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Abstract 

This thesis starts with the motivation of the research and a review of the techniques 

to solve the inter-symbol interference (ISI) problem caused by the limited bandwidth 

of the channel for high data rate digital communication. 

Pre-emphasis is often employed at the transmitter side to counteract the ISI in 

high-speed digital data communications. Traditional pre-emphasis drivers, imple-

mented in CML, use one pair of CMOS transistors at the output stage. To design 

a pre-emphasis circuit for different channels or for the same channel using different 

types of equalizers requires a wide range of current for the same tap. The challenge 

for traditional circuits is how to choose the sizes for these transistors. To meet this 

challenge, this paper presents a low power, 6-tap pre-emphasis circuit with several 

pairs of transistors for each tap at output stage to solve this issue. 

To verify this design method, a 6-tap pre-emphasis circuit with programmable 

coefficients was designed using 90nm CMOS technology. The schematic with post 

layout simulation has shown that the eye diagram was open at all PVT corners. 

The test results indicate that the coefficients can be made programmable through 

the digital-to-analog converter current source. The maximum relative error is 9.62% 

when Bit 2 of tap 3 is set to one and all other bits of tap 3 and all bits of other taps 

are set to zero. 
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Chapter 1 

Introduction 

1.1 Research Motivation 

Communication systems use either parallel bus topology or serial link topology. For 

long distance communications, optical fiber is efficient [1]. For short distance com-

munication, such as chip-to-chip and board-to-board, optical fiber is too expensive. 

Traditional methods for short distance communication using parallel buses in chip-

to-chip or board-to-board communications require many parallel wires and are costly 

as well as power inefficient. Therefore high speed serial links are the preferred choice 

on Printed Circuit Boards (PCB) or backplanes for these applications. Recently, the 

need to transport high volumes of data from chip-to-chip, from board-to-board or 

from computer-to-computer through backplanes requires that the reduced I/O pin 

count high-speed Serializer/Deserializer (SERDES) replace the traditional conven-

tional low-speed parallel bus structures. A typical topology of a modular platform 

backplane is shown in Figure 1.1. It consists of two daughter boards, on which the 

transceivers are located, and one backplane, which connects the two daughter boards. 

The daughter boards and backplane are attached by the connectors. 

Products using multi gigabit-per-second (Gbps) data rates are already in the mar-

ket. The standards for 10 Gbps communication have been released for many years, 

1 
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Figure 1.1: Typical Backplane Topology 

such as Common Electrical I /O (CEI) 2.0 [2] and IEEE 802.3ap [3]. Now engineers on 

the IEEE P802.3ba Ethernet Task Force are discussing the next generation of commu-

nication at 40 Gbps or 100 Gbps [4], However, the current backplane materials and 

connectors do not provide adequate bandwidth to support these transmission rates. 

There are several approaches being pursed by many vendors to increase the backplane 

transmission speed. These technologies fall into two basic categories. Upgrading the 

entire system to meet the high-speed requirements is an obvious but expensive way to 

solve the bandwidth problem. For example, updating the communication equipment 

from 1G to 2G costs a lot of money. Another more economical way is the use of signal 

processing to overcome the poor transmission properties of the physical channels. 

Serial data systems operating at 10 Gbps and beyond have a variety of compo-

nents that determine system performance. These components include Inter-Symbol 

Interference (ISI), jitter, crosstalk, device noise and environment noise. In addition, 

channels are often severely band-limited and thus require the use of equalization [1], 
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One equalization technique focuses entirely on amplitude ISI at the bit center is 

called Bit-Center NRZ Equalization (BCE-NRZ). Another equalization technique is 

based on equalizing the edges of the data bits is called Bit-Edge NRZ Equalization 

(BEE-NRZ). 

The equalizers can be implemented at the transmitter side, receiver side or both 

sides for different applications. The equalizer implemented at the transmitter side 

is often called pre-emphasis. The Finite Impulse Response (FIR) filter is widely 

used to implement the pre-emphasis. The inputs to this filter are the present, past 

and possibly future symbols. The coefficients of the filter depend on the channel 

characteristics. The length of the filter (number of filter taps) depends on the number 

of symbols that affect the present symbol. Therefore, the output of the filter is the 

present symbol value plus the weighted values of the N symbols affecting the current 

transmitted or future transmitted symbols. 

1.2 Thesis Objective 

The goal of this thesis is to design a reduced power, 6-tap pre-emphasis circuit using 

an FIR filter which can operate for BCE-NRZ, BEE-NRZ, duobinary or other algo-

rithms as long as the architecture of the pre-emphasis circuit can be implemented as 

an FIR filter. Changing the weight of each tap is achieved by changing the coefficients 

stored in the chip therefore programmable coefficients are required. The pre-emphasis 

circuit operates for different channels or different algorithms by changing the coeffi-

cients through either the JATG interface or simple interface circuits as shift registers 

when the chip is initialized. The maximum data rate is 10 Gbps. The challenge in 

this design is to ensure that the designed pre-emphasis circuit operates for different 

types of algorithms, i.e. BCE-NRZ, BEE-NRZ and duobinary equalizers for different 

applications, such as differential channels and/or different data rates. This requires 
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that the coefficients can vary widely for different applications. Changing coefficients 

means changing the current of relative tap and therefore changing the current density 

if the same width of the transistor is used. Selecting the size of the transistors is a 

challenge for designing an equalizer for a wide variety of applications. 

1.3 Thesis Outline 

This thesis is organized into the following chapters: 

Chapter 1 is the introduction of the thesis including the research motivation, the 

objective and organization. 

Chapter 2 reviews the background theory and different algorithms to account for 

the ISI problem due to the bandwidth limitation of the channel in both the wire line 

and optical communication systems. 

Chapter 3 provides the theory and methodology to optimize the coefficients of the 

FIR filter. 

Chapter 4 describes the detail design issue in 90nm technology, including the 

circuits of different blocks. It coves the re-timing circuit, pre-drive circuits and driver 

circuit. The layout of the circuit in a 90 nm ST Microelectrons process is also discussed 

in this chapter. 

Chapter 5 gives the test procedure and results. 

Chapter 6 presents the conclusion of the research, outlines the contribution, list 

the resulting publications and offers a direction for future research work. 



Chapter 2 

Equalizer Technology Review 

2.1 Chapter Overview 

In this chapter, the background of the equalization is discussed first. Then a review 

of several papers published in recent years regarding the different types equalizers is 

presented. 

2.2 Introduction 

Figure 2.1 shows the popular architecture of the transceiver in backplane applications 

[5]. For different applications, the transceiver may not contain all blocks as shown 

in Figure 2.1. For example, some transceivers may only have an equalizer at the 

transmitter side or some transceivers may only have an equalizer at the receiver side. 

A transceiver used in a backplane is a wide-band system. However, the backplane 

does not provide sufficient bandwidth for multi-gigahertz or high data rates. Figure 

2.2 shows the transfer function of channel B20. The specification of channel B20 is 

available at the IEEE 802.3ap web site [6]. In Figure 2.2, it shows that the channel has 

more attenuation at high frequencies than that at low frequencies. The attenuation 

5 
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Figure 2.1: Block Diagram of a Popular Backplane Transceiver. 

of the channel is -18dB and -32dB at 5 GHz and 10 GHz respectively. Therefore 

when a rectangular signal with one baud rate period travels through the backplane, 

the different frequencies contained in the pulse experience different energy loss and 

different delay. The high frequency signals lose more energy than the low frequency 

signals. As a consequence, its amplitude is attenuated and the width of its time-

domain waveform is expanded into its neighbor symbols. This is one of the causes of 

ISI. As the data rate increases, one baud rate period signal expands into more than 

one period of neighbors. Figure 2.3 shows a 1 V pulse response of the channel B20 

at different baud rates. In the Figure 2.3, the x-axis is the normalized period of the 

data baud rates. From Figure 2.3, two points are obvious. One is that the response 

with higher date rate has a longer tail on both sides of its peak value. The reason for 

this is due to the expansion of one baud rate period signal with the higher data rate 

expands into more neighbor symbols than that of the one baud rate period signal 

with the low data rate. Another point is that the response wave of the higher date 

rate symbol has a lower peak amplitude. There are two reasons for this. One reason 

is that the energy of the high baud rate 1 V pulse is less than that in the low baud 
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Tal ale 2.1: Normalized 1 V Pulse Response at Different Data Rates 
D a t a R a t e 

( G b p s ) 

Pre Tap M a i n 

Tap 

Post Tap D a t a R a t e 

( G b p s ) 4 3 2 1 

M a i n 

Tap 1 2 3 4 5 6 

1 0.0037 0.0039 0.0036 0.0039 1 0.0566 0.0220 0.0134 - - -

2 0.0019 0.0020 0.0014 0.0029 1 0.1089 0.0401 0.0241 0.0125 0.0111 0.0081 

5 0.0006 0.0023 0.0014 0.0165 1 0.2654 0.1042 0.0579 0.0365 0.0267 0.0180 

10 0.0012 0.0012 0.0009 0.1478 1 0.5591 0.2497 0.1192 0.0933 0.0636 0.0508 

20 0.0007 0.0005 0.0391 0.5167 1 0.7804 0.5449 0.3639 0.2468 0.1562 0.1084 

40 0.0241 0.1484 0.4752 0.8524 1 0.9068 0.7703 0.6481 0.5351 0.4428 0.3629 

rate 1 V pulse. Another reason is that the loss of energy of pulse is larger for the high 

baud rate pulse compared to the lower baud rate . The Table 2.1 shows the detailed 

values of the tail at integer periods, which is the normalization of the peak value to 

its own pulse response. 

