1m+3m+2m+3m+1m are connected by high-speed data (HSD) inline connectors. 

As can be seen, the channel bandwidth is limited to about 2~3 GHz due to channel 

characteristics of the mode conversion and return loss (reflections). Therefore, as 

described earlier, the data rate of the automotive CIS link is also limited to around 4 

 

Fig. 2.5 Channel characteristic of the STQ cable. 

 

 

Fig. 2.5 Channel characteristic of the STQ cable. 
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Gb/s. Recently, standards for automotive CIS links such as IEEE 10GBASE-T1, 

ASA, and MIPI require a maximum cable length or insertion loss limitation. For 

example, IEEE 10GBASE-T1 and MIPI require a maximum differential cable length 

of 15m and 10m, respectively. Also, ASA and MIPI require minimum insertion loss 

and maximum return loss of around 20 dB and 12 dB, respectively, at the fre-

quency range of 2~3 GHz.  

In summary, STP/STQ cables and HSD connectors are utilized for automotive 

CIS link in this dissertation, and PAM-4 signaling is used to overcome the limitation 

of the channel bandwidth and increase the data rate. In addition, in order to satisfy 

various standards, a maximum cable length of more than 10m should be supported. 

An analog front-end design including equalizers that can cover an insertion loss of 

about 20 dB and a return loss of 12 dB is also required.  

 

 

2.2.2 Power over Differential Line (PoDL) 

 

As already described in Chapter 1, not only the transmission camera data but the 

DC power for the camera need to be delivered over the same STQ cable as well. 

This is done by the technique which is called power on coaxial (PoC) or power over 

differential line (PoDL). Figure 2.6 shows the conceptual diagram of an example of 

PoC configuration [5].  

In order to use the same cable for the DC power and the transmission data, it is 

important to understand what is going on in the frequency domain. The camera data 

of GHz band and the camera control data of under 100 MHz are possible to share the 
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same cable. In addition, low-pass or high-pass filters (LPF or HPF) using this fre-

quency difference can be utilized to receive the inbound signal and enhance the re-

ceived signal integrity. Delivering the DC power to the same cable should be ac-

complished without interfering with either of the two bidirectional data. Since the 

capacitor blocks the DC component of the AC bidirectional signals, AC coupling 

capacitor is a good choice to split the DC power and transmission data. For PoC or 

PoDL, the followings are design considerations of the PoC or PoDL network.  

First of all, impedance of the inductors or ferrite beads (L1, L2 shown in Fig. 2.6) 

needs to be considered. In order not to affect impedance matching and signal integri-

ty, these passive components connected to the channel should offer sufficiently high 

impedance in the frequency range from several tens of MHz (camera control signal) 

to GHz (high-speed camera data). If the impedance of the inductors or ferrite beads 

are not sufficiently high, it can be increased through series connection of the induc-

tors or ferrite beads. Moreover, connecting inductors with different inductances in 

series could also help to increase the impedance over a wide frequency range. Figure 

 

Fig. 2.6 Conceptual diagram of an example of PoC. 

 

 

Fig. 2.6 Conceptual diagram of an example of PoC. 
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2.7 shows the impedance plot example of various inductors [5].  

Secondly, although it is not shown in the Fig. 2.6, to connect the shunt resistor 

parallel to the inductors or ferrite beads should be considered. Because, if there is no 

shunt resistor, signal integrity (return loss) could deteriorate due to the self reso-

nance of the inductors or ferrite beads.  

Thirdly, the transient load current of the power regulator should be considered 

and enough capacitor banks need to be located. Otherwise, any ac current flowing 

over the channel due to the power regulator could result in degradation of the signal 

integrity of the transmitted camera data.  

Finally, all the passive components of the PoC or PoDL network are carefully 

laid out on the printed circuit board (PCB). If there are stubs or traces connected to 

 

Fig. 2.7 Impedance plots of various inductors. 

 

 

Fig. 2.7 Impedance plots of various inductors. 
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the channel, they should be very short to minimize the impact on the impedance 

matching.  

 

 

2.2.3 AC Coupling and DC Balance Code 

 

As described in the previous section, the AC coupling capacitor is a good choice 

to separate the transmission data and the DC power. An AC coupling capacitor value 

should be determined in consideration of the data rate of the transmitted signal. The 

lower the data rate of the transmitted signal, the larger the capacitor value is required. 

However, since the AC coupling capacitor is located on the channel, it should be 

noted that a large capacitor value could result in impedance discontinuity due to an 

increase in the physical dimension of the passive capacitor.  

On the other hand, the AC coupling network requires the DC balance of the 

transmission data, otherwise, signal integrity could be degraded by the baseline 

wander (DC drift). The most commonly used DC balance code for the NRZ signal-

ing is an 8B/10B [6, 7]. This encoding scheme generated a DC-balanced data stream 

to ensure an equal number of ‘0’s and ‘1’s to prevent baseline wander as shown in 

Fig. 2.8. Additionally, the scheme guarantees at least one transition per five con-

secutive bits in the data stream and thus provides enough transitions for the clock 

recovery. Moreover, 8B/10B code utilizes enough special characters and significant-

ly increases the probability of detecting single or multiple errors during data trans-

mission. However, to realize these useful features, 25% of coding overhead is re-

quired. In other words, the data rate of the SerDes using 8B/10B code should be in-
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creased by 25%.  

To reduce the coding overhead, a 64B/66B code is proposed [8, 9]. The 64B/66B 

encoding has a coding overhead of only 3.125% and guarantees at least one “01” or 

“10” transition every 66 bits. However, this encoding scheme utilizes a scrambler to 

make data stream enough random and achieves DC balance stochastically (not un-

conditionally). Table 2.1 shows the comparison of the code characteristics between 

8B/10B code and 64B/66B code.  

These conventional block code techniques are proposed and utilized for NRZ 

signaling. However, there is a little literatures of block code for PAM-4 signaling. In 

 

Fig. 2.8 8B/10B code (look-up table for block coding). 
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this dissertation, as described in Chapter 1, PAM-4 signaling is required to provide a 

higher data rate than 4 Gb/s and a cost-effective solution using legacy channel com-

ponents. In addition, CIS has not only serialized data format but also parallelized 

data format. And camera data has various types such as RAW8, RAW10, RAW12 

depending on the ADC architecture and dynamic range of the image signal. In other 

words, a data encoding scheme that has an extensibility of the data input width is 

strongly required for the automotive CIS link.  

 

Table 2.1 8B/10B vs. 64B/66B. 

 

 

For low-speed data transmission, Manchester encoding/decoding scheme is 

commonly used. Manchester encoding makes the Nyquist frequency of the transmit-

ted data double, however, its data recovery can be easily implemented and guaran-

tees DC balance. Therefore, Manchester encoding/decoding is utilized in this disser-

tation for the low-speed (frequency range of under 100 MHz) CIS control data.  
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2.2.4 Simultaneous Bidirectional Communication 

 

In the automotive CIS link, the increasing number of cameras and corresponding 

links makes network weight a concern, as it impacts fuel consumption and tax. As a 

result, high-speed camera data (PAM-4 signaling) and low-speed CIS control signal 

(PAM-2 signaling) are transmitted to opposite directions over the same cable as 

described in Chapter 1. To realize robust simultaneous bidirectional communication, 

it is crucial to equip the transceivers with a hybrid and an echo canceller so that the 

outbound signal and its reflections due to the channel imperfection can be removed.  

 

2.2.4.1 Hybrid 

 

Figure 2.10 illustrates the conceptual diagram of the hybrid. In the simultaneous 

bidirectional transceiver, an outbound signal which is the output of the main driver 

 

Fig. 2.9 Conceptual diagram of the Manchester code. 

 

 

Fig. 2.9 Conceptual diagram of the Manchester code. 
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and an inbound signal which is transmitted from the other side transceiver are con-

voluted in the channel. Therefore, the hybrid should sufficiently remove the out-

bound signal to receive the inbound signal properly. In Fig. 2.10, the hybrid consists 

of a replica driver and a subtractor which is composed of trans-conductance (gm) 

elements and resistive load. In order to emulate and remove the outbound signal, the 

replica driver and the subtractor are utilized, respectively.  

However, when the asymmetric amplitude of PAM-4 and PAM-2 signals are 

used for inbound and outbound signals, it is very difficult to accurately remove the 

outbound signal. It is because the subtractor has a limited dynamic range due to the 

voltage-dependent non-linear gm elements. While the PAM-4 signaling requires a 

 

Fig. 2.5 Conceptual diagram of the hybrid. 

 

 

Fig. 2.6 Conceptual diagram of the hybrid. 
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large amplitude to ensure a high signal-to-noise ratio, the subtractor of the hybrid 

suffers from non-linearity as the amplitude increases. In addition, when the asym-

metric data rates are used for inbound and outbound signals, the hybrid is also re-

quired to operate in continuous time.  

In this dissertation, highly asymmetric simultaneous bidirectional communication 

of high-speed PAM-4 signal and low-speed PAM-2 signal is required for the auto-

motive camera link. Therefore, from the above requirements, there is a need for a 

new hybrid capable of operating in a wide linear range and continuous time.  

 

2.2.4.2 Echo Canceller 

 

While the hybrid is mandatory for the simultaneous bidirectional transceiver, an 

echo canceller is not. An echo indicates a reflection wave of the outbound signal due 

to the channel imperfection. Figure 2.11 illustrated conceptual diagram of the near- 

and far-end echoes [10]. In the automotive CIS link, the STQ cables are connected 

by the multiple HSD connectors and medium-dependent interface connectors. 

Therefore, if any impedance discontinuity exists on these cables and connectors (and 

passive components used for the PoDL network), the echo canceller reduces the en-

ergy of the reflections and improves the signal integrity.  

There are several approaches of echo cancelling [10, 11]. As shown in the Fig. 

2.3, to realize the echo canceller, a delay stage, a digital-to-analog converter (DAC), 

and a subtractor are commonly required. In addition, if there could be multiple re-

flections from different distances, multiple echo canceller taps (which are composed 

of above components each) should be used. The delay stage needs to be configured 
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to cover a round trip time corresponding to the maximum length of cable that reflec-

tion can occur. And a step resolution of the delay stage should consider the mini-

mum length of the cable. Figure 2.11 shows the implementation example of the sub-

tractor used in [11]. In this example, the six echo canceller taps, whose tail current 

weights are adaptively controlled, are summed at the CTLE output. While it is pos-

sible to perform echo cancelling at the CTLE input (i.e. hybrid output) and avoid the 

CTLE boost, [11] has performed cancellation at the CTLE output for better compat-

ibility with the filter resolution of the echo cancelling.  

 

Fig. 2.7 Conceptual diagram of the near- and far-end echoes. 
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From the above considerations, the echo canceller in this dissertation is designed 

in the same configuration as [11] except that the input transistors of the CTLE and 

the echo canceller taps are changed from PMOS to NMOS.  

 

 

2.2.5 Adaptive Receive Equalization 

 

Equalizers improve the eye opening by compensating the inter-symbol interfer-

ence (ISI) caused by frequency-dependent loss of the channel. Thus, it is critical to 

optimally set the coefficients of the equalizer depending on the channel characteris-

 
Fig. 2.9 Implementation example of the subtractor in the echo canceller. 

 

 
Fig. 2.10 Implementation example of the subtractor in the echo canceller. 