2.3 Transmission Loss and Group Delay 

The frequency dependent transmission losses related to PCB layout are caused by 

the skin effect of the series resistive component of the copper and the dielectric loss 

due to the parallel conductive component of the dielectric materials [7]. 

Skin effect is the tendency of high frequency electric current to flow at the skin of 

the conductor. Skin effect causes the effective resistance of the conductor to increase 

as the frequency of the current increases. Dielectric loss is due to the property that the 

insulating materials between the conductors have different conductivity at different 

frequencies. Therefore part of the energy of the signals is absorbed by the insulating 

materials and the signals are attenuated once they arrive at the receiver side. 

A backplane is essentially a collection of strip lines on PCBs that are mated 

via connectors. The strip line can be described with Equations (2.1) and (2.2) in 
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transmission line theory. 

z = j27r//i0gi + (2.1) 

y = 2irf£0(jee
r
ff + er tan S)/gi (2.2) 

Where z and y are impedance per unit length and admittance per unit length, 

respectively, gi and are parameters decided by the geometries of the transmission 

line and their expressions are given in [8] and [9] respectively, £o and /io are permit-

tivity and permeability of free space, respectively, e r is the relative permittivity of 

the dielectric material, is the effective dielectric constant of the substrate, a is 

the conductivity of the strip, and tan(5) is the loss tangent of the substrate. The 

propagation constant 7 = a + j(3 and the characteristic impedance ZQ can be de-

rived from Equations (2.1) and (2.2). At low frequencies, the skin effect dominates 

the attenuation factor a and it is approximately proportional to the square root of 

frequency. At high frequencies, the loss tangent of the substrate dominates a and it 

becomes approximately proportional to frequency [7]. 

The delay of signals depends on its frequency. The group delay is a measure 

of the travel time of a signal through a DUT versus frequency. In other words, 

the group delay is the time that it takes for the signals to travel through the DUT 

versus frequency. The data transmitted from the transmitter contains a wide range 

of frequencies, therefore, the waveforms containing different frequencies arrive at the 

receiver at different times, although they were sent at the same time [10]. Group delay 

is a very important parameter of phase distortion, and is calculated by differentiating 

the insertion response of the DUT versus frequency. Group delay is another factor 

causing distortion of the signals as the signals travel through backplane system. Group 

delay of the channel B20 is shown in Figure 2.4. From Figure 2.4, the delays at varying 

frequencies are different and has a range of 4.9ns to 5.9ns. The maximum difference 
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is 1 ns which is 10 data clock periods for a 10 Gbps data rate. 

Group Delay of Channel B20 

Frequency (GHz) 

Figure 2.4: Group Delay of Channel B20 

To reduce the ISI, one solution is to reduce the effective symbol rate, thereby 

reducing the required channel bandwidth, such as using 4-level pulse amplitude mod-

ulation (PAM-4) [11,12] or duobinary signalling [12,13]. The spectra of duobinary 

and PAM-4 are both exactly half as wide as that of the NRZ data. The circuit for 

duobinary is simpler than the circuit for PAM-4. For this point view, duobinary sig-

naling is superior to PAM-4 as it makes use of the intrinsic roll-off bandwidth of the 

channel as part of the desired transfer function [12]. PAM-4 can reduce the effective 

symbol rate by factor of 2 for the same data rate but the circuits are more complex 

and the signal to noise ratio (SNR) is smaller for the same maximum output ampli-

tude. At the receiver, the received signals also are 4-level signals and as a result three 

eyes stack vertically. The amplitude of the eye opening is small for the same Vpp Rx 



signal compared to NRZ signals, which only has one eye. In addition, all level transi-

tions in PAM-4 result in larger jitter and is another factor to limit its application [12]. 

The circuits for duobinary signalling at the receiver are also complex compared to 

the circuits for NRZ signaling. The duobinary detector circuits at the receiver are 

required to identify 3-level signals therefore the SNR of duobinary is better than that 

of PAM-4 but worse than NRZ assuming that the maximum amplitude of the receiver 

signals are the same for the three signaling types. 

Using an equalizer is another popular way to solve the ISI problem. The circuits 

of an equalizer can be analog [14, 15] or digital [10,16]. The equalizer based on 

the digital circuit is discussed in this thesis. The equalizer can be linear [10,17], 

non-linear [18-20] or both [16,21]. The linear equalizer can be implemented on the 

transmitter side [10,22] or on the receiver side [21,23], such as a feed forward equalizer 

(FFE). FFE uses an FIR filter to decrease the gain at low frequencies and increase 

the gain at high frequencies. The FFE implemented on the transmitter side is called 

pre-emphasis. Actually it should be called de-emphasis to be accurate. The pre-

emphasis can compensate for the pre-cursor ISI and post-cursor ISI depending on the 

taps used in the FIR. 

The non-linear equalizer cannot be implemented on the transmitter side unless 

there is an extra connection for feedback [20-22], The non-linear equalizer imple-

mented on the receiver side using feedback to compensate for the loss in the high 

frequencies is also called DFE. The DFE can only compensate for the post-cursor ISI 

but cannot compensate for the pre-cursor ISI [24], 

2.4 Feed Forward Equalizer (FFE) 

The discrete time FFE is implemented as an FIR filter. Figure 2.5 shows a typical 

structure of an FIR filter. 
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Figure 2.5: Architecture of FIR Filter 

In Figure 2.5, r is the symbol delay. The number of summed, weighted data 

sample used is the number of taps of the FIR filter. In Figure 2.5, the FIR filter has 

M pre-cursor taps and N post cursor taps. Including the main tap, the total number 

of taps of this FIR filter is (N + M + 1). If the r equals the period of the symbol 

rate, the FIR filter is called a symbol-spaced FIR filter (SSF). If r is less than the 

period of the symbol rate, the FIR filter is called a fraction-spaced FIR filter (FSF). 

In the FIR filter, the data is delayed, weighted and added together at the output. 

The discrete mathematical expression of an FFE as shown in Figure 2.5 is given 

in Equation (2.3) [10,25] and the z-domain equation is given in Equation (2.4): 

N 

y(n) = J2 C i < n - 1) (2-3) 

k=-M 

N 
Y(z) = J ] CiZ-* (2.4) 

k=—M 

where C* are the tap coefficients, N is the number of post-taps , M is the number 

of the pre-taps and z is the delay operator. The total number of taps is (N+M+l). 

The delay time r has the same definition as above and its value depends on tha data 

rate and whether the FIR filter is SSF or FSF. 



The FFE addresses the ISI by boosting the relative transmit amplitude of high-

frequency data or boosting the high-frequency signals at the receiver depending on 

wether the FFE implemented in the transmitter side or the receiver side. The FFE 

also boosts the high-frequency noise while it boosts the signals. Another limitation 

of the FFE is that it cannot reduce or prevent the crosstalk [16,24], Actually, if the 

FFE is implemented in the transmitter side, the crosstalk becomes worse. 

Since the linear equalizer cannot cancel the ISI at both the bit center and bit edge, 

there are two strategies to optimize the coefficients. One strategy focuses on the bit 

center and is called Bit-Center NRZ Equalization. Another focuses on the edge of 

the bit and is called Bit-Edge NRZ Equalizeation. 

2.4.1 Bit-center NRZ Equalizer (BCE-NRZ) 

The BCE-NRZ makes an assumption that the ISI is only important at the sampling 

point. The classic approach to equalization involves the minimization of the error 

at the specific sampling point which is at the bit center. The ideal equalized pulse 

response is ... 0 0 0 1 0 0 0 ... where the O's are located at the ... -3, -2, -1, +1, 

+2, +3 ... bit positions [1,26]. The peak of the pulse response is often taken as 

the cursor [27]. However, this is not the optimal location of the cursor for the eye 

opening and power consumption for high speed applications or very lossy channels. 

Optimizing the proper cursor location is the main challenge of the design in these 

applications. Methods have recently been reported on how to optimize the proper 

position of cursor [1,7]. The location of the cursor is not at the peak of the pulse 

response, but at a location of a small time prior to the peak. With this method, the 

jitter can be improved significantly [1]. 

Once the proper cursor location is determined, the rest of the BCE-NRZ algorithm 

is based on zero-forcing (ZF) or least mean squared (LMS) error criteria. As there 

are many books [28] and articles [27] talking about this algorithm, I will not repeat 
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EyeDiagram of B20 BCE-NRZ 

Time (ps) 

Figure 2.6: Eye Diagram of B20 for 10 Gbps (BCE) 

it here. However, the algorithm we used to optimize the coefficients will be discussed 

in detail in Chapter 3. For the FIR filter with programmable coefficients we can use 

any applicable algorithm and use the coefficients obtained by other tools and stored 

in the system. Figure 2.6 shows the eye diagram of the channel B20 used for a 10 

Gbps data rate. The height of the eye opening is about 282 mV and the width of the 

eye opening is about 0.78 UI. 

2.4.2 Bit Edge Equalizer (BEE-NRZ) 

The goal of the BEE-NRZ is reduce the ISI at the edge of the bit to zero. That 

means the response has no ISI at ±(n + 0.5)T, where n is a positive integer [7]. The 

ideal equalized pulse response is . . . 0 0 0 1 0 0 0 . . . where the O's are located at 

the ... -3.5, -2.5, -1.5, +1.5, +2.5, +3.5 ... bit position [1], However, they leave 

a significant amount of ISI at the data centers rendering sampling at these points 

useless. A strictly BEE-NRZ response has no ISI at ±(n + 0.5)T. Therefore, the 

amplitude at the edges only has 3 levels. Fortunately, if the optimized coefficients 

would leave some residual ISI at the edges making the eye opening at the data center 
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EyeDuagram of B20 BEE-BRZ 

Time (ps) 

Figure 2.7: Eye Diagram of B20 for 10 Gbps (BEE) 

high enough, the detector circuit will work properly. In this CclSe^ 3. 2-level detector 

circuit can be used. Figure 2.7 shows the eye diagram of the channel B20 for a 10 

Gbps data rate. The height of the eye opening is about 248 mV and the width of the 

eye opening is about 0.89 UI. 

2.4.3 Duobinary 

Duobinary signal processing is another way to compress the data spectrum, therefore 

reduce the required bandwidth for the same data rate compare to the NRZ signals 

[28]. In the Duobinary algorithm, the uncorrelated 2-level signals are converted into 

correlated 3-level signals. The duobinary response also has no ISI at ± (n + 0.5)T, 

where n is a positive integer. From this point view, the duobinary method belongs to 

the edge equalizing class. Therefore, the amplitude at edges has only 3 levels, so 3-level 

signaling sample circuits can be used to detect the amplitude at the edges and then to 

retrieve data from the correlation between the adjacent symbols. One disadvantage 

of duobinary signalling is that 3-level signalling leads to more complicated circuits 

than NRZ signalling in both the transmitter and the receiver. Another disadvantage 
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Figure 2.8: Eye Diagram of B20 for 10 Gbps (Duobinary) 

is error propagation [28]. As 1-bit datum is retrieved from the two or more received 

symbols, if one symbol is detected incorrectly, the error can propagate until it is 

corrected or another error occurs. Furthermore, ternary signalling has worse noise 

tolerance than binary signalling for a given swing of the waveform. 

Recently, in the transmitter, by adding a pre-coder, the 3 levels at the transmitter 

can be removed, making this transmitter the same as the NRZ transmitter except for 

the fact that the duobinary equalizer has a pre-coder while the NRZ equalizer does 

not [26]. On the receiver side, a 3-level slice circuit to sample the received signal is 

still needed. Figure 2.8 shows the eye diagram of the channel B20 operating at a 10 

Gbps data rate. From Figure 2.8, it is clear that the horizontal eye is closed at the 

bit center, but there are two eyes opened at the bit edge. The vertical openings are 

268 mV (upper eye) and 264 mv (lower eye); the horizontal openings are both 0.85 

UI. Therefore a 3-level detector circuit can be used to obtain the data. 

The lines in the middle of the eye diagram as shown in Figure 2.8 result when the 

transmitted data are binary 101010, which is preferred for the NRZ equalizer. The 

popular encoder and decoder systems, such as 8B/10B or 64B/66B, are not suitable 
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Table 2.2: Comparison of Eye Opening of Different Equalizers 

BEE BCE 
Duobinary Equalizer 

BEE BCE 
Upper Window Lower Window 

Vertical (mV) 282 248 268 264 

Horizontal (UI) 0.78 0.89 0.85 0.85 

for the duobinary equalizer. A new encoder and decoder system must be developed 

for the duobinary equalizer. 

From the above discussion, the amplitude of the received signals of Duobinary is 

highest due to its bandwidth compression, but it is divided into 2 windows stacked 

vertically. The BEE-NRZ has the best jitter performance (eye opening width), and 

BCE-NRZ has the best vertical eye opening. The detailed results of the eye openings 

for different equalizers are listed in Table 2.2. 

2.5 Decision Feedback Equalizer (DFE) 

The disadvantage of the FFE is that the noise is also boosted while the FFE boosts 

the signal at high frequencies. Another equalizer used to compensate for the loss at 

high frequencies is the DFE implemented at the receiver side. The DFE does not 

boost high-frequency noise. However, due to the complex algorithm and speed of 

the circuit, most DFE implementations use only one tap. Although the DFE can 

remove the ISI of the post cursor, it can not compensate the ISI occurring at the 

pre-cursor. Therefore, the DFE-only approach is not commonly used. In applications 

where the channel has both significant pre-cursor and post cursor distortion, the best 

way is to use the FFE to compensate for the ISI of pre-cursor and to use the DFE to 

compensate for the ISI at the post cursor [20,29]. 
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2.6 Chapter Summary 

Recent technologies used to solve the ISI due to the limited bandwidth of the channel 

are discussed in this chapter. The comparisons and results of the different technologies 

are also discussed. 



Chapter 3 

Pre-Emphasis Design at the System Level 

3.1 Chapter Overview 

In this chapter, the theory behind the FFE is discussed. The detailed steps of optimiz-

ing the coefficients in the frequency domain are given in this chapter. The proposed 

FIR pre-emphasis architecture is described. 

3.2 Theory of FFE in the Digital Circuit 

As pointed out in Chapter 2, the FFE can be implemented in the transmitter side 

or the receiver side. As at the receiver side, we do not have the clock information, 

most FFEs implemented at the receiver side are either an analog FFE [14,17] or a 

digital FFE using delay line variation between the taps [21]. The difference of the 

delay values increases jitter. Since the data to be sent are already known and the 

clock signal is already at the transmitter side, it is easy to implement the FFE in 

digital circuits, such as in FIR circuits. The delay operation is just the DFF. 

Figure 3.1 shows a hybrid analytical model of the transceiver [7,28]. Since this 

Thesis focuses on the equalizer in the transmitter side, the Rx Equalizer in Figure 

3.1 can be removed. 

19 
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a(k) 

{-1,1} 

Tx Equalizer! NRZ Backplane 
I 

Buffer | Rx Equalizer 

I 

Figure 3.1: An Analytical Model of a Transceiver 

The goal in designing a backplane equaliaer is to reduce the ISI. From the time 

domain and system point of view, a successful transmission means that the received 

sequence a(k) should be a delayed version of the original sequence a(k). The pulse 

response can be expressed as Equation (3.1) [7] 

h{nT + 0) = 

a 

n / « o 

n = no 

(3.1) 

where h is the time domain channel response, n0T + (j) is the delay, and a is 

the amplitude of the received sequence. The frequency domain response would yield 

Equation (3.2) 

1 °° 
- • H ( u - kuo) = « (3.2) 

k=—oo 

In Equation (3.1), a new coordinate is used in which the time origin is at n0T + (f). 

The reason for this is that if no sample is taken at the time origin, the conversion from 

a continuous Fourier Transform (CFT) to a discrete Fourier Transform (DFT) will be 

unnecessarily complicated. In practice, some systems may apply nonlinear operations 

such as modulus in duobinary (edge equalization) [1] or quantization in decision 

feedback equalization [20]. In those systems the equivalence between Equation (3.1) 

and Equation (3.2) does not hold. 
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3.3 Optimizing Coefficients of the FIR Filter 

Since in this Thesis, the goal is to design a digital equalizer in the transmitter side, 

the design of the equalizer at the system level is to optimize the coefficients of the 

FIR filter. Optimizing the coefficients can be carried out in the time-domain [27] or 

the frequency-domain [7]. One of time-domain methods is to sample both the time-

domain channel response and the target response, then derive the filter coefficients 

by deconvolving the channel response and the target response. This method takes 

only a very limited number of samples of the time-domain channel response. It fails 

to give optimum results for very challenging channels, such as long delay and high 

loss channels. Another time-domain method is least mean square (LMS). The LMS 

method may end up with a large residual error (difficulty of converging) if the first 

tap is the tap with the maximum coefficient. The reason for this is that it is unable 

to remove the pre-cursor ISI for the channel with large pre-cursor ISI [7]. 