Chapter 2. Background on Automotive Camera Link                   23 

 

tics. However, channel characteristics can be vastly different from one another and 

drifted over time. Once a cable assembly is mounted inside a vehicle, it endures 

harsh temperatures and mechanical stress caused by bending. Figure 2.12 shows the 

effect of temperature cycling and mechanical stress of the STQ cable [12]. Therefore, 

equalizers should be adjusted periodically to the optimal coefficient settings.  

To adaptively control the coefficient w[n] of the equalizer, w[n] is adjusted in a 

direction that reduces the mean squared error, e2[n]. This is the well-known least-

mean square (LMS) algorithm [13] and is expressed as follows.  

 
𝑤[𝑘]𝑖+1 = 𝑤[𝑘]𝑖 − 𝜇 ∙ 𝑒[𝑛] ∙ 𝑦[𝑛 − 𝑘] (2.1) 

where n is the time instant, k is the tap index, y[n] is the received input signal of 

 

Fig. 2.11 Effect of temperature cycling and mechanical stress. 
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the equalizer (channel output).  

However, implementing a pure LMS algorithm is very difficult. Because it is re-

quired to measure e[n] and y[n-k] in a very high resolution. In addition, at high 

speeds, measuring linear differences is not easy. Therefore, a sign-sign LMS 

(SSLMS) is commonly used to adapt the equalizer coefficient since it is one of the 

simplest adaptive algorithms to implement [14]. It creates the updates for the tap 

coefficients based only on the sign of the data and the measured error. This SSLMS 

algorithm is expressed as  

 
𝑤[𝑘]𝑖+1 = 𝑤[𝑘]𝑖 − 𝜇 ∙ 𝑠𝑖𝑔𝑛(𝑒[𝑛]) ∙ 𝐷[𝑛 − 𝑘] (2.2) 

where D[n] is the recovered data.  

In this dissertation, the SSLMS algorithm is utilized to adapt the equalizers (DC 

gain of the CTLE and the DFE taps). In addition, the gain of the programmable gain 

amplifier is also precisely adjusted to optimally cancel the sampler offset and obtain 

a better BER. The details of these adaptation methods are all covered in Chapter 4.  
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Chapter 3  

 

Area and Power Efficient  

10B6Q Encoder for DC Balance 

 

 

 

 

 

3.1 Introduction 

 

In a wireline architecture performing optical or electrical data transmission for 

Internet networking, an increase in data rate is continuously required. In order to 

satisfy this requirement, an optical/electrical link design also continues to technolog-

ically advance through an increase in an operating speed and the number of pin ports 

of a system.  

On the other hand, compared to the increase rate of the data needs required in an 

application, the improvement in a data transmission medium (channel) is relatively 

slow. Therefore, deterioration in signal integrity caused by frequency-dependent 
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distortion such as the skin effect, and dielectric loss and reflection has become more 

and more of a problem. As the channel loss becomes a problem due to high Nyquist 

frequency, multi-level signaling through pulse-amplitude modulation (PAM) is more 

efficient than a non-return-to-zero (NRZ) method. Therefore, interest in multi-level 

signaling such as PAM-4, which generates a 4-level 1-symbol on a per-2-bit basis, 

and applications introducing this have increased.  

In the meantime, the automotive camera link system requires AC coupling to 

transfer DC power for the CIS and reduce link weight using a single cable as men-

tioned in Chapter 2. In the case of the NRZ, when the number of 1’s and the number 

of 0’s are not balanced, deterioration in signal integrity caused by drift of the DC 

level may occur as shown in Fig. 3.1 [15]. Therefore, a DC balance code such as the 

8B/10B [6, 7] is required and commonly used in an AC-coupled link system with 

binary signaling.  
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(a) without DC balance code 

 

(b) with DC balance code 

Fig. 3.1 Impact on signal integrity (a) without and (b) with DC balance code. 
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3.2 Prior Works 

 

In the case of the PAM-4 signaling, the following equation needs to be satisfied 

for DC balance.  

 E[(+3) × 𝑎 + (+1) × 𝑏 + (−1) × 𝑐 + (−3) × 𝑑] ≅ 0 (3.1) 

Where +3, +1, 1 and 3 represents the DC levels of the PAM-4 signal and a, b, 

c and d are count values of each symbol.  

To satisfy (3.1), PAM-4 DC balance can be implemented by independently ap-

plying the NRZ DC balance code (e.g. 8B/10B code) to the MSB and the LSB of the 

PAM-4 signal as shown in the Fig. 3.2 [16]. In this work, 4-PAM symmetric code 

with minor modifications added from the 8B/10B code is proposed to provide at 

least one type-1 transition of the differential PAM-4 signal for every ten transmitted 

symbols. However, such an ad-hoc encoder using two 8B/10B codes has a rather 

high overhead of 25% and is applied only to byte-oriented data types.  

 

Fig. 3.2 Structure of PAM-4 DC balance encoding using 8B/10B code. 
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Another approach to performing the DC balance of the PAM-4 signal is an adap-

tive 8B5Q code [17, 18]. The 8B5Q encoder converts an 8 bits input data to 5 qua-

ternary symbols to change the spectrum shape of the PAM-4 signal. Specifically, it 

eliminates the highest slew-rate transitions (e.g. from 3 to +3). Although a wider 

opening of the upper and lower eyes is obtained, it suffers from loss of the best 

phase transitions. Besides, this scheme utilizes a wide loop-up table (LUT) with high 

hardware complexity.  

Another encoding scheme, 10S12S, for the non-byte-oriented data has also be 

presented [19]. The 10S12S code has an attribute of equi-probable PAM-4 levels 

and facilitates the adaptation of the threshold levels of the receiver side. However, it 

also uses an LUT design method and hardly possible to extend to the other data 

width. Moreover, a considerable area and power would be needed to implement 

hardware that selects 410 equi-probable codewords out of 412.  

Considering the limitations of prior arts, we present an area- and power-efficient 

PAM-4 coding scheme which performs both DC balance and increasing the PAM-4 

transition density for ease of the clock recovery in the receiver. Furthermore, this 

encoding scheme also offers extensibility for the input data width.  
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3.3 Proposed Area- and Power-Efficient 

10B6Q PAM-4 Coder  

 

Figure 3.3 illustrates the conceptual block diagram of the proposed encoder for 

PAM-4 DC balance. Its operation starts from generating four possible codewords.  

First, the encoder allocates 2N bits input data to four candidate codewords CC1, 

CC2, CC3 and CC4 correspond to the codeword in which N symbols are not invert-

ed at all, the codeword in which symbols of the even-numbered position are inverted, 

 

Fig. 3.3 Conceptual block diagram of the proposed encoder. 
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the codeword in which symbols of the odd-numbered position are inverted, and the 

codeword in which all symbols are inverted, respectively. One control symbol is 

also added to each candidate codeword to indicate which positions of the symbols 

are inverted. The candidate codewords are then transferred to the disparity calculator 

and the transition counter.  

Next, the disparity calculator adds up the symbol sequence (including the control 

symbol) of each candidate codeword and outputs a set of signed digital sum varia-

tion (DSV) values which indicate deviation from the zero DC level. Additionally, 

the DSV values are individually added to the cumulated DSV (CDSV) that is a cu-

mulative sum of all DSV of the encoder output so far. The transition counter calcu-

lates the number of the PAM-4 transitions between adjacent symbols in each candi-

date codeword and outputs the number of transitions (#Trs) of the candidates.  

Finally, the codeword selection controller decides the encoded output (N+1)-Q 

word among the four candidates. By using the values received from the disparity 

calculator and the transition counter, the only one codeword that has the largest 

number of transitions while satisfying PAM-4 DC balance is selected. For example, 

if two candidates CC2 & CC4 have the DSV values of opposite polarity to the 

CDSV and the other two candidates CC2 & CC3 have more transitions than CC1 & 

CC4, CC2 is chosen as the encoded output data that satisfies both DC balance and 

transition maximization. Likewise, the value of the CDSV is updated according to 

the selected codeword by the controller and is used for the next 2N-bit input data.  

As a result, the output codeword of the proposed encoder satisfies the DC bal-

ance and increases the transition density, simultaneously. Furthermore, the proposed 

encoder does not use the LUT design method and provides extensibility to wider 
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data input, and makes the TX applicable to non-byte data types of camera data such 

as RAW10.  

To decide the value of the input data width (2N), it is crucial to understand that 

there is a tradeoff between the coding overhead and the run length. Table 3.1 shows 

the comparison of the characteristics as a function of N. A larger N brings a lower 

coding overhead at the cost of an increased run length and larger CDSV. Note that 

DC levels normalized to NRZ are used to calculate the CDSV limit. Namely, PAM-

4 DC levels of +3 and +1 are normalized to +1, +1/3, respectively. For the prototype, 

five is selected for N (i.e. 10B6Q encoder) for the overall balance of performance.  

 

Table 3.1 Code characteristics comparison. 
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3.4 Design of the 10B6Q Code 

 

Figure 3.4 illustrates an example of the codeword selection of the 10B6Q code. 

According to the described encoding method in the previous section, in this example, 

the CC2 which has the largest number of transitions and the positive DSV (opposite 

polarity to the CDSV) is selected as the encoded output data.  

It is important to note that since the CC1 and the CC2 are complementary to the 

CC4 and CC3, respectively, they have opposite signs of disparity value and the same 

 

Fig. 3.4 An example of the encoded codeword selection of the 10B6Q code. 

 

 

 



Chapter 3. Area and Power Efficient 10B6Q Encoder for DC Balance         34 

 

number of transitions. Therefore, there is only one codeword that satisfies PAM-4 

DC balance and transition maximization simultaneously. Furthermore, the comple-

mentary relationship eliminates the need for calculating the DSV and the #Trs of the 

CC3 and the CC4, reducing the logic area and power dissipation. In order to break 

ambiguity which occurs when DSV is zero or #Trs of the CC1 is equal to #Trs of the 

CC2, the codeword selection controller unambiguously follows the rules shown in 

the table of Fig. 3.4.  

To quantify the characteristics of the proposed 10B6Q code, two test benches 

shown in Fig. 3.5 are used. Fig. 3.5 (a) and (b) demonstrate the case of two PRBS15 

data streams with different seeds applied to both MSB and LSB, and the case of a 

single PRBS15 data stream encoded by the 10B6Q code, respectively.  

 

 

Fig. 3.5 Test benches to simulate the quantitative characteristics of PRBS15 and 

the 10B6Q code. 
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3.4.1 PAM-4 DC Balance 

 

Figure 3.6 depicts the simulated results of the uncoded PRBS15 and the 10B6Q 

coded PRBS15 to verify the efficiency of DC balance. The cumulated disparity sum 

(DS) normalized to NRZ is shown across one cycle of the PRBS15 sequence. In the 

case of uncoded PRBS15, the instantaneous cumulated DS value within one cycle 

varies from 60 to 90 exhibiting a significant baseline wander. On the other hand, in 

the case of 10B6Q encoded, the cumulated DS value is limited within 5 as shown 

in Fig. 3.6 (b).  

 

 

3.4.2 PAM-4 Transition Density 

 

Figure 3.7 shows the transition density of the 10B6q encoder output. The number 

of transitions per word is counted across the entire cycle of PRBS15. Since the 

10B6Q is a block code, the number of transitions within a word is guaranteed. Simu-

lation shows the 10B6Q encoder increases PAM-4 transition density from 75% 

(PRBS15) to 85.6% and also guarantees at least three transitions per word as shown 

in Fig. 3.7. Furthermore, the run length, defined as the number of consecutive iden-

tical symbols, is limited to six, even across the word boundary. Since clock and data 

recovery (CDR) in the receiver commonly suffers from the long run length and lack 

of transitions [20], these properties are beneficial for the timing recovery.  