Compared to the time-domain method, optimizing coefficients in frequency do-

main has many advantages. It can optimize the coefficients for any type of channel 

and it is easy to determine the number of taps needed to compensate for the pre-cursor 

and post-cursor ISI for a desired residual ISI. 

Channel characteristics can be obtained by using a Network Analyzer. The results 

can be saved in the .sxp file. In the file extension .sxp, x stands for the number of ports. 

For differential channels x is 4. There are several steps to calculate the coefficients of 

FIR filter in the frequency domain for the channel defined by a .s4p file [7]. 

The first step is to extrapolate the transfer function from the .s4p file to the low 

frequencies and high frequencies according to the data rate of the application and 

interpolate data between the frequency steps. It is worth noting that in order to get 

a very fine time resolution of the pulse response, the transfer function needs to be 

extrapolated to very high frequencies. 
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The second step is to get the time-domain pulse response of the backplane channel. 

The transfer function should be checked to verify whether it is causal or not. If it is 

not, then the transfer function needs to be modified to be made causal. 

The third step is to define the target response of the FIR pre-emphasis NRZ 

equalizer. As an example, the target response is defined as a raised cosine function 

as in Equation (3.3). 

where Q, is the normalized frequency relative to the data rate. Once the circuit topol-

ogy is finalized, Ht(Q) should be multiplied with a constant to reflect the maximum 

output power constraint. 

The fourth step is optimizing the time offset of the peak of the channel pulse 

response to the time origin of the target response. We need it to avoid unnecessary 

complicated operations in converting the CFT to the DFT. The proper delay also 

guarantees that the FIR equalizer is causal. This time offset is added to the frequency-

domain channel as a positive phase shift. 

In the fifth step, the coefficients are derived from the frequency-domain. The DFT 

of the channel response (HP) is a folded version of its CFT (HE) as given in Equation 

The frequency-domain response of the filter is the division of the target response 

HT(Q) by the folded channel response HO as given in Equation (3.5). 

0 : otherwise 
HT(Q) = < (3.3) 

1 + c o s ( t t Q ) : | f i | < 1 

(3.4). 

(3.4) 

(3.5) 
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Figure 3.2: Architecture of the Proposed FIR Filter 

Usually, the coefficients of the filter is obtained by performing inverse DFT of the 

frequency-domain filter response, therefore the coefficients should be truncated near 

the peak coefficient according to the error tolerance. 

3.4 Proposed FIR Pre-emphasis Architecture 

The mathematical expression of a FIR filter is [10,25]: 

N 

y(n) = c i x ( n ~ 0 (3-6) 
i=-M 

where {Ci} are the tap coefficients, M is the pre-tap, N is the post-tap, and Co is 

the main or reference tap. The proposed 6-tap FIR filter is a filter with 5 post-taps 

which means that M=0 and N=5 in the Equation (3.6). The optimized coefficients 

for a specific channel can be acquired from a MATLAB program using a time-domain 

method which has been developed as described in [27] or a frequency-domain method 

which has been developed as described in [7]. The architecture of the proposed FIR 

pre-emphasis block is shown in the Figure 3.2. 
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The proposed equalizer can operate as a BCE-NRZ, BEE-NRZ or Duobinary 

equalizer depending on the coefficients and Mode selection. The Mode selection 

NRZ/DUO selects the operation mode of the pre-emphasis circuit. When the 

NRZ/DUO is low, the pre-emphasis circuit operates in the duobinary with pre-coding 

mode. In this mode, the input data of the FIR filter is the data after pre-coding. 

When the NRZ/DUO is high, the pre-emphasis operates in BEE-NRZ or BCE-NRZ 

mode depending on the coefficients. In this mode, the input of the FIR filter is di-

rect from the input to the block. The data in the FIR filter have one symbol space 

delay through the data chain. The output is the sum of the current data bit and the 

previous 5 weighted data bits. 

3.5 Behavioral Model and Verification 

In order to verify the FIR filter, a behavior model was created using the VerilogA 

language . The z-domain transfer function of the proposed FIR filter is given by 

Equation (3.7) 

Y{z) = £ CiZ-* = C0 + Ciz"1 + C2z~2 + C3z~3 + C4z-4 + C5z~5 (3.7) 
i=0 

The z-domain transfer function of the proposed FIR filter with a pre-coder for the 

Duobinary equalizer is given by Equation (3.8): 

5 

The test bench shown in Figure 3.3 is used to verify the behavioral model of the 

proposed pre-emphasis circuit. 

The optimized coefficients obtained by using the steps discussed in Section 3.3 for 

5 

(3.8) 
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Figure 3.3: Test Bench of FIR Filter (VerilogA Model) 

the BCE-NRZ, BEE-NRZ and Duobinary equalizers are listed in the Table 3.1 

Figure 3.4 shows the eye diagram of the channel B20 using the VerilogA model 

and the coefficients are listed in Table 3.1. The heights of the eye opening are 139.06 

mV and 126.89 mV for BCE-NRZ and BEE-NRZ respectively. The horizontal eye 

opening values are 0.893 UI and 0.868 UI for BCE-NRZ and BEE-NRZ respectively. 

From the simulation, the BCE-NRZ is the best choice for the channel B20, it has 

the largest amplitude signal and widest eye opening (Horizontal). The eye opening 

values are a little different from the results of Chapter 2, which were obtained from 

the simulation results using Matlab. The reason for this is that 10 taps including some 

pre-cursor and post-cursor taps where used in the Matlab simulation in Chapter 2, 

but only 5 post-cursor taps were used in the VerilogA model. The eye was closed 

for the duobinary equalizer, but at the transition edge, we can use a 3-level detector 

circuit to obtain the data. 

3.6 Chapter Summary 

The detailed algorithm to optimize the coefficients of the FFE are discussed and the 

behavioral model of the proposed FIR pre-emphasis architecture is created in the 

VerilogA language. The simulation results of the eye diagram of both the transmitter 
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Table 3.1: Coefficients for Channel B20 in Different Models Using VerilogA Blocks 
Coefficients 

Model 
0 1 2 3 4 5 

CoefF 1 -0.5953 0.1053 -0.0113 -0.0394 0.014 

N R Z - B C E Curren t 1 (mA) 11.3295 -6.7445 1.1930 -0.1280 -0.4464 0.1586 

Digital Coeff2 23 -13 2 0 -1 0 

Coeff 1 -0.4974 0.0284 0.0084 -0.0718 0.0506 

N R Z - B E E Curren t 1 (mA) 12.0729 -6.0051 0.3429 0.1014 -0.8668 0.6109 

Digital Coeff2 24 -12 1 0 -2 1 

Coeff 1 0.4033 -0.5560 0.1256 -0.0660 -0.0258 

Duobinary Curren t 1 (mA) 9.1882 3.7056 -5.1087 1.1540 -0.6064 -0.2371 

Digital Coeff2 18 7 -10 2 -1 0 

Note: 

1: T h e to ta l absolute current of all t aps is 20 mA. 

2: 1 LSB is equal to 0.5 mA. 

and receiver side shows improvement of the eye opening using the proposed pre-

emphasis circuit. 
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Figure 3.4: Eye Diagram of B20 for Differential Equalizers Using VerilogA Model 



Chapter 4 

Design of the FIR Pre-emphasis Circuit in 

90nm CMOS Technology 

4.1 Chapter Overview 

The detail circuits and layout of the proposed pre-emphasis circuit in a 90nm CMOS 

technology are discussed in this chapter. The results of the schematic simulation and 

post layout simulation are given. 

4.2 FIR Pre-emphasis Circuit Block Diagram 

Figure 4.1 shows the FIR pre-emphasis circuit block diagram [10]. The circuits consist 

of a Single-end-Signal-to-Differential-Signal-Converter (STDC), a Pre-code circuit, a 

MUX circuit, a Re-timing circuit, a Pre-driver with coefficient sign control, and a pre-

emphasis driver with coefficient control. The STDC converts the single ended signal 

to a differential signal. The Pre-code circuit consists of a DFF and an XOR, which is 

used for the duobinary equalizer. The pre-code and MUX circuits select the equalizer 

operation mode. When the equalizer operates in the BCE-NRZ mode or BEE-NRZ 

mode, the MUX selects the data directly from the output of the STDC of "Data In" 

28 
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Figure 4.1: Proposed FIR Pre-emphasis Circuit Block Diagram 

and the pre-code circuit is bypassed. When the equalizer operates in the Duobinary 

mode, the MUX selects the data from the output of the pre-code circuit. The re-

timing circuit consists of the DFFs connected in series to provide six data samples 

used in the FIR filter. Each data occupies one symbol space. The sign of coefficients 

is controlled through the XOR gate in the pre-diver. The pre-driver consists of buffers 

to drive the large CMOS transistors in the pre-emphasis driver circuit. The absolute 

value of the coefficients controls the weight of each tap by controlling the tail current 

of the pre-emphasis driver. 