Note that high transition density to provide frequent symmetric zero-crossing 

transitions shown in Fig. 3.8 (a) are desired in the 2x oversampling CDR using only 
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Fig. 3.6 Simulated cumulated DS for (a) PRBS15 and (b) the 10B6Q code. 

 

 

 

 
Fig. 3.7 Simulated number of transitions per word (6Q). 
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one edge sampler [21]. In another 2x oversampling CDR using additional edge sam-

plers with multiple reference levels, intermediate or minor transitions are also uti-

lized [17], again requiring high transition density. For the Baud-rate CDR with data 

and error samplers, all or some of the PAM-4 transitions are used for the clock re-

covery [22]. In any case, increasing the transition density of the PAM-4 signal is 

necessary. The transition counter is constructed with XOR gates as shown in Fig. 3.9. 

 

 

3.4.3 10B6Q Decoder 

 

A 10B6Q decoder is required to recover the original data. Since the control sym-

bol has information on the positions of the inverted symbols, it is trivial to design 

the decoder simply by inverting the symbols of the corresponding positions accord-

ing to the control symbol after the alignment of the word boundary. The word 

alignment could be accomplished by intermittently transmitting particular code-

words which are called the comma characters. Generally, the special characters are 

defined as out-of-band codewords, distinct from the normal encoded data words. 

Since at least three transitions per word are guaranteed with the in-band 10B6q code, 

the codewords with less than three transitions are defined as special characters. Ta-

ble 3.2 shows an example set of special characters of the 10B6Q code.  
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Fig. 3.8 Examples of the CDR architecture and the PAM-4 transitions. 

 

 

 
Fig. 3.8 Examples of the CDR architecture and the PAM-4 transitions. 

  
Fig. 3.9 Conceptual schematic diagram of the transition counter. 
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Table 3.2 Special characters. 
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3.5 Implementation and Measurement Re-

sults 

 

To verify the effectiveness of the proposed encoder, a PAM-4 transmitter with 

the 10B6Q code is implemented and fabricated in 40-nm CMOS technology. Figure 

3.10 illustrates the conceptual block diagram of the 4-GS/s transmitter with the 

10B6Q encoder. For comparison, a pattern generator is designed to produce 

PRBS15 data streams and the 10B6Q encoded data, to exactly implement the same 

test benches as shown in Fig. 3.5. The pattern generator is synthesized and operated 

by a clock of 667 MHz divided from the 2-GHz output clock of the all-digital phase-

locked loop (PLL). The gate count of the proposed 10B6Q encoder is only 645 two-

input NAND gate equivalents indicated from the synthesis results. Encoded data 

 

Fig. 3.10 Conceptual block diagram of the transmitter with the 10B6Q encoder. 
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from the pattern generator are then serialized and forwarded to the 3-tap feed-

forward equalizer (FFE) and the push-pull current-mode drivers. Finally, the PAM-4 

driver with common-mode feedback (CMFB) outputs the data with a symbol rate of 

4 GS/s.   

Figure 3.11 shows the fabricated chip photomicrograph and the power break-

down of the transmitter. The total area of the pattern generator block is 0.0036 mm2 

and the core logic of the 10B6Q code occupies only 0.0009 mm2. Also, the 10B6Q 

dissipates 0.23 mw at the operating frequency of 667 MHz. This is only 0.6% of the 

total power consumption of the transmitter.  

 

 

The measurement setup to verify the PAM-4 DC balance of the 10B6Q code is 

shown in Fig. 3.12 (a). Differential PAM-4 output waveform at the 4 GS/s is meas-

 

Fig. 3.11 The chip photomicrograph and the power breakdown of the transmitter. 
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ured with 100-nF AC coupling, 1-m STQ cable and the HSD to SMA converting 

board to connect the measurement equipment.  

With the above measurement setup, in the case of the 10B6Q code, the vertical 

eye opening of 85 mV is achieved as shown in Fig. 3.12 (b). On the other hand, in 

the case of PRBS15 data sequence, the PAM-4 eyes are almost closed due to the 

baseline wander and the severe inter-symbol interference due to the long data run 

 

Fig. 3.12 (a) Measurement setup and (b) PAM-4 output waveform of the transmitter. 
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length.  

To further verify the DC balance characteristic of the 10B6Q code, with the same 

measurement setup in Fig. 3.12 (a), the encoded data stream is transmitted to the 

spectrum analyzer (Agilent E4440A). Figure 3.13 shows the measure power spectral 

density and demonstrates that the proposed 10B6Q encoder achieves zero spectral 

power close to zero DC frequency.  

A comparison of performance with the prior arts is presented in Table 3.3.  

 

 

 
Fig. 3.13 Measured power spectral density of PRBS15 and the 10B6Q code. 
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Table 3.3 Comparison to prior arts. 

 

* When the PRBS15 (polynomial of x15+x14+1) is used. 

** Gate count (calculated from the synthesis results) is equivalent of the area of 

two-input NAND gate. 
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Chapter 4  

 

PAM-4 Transmitter and Adaptive 

Receiver With Fixed Data and 

Threshold Levels 

 

 

 

 

 

4.1 Introduction 

 

Recent advances in object detection for advanced driver-assistance systems, uti-

lizing deep learning models such as convolutional neural networks (CNN), require 

high-bandwidth transmission of high-resolution image data. The interface between 

high-resolution CMOS image sensor (CIS) and an electronic control unit or an im-

age signal processor (ISP) in automotive applications [4], however, uses a maximum 

cable length of 10 m including up to six connectors, limiting the channel band-
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width to only about 2 GHz. In other words, enabling high-speed data transmission 

severely suffers from high channel loss and reflections. Therefore, new techniques 

for energy-efficient data communication are required to meet the increasing demand 

for the automotive CIS interface. In this chapter, an 8-Gb/s PAM-4 transmitter and 

an adaptive receiver, implemented in 40-nm CMOS technology, that equalizes >20-

dB channel loss. The overall transceiver consumes 65.2 mW (without PLL), giving 

an FoM of 0.37 pJ/bit/dB.  
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4.2 Prior Works 

 

When the data swing coming into a receiver is different due to channel character-

istics, data level (dLev) adaptation is commonly used in an adaptive receiver [14]. 

Figure 4.1 (left) shows conceptual diagram of conventional dLev adaptation. Then, 

the sign of error caused by ISI noise is detected by using the dLev settled and used 

for equalizer adaptation through sign-sign least mean square (SSLMS) logic [14]. 

And generally, threshold levels (tLevs) for data recovery of PAM-4 signal is also 

adaptively tracked with dLev as shown in the Fig. 4.1 (right). The equations for the 

threshold level adaptation shown in Fig. 4.1 (right) are derived under the assumption 

that analog front-end (AFE) circuits are fully linear. Therefore, the data and thresh-

old levels (dtLevs) for the PAM-4 samplers are changed according to the channel 

characteristics. The use of dLev adaptation is based on the belief that sampler offset 

hardly changes depending on the reference level (dtLev).  

 

Fig. 4.1 Conceptual diagram of conventional dLev adaptation. 
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On the other hand, as a method to cancel the random offset of the sampler, meta-

stability characteristic is commonly used under the condition of shorting the differ-

ential inputs of the sampler as shown in Fig. 4.2 (left). Note that strong-arm latch 

shown in Fig. 4.2 (right) is mainly used in high-speed interface circuits. Offset cali-

bration is performed by detecting the input-referred offset when the sampler output 

becomes half VDD by sweeping dtLev while the four inputs of the strong-arm latch 

are shorted to the same DC level.  

 

 

 

 

 

 

 

 

Fig. 4.2 Conceptual diagram of conventional offset cancellation for a sampler. 

 



Chapter 4. PAM-4 Transmitter and Adaptive Receiver With Fixed Data and Threshold Levels    49 

 

4.3 Architecture and Implementation 

 

Figure 4.3 (a) depicts the automotive CIS interface system where the channel 

consists of four shielded twisted quad (STQ) cables of 3m and five high-speed data 

(HSD) connectors. Since the transmission channel and the DC power supply channel 

are distinctive in the frequency domain, they can be delivered through a single cable 

simultaneously using AC coupling. A 100-nF capacitor and ferrite beads (L) are 

used to split the 8-Gb/s image data and the DC power. However, AC coupling re-

quires the PAM-4 signals to be DC balanced.  

 

 

4.2.1 PAM-4 Transmitter 

 

The conceptual diagram of the transmitter is shown in Fig. 4.3 (b). In the pattern 

generator, a proprietary coding 10B6Q which is explained in chapter 4 is imple-

mented to perform DC balancing of the PAM-4 signal. This encoding scheme also 

increases transition density to facilitate timing recovery of the transmitted PAM-4 

signal as described in chapter 4. Encoded data are then serialized and forwarded to a 

3-tap feed-forward equalizer (FFE). Because the decision feedback equalizer (DFE) 

of the receiver cannot cancel the pre-cursors, the FFE is specifically designed to re-

move pre-cursors since the effect of the pre-cursor ISI on the PAM-4 signaling is 

severer than that on NRZ. The benefit is a higher vertical eye margin at the cost of 

the power efficiency of the receiver equalizers. Figure 4.4 demonstrates the estimat-
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ed vertical eye margin of the PAM-4 signal when two different types of FFE are 

used under the assumption that receiver equalizers can remove all the post cursors. 

Left figure shows continuous (up) and sampled (down) single-bit responses (SBR) 

of 12-m STQ cable. Type 1 and type 2 FFEs are used to minimize pre-cursors only 

and all the ISIs, respectively. Right figure shows the estimated PAM-4 eye margin. 

And it can be seen that removing pre-cursor ISIs precisely can bring better results in 

terms of vertical eye margin.  

 

 

Fig. 4.3 (a) CIS interface system and (b) transmitter block diagram. 
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Figure 4.5 illustrates the schematic diagram of the PAM-4 driver and common-

mode feedback (CMFB) circuit. To realize a high-precision FFE function, the PAM-

4 driver is split into 40 slices. Since the interface consists of multiple connectors and 

the passive components for DC power delivery, a push-pull current driver with a 

CMFB circuit is employed rather than a voltage mode driver for improved imped-

ance matching. Besides, for the large differential peak-to-peak signal swing of 900 

mV, a current mode logic pre-driver with a DC-shift resistor (RLOAD1) is inserted 

preceding the main driver to preserve the linearity of PAM-4 signal. The CMFB cir-

cuit consists of a single-stage operational trans-conductance amplifier (OTA) for the 

design complexity, power and area. Cascade transistors (MCS1, MCS2) with adequate 

bias (VCASC) bring a DC gain of 43 dB.  

 

 
Fig. 4.4 Estimated vertical eye margin of the PAM-4 signal when two different types of 

FFE are used. 
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4.2.2 PAM-4 Adaptive Receiver  

 

Figure 4.6 describes the overall architecture of the proposed PAM-4 receiver in-

cluding tracking loops for adaptation. Unlike NRZ, PAM-4 requires three thresholds 

(VDH, VDM, VDL) in the data samplers. Two error samplers with corresponding data 

levels (VEH, VEL) are also employed for the programmable gain amplifier (PGA) 

control logic and the sign-sign least mean squares (SS-LMS) algorithm. These data 

and threshold levels (dtLevs) must be determined to cancel the offsets of the sam-

plers. However, with PAM-4 signaling, applying different dtLevs to the sampler 

leads to different offsets, so sensing and cancelling the offset while shorting the dif-

ferential inputs of the sampler does not result in optimal offset cancellation.  

 

Fig. 4.5 Schematic diagram of the PAM-4 driver and CMFB circuit. 
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To illustrate this further, Fig. 4.7 demonstrates the simulated dependency of the 

sampler offset on the reference level (dtLev). When a vth mismatch of 20 mV is ap-

plied to each of the transistors (M1, M3, M5), the input-referred offsets caused by 

M3 and M5 vary considerably when dtLev changes. For example, in the case of M3, 

the input-referred offset when dtLev=300 mV is 25 mV higher than that when 

dtLev=0 V. Thus, it is important to sense and cancel the sampler offset with its own 

dtLev for the robust operation and lower BER. Note that considering the worst case 

(opposite polarity mismatches applied to M1/M3/M5 and M2/M4/M6), even several 

tens of mV change of the dtLev could result in a significant impact on the offset cal-

ibration of the samplers. From these observations, instead of adapting the dtLevs, we 

employ a scheme of fixed dtLevs with adaptive control of the PGA.  

Figure 4.8 shows the operation flow of the fixed dtLevs scheme. The dtLevs are 

first set to have the largest swing within the allowable range of linearity. Next, the 

random offset voltage of each sampler is sequentially found by sweeping the dtLev 

near its own level while the differential data input level of the sampler is set equal to 

 

Fig. 4.7 Dependency of sampler offset on the reference level (dtLev). 
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the previously determined dtLev. (Cancelling DH sampler offset is shown as an ex-

ample in Fig. 4.8.) Then, the dtLevs are fixed to the values including the correspond-

ing offset voltage. Finally, PGA control logic adjusts the gain until the data swing at 

the sampler input matches the fixed dtLevs (EH and EL). 

Figure 4.9 illustrates the schematic diagram and the frequency response of the 

PGA. The proposed fixed dtLevs scheme requires fine resolution of the gain to min-

imize the mismatch between the adapted data swing and the fixed dtLevs. The PGA 

 

Fig. 4.8 Adaptation sequence of the proposed fixed dtLevs scheme. 
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gain control logic drives an 8-bit voltage DAC to regulate a degeneration resistor, 

using a transistor in the linear region to reduce the area and design complexity. Tun-

able range of the PGA is from 10 to +5 dB.  

2-tap DFE and CTLE are utilized to cancel early and long tail post-cursor ISI, re-

spectively. The RC-degenerated CTLE provides a maximum gain of 7 dB at the 

 

Fig. 4.9 Schematic diagram and frequency response of the PGA. 

 

 

Fig. 4.10 Schematic diagram and frequency response of the CTLE. 
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Nyquist frequency of 2 GHz as shown in Fig. 4.10. A direct-feedback DFE with 

open-loop common mode (CM) compensation is employed to hold the CM level of 

the sampler input constant regardless of the DFE tap currents. The unit current of the 

programmable CM compensation is set to equal to that of the DFE tap. Each DFE 

tap is adaptively controlled by the SS-LMS logic, and half the sum of the DFE tap 

weights (h1 and h2) is automatically set by the same logic to maintain the CM level. 

To have the CTLE minimize all the residual post cursors not covered by the DFE, 

the SS-LMS logic is also used to adjust a DC gain of the CTLE so that h3 can be-

come zero, following the approach in [23]. Figure 4.11 shows the simulated transi-

ent single-bit response (SBR) depending on the DC gain of the CTLE.  

 

Fig. 4.11 Simulated transient SBR depending on the DC gain of the CTLE. 
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Figure 4.12 and 4.13 show the machine learning (ML) inspired design procedure 

used to find the optimal weights of the stochastic PAM-4 baud-rate phase detector 

(SBPD) and the PGA control, respectively. Similar to the conventional sign-sign 

Mueller-Muller PD, SBPD examines two sequential samples to detect the data tran-

sitions. Each sample has sampler outputs in order of “EH-DH-DM-DL-EL”, and the 

total number of cases that two consecutive samples can have is 36. SBPD uses EH 

and EL slicers to generate extra resolution for accurate phase alignment. Note that 

since the two error samplers (EH, EL) are already used for DFE SS-LMS adaptation 

logic, no additional samplers for SBPD are required. With the histograms of various 

conditions, it is possible to control both phase interpolator (PI) and PGA using the 

ML-based design method of [24-26]. First, collect the histograms by sweeping the 

PI code while keeping the relative PGA gain at 0 dB. After selecting two representa-

 

Fig. 4.12 ML-inspired design procedure of the stochastic PAM-4 baud-rate PD. 
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tive histograms among the collected histograms, weights are derived by Bayes’ theo-

rem. Then, the PD gain is calculated according to aggregate histograms and weights. 

In the same way, after fixing the PI code to the eye center, histograms are collected 

by sweeping the PGA gain in steps of 3 dB and the coefficients and the PGA gain 

curve are obtained in the same manner. Two integral loops for PI and PGA control 

are implemented with individually optimal loop gains. Finally, the outputs of clock 

and data recovery (CDR) and PGA control logic regulates PI and PGA, respectively, 

delivering proper clock phases and data swing to the PAM-4 slicers.  

Additionally, PI and digital-to-analog converter (DAC) are utilized for the CDR. 

These building blocks are also used to provide on-chip eye opening monitor (EOM) 

and adaptation loops. Figure 4.14 illustrates the conceptual diagram of the VDAC. 

Resistor ladder based voltage DAC (VDAC) with multiple outputs is designed to 

provide dtLevs for the PAM-4 samplers. Due to the use of half-rate architecture and 

 

Fig. 4.13 ML-inspired design procedure of the stochastic PGA control logic. 
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multiple adaptation loops, 16 outputs are generated from the resistor ladder and the 

switch control is configured so that differential outputs are selected based on the 

common-mode (CM) voltage of 0.8 V. Figure 4.15 depicts the conceptual diagram 

of the PI. In order to reduce power consumption, pipelined PI architecture [27, 28] 

with dual-edge operation is utilized. 2-GHz 8-phase clocks are transferred from the 

PLL, and phase blending using gray and thermometer codes is performed using 

seamless boundary switching so that there is no glitch issue.  
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Fig. 4.14 Conceptual diagram of the VDAC. 

 

 

Fig. 4.15 Conceptual diagram of the PI. 
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4.3 Measurement Results 

 

Figure 4.16 (a) includes two chip photomicrographs. The transmitter and the re-

ceiver are separately fabricated in 40-nm CMOS technology and tested in chip-on-

board assembly. The transmitter and the receiver occupy active areas of 0.21 mm2 

and 0.54 mm2, respectively. Figure 4.16 (b) shows the power consumption of the 

 

Fig. 4.16 (a) Die photos, (b) power consumption, and (c) insertion and return loss of 

12-m STQ cable. 
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three components (transmitter, receiver and PLL). The transmitter and the receiver 

dissipate total power (excluding PLL) of 29.3 mW and 35.9 mW, respectively. Fig-

ure 4.16 (c) illustrates the measured insertion (SDD21) and return (SDD11) loss of a 12-

m STQ cable, excluding 4 inch FR4 board traces. SDD21 and SDD11 at the Nyquist fre-

quency are 22 dB and over 10 dB, respectively.  

The measured phase noise of the 2-GHz all-digital PLL (ADPLL) clock is plotted 

in Fig. 4.17 (a). The integrated RMS jitter from 10 kHz to 40 MHz is 827 fs (refer-

ence clock frequency is 100 MHz). Figure 4.17 (b) shows the PAM-4 output wave-

 

Fig. 4.17 (a) phase noise plot of 2-GHz ADPLL, (b) PAM-4 output waveform, and 

(c) jitter tolerance. 
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form at 8 Gb/s with AC coupling of 100 nF and a 1-m STQ cable (the shortest one 

we have) is captured to verify DC balancing. A large differential peak-to-peak swing 

of 900 mV is obtained without degradation of linearity. The ratio of level mismatch 

(RLM) is 0.97. The measured sinusoidal jitter tolerance of 12-m STQ cable for raw 

BER<105 is shown in Fig. 4.17 (c).  

Figure 4.18 depicts the measurement setup to evaluate the receiver performance. 

The transmitter and the receiver are connected through a lossy STQ cable. Two 

lengths of 6m and 12m STQ cables are used to check the receiver adaptation per-

formance, and the channel loss is about 11.5 dB and 22 dB, respectively.  

Figure 4.19 shows the measured RX PAM-4 eye diagrams and bathtub curves us-

ing an on-chip eye opening monitor (EOM) logic [29]. To verify the effectiveness of 

the proposed adaptation scheme with fixed dtLevs, we compare the eye diagrams 

and bathtub curves of 12-m STQ after cancelling the sampler offset in two different 

ways. With the proposed fixed dtLevs scheme, all the PAM-4 eyes for raw 

BER<105 are measure with the margin larger than 0.15 UI x 50 mV. Bathtub curves 

of three separate eyes show a lower BER than 108. On the other hand, when the 

 
Fig. 4.18 Link measurement setup. 
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sampler offsets are cancelled by shorting differential inputs, the upper eye is com-

pletely closed for a BER of 105. The lower eye is also closed for a BER of 106 as 

shown in bathtub curves. 

Figure 4.20 demonstrates the measured results of a 6-m STQ cable characteristic 

(channel loss of 11.5 dB). The adaptive receiver also achieves eye margin larger 

than 0.16 UI x 65 mV for a BER of 105 and a BER<109 as shown in Fig. 4.20 (a) 

and (b). The proposed adaptation is verified by measuring a BER with respect to 

 

Fig. 4.19 Measured receiver PAM-4 eye diagrams and bathtub curves of upper and lower 

eyes. 
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coefficients of the DFE, the PGA and the DC gain of CTLE as shown in Fig. 4.20 (c) 

and (d). The DFE weights (h1 and h2) and the control code of PGA/CTLE are 

locked near the optimum point.  

Performance comparison with recently published PAM-4 transmitters and receiv-

ers is presented in Table 4.1.  

 

Fig. 4.20 Measured results of a 6-m STQ cable for (a) eye diagram, (b) bathtub curve, (c) 

BER with respect to DFE tap weights, and (d) BER curve with respect to PGA/CTLE 

control code. 
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Chapter 5  

 

Asymmetric Simultaneous Bidirec-

tional Transceivers Using Wide 

Linear Range Hybrid 

 

 

 

 

 

5.1 Introduction 

 

The rapid growth of object detection/classification for advanced driver-assistance 

systems requires high-resolution CMOS image sensors (CIS) and calls for the high-

bandwidth interface to transmit a large amount of image data. However, the automo-

tive CIS link uses multiple cables with in-line and medium-dependent interface 

(MDI) connectors, limiting the channel bandwidth (BW) to about 2~3 GHz (see Fig. 

5.1 right). Thus, PAM-4 signaling is attractive to achieve a data rate beyond 4 Gb/s 
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and provides a cost-effective solution maintaining the legacy channel components as 

described in chapter 4 and chapter 5. Furthermore, since smaller weight of the link 

network is desired for lower fuel consumption, a small amount of control data and 

DC power need to be delivered to the CIS through the same cable. In other words, 

automotive camera links require simultaneous bidirectional (SB) transceivers. While 

SB transceivers have been commonly configured to have equivalent data rate and 

amplitude signals in both directions making the overall BW double, this dissertation 

presents highly asymmetric SB transceivers (overall architecture depicted in Fig. 5.1 

left) that communicate 12-Gb/s PAM-4 forward channel (FC) and 125-Mb/s PAM-2 

back channel (BC) data using a wide linear range (WLR) hybrid, a transconduct-

ance-capacitor (gmC) low-pass filter (LPF) and an analog echo canceller (EC). Both 

PAM-4 FC and PAM-2 BC signals achieve 0.15 UI and 0.57 UI eye margin under 

BC and FC running, respectively, for BER<1012. The FC and BC transceivers con-

sume 67.2 mW and 11.2 mW, respectively, under the channel loss of 15.9 dB (for 

the FC data).  