The DFFs, XORs, MUX and buffer can be implemented in either rail-to-rail 

CMOS circuits or in Current Mode Logic (CML) circuits. At low frequencies, CMOS 

rail-to-rail is preferred for its simplicity and low static power dissipation while at 

Figure 4.2: Comparison of Current for CMOS Rail-to-Rail and CML circuit Vs 
Frequency 
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VDD 

Figure 4.3: Top Level of the 6-Tap FIR Filter 

high frequencies, CML is used, as it can operate faster with lower power because of 

the reduced output swing. When there is no transition the CMOS rail-to-rail cir-

cuit does not consume any current (except the leakage current, which is very small), 

while CML does. The comparison of current versus frequency between the rail-to-rail 

CMOS circuit and the CML circuit is shown in Figure 4.2. Although in the sub-micro 

technologies, such as 90nm and below, the leakage current is larger compared to the 

large geometry technologies such as . 18/irn or .25pm, rail-to-rail CMOS circuits con-

sume most power during the transitions, and its power consumption is proportional 

to the operational frequencies. Just like the rail-to-rail CMOS circuit does, the CML 

bias current must rise, therefore the power consumption rises as the speed of switch-

ing increases but the power rises at a lower rate [30]. Another advantage of using the 

CML is that it is differential and has a good power-supply rejection which is preferred 
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in many high speed and lower output swing circuits. 

Figure 4.3 shows the top level blocked diagram of the 6-tap programmable FIR 

pre-emphasis circuit [10]. The STDC circuits for the input data and clock are not 

included in Figure 4.3. Given that the coefficients (loaded when the chip is initialized) 

do not change when operated for a specific channel, register circuits that store the 

coefficients and STDC for sign control are implemented as rail-to-rail static CMOS 

circuits to reduce the power for the reason discussed above. In this work, as the 

coefficients do not change after initialization, the power for STDC circuits for the sign 

control is very low, only the leakage current, which is very small. All other circuits in 

Figure 4.3 are implemented using CML circuits. Each tap consists of a DFF for re-

timing, an XOR for controlling the coefficient sign, buffers to provide driving ability 

to the pre-emphasis driver, a Digital-to-Analog Converter current source (iDAC) to 

control the weight of each tap, and a register to store the optimized coefficient value 

(including the sign and absolute value of the coefficients). The sign of the coefficient 

is stored in the Most Significant Bit (MSB). To simplify the digital circuits for the 

coefficients, sign magnitude binary code is chosen for the coefficients. As selection 

of these codes and the controlled current relationship are listed in Table 4.1. The 

coefficient values can be programmed through JTAG or simple shift registers. 

Table 4.1: Representative Sample of 6-Bit Signed Digital Code and Current Rela-
tionship 

C o d e 011111 010000 001000 000100 000010 000001 000000 

N u m b e r +31 +16 +8 ' +4 + 2 + 1 + 0 

C u r r e n t (m A ) +15.5 + 8 + 4 + 2 + 1 +0.5 + 0 

C o d e 111111 110000 101000 100100 100010 100001 100000 

N u m b e r -31 -16 -8' -4 -2 -1 -0 

C u r r e n t ( m A ) -15.5 -8 -4 -2 -1 -0.5 -0 

In order to save power, all DFFs and XORs are optimized for power consumption 
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according to their loads. For example, the loads for the DFF are one DFF and one 

XOR therefore we do not need to design a high fan out DFF, such as fan out 4. A 

large fan out means a heavy load and the circuit requires more power. For the same 

reason, the XOR is designed only to drive one buffer. 

4.3 Current Mirror (CM) 

VDD 

Iref 

M1 
W/L 

M2 

W/L 

(a) Simple Current Mirror 

© 

(b) Wilson Current Mirror 

(c) Sooch Current Mirror (d) Stacked Current Mirror 

Figure 4.4: Different Current Mirror Circuits 

All CML circuits have the tail current source. In order Reduce power and chip area 
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and to minimize the relative error between the current sources, all current sources of 

the CML circuits are mirrored from the same current mirror. There are many types 

of current sources. Figure 4.4 shows the circuits of (a) the simple current mirror, (b) 

the Wilson current mirror, (c) the Sooch current mirror [31] and (d) stacked current 

mirror [10]. 

The output current is only determined by the physical ratio of the transistors and 

the input reference current. For example, the output of the current of the simple 

current mirror is given in Equation (4.1) [31]: 

(W/L)2 

(W/L), 
I OUT = (4-1) 

The output resistance, minimum output voltage and systematic gain error of the 

simple current shown in Figure 4.4 (a) are given in Equations (4.2), (4.3) and (4.4): 

ROUT = ( 4 . 2 ) 

VoUTimin) -Vov ~ ^ ^ ^ / L ) , ^ 

VPS2 - VDSI ( 4 4 ) 

VA 1 • J 

Here Va is the Early Voltage. 

The output resistance, minimum output voltage and systematic gain error of the 

Wilson Current Mirror shown in Figure 4.4 (b) are given in Equation (4.5), (4.6) and 

(4.7): 

ROUT = h ro3 + gm3ro3(l ro2 ~ (1 + gm3ro2)ro3 (4.5) 9m4 9rn4r o3 

V0UT(min) = VTH + 2VM ( 4 . 6 ) 

VDS4 — VDS2 VGS3 F. „X 
£ = = - " k T ( 4 ' 7 ) 
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Considering the body effect of the transistor M3, Equation (4.5) should be modi-

fied to the following equation: 

ROUT ~ (2 + sm3ro2)r03 (4.8) 

The output resistance, minimum output voltage and systematic gain error of the 

Sooch Current Mirror shown in the Figure 4.4 (c) are given in Equations (4.9), (4.10) 

and (4.11): 

ROUT = ro3[ 1 + (gm 2 + gmb2)r0i] + ra i (4.9) 

VoUT(min) = 2 Vm (4-10) 
_ VpSi ~ Vpg2 _ VQV 1 ~ (Vth — VQVl) _ Vth, (A-\-\\ 

VA vA vA
 1 • j 

If Vds4 equals to Vds2, then there is no error. The transistor Mi operates in 

the saturation region if Vth > Vov. Although this condition is usually satisfied, a 

low threshold and/or high override voltage may cause Mi to operate in the triode 

region. If this happens, Vqs4 depends strongly on Vds4, increasing the systematic 

gain error. Therefore, checking the region of operation of M4 at all corners of the 

PVT is very important in the design of the Sooch current mirror. Another limitation 

of the high-swing cascode current mirror is that the input voltage is very large [31]. 

Two transistors with the same width connected in series can be replaced by one 

transistor with the same width but the length is the sum of the two lengths [10]. The 

performance analysis is the same as the simple current mirror. 

Figure 4.5 shows the performance of these current mirrors. From Figure 4.5 and 

from the above equations, we can see that the Wilson current mirror has the best 

performance. In our design, when V(JS > 0.4 V, the current IDS almost does not 

change, but it needs high minimum output voltage. When Vds < 0.34 V, the current 

Ids decreases quickly. The minimum output voltage of the other three current mirror 
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Figure 4.5: Comparison Performance of Different Types of Current Mirror 

is in the same range. In these three current mirrors, the Sooch current mirror has 

the best performance and simple current mirror has the worst performance. The 

voltage of the M5 drain terminal in the Sooch CM is high, that makes more challenge 

to design Sooch CM for lower power supply circuit. Although there is an improved 

Sooch current mirror which separates the four transistors in the input side to two 

branches with two transistors in each branch, the improved circuit consumes more 

power and requires more chip area compared to the other three CMs. Based on these 

reasons, the stacked CM with low Vth on the top and standard Vth on the bottom is 

employed in the proposed circuit. 

In this design, the stacked current mirror is chosen based on the following reasons. 

First, it is simple and has low minimum output voltage. Second, the performance 

is good enough for the design. We can replace the stacked transistors with a longer 

transistor, however, we can also use different threshold voltage transistors to optimize 

the design if the stacked CM circuits are used, since in the utilized 90nm technologies, 
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there are three different threshold voltage transistors, namely high threshold, standard 

threshold and low threshold voltage. 