 

Fig. 5.1 Overall architecture (left) and channel characteristics (right). 
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5.2 Prior Works 

In SB transceivers, a hybrid circuit is required to remove the outbound from a 

superposition of the inbound and outbound signals and receive the inbound signal 

properly. Conventional SB transceivers [34-43] have been configured to have equiv-

alent data rate and amplitude signals in both directions making the overall BW dou-

ble. Therefore, the hybrid circuit does not need to continuously cancel outbound sig-

nals. If the outbound signal and the inbound signal having the same data rate are 

synchronized, it is not important whether the hybrid is accurately operated at the 

data transition, but only at the point where the data is sampled.  

Hybrid circuits in the 1990s have been mainly designed in the form of appropri-

ately changing the reference voltage of the comparator (at the receiver side) accord-

ing to the outbound signal [34-38] as shown in Fig. 5.2. In the 2000s, the hybrid cir-

 
Fig. 5.2 Conceptual diagram of the hybrid changing the reference voltage of the compar-

ator. 
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cuits using a replica driver and a switched capacitor [39-41] have been utilized in the 

front stage of the comparator to satisfy the increasing accuracy required for the hy-

brid as the data rate became faster. Figure 5.3 depicts the conceptual diagram of the 

hybrid using replica driver and the switched capacitor. Both approaches are straight-

forward, however, hybrid performance is degraded if the mismatch between the ref-

erence generator (or replica driver) and the main driver is not precisely controlled. In 

addition, since the continuous-time hybrid operation is hardly possible especially for 

switched capacitors, these approaches cannot be used for SB transceivers having 

asymmetric data rates.  

In order to cope with asymmetric data rate, R-gm hybrid operating in continuous 

time has been proposed [42, 43] as shown in Fig. 5.4. R-gm hybrid divides the termi-

 

Fig. 5.3 Conceptual diagram of the hybrid using replica driver and switched capacitor. 
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nation resistor into two series resistors, and one resistor is used as a sensing resistor. 

The hybrid operation is performed by multiplying and subtracting the voltage before 

and after the sensing resistor at an appropriate ratio to remove the outbound signal. 

Since the replica path is not required, the R-gm hybrid has an advantage that consid-

ering the mismatch between the main driver and the replica driver is not necessary.  

However, splitting the termination resistor is seen as a parallel configuration in the 

main driver, so the output swing of the main driver is reduced. In [43], the main 

driver output swing is reduced in half due to the configuration of 22 and 28. 

Thus, there is a disadvantage of the large power overhead to make the same driver 

output swing because the R-gm hybrid requires twice the driver power dissipation.  

Additionally, note that not only the comparator used in [34-38] but also the sub-

traction stage in the R-gm hybrid utilizes voltage-dependent non-linear gm elements 

 
Fig. 5.4 Schematic diagram of the R-gm hybrid. 
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as the input transistors. Unlike NRZ signaling, non-linearity characteristics of the 

analog front-end circuits including the hybrid could be a problem in the case of us-

ing PAM-4 signaling. Because, as the amplitude of the PAM-4 signal is increased to 

obtain a high signal-to-noise ratio (SNR), voltage-dependent non-linear gm could 

make BER worse. In other words, there is a trade-off between the linearity and the 

amplitude (SNR) of the PAM-4 signal due to the comparators or subtraction stages 

used in conventional approaches.  

On the other hand, a hybrid using phantom signaling [44] has been presented in 

[45, 46] for the asymmetric SB transceivers. Figure 5.5 depicts the conceptual dia-

 

Fig. 5.5 Hybrid using phantom signaling. (a) Implementation. (b) Waveforms. 
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gram of the hybrid scheme using phantom signaling. The FC driver generates differ-

ential FC data on Ap and An, whereas the BC driver generates common-mode BC 

data on Bp and Bn. Then, FC data and BC data can be recovered by subtracting 

(BpBn) and averaging ((Ap+An)/2), respectively. This scheme can also be realized 

without replica drivers, however, the trade-off between the linearity and the ampli-

tude (SNR) still exists when the PAM-4 signaling is used.  

In summary, SB transceivers with symmetric or asymmetric data rates using only 

NRZ (PAM-2) signaling have been published so far. In other words, there was no 

paper that asymmetrically used the modulation (PAM-2 or PAM-4) and the ampli-

tude between the FC data and the BC data. In addition, since all existing methods 

described earlier require the voltage-dependent non-linear gm as input transistors, 

there is a trade-off relationship between the linearity and the amplitude (SNR) when 

using PAM-4 signaling.  
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5.3 Wide Linear Range (WLR) Hybrid 

 

In order to ensure robust SB communication, it is crucial to equip the transceivers 

with a hybrid and an EC so that the outbound signal and its reflections due to the 

channel imperfection can be removed. In addition, for the asymmetric data rate with 

PAM-4 and PAM-2 SB transceivers, continuous-time and wide linear operation are 

also required. There are several existing approaches [11, 42-43, 45-46] to continu-

ously remove the outbound signal. However, since they employ a subtraction stage 

that consists of voltage-dependent non-linear gm with a resistive load, there is a 

trade-off between the linearity and the amplitude of the PAM-4 signal for a high 

SNR as described in chapter 5.2. To break this trade-off, we propose a wide linear 

range (WLR) hybrid as illustrated in Fig. 5.6. The WLR hybrid incorporates a pas-

 

Fig. 5.6 Proposed WLR hybrid.  
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sive resistor (RHYB) and gm element scaled down by M with the opposite polarity 

from that of the output driver. The ratio M is determined by the value of RHYB and 

RTERM as shown in the figure. As a result, the ratio-metric design of gm elements and 

resistors is accomplished between the output driver and the WLR hybrid to accurate-

ly remove the outbound signal. To continuously remove the outbound signal and 

reduce the mismatch, the input signal of the WLR hybrid is shared with that of the 

output driver. Since these passive resistors are constant regardless of the voltage 

level, the linearity of the FC/BC signals after the WLR hybrid operation can be 

maintained in a wide voltage range. On the other hand, the hybrid current flows 

through not only RHYB but also RTERM, reducing the driver output swing of the out-

bound signal by the WLR hybrid operation. This power penalty is shown in Fig. 5.7. 

The power overhead is escalated when the RHYB value becomes small to increase the 

 

Fig. 5.7 Power overhead and bandwidth of the WLR hybrid.  
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data rate, but it is comparable with the power of the subtraction stage used in prior 

art. Although RHYB of 400 is used in the prototype (thus the power overhead is 

6.25%) due to the channel BW, a data rate of 128 Gb/s can be expected by using the 

RHYB of 100 and the symmetric SB communication.  
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5.3 Implementation 

 

5.3.1 Serializer (SER) Design 

 

Figure 5.8 depicts the block diagram of the CIS-side SER chip. The SER consists 

of the 12-Gb/s PAM-4 FC transmitter (TX) and the 125-Mb/s PAM-2 BC receiver 

(RX). For the FC signal, MSB and LSB data are individually serialized and trans-

 

Fig. 5.8 Serializer (SER) block diagram with the  WLR hybrid and gmC LPF.  
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ferred to a PAM-4 driver. The driver consists of 30 slices to realize 3-tap (1, 0, 1) 

FFE and employs push-pull current mode for better impedance matching. A predriv-

er preceding the main driver generates limited output swing rather than CMOS 

swing to improve the linearity of the PAM-4 signal. In addition, feed-forward capac-

itors are utilized to enhance the BW and power consumption. To receive the BC sig-

nal, the WLR hybrid removes the large-swing FC PAM-4 signal in the SER. How-

ever, the design complexity is significantly increased to accurately emulate and re-

move FC signal including the FFE function. Therefore, rather than accurately can-

celling the FC signal with 3-tap FFE, the hybrid only serves to remove four major 

DC levels of the PAM-4 signal. Then, a 2nd order gmC LPF filters out the residual 

components from the hybrid and reflections from the channel using an asymmetric 

data rate. Specifically, the WLR hybrid is designed to remove the DC levels which 

correspond to  (1 + 0 + 1). It is important to note that using the hybrid coeffi-

cient of  results in less FC energy at the BC Nyquist frequency than using that of 

0 as shown in Fig. 5.8 (top left). Tunable gm and the capacitors of the gmC LPF can 

adjust not only the gain/BW but also the Q factor which can compensate the channel 

loss of ~3dB by frequency peaking.  

 

 

5.3.2 Deserializer (DES) Design 

 

Figure 5.9 illustrates the block diagram of the host(ISP)-side DES chip. The DES 

consists of the PAM-4 FC RX and the PAM-2 BC TX. Unlike SER, a precise hybrid 

operation is strongly required to recover the PAM-4 FC signal even when the PAM-
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2 BC signal is making a transition. To minimize hybrid error at the BC transition, a 

predriver adjusting the output swing and slew rate is inserted preceding the BC 

CML driver. In addition, the ratio-metric design of gm/resistors with sharing their 

input signal between BC driver and WLR hybrid is also performed as described in 

Fig. 5.9. Note that the hybrid output is still PAM-4 signal to be recovered, and a 

large FC signal could suffer from the gm nonlinearity at the AFE especially when the 

channel loss is low. To mitigate this, a linear range enhancer (LRE) which forms a 

fully linear gain attenuator with RHYB can also be utilized to relax the constraint of 

the input dynamic range for the linearity of the following analog front end (AFE). It 

 

Fig. 5.9 Deserializer (DES) block diagram with the WLR hybrid and LRE.  
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is important to note that LRE neither dissipates additional power nor affects the hy-

brid operation. This is proven in the next chapter 5.4.  

Then, the hybrid output is transferred to the AFE that consists of the programma-

ble gain amplifier (PGA), CTLE and half-rate DFE. The PGA gain has a tunable 

range of ~10dB to cover the various cable lengths and to provide a constant swing 

for samplers. The CTLE with an RC-degenerated pair provides a maximum of 7-dB 

boost. A 3-tap DFE is configured to further compensate for the frequency-dependent 

loss. PI-based Baud-rate PAM-4 CDR is also employed. In addition, to remove the 

near-end/far-end echoes from the MDI or in-line connectors, five EC taps with the 

slew-rate controllable predrivers are arranged to the CTLE output. Each delay stage 

for the EC taps can cover the round trip of the maximum length of 10m and has a 

fine delay resolution that corresponds to 3.3cm.  
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5.4 Half Circuit Analysis of WLR Hybrid 

and LRE 

 

As described in chapter 5.3, LRE neither dissipates additional power nor affects 

the hybrid operation. In this chapter, this is proven using half circuit analysis of 

WLR hybrid and LRE implemented in DES. Figure 5.10 illustrates the schematic 

diagram used in half circuit analysis. iDRV and iHYB indicates the currents of BC driv-

er and WLR hybrid, respectively. Also, RTERM, RHYB, RLRE and Z0 indicates the ter-

mination resistor, hybrid resistor, LRE resistor and characteristic impedance of the 

channel.  