4.4 DFF, XOR, Buffer and Mux 
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Figure 4.6: D-Latch, XOR, Buffer and MUX in CML 

The DFF consists of two D-Latches with a Master-Slave Structure. The transistor 

level circuits of the D-Latch, XOR, Buffer and Mux are shown in Figure 4.6 . When 
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the CMOS operates in saturation, the current is defined by Equation (4.12) [30]: 

In order to reduce the size of the transistors and therefore reduce the input capacitance 

of the transistors, we select the minimum length for all transistors except the transis-

tors used for the current mirror. All transistors in the circuit are transistors with low 

Vth • From Equation (4.12), we can see that for the same transistor size, the current 

is the ratio of square of the over-drive voltage, which is defined by VOD — VGS ~~ Vth-

If we use low threshold voltage (Vth ) transistors, the circuit can sense a smaller VGS 

as compared to the regular Vth transistors and thus, a pair of transistors in CML can 

fully switch more easily and faster at the cost of a larger leakage current. In general, 

with a CML circuit, more current results in faster operation. This is a basic trade-

off between current, load resistance and capacitance. Although we can not change 

the load resistance at the Pre-Emphasis driver, which has to match the channel im-

pedance of 50Q, we can trade off current and load resistors for the D-latches, XORs 

and Buffers. For a given desired output swing Vo, the required transistor size and 

current is given by Equation (4.13) [30]: 

here IEE is the tail current of the CML circuit. 

If we lower the output swing for a given current, we can use smaller sized tran-

sistors to reduce the capacitance and improve the speed of the circuit. On the other 

hand, using a small output swing means that the next stage has to sense lower input 

voltage. This means that larger sized transistors are required for the next stage. In 

our design, the output swing is 0.4 V and the current of the D-latch, Buffer and XOR 

is 0.5 mA. 

Id — ̂  ̂ C0X — (VQD) 
1 

(4.12) 

(4.13) 
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Since the CML circuit is a differential circuit, the common mode voltage also has 

to be set to an appropriate value, otherwise, the circuit may not work. In our design, 

the common mode voltage chosen is 0.8 V for the DFFs, XORs, and pre-emphasis 

driver and buffers that drive the pre-emphasis driver. The power supply for this 

design is 1.0 V. 

4.5 Pre-emphasis Driver Circuit 

4.5.1 Sizing Transistors in the Output Stage 

WxL = 10um/0.1um, V , = 3 2 0 m V 

(a) f r Vs Current Density 

W 80 
I 
S3. 

60 

WxL = 10um/0.1um, V , = 3 2 0 m V 

V (V) 

(b) fT Vs Vg! 

Figure 4.7: fT vs Current Density and Vgs (NMOS W x L = 10 /xm x 0.1 pm, 90nm 
Technology) 

In high speed circuit design, if the CMOS transistors are biased at the maximum 

JT, this gives a current density of around 0.28 mA//jm [32], Figure 4.7 shows the 

simulation results of fx versus current density and Vgs for a 10 /um x 1 /mi NMOS 

transistor in 90nm technology. The pre-emphasis driver consists of several pairs of 

NMOS transistors and several iADC circuits depending on number of the taps. Figure 

4.8 (a) shows the traditional one tap of the FIR pre-emphasis driver with a 5-bit digital 

controlled current source. The challenge choosing the size of the transistors for a wide 
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(a) Traditional Circuit 
VDD 

Figure 4.8: One Tap Pre-emphasis Driver 

range of current change. For example, if the maximum current for the specific tap 

is 10 mA for a specific channel, but for another channel the maximum current is 1 

mA, if we choose the size of the transistor to meet the maximum fx according to the 

maximum possible current, this gives us the width of the transistor as 35.7 /xm and 

fx as 129 GHz. When the circuit operates for another channel, the current is 1 mA 

and the current density is 0.028 mA//xm, and the resulting fx is 62.6 GHz. If the 

current change is wider, the fx drops more. For example, in this design, for a 5-bit 

iDAC and a current of 0.5mA is used for 1 LSB. The maximum current is 15.5 mA 
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Figure 4.9: Cgs and Cgd vs Coefficients 

and the minimum current is 0.5 mA. The ratio is 31 (15.5 mA/0.5 mA). In this case, 

the fx drops to 30 GHz when the current is only o.5 mA if we use the width to get the 

maximum fx for the maximum current. Furthermore the actual f x of the transistors 

changes according to the gate-source voltage (Vgs) and the drain-source voltage (V^). 

A reasonable Vgs and Vds may be just 0.3 V to 0.6 V because the transistors are 

stacked vertically and the maximum power supply voltage is limited. That results in 

lowering the fx of the transistors further and limiting the speed of the circuit. 

The proposed one tap pre-emphasis driver shown in the Figure 4.8 (b) meets the 

requirement of this challenge. In this circuit, the current source is controlled by a 

5-bit digital signal. The current of each branch is fixed when the control bit is high 

or the current is zero when the control bit is low. The transistors Ml to M10 can be 

sized to make the current density the same for all current branches when the control 

bit is high. There are several benefits for using the proposed circuit. 

One benefit of using the proposed circuits is in reducing the parasitic capacitance 

(Cgs and Cgd) of the pair of transistors. Figure 4.9 shows the Cgs and Cgd (Ml in 
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Table 4.2: Traditional Circuit and Proposed Circuit Capacitance Comparison 
Data Input Traditional Circuit Proposed Circuit 

Css(fF) 
L 156 158 

Css(fF) 
H 207 195 

CUfF) 
L 144 144 

CUfF) 
H 619 506 

Figure 4.8 (a) or Ml,4,5,8,9 in Figure 4.8 (b)) changing when the 5-bit coefficients 

change from 1 to 31 [10]. When the input is high, Cgs and Cgfj of the traditional 

circuit is larger than those of the proposed circuit (Figure 4.9 (a) and (b)). When 

the input is low, the Cgs and Cgd of both circuits are similar (Figure 4.9 (a) and (b)). 

Table 4.2 compares of the capacitance of both circuits using the coefficients used for 

simulating the NRZ-BCE (the coefficients are 23, -13, 2, 0, -1, 0). Comparing the 

traditional circuits and proposed circuits, Cgs is reduced from 207 fF to 195 fF, a drop 

of 5.8% when the transistors are switched on. On the other hand, Cgd reduces from 

619 fF to 506 fF, a drop of 18.3% when the transistors are switched on. Reducing 

the input capacitance means the transistors of the pre-emphasis driver can turn on 

and off more quickly. Therefore, the circuits can have a better performance using the 

same power consumption or use less power to achieve the same performance. 

Another benefit of using the proposed circuits is that the performance current 

source is improved due to the reduced input and output capacitance and therefore less 

charge sharing. Figure 4.10 shows the comparison of the current error and variance of 

the two circuits. From 4.10, it is clear that the performance of the current source of 

the proposed circuit is much better than the traditional circuit. The proposed circuit 

has less relative output error and ripples of the current source. Figure 4.11 shows 

the output of the current source of both circuits at different coefficients (9 and 15) 

using the 0101 data pattern. From the Figure 4.11, we can see that there is not much 
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Figure 4.10: Error and Variance of the Output of a Current Source 

difference in the average of the current source for the two circuits using the same 

coefficients, but the traditional circuit has a large variance. The reason for this is 

that the traditional circuit has a larger capacitance and thereby a larger charge share 

and feed through as compared with the proposed circuit. If the power supply of the 

circuit is an ideal voltage source, the current variance would not benefit to output 

(transmitted signals) of the circuit. In the real world, as the power supply has an 

impedance and both the trace on the PCB and the IC package have an impedance, 

the proposed circuit will have a better performance than the traditional circuit. For 

example, the bond wire of the IC package has an inductance of 1 nH/mm. If the bond 

wire is 2 mm, which is normal for a TQFP, the bond wire has a total inductance of 

2 nH. The voltage drop of an inductor is given by: 

av = 4 dt (4.14) 

Figure 4.12 shows the voltage drop across the bond wire (2 mm) using the current 

shown in Figure 4.11. The proposed circuit has only a 0.07 V ripple compared to a 

0.42 V voltage ripple in the traditional circuit for a coefficient of 9 without decoupling 
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Output of Current Source 

Figure 4.11: Output of a Current Source at Different Coefficients 

capacitors. Of course, in the design, we have decoupling capacitors, and therefore the 

ripple will be reduced. The third benefit of using the proposed circuit is that all 

branches have the same current density, the voltage of the CMs are at the same 

voltage. Therefore the current of the CMs are the same because the output voltage 

of the CMs effects the current due to the limited output impedance of the CMs. 