 

Fig. 5.10 Schematic diagram used in half circuit analysis of the WLR hybrid and LRE.  
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Based on this schematic diagram, the WLR hybrid output voltage is derived from 

two conditions of with and without LRE. First of all, figure 5.11 is used to derive the 

WLR hybrid output in the case of excluding LRE. From the Fig. 5.11 (a), next equa-

tion can be derived.  

 

 

Fig. 5.11 Half circuit analysis without LRE.  
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V1 = V2 = VDD − iDRV(RTERM||Z0) (5.1) 

where V1 and V2 represents output voltages of BC driver and WLR hybrid, re-

spectively. Also, from Fig. 5.11 (b), hybrid output voltage (V2) can be expressed as  

 
V2 = VDD − iHYB(RTERM||Z0 + RHYB) (5.2) 

Since the objective of the hybrid operation is to make the voltage of V2 constant, 

combining (5.1) and (5.2) gives the following equation.  

 
iHYB = iDRV ×

RTERM||Z0

RTERM||Z0 + RHYB 
 (5.3) 

(5.3) can also be expressed as 

 iDRV

iHYB
=

RTERM||Z0 + RHYB

RTERM||Z0
 (5.4) 

And, assuming that RTERM and Z0 are almost equal in (5.4), the equation becomes 

the same as ratio M in Fig. 5.6.  

Next, the WLR hybrid output in the case of including LRE can be derived in the 

same way by using Fig. 5.12. From the Fig. 5.12 (a), i1 and i2 are derived using V1 

and V2 as follows.  

 
i1 = iDRV −

VCM − V2

RLRE
 (5.5) 

 
i2 = −

VCM − V2

RLRE
 

(5.6) 
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Using (5.5) and (5.6), V1 and V2 can be expressed as 

 
V1 = VDD − (iDRV −

VCM − V2

RLRE
) × RTERM||Z0 (5.7) 

 
V2 = V1 +

VCM − V2

RLRE
× RHYB 

(5.8) 

 

Fig. 5.12 Half circuit analysis with LRE.  
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If V1 is removed from (5.7) and (5.8), and expanded in terms of V2, it is as fol-

lows.  

 
V2 = VDD ×

RLRE

RTERM||Z0 + RHYB + RLRE
    

(5.9) +VCM ×
RTERM||Z0 + RHYB

RTERM||Z0 + RHYB + RLRE
 

−iDRV ×
RTERM||Z0 × RLRE

RTERM||Z0 + RHYB + RLRE
 

In addition, from the Fig. 5.12 (b), i1 and i2 are derived as follows.  

 
i1 = i2 = iHYB −

VCM − V2

RLRE
 (5.10) 

Using (5.10), V1 and V2 can be expressed as 

 
V1 = VDD − (iHYB −

VCM − V2

RLRE
) × RTERM||Z0 (5.11) 

 
V2 = V1 − (iHYB −

VCM − V2

RLRE
) × RHYB 

(5.12) 

If V1 is removed from (5.11) and (5.12), V2 can be expressed as follows.  

 
V2 = VDD ×

RLRE

RTERM||Z0 + RHYB + RLRE
    

(5.13) +VCM ×
RTERM||Z0 + RHYB

RTERM||Z0 + RHYB + RLRE
 

−iHYB ×
(RTERM||Z0 + RLRE) × RLRE

RTERM||Z0 + RHYB + RLRE
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Since the objective of the hybrid operation is to make the voltage of V2 constant 

regardless of whether BC data is high or low, combining (5.9) and (5.13) gives the 

following equation.  

 
iDRV × RTERM||𝑍0 = iHYB × (RTERM||𝑍0 + RHYB) (5.14) 

As a result of half circuit analysis, (5.4) and (5.14) are the same. In other words, 

it can be seen that LRE does not consume additional current and does not affect hy-

brid operation.   
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5.5 Measurement Results 

 

Figure 5.13 shows photomicrographs and area/power breakdown of the prototype 

chips. The SER and the DES are separately fabricated in 40-nm CMOS technology 

and tested in chip-on-board assembly. The SER and the DES occupy active areas of 

0.072 mm2 and 0.179 mm2, respectively. Bottom right figure shows the power con-

sumption of FC TX, FC RX, BC TX, and BC RX. The SER and the DES dissipate 

total power (excluding PLL) of 24.88 mW and 53.46 mW, respectively. 

 
Fig. 5.13 Fabricated prototype chips and area/ power breakdown.  
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Figure 5.14 shows the measurement setup for SB communication. The main 

driver outputs and the hybrid outputs are measured using an oscilloscope and spec-

trum analyzer, respectively. Synchronized clock of 3 GHz and 12 GHz are distribut-

ed to the SER and the DES, respectively, from the pulse pattern generator of the sig-

nal analyzer.  

Figure 5.15 demonstrates FC and BC output waveforms. The FC output at 12 

Gb/s shows a large peak-to-peak swing of 720 mV with the ratio level mismatch 

(RLM) of 0.99. The BC output at 125 Mb/s with Manchester encoding shows a 

peak-to-peak swing of 130 mV.  

 
Fig. 5.14 Measurement setup for SB communication.  
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Fig. 5.15 Measured driver output waveforms of the FC and BC data.  
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Figure 5.16 shows the WLR hybrid performances. To verify the proposed WLR 

hybrid and gmC LPF characteristics, the hybrid and gmC LPF outputs of the SER are 

read out through a 50 CML driver. The top figure shows the inbound BC signal 

and outbound FC signal spectrums of the SER. Using  hybrid and gmC LPF, the 

 

Fig. 5.16 Measured hybrid performances of the SER and the DES.  
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inbound BC spectrum is ~25dBm higher than the outbound FC spectrum. To verify 

the optimum hybrid coefficient, FC signal after hybrid output spectrum is measured 

in two different ways and shows that the  hybrid achieves more than 15dBm bet-

ter performance than the 0 hybrid at the Nyquist frequency of the BC signal. Tran-

sient waveforms and spectrums of the CTLE output in the DES are also measured as 

shown in the bottom figure under the condition of FC data disabled. Both the WLR 

hybrid and the analog EC have reduced the outbound BC signal by ~12dBm each.  

Figure 5.17 shows the reconstructed eye diagram and bathtub curves measured 

 

Fig. 5.17 Measured BER and bathtub curves of the PAM-4 FC and PAM-2 BC data un-

der the SB communication (5-m channel).  
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by the on-chip eye monitoring logic. Three eye openings of FC signal for BER<109 

are larger than 0.19 UI x 50 mV under BC running. The bathtub curve for the sym-

bol error rate shows a 0.15 UI eye margin for the error rate of 1012. In addition, the 

eye opening of BC signal for BER<109 are larger than 0.62 UI x 90 mV under FC 

running. Bathtub curves are measured with two different coefficients of the WLR 

hybrid. With the  hybrid, 0.57 UI eye margin for BER<1012 is achieved. On the 

other hand, when the 0 hybrid is used, the eye opening is completely closed for 

BER<108.  

Figure 5.18 shows the channel characteristics (top left), reconstructed eye dia-

 

Fig. 5.18 Channel characteristics (top left), eye diagrams (right), and bathtub curves (bot-

tom left) for the 10-m channel under 8-Gb/s FC and 83.3-Mb/s BC SB communications.   

 



Chapter 5. Asymmetric Simultaneous Bidirectional Transceivers Using Wide Linear Range Hybrid    94 

 

grams (right), and bathtub curves (bottom left) for the 10-m channel under 8-Gb/s 

FC and 83.3-Mb/s BC SB communication. Three eye openings of FC PAM-4 signal 

for BER<109 are larger than 0.17 UI x 40 mV under BC NRZ running. The bathtub 

curve of the center eye shows a 0.16 UI eye margin for the BER of 1e-12. In addi-

tion, the eye opening of BC NRZ signal for BER<109 is larger than 0.61 UI x 70 

mV under FC PAM-4 signal running. With the  hybrid, 0.58 UI eye margin for 

the BER of 1e-12 is achieved.  

Figure 5.19 demonstrates the measured voltage bathtub curves (2-m channel) 

with and without LRE under the same AFE gain. All the three eye openings of FC 

PAM-4 signal for BER<109 are larger than 70 mV with LRE gain of 6dB and 

PGA gain of +2dB (blue dots and lines). However, three eye openings for BER<109 

are only larger than 37 mV when only PGA gain of 4dB is applied excluding LRE 

(red dots and lines). Therefore, AFE linearity using LRE is crucial for the optimum 

BER of the PAM-4 signal, especially when the channel loss is small.  

Figure 5.20 shows the measured sinusoidal jitter tolerance of the recovered FC 

 
Fig. 5.19 Measured vertical bathtub curves with (blue) and without (red) LRE.   
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and BC signals for the symbol error rate of 109 (at the 5-m channel). About 0.18 

UIPP over 1 MHz of jitter frequency is measured for the FC PAM-4 CDR. For the 

BC PAM-2 CDR, jitter tolerance data are measured all over the limit.  

Table 5.1 summarizes a comparison table with other prior art SB transceivers. 

 
Fig. 5.20 Measured sinusoidal jitter tolerance of the recovered FC and BC signals.   
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Chapter 6  

 

Conclusion 

 

 

 

 

Following design techniques of a highly asymmetric simultaneous bidirectional 

(SB) transceivers with high-speed PAM-4 and low-speed PAM-2 signals are pro-

posed and demonstrated for the next-generation automotive camera link in this dis-

sertation.  

First, a PAM-4 transmitter with 10B6Q DC balance code is described. An area- 

and power-efficient 10B6Q code for an AC coupled link system that guarantees DC 

balance and limited run length of six is proposed. Although the input data width of 

10 bits is used here, the proposed scheme has an extensibility for the input data 

width to cover various data types of the camera. The prototype chip including 

10B6Q code is fabricated in 40-nm CMOS technology and tested in chip-on-board 

assembly. The 10B6Q code only occupies an active area of 0.0009 mm2 with a syn-

thesized gate count of 645. It also consumes 0.23 mW at the operating clock fre-

quency of 667 MHz.  

Second, in the PAM-4 adaptive receiver, to optimally cancel the sampler offset 
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for a lower BER, instead of adjusting data and threshold levels (dtLevs), the gain of 

a programmable gain amplifier is adjusted adaptively under fixed dtLevs. This 

scheme is also verified by the prototype chip fabricated in 40-nm CMOS technology. 

The transmitter with 10B6Q code delivers 8-Gb/s PAM-4 signal to the adaptive re-

ceiver using fixed dtLevs through a lossy 12-m cable (22-dB channel loss) with a 

BER of 1E-8, and the eye margin larger than 0.15 UI x 50 mV is measured for a 

BER of 1E-5. The prototype chips consume 65.2 mW (excluding PLL), exhibiting 

an FoM of 0.37 pJ/b/dB.  

Third, an analog front-end design of asymmetric SB transceivers incorporating a 

12-Gb/s PAM-4 forward channel and a 125-Mb/s PAM-2 back channel are present-

ed and demonstrated. The proposed wide linear range (WLR) hybrid combined with 

a gmC low-pass filter and an echo canceller effectively suppresses the outbound sig-

nals by more than 24dB. In addition, linear range enhancer which forms a gain at-

tenuator with WLR hybrid breaks the trade-off between the linearity and the ampli-

tude of the PAM-4 signal. The SB transceiver chips are separately fabricated in 40-

nm CMOS technology. Using above design techniques, both PAM-4 and PAM-2 SB 

transceivers achieve BER less than 1x1012 over a 5-m channel (15.9 dB channel 

loss), consuming 78.4 mW. The overall transceivers achieve an FoM of 0.41 pJ/b/dB 

and eye margin (at BER of 1e-12) of 0.15 UI and 0.57 UI for the forward PAM-4 

and back PAM-2 signals, respectively, under SB communication. This is the best 

eye margin compared to the prior art SB transceivers with an FoM less than 0.5.  



Bibliography                 99 

 

Bibliography 

 

[1]  Lars Reger, “The Road Ahead for Securely-Connected Cars,” in Proc. 

IEEE International Solid-State Circuits Conference Dig. Tech. Papers, 

pp.29-33, Feb. 2016. 

[2]  FPD-Link III 4.16-Gbps Serializer With CIS-2 Interface for 2.3MP/60fps 

Cameras, RADAR, and Other Sensors DS90UB953-Q1 Datasheet, Texas 

Instruments, Dallas, TX, USA, Feb. 2018. 

[3]  FPD-Link III Deserializer Hub With CIS-2 Outputs for 2MP/60fps Camer-

as, RADAR DS90UB954-Q1 Datasheet, Texas Instruments, Dallas, TX, 

USA, Aug. 2017. 

[4]  Gerrit W. den Besten, “Single-Pair Automotive PHY Solutions from 

10Mb/s to 10Gb/s and Beyond,” in Proc. IEEE International Solid-State 

Circuits Conference Dig. Tech. Papers, pp. 474-475, Feb. 2019.  

[5]  Mark Sauerwald, “FPD-Link III – doing more with less,” Analog Applica-

tions Journal, Texas Instruments, 2014.  

[6]  A. X. Widmer and P. A. Franaszek, “A DC-balanced, partitioned-block, 

8B/10B transmission code,” IBM Journal. Res. Develop., vol. 27, no. 5, pp. 

440–451, Sep. 1983.  

[7]  P. A. Franaszek and A. X. Widmer, “Byte Oriented DC Balanced 8B/10B 

Partitioned Block Transmission Code,” U.S Patent 4 486 739, Dec. 4, 1984.  

[8]  Richard C. Walker, Bharadwaj Amrutur, and Richard W. Dugan “Coding 

Method and Coder for Coding Packetized Serial Data with Low Overhead,” 

U.S Patent 7 055 073 (B2), May 30, 2006.  

[9]  Richard C. Walker, Bharadwaj Amruture, and Richard W. Dugan, “Decod-

ing Method and Decoder for 64B/66B Coded Packetized Serial Data,” U.S 



Bibliography                 100 

 

Patent 6 650 638 (B1), Nov. 18, 2003.  

[10]  Tai-Cheng Lee and Behzad Razavi, “A 125-MHz Mixed-Signal Echo 

Canceller for Gigabit Ethernet on Copper Wire,” IEEE Journal of Solid-

State Circuits, vol. 36, no. 3, pp. 366–373, Mar. 2001.  

[11]  Yang-Hang Fan, Ankur Kumar, Takayuki Iwai, Ashkan Roshan-Zamir, 

Shengchang Cai, and Samuel Palermo, “A 32-Gb/s Simultaneous Bidirec-

tional Source-Synchronous Transceiver With Adaptive Echo Cancellation 

Techniques,” IEEE Journal Solid-State Circuits, vol. 55, no. 2, pp. 439–451, 

Feb. 2020.  

[12]  T. K. Chin, “What you need to know about high-speed cables for FPD-

Link III SerDes,” Analog Applications Journal, Texas Instruments, 2017.  

[13]  Bernard Widrow, John M. McCool, Michael G. Larimore, and C. Rich-

ard Johnson Jr., “Stationary and nonstationary learning characteristics of the 

LMS adaptive filter,” in Proc. IEEE, vol. 64, no. 8, pp.1151-1162, Aug. 

1976.  

[14]  Vladimir Stojanovic, Andrew Ho, Bruno W. Garlepp, Fred Chen, Jason 

Wei, Grace Tsang, Elad Alon, Ravi T. Kollipara, Carl W. werner, Jared L. 

Zerbe, and Mark A. Horowitz, “Autonomous Dual-Mode (PAM2/4) Serial 

Link Transceiver With Adaptive Equalization and Data Recovery,” IEEE 

Journal of Solid-State Circuits, vol. 40, no. 4, pp. 1012-1026, Apr. 2005.  

[15]  R. Gaudino, D. Cardenas, P. Spalla, A. Nespola, and S. Abrate, “A Nov-

el DC-Balancing Line coding for Multilevel Transmission Over POF,” in 

Proc. POF Conference, Hong Kong, 2005.  

[16]  Hsiao-Yun Chen, Chih-Hsien Lin, and Shyh-Jye Jou, “DC-Balance 

Low-Jitter Transmittion Code for 4-PAM Signaling,” IEEE Transactions on 

Circuits and Systems II, Exp. Briefs, vol. 53, no. 9, pp. 827–831, Jul. 2006.  

[17]  John T. Stonick, Gu-Yeon Wei, Jeff L. Sonntag, and Daniel K. Wein-

lader, “An Adaptive PAM-4 5-Gb/s Backplane Transceiver in 0.25-um 

CMOS,” IEEE Journal of Solid-State Circuits, vol. 38, no. 3, pp. 436–443, 



Bibliography                 101 

 

Mar. 2003. 

[18]  John T. Stonick, James Gorecki, William S. Check Jr., and Shawn 

Searles, “Method and Apparatus for Encoding and Decoding Digital Com-

munications Data,” U.S Patent 7 260 155 (B2), Aug. 21, 2007.  

[19]  Sandeep Goyal, Ron Joseph, Virendra Singh, and Shalabh Gupta, “A 

PAM-4 10S/12S Line Coding Scheme With Equi-probable Levels,” in Proc. 

IEEE International Symposium on Circuits and Systems, pp. 1-5, 2018. 

[20]  Sooeun Lee, Jaeyoung Seo, Kyunghyun Lim, Jaehyun Ko, Jae-Yoon 

Sim, Hong-June Park, and Byungsub Kim, “A 7.8Gb/s/pin, 1.96 pJ/b 

Transceiver With Phase-Difference-Modulation Signaling for Highly Re-

flective Interconnnects,” IEEE Transactions on Circuits and Systems I, Reg. 

Papers, vol. 67, no. 6, pp. 2114–2127, June 2020.  

[21]  Jared L. Zerbe, Carl W. Werner, Vladimir Stojanovic, Fred Chen, Jason 

Wei, Grace Tsang, Dennis Kim, William F. Stonecypher, Andrew Ho, Tim-

othy P. Thrush, Ravi T. Kollipara, Mark A. Horowitz, and Kevin S. Don-

nelly, “Equalization and Clock Recovery for a 2.510-Gb/s 2-PAM/4-PAM 

Backplane Transceiver Cell” IEEE Journal of Solid-State Circuits, vol. 38, 

no. 12, pp. 2121–2130, Dec. 2003. 

[22]  Linqi Shi, Weixin Gai, Liangxiao Tang, Xiao Xiang, and Ai He, “Hard-

ware-efficient Slope-error Algorithm Based PAM4 Baud Rate CDR 

Scheme for 40 Gb/s Receiver,” Electronic Letters, vol. 54, no. 17, pp. 

1020–1022, Aug. 2018.  

[23]  Jinhyung Lee, Kwangho Lee, Hyojun Kim, Byungmin Kim, Kwanseo 

Park, and Deog-Kyoon Jeong, “A 0.1-pJ/b/dB 1.62-to-10.8-Gb/s Video In-

terface Receiver With Jointly Adaptive CTLE and DFE Using Biased Data-

Level Reference,” IEEE Journal of Solid-State Circuits, vol. 55, no. 8, pp. 

2186–2195, Aug. 2020. 

[24]  Kwanseo Park, Minkyo Shim, Han-Gon Ko, and Deog-Kyoon Jeong, “A 

6.4-to-32Gb/s 0.96pJ/b Referenceless CDR Employing ML-Inspired Sto-

chastic Phase-Frequency Detection Technique in 40nm CMOS,” in Proc. 



Bibliography                 102 

 

IEEE International Solid-State Circuits Conference Dig. Tech. Papers, pp. 

124–125, Feb. 2020. 

[25]  Haram Ju, Kwangho Lee, Woosong Jung, and Deog-Kyoon Jeong, “A 

48Gb/s 2.4pJ/b PAM-4 Baud-Rate Digital CDR with Stochastic Phase De-

tection Technique in 40nm CMOS,” in Proc. IEEE Asian Solid-State Cir-

cuits Conference, to be published, Nov. 2021.  

[26]  Minkyo Shim, Woonghee Lee, Yunhee Lee, and Deog-Kyoon Jeong, “A 

Stochastic Variable Gain Amplifier Adaptation for PAM-4 Signaling,” in 

Proc. IEEE International SoC Design Conference, to be published, Oct. 

2021.  

[27]  Satoshi Kumaki, Abul Hasan Johari, Takeshi Matsubara, Isamu Hayashi, 

and Hiroki Ishikuro, “A 0.5V 6-bit Scalable Phase interpolator,” in Proc. 

Asia Pacific Conference on Circuit and System, pp. 1019–1022, Dec. 2010. 

[28]  Aravind Tharayil Narayanan, Makihiko Katsuragi, Kento Kimura, 

Satoshi Kondo, Korkut Kaan Tokgoz, Kengo Nakata, Wei Deong, Kenichi 

Okada, and Akira Matsuzawa, “A Fractional-N Sub-Sampling PLL using a 

Pipelined Phase-Interpolator With an FoM of 250 dB,” IEEE Journal of 

Solid-State Circuits, vol. 51, no. 7, pp. 1630–1640, July 2016. 

[29]  Pen-Jui Peng, Jeng-Feng Li, Li-Yang Chen, Jri Lee, “A 56Gb/s PAM-

4/NRZ Transceiver in 40nm CMOS,” in Proc. IEEE International Solid-

State Circuits Conference Dig. Tech. Papers, pp. 110–111, Feb. 2017. 

[30]  Hao Ding, Xuqiang Zheng, Danyu Wu, Lei Zhou, Jin Wu, Fangxu Lv, 

Jianye Wang, and Xinyu Liu, “A 112-Gb/s PAM-4 Transmitter With a 2-

Tap Fractional-Spaced FFE in 65-nm CMOS,” in Proc. European Solid-

State Circuits Conference, pp. 195–198, Sep. 2019. 

[31]  Pen-Jui Peng, Yan-Ting Chen, Sheng-Tsung Lai, Chao-Hsuan Chen, 

Hsiang-En Huang, and Ted Shih, “A 112Gb/s PAM-4 Voltage-Mode 

Transmitter with 4-Tap Two-Step FFE and Automatic Phase Alignment 

Technique in 40nm CMOS,” in Proc. IEEE International Solid-State Cir-

cuits Conference Dig. Tech. Papers, pp. 124–125, Feb. 2019. 



Bibliography                 103 

 

[32]  Hazar Yueksel, Lukas Kull, Andreas Burg, Matthias Braendli, Peter 

Buchmann, Pier Andrea Francese, Christian Menolfi, Marcel Kossel, 

Thomas Morf, Toke M. Andersen, Danny Luu, and Thomas Toifl, “A 

3.6pJ/b 56Gb/s 4-PAM Receiver With 6-Bit TI-SAR ADC and Quarter-

Rate Speculative 2-Tap DFE in 32nm CMOS,” in Proc. European Solid-

State Circuits Conference, pp. 148–151, Sep. 2015. 