4.5.2 iDAC Circuit 

In order to match the channel impedance, the load resistors are 50 f l For the DC 

coupling connection between a channel and a receiver, the total load impedance is 50 

fi / / 50 f2 = 25 tt. For most industry standards, the CML output swing is between 
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Voltage Cross 2nH (Coeft^9) Voltage Cross 2nH (Coeff=15) 

(a) Coeff = 9 (b) Coeff = 15 

Figure 4.12: Voltage Drop through a 2 nH Inductor at Different Coefficients 

400 mV to 600 mV, which results in the differential output range from 800 mV to 

1.2 V. In our design, we selected 1 V for the output range causing the differential 

output to change from -0.5 V to 0.5 V. For CML circuit, the output voltage is given 

by [Rogers2006]: 

Vo = I x Rload (4.15) 

To get 0.5 V at the output, the circuit requires a 20 mA current in total from the 5-

bit digitally controlled current source due to the impedance match of the channel. For 

1 LSB, the current is 0.625 mA (20 mA/32). If we use these parameters for the design, 

the maximum current of each tap is 20 mA. From the optimized coefficients, we note 

that the maximum current of each tap cannot be 20 mA (in this case, the coefficients 

of all other taps are zero). The maximum possible values of the coefficients of each 

tap are not the same. In our application, we decided that the maximum current 

values for each tap are 16 mA, 8 mA, 8 mA, 4 mA, 2 mA, 2 mA from the main tap to 

tap5 respectively. 5-bit digitally controlled current sources are used but now 1 LSB 

is 0.5 mA (16 mA/32). This improves the absolute resolution of the iDAC from 0.625 

mA to 0.5 mA using the same digital circuit. 
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VDD 

Figure 4.13: Pre-Emphasis Driver of One Tap 

Figure 4.13 shows one tap of the pre-emphasis driver used in the proposed circuit. 

The number of branches depends on how many bits are required for that tap according 

to its maximum current. The benefit of using a different number of branches for each 

tap is the reduction of the total transistor size of the specific tap according to its 

requirement therefore reducing the current and power of the pre-driver circuit. 

4.6 Chip Interface and Memory Circuits 

The DFFs are used to store the values of the coefficients. The coefficients are constants 

for a given channel and data rate and they are stored while the chip is initialized. The 

clock of the DFFs for the input coefficients can be slow so the static CMOS circuit of 

the DFFs are selected in the interface circuit and storage elements. These DFFs are 

from the standard digital library of the chosen 90nm technology. Figure 4.14 shows 

the schematic of the interface and memory circuits. The coefficients are clocked in 

through several shift registers. The first data in is C50 and the last data in is SigO. 
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Figure 4.14: DFFs Used to Store the Value of the Coefficients 

4.7 Single to Differential Converter (STDC) 

To reduce the pin count of the chip, all data and clock signals are single ended. Inside 

the chip, the high speed data and clock circuits are CML and use differential signals. 

A circuit to convert the single ended signals to differential signals is required. Figure 

4.15 shows a single-to-differential converter circuit. 

4.8 Layout 

Figure 4.16 shows the layout of the entire die. 

Multi-finger transistors or multi small size transistors in parallel are used instead 

of one single large size transistor. This can reduce the mismatch. All transistors are 

of the same orientation to reduce the mismatch [33]. Another type of mismatch is 
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VDD 

Figure 4.15: Single-to-Differential Signal Converter 

Figure 4.16: Layout View of the Die 

caused by the presence or absence of other structures near the matched transistors. 

For example, the presence of the poly regions near the gate electrodes can cause slight 

variations in poly-silicon etch rates. These variations produce mismatches in the 

effective widths and lengths of the matched transistors. If similar dummy structures 

are placed near the channel, the mismatch can be reduced [33]. This is a reason why 

there are many of dummy transistors and resistors in this design. 

Latch-up commonly exists in CMOS IC design and may lead to a circuit mal-

function or could potentially damage the entire circuits. A latch-up circuit provides 

positive feed back and acts as as SCR to short the power supply to the ground. A 
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large short circuit current between the power supply and ground can cause the circuit 

to malfunction or may damage the circuits due to heat [34]. To avoid latch-up, adding 

guard rings between the PMOS and NMOS is an effective way to reduce the parasitic 

resistance and prevent the formation of a positive feedback loop between the power 

supply and ground. Guard rings can also reduce interferance and noise between the 

different cells. 

In order to reduce the interface and noise, two supplies are used. One power 

supply is for the FIR core circuits and the other is for the Pre-emphasis driver. Both 

power supplies use metal capacitors for decoupling capacitors. Some other nodes, 

such as the bias of the current source, use large size NMOS transistors as capacitors. 

4.9 Schematic and Post-Layout Simulation 

The test bench used for simulation is shown in Figure 4.17. The Device Under Test 

(DUT) block is the pre-emphasis circuit under test. The channel is defined by the 

,s4p file. There are two clock generator blocks. The block "10 GHz CLK" generates a 

10 GHz clock with a 50 % duty cycle. This clock is connected to PRBS7 and the CLK 

pin of DUT. The "500 MHz CLK" block generates a 500 MHz clock, which is used to 

clock in the coefficients as the chip is being initialized. The PRBS7 block generates 

PRBS7 data and is connected to the Data pin of the DUT. The "Coeff Generator" 

block generates the coefficients data signal and 26 clock cycles to initialize the chip 

according to the coefficients set by the simulator. The NRZ/Duo pin is connected to 

a switch which can select ground or VDD as its input. When the pin (NRZ/Duo) 

is connected to VDD, the DUT is set in the NRZ equalizer mode. When this pin 

is connected to ground, the DUT is set in the Duobinary equalizer mode. In the 

NRZ equalizer mode, the equalizer can be BCE or BEE depending on the coefficients 

initialized as the DUT is powered up. The channel at the transmitter side is connected 
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Figure 4.17: Test Bench for the Chip 

to the output of the DUT and the receiver sided is connected to VDD through 50 

Ohms terminating resistors. Figure 4.18 shows the simulation results for the schematic 

at different corners (PVT). The corners consider a 5 % variation of the power supply 

and a temperature range from 0°C to 85 °C. 

From Figure 4.18, it is clear that the eye is closed at the transmitter side but at 

the receiver side, the eye is opened. 

In order to compare the different corners more precisely, Table 4.3 quantitatively 

summaries the simulation results. 

Table 4.3: Schematic Simulation Results 
Corner Eye Opening Current Power 

P r o c e s s V D D 

( V ) 

T e m p e r a t u r e 

( °C) 

Vert ical 

( m V ) 

H o r i z o n 

(UI ) 

V D D 1 

( m A ) 

V D D 2 

( m A ) 

V D D 1 

( m W ) 

V D D 2 

( m W ) 

Tota l 

( m W ) 

T T 1.00 27 116.0 0.84 62.9 14.4 62.9 14.4 77.3 

F F 1.05 0 117.2 0.82 67.8 15.5 71.2 16.3 87.5 

SS 0.95 85 80.6 0.81 58.1 13.4 55.2 12.7 67.9 

From the Table 4.3 we can see that the corners have little effect on the horizontal 

eye opening but affects the vertical eye opening especially at the worst corner, which 

occurs with the slow process, high temperature and low voltage. Changing the voltage 

effects the vertical eye opening because the current reference changes as the voltage 

changes which is derived from power supply and a resistor. 
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Tx Eye Diagram of Schematic Simulation (TT) 
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Figure 4.18: Schematic Simulation 

Figure 4.19 shows the post layout simulation eye diagram for different extraction 

strategies. The power supply is IV. 

A summary of post layout simulation results are listed in Table 4.4. 

In comparing the results of schematic simulation and the post layout simulation, 

the eye opening of the post layout simulation is smaller than that of the schematic 

simulation. The reason for this is that there are significant parasitic resistance and 

capacitance on the connections between components. In the schematic simulation, the 
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Figure 4.19: Post Layout Simulation Using Different Extraction Strategies 

connections between components is ideal meaning zero resistance and no parasitic ca-

pacitance. In the post layout simulation, the parasitic resistance and capacitance are 

extracted and these values are used to replace the ideal wires so the signal amplitude 

is reduced and it results in more jitter. 

From the schematic simulation and post layout simulation, the results show that 

the proposed pre-emphasis circuit can compensate for the ISI up to the 10 Gbps data 

rate. 

The total current for the 6-tap FIR pre-emphasis circuit is 76.3 mA and consumes 



52 

Table 4.4: Post Layout Simulation Results 
Eye Opening Current Power 

E x t r a c t 
V D D 

( V ) 

Vert ical 

( m V ) 

H o r i z o n 

( U I ) 

V D D 1 

( m A ) 

V D D 2 

( m A ) 

V D D 1 

( m W ) 

V D D 2 

( m W ) 

Tota l 

( m W ) 

R C M A X 1.0 69 .5 0 . 7 5 6 0 62 .9 14.4 62 .9 14.4 77 .3 

R C T Y P 1.0 82 .4 0 . 7 5 8 3 61 .9 14.4 61 .9 14.4 76 .3 

R C M I N 1.0 85 .4 0 . 7 6 0 2 61 .1 14.4 61 .1 14 .4 75 .6 

76.3 mW under typical conditions. A comparison of the power dissipation of the 

proposed circuit with similar circuits of other papers is listed in Table 4.5. From 

Table 4.5, we can see that the power dissipation of the proposed circuit is lower as 

compared to some other designs. Although the lowest power dissipation is the design 

in [35] and [36], this work has 4 more taps than that of the design in [35] and 2 more 

taps than that of the design in [36]. Furthermore, the data rate in [35] is 6 Gbps, but 

the data rate in this work is 10 Gbps. 