[33]  Jay Im, Dave Freitas, Arianne Bantug Roldan, Ronan Casey, Stanley 

Chen, Chuen-Huei Adam Chou, Tim Cronin, Kevin Geary, Scott McLeod, 

Lei Zhou, Ian Zhuang, Jaeduk Han, Sen Lin, Parag Upadhyaya, Geoff 

Zhang, Yohan Frans, and Ken Chang, “A 40-to-56 Gb/s PAM-4 Receiver 

With Ten-Tap Direct Decision-Feedback Equalization in 16-nm FinFET,” 

IEEE Journal of Solid-State Circuits, vol. 52, no. 12, pp. 3486–3502, Dec. 

2017.  

[34]  Toshiro Takahashi, Makio Uchida, Takahiko Takahashi, Ryozo Yoshino, 

Masakazu Yamamoto, and Nobuaki Kitamura, “A CMOS Gate Array With 

600 Mb/s Simultaneous Bidirectional I/O Circuits,” IEEE Journal of Solid-

State Circuits, vol. 30, no. 12, pp. 1544–1546, Dec. 1995. 

[35]  Randy Mooney, Charles Dike, and Shekhar Borkar, “A 900 Mb/s Bidi-

rectional signaling Scheme,” IEEE Journal of Solid-State Circuits, vol. 30, 

no. 12, pp. 1538–1543, Dec. 1995. 

[36]  Jae-Yoon Sim, Young-Soo Sohn, Seung-Chan Heo, Hong-June Park, 

and Soo-In Cho, “A 1-Gb/s Bidirectional I/O Buffer Using the Current-

mode Scheme,” IEEE Journal of Solid-State Circuits, vol. 34, no. 4, pp. 

529–535, Apr. 1999. 

[37]  Toshiro Takahashi, Takashi Muto, Yuji Shirai, Fumihiko Shirotori, Yo-

shifumi Takada, Akira Yamagiwa, Akira Nishida, Atsuo Hotta, and Tadashi 

Kiyuna, “110-GB/s Simultaneous Bidirectional Transceiver Logic Synchro-

nized With a System Clock,” IEEE Journal of Solid-State Circuits, vol. 34, 

no. 11, pp. 1526–1533, Nov. 1999. 

[38]  Howard Wilson and Matthew Haycock, “A Six-port 30-GB/s Nonblock-



Bibliography                 104 

 

ing Router Component Using Point-to-point Simultaneous Bidirectional 

Signaling for High-bandwidth Interconnects, “ IEEE journal of Solid-State 

Circuits, vol. 36, no. 12, pp. 1954–1963, Dec. 2001. 

[39]  Hirotaka Tamura, Masaya Kibune, Yuji Takahashi, Yoshiyasu Doi, 

Takuya Chiba, Hirohito Higashi, Hideki Takauchi, Hideki Ishida, and Koh-

taroh Gotoh, “5 Gb/s Bidirectional Balanced-Line Link Compliant With 

Plesiochronous Clocking,” in Proc. IEEE International Solid-State Circuits 

Dig. Tech. Papers, pp. 64–65, Feb. 2001. 

[40]  Aaron Martin, Bryan Casper, Joe kennedy, James Jaussi, and Randy 

Mooney, “8 Gb/s Differential Simultaneous Bidirectional Link With 4mV 

9ps Waveform Capture Diagnostic Capability,” IEEE International Solid-

State Circuits Dig. Tech. Papers, pp. 478–479, Dec. 2003. 

[41]  Bryan Casper, Aaron Martin, James E. Jaussi, Joe. Kennedy, and Randy 

Mooney, “An 8-Gb/s Simultaneous Bidirectional Link With On-die Wave-

form Capture,” IEEE Journal of Solid-State Circuits, vol. 38, no. 12, pp. 

2111–2120, Dec. 2003. 

[42]  Yasumoto Tomita, Hirotaka Tamura, Masaya Kibune, Junji Ogawa, 

Kohtaro Gotoh, and Tadahiro Kuroda, “A 20 Gb/s Bidirectional Transceiv-

er Using a Resistor-Transconductor Hybrid,” IEEE International Solid-State 

Circuits Dig. Tech. Papers, pp. 518–519, Feb. 2006. 

[43]  Yasumoto Tomita, Hirotaka Tamura, Masaya Kibune, Junji Ogawa, 

Kohtaro Gotoh, and Tadahiro Kuroda, “A 20-Gb/s Simultaneous Bidirec-

tional Transceiver Using a Resistor-Transconductor Hybrid in 0.11-um 

CMOS,” IEEE Journal of Solid-State Circuits, vol. 42, no. 3, pp. 627–636, 

Mar. 2007. 

[44]  Thaddeus Gabara, “Phantom Mode Signaling in VLSI Systems,” pre-

sented at the 19th Conference Advanced Research in VLSI, Salt Lake City, 

UT, Mar. 2001.  

[45]  Abishek Manian, Amit Rane, and Yongseon Koh, “A Simultaneous Bi-



Bibliography                 105 

 

directional Single-Ended Coaxial Link with 24-Gb/s Forward and 312.5-

Mb/s Back Channels,” in Proc. European Solid-State Circuits Conference, 

pp. 178–181, Sep. 2018. 

[46]  Abishek Manian, Amit Rane, Yongseon Koh, Harsheen Kaur Nat, and 

Michael Lu, “A Simultaneous Bidirectional Single-Ended Coaxial Link 

With 24-Gb/s Forward and 312.5-Mb/s Back Channels,” IEEE Journal of 

Solid-State Circuits, vol. 56, no. 3, pp. 972–987, Mar. 2021. 

[47]  Ramin Farjadrad, Kambiz Kaviani, David Nguyen, Michael Brown, 

Govert Geelen, Corne Bastiaansen, Narendra Rao, Viswa Popuri, Greg 

Shen, Hamid Khatibi, Saudas Dey, Anirban Chatterjee, David Shen, Peter 

Zijlstra, Harrie Gunnink, Kebin Zhang, Venkat Penumuchu, Oliver Weiss, 

Edward Paulus, and Joost Briaire, “An Echo-Cancelling Front-End for 

112Gb/s PAM-4 Simultaneous Bidirectional Signaling in 14nm CMOS,” in 

Proc. IEEE International Solid-State Circuits Conference, pp. 194–195, Feb. 

2021. 

 



 

 

초 록 

 

 

본 학위 논문에서는 차세대 자동차용 카메라 링크를 위해 높은 속도의 

4레벨 펄스 진폭 변조 신호와 낮은 속도의 2레벨 펄스 진폭 변조 신호를 

통신하는 비대칭 동시 양방향 송수신기의 설계 기술에 대해 제안하고 검

증되었다.  

첫번째 프로토타입 설계에서는, 10B6Q 직류 밸런스 코드를 탑재한 4레

벨 펄스 진폭 변조 송신기와 고정된 데이터와 참조 레벨을 가지는 4 레벨 

펄스 진폭 변조 적응형 수신기에 대한 내용이 기술되었다. 4레벨 펄스 진

폭 변조 송신기에서는 교류 연결 링크 시스템에 대응하기 위한 면적 및 

전력 효율성이 좋은 10B6Q 코드가 제안되었다. 이 코드는 직류 밸런스를 

맞추고 연속적으로 같은 심볼을 가지는 길이를 6 개로 제한 시킨다. 비록 

여기서는 입력 데이터 길이 10 비트를 사용하였지만, 제안된 기술은 카메

라의 다양한 데이터 타입에 대응할 수 있도록 입력 데이터 길이에 대한 

확장성을 가진다. 반면, 4레벨 펄스 진폭 변조 적응형 수신기에서는, 샘플

러의 옵셋을 최적으로 제거하여 더 낮은 비트에러율을 얻기 위해서, 기존

의 데이터 및 참조 레벨을 조절하는 대신, 이 레벨들은 고정시키고 가변 

게인 증폭기를 적응형으로 조절하도록 하였다. 상기 10B6Q 코드 및 고정 

데이터 및 참조레벨 기술을 가진 프로토타입 칩들은 40 나노미터 상호보

완형 메탈 산화 반도체 공정으로 제작되었고 칩 온 보드 형태로 평가되었

다. 10B6Q 코드는 합성 게이트 숫자는 645개와 함께 단 0.0009 mm2 의 면

적 만을 차지한다. 또한, 667 MHz 동작 주파수에서 단 0.23 mW 의 전력을 



 

 

소모한다. 10B6Q 코드를 탑재한 송신기에서 8-Gb/s 4레벨 펄스 진폭 변조 

신호를 고정 데이터 및 참조 레벨을 가지는 적응형 수신기로 12-m 케이

블 (22-dB 채널 로스) 을 통해서 보낸 결과 최소 비트 에러율 108 을 달

성하였고, 비트 에러율 105 에서는 아이 마진이 0.15 UI x 50 mV 보다 크

게 측정되었다. 송수신기를 합친 전력 소모는 65.2 mW (PLL 제외) 이고, 

성과의 대표수치는 0.37 pJ/b/dB 를 보여주었다.  

첫번째 프로토타입 설계을 포함하여 개선된 두번째 프로토타입 설계에

서는, 12-Gb/s 4 레벨 펄스 진폭 변조 정방향 채널 신호와 125-Mb/s 2 레벨 

펄스 진폭 변조 역방향 채널 신호를 탑재한 비대칭 동시 양방향 송수신기

에 대해 기술되고 검증되었다. 제안된 넓은 선형 범위를 가지는 하이브리

드는 gmC 저대역 통과 필터와 에코 제거기와 함께 아웃바운드 신호를 24 

dB 이상 효율적으로 감소시켰다. 또한, 넓은 선형 범위를 가지는 하이브

리드와 함께 게인 감소기를 형성하게 되는 선형 범위 증폭기를 통해 4 레

벨 펄스 진폭 변조 신호의 선형성과 진폭의 트레이드 오프 관계를 깨는 

것이 가능하였다. 동시 양방향 송수신기 칩은 40 나노미터 상호보완형 메

탈 산화 반도체 공정으로 제작되었다. 상기 설계 기술들을 이용하여, 4 레

벨 펄스 진폭 변조 및 2 레벨 펄스 진폭 변조 송수신기 모두 5m 채널 (채

널 로스 15.9 dB) 에서 1012 보다 낮은 비트 에러율을 달성하였고, 총 78.4 

mW 의 전력 소모를 기록하였다. 종합적인 송수신기는 성과 대표지표로 

0.41 pJ/b/dB 와 함께 동시 양방향 통신 아래에서 4 레벨 펄스 진폭 변조 

신호 및 2 레벨 펄스 진폭 변조 신호 각각에서 아이 마진 0.15 UI 와 0.57 

UI 를 달성하였다. 이 수치는 성과 대표지표 0.5 이하를 가지는 기존 동

시 양방향 송수신기와의 비교에서 최고의 아이 마진을 기록하였다.  

 



 

 

주요어 : 자동차용 카메라 링크, 동시 양방향 통신, 4 레벨 펄스 진폭 

변조 송신기, 4레벨 펄스 진폭 변조 적응형 수신기, 4레벨 펄스 진폭 변조 

직류 밸런스 코드, 고정 데이터 및 참조 레벨, 넓은 선형 범위 하이브리드, 

트랜스컨덕턴스-용량 저역 통과 필터, 선형 범위 향상기, 에코 제거기.  
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