Tab! e 4.5: Power Dissipation Comparison 
Taps T e c h n o l o g y P o w e r ( m W ) V D D ( V ) D a t a R a t e ( G b p s ) 

[37] 3 183.2 1.8 5 /10 

[35] 4 90nm 70 1.2/1.0 10 

[38] 4 .13fim 180 1.5 10 

[39] 4 90nm 95 1.2 10 

[36] 2 .18/jm 40.5 1.8 6 

T h i s Work 6 90nm 76.3 1.0 10 

4.10 Chapter Summary 

The detailed design in 90nm technology was discussed in this chapter. The design 

was verified by schematic and post layout simulation. From simulation, it is clear 
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that the circuits can open the eye for channel B20 up to 10 Gbps. The typical total 

power dissipation of the entire pre-emphasis circuit is 76.3 mW and the maximum 

power dissipation of the circuit is 77.3 mW. 



Chapter 5 

Test Setup and Measurement Results 

5.1 Introduction 

The proposed pre-emphasis circuit was fabricated in ST Micro CMOS 90nm tech-

nology without package. The package provided by the Canadian Microelectronics 

Corporation (CMC) cannot work at a frequency of 10 GHz. This chapter describes 

the test bench setup and presents the measurement results. 

5.2 Test Bench Setup 

In the lab at Department of Electronics of Carleton University, there are two types 

of 8-pin probes used for testing. The part numbers are MCW-121-1 and MCW-121-2 

respectively. The pin arrangement is shown in Figure 5.1. 

Figure 5.2 shows the diagram of the test bench. The pre-emphasis circuit does 

not include the PRBS generator. We use an FPGA to generate PRBS7 at a low data 

rate of 50 Mb/s and 50 MHz clock signal as the maximum frequency of the FPGA 

board used in the test is 50 MHz. The FPGA also generates the control bits and clock 

signal used to initialize the chip. The frequency of the clock for the initialization is 1 

MHz. 

54 
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Figure 5.1: Pin Arrangement of 8-Pin Probes 

Figure 5.2: Test Bench Using Lab Equipment 

Figure 5.3 shows the chip die (a) with the probes and (b) the connection of the 

test instrument. The die has 8 pins on each side of the chip. 

5.3 Measurement Results 

As a channel does not exist in the lab and we only implemented the transmitter, a 

receiver circuit is not available to test the eye at the receiver side. Therefore we only 

test the circuits at lower frequencies to verify the function of the circuits. 

The goal of the test is to verify that the current of each tap can be controlled 

through changing the value of the coefficients. Figure 5.4 shows the output of the 
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(a) Die With Two 8-Pin Probes (b) Test Instruments and DUT 

Figure 5.3: Chip Test In the Lab 

pre-emphasis circuit when the CoeffO is set to 16 and all others are set to 0 (Figure 

5.4(a)) and the Coeffl is set to 8 and all others are set to 0 (Figure 5.4 (b)). In Figure 

5.4, point A is the DC zero volts of the output signals OUT and OUT, and point B 

is the zero volts of the differential output signal OUT — OUT. 

Table 5.1 summarizes the test results for each iDAC bit in the output amplitude. 

Table 5.1 shows that the maximum relative error is -9.62 % when Bit2 of Tap3 is 

set to 1. Most results indicated that the relative error is less 3%, but there are 9 

bits for which the relative error is more than 3%. A possible reason for this is the 

possible mismatch of the transistors and the noise. In the future, deep N-well should 

be added to isolate the noise coupling. The Well Proximity Effect (WPE) should also 

be considered in the layout design. 

The measured current for VDD1 (FIR Core) is 40.6 mA at a data rate of 50 Mbps 

and the current for VDD2 (pre-emphasis driver output) is 14.3 mA. The power supply 

voltage of both VDD1 and VDD2 are 1 V. The total power dissipation is 54.9 mW 
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at a data rate of 50 Mbps. 

Table 5. 1: Measurec Differential Output Signal Value vs Coefficie 
Coeff B i t M e a s u r e d O u t p u t D e s i r e d ( m V ) R e l a t i v e E r r o r 

( m V ) ( m V ) (%) 

4 788.12 800.0 -1.49 

3 404.68 400.0 1.17 

0 2 199.26 200.0 -0.37 

1 101.54 100.0 1.54 

0 50.692 50.0 1.38 

3 400.68 400.0 0.17 

2 190.74 200.0 -4.63 
1 

1 93.148 100.0 -6.85 

0 50.898 50.0 1.80 

3 379.94 400.0 -5.02 

2 183.37 200.0 -8.32 
2 

1 98.380 100.0 -1.62 

0 48.896 50.0 -2.21 

2 180.76 200.0 -9.62 

3 1 106.50 100.0 6.50 

0 50.194 50.0 0.39 

1 94.306 100.0 -5.69 
4 

0 51.770 50.0 3.54 

1 93.598 100.0 -6.40 
5 

0 49.922 50.0 -0.16 
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Chapter 6 

Conclusion, Contribution and Future 

Work 

6.1 Conclusions 

Equalizer circuits are widely used in high data rate digital communication systems, 

such as board-to-board communication and chip-to-chip communication. With the 

demand for high data rates and low system cost over a high lossy channel, the chal-

lenge of designing a more efficient equalizer, including the algorithm and hardware, 

increases. 

In this Thesis, the theory of the equalizer and the method of optimizing the 

coefficients are discussed in the Chapter 3. Using this method, a digital equalizer 

for the transmitter side was designed in 90nm CMOS technology and the chip was 

fabricated. A new design method used to reduce the capacitance of the line driver 

stage is presented. The simulation results show that the Cgd and Cgs can be reduced 

when the transistors turn on. The reduced value depends on the coefficients used 

for the equalizer. When the coefficients are 23, -13, 2, 0,-1, 0 from the main tap to 

the sixth tap respectively, the Cgd changes from 619 fF (traditional circuit) to 506 

fF (proposed circuit), a reduction of 18.3 %; Cgs changes from 207 fF (traditional 
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circuit) to 195 fF (proposed circuit), a reduction of 5.8 %. The test results show that 

the coefficients of the 6-tap circuit are programmable through a serial communication 

cable. The power of the entire chip is 54.9 mW (measured at a data rate of 50 Mbps). 

The eye at the receiver side is open (post layout simulation, worst case, vertical 69.5 

mV and horizontal 0.756 UI). 

6.2 Contribution 

The contributions of this Thesis are listed as the following: 

• A new design method for reducing the capacitance of the driver stage of the 

pre-emphasis circuit is developed and verified by simulation. Using this method 

either the performance can be improved while maintaining the same power 

dissipation or the power dissipation is reduced with the same performance. 

• A complete FIR circuit for pre-emphasis was designed in 90nm CMOS technol-

ogy. The FIR filter with a programmable 6-tap circuit can be easily configured 

for different channels and different algorithms to optimize the eye diagram at 

the receiver. 

• The circuit was fabricated with ST Micro 90nm CMOS technology. The test 

results verify the function of the circuit. 

6.3 Future Work 

In the future, the design of the transceiver including the receiver and clock man-

agement unit (CMU) are the next step for the Professor Kwasniewski's group. The 

PRBS7 should also be included in the chip for the test purposes. An advanced layout 

is another important consideration for future work. 



6.4 Publications 
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During the period of my study and thesis research at Carleton University, 7 published 

papers as listed below, summarize my research and my major contributions in the 

area of study. 

1. Dezhong Cheng, Bangli Liang, Dianyong Chen, Tad Kwasniewski, "Optimize 

Transistor Size for FIR Pre-emphasis with Programmable Coefficients," 14th 

Asia-Pacific Conference on Communications (APCC08), pp. 1-5, October, 2008. 

2. Dezhong Cheng, Bangli Liang, Dianyong Chen, Tad Kwasniewski, "A Re-

duced Power 6-Tap Pre-Emphasis for lOGb/s Backplane Communications," 

24th Queen's Biennial Symposium on Communications, pp.93-96, June, 2008. 

3. Bangli Liang, Dianyong Chen, Bo Wang, Dezhong Cheng, Tad Kwasniewski, 

"A 43-GHz Static Frequency Divider in 0.13/xm Standard CMOS," IEEE Cana-

dian Conference on Electrical and Computer Engineering 2008 (CCECE'08)-

Circuits, Devices and Systems, pp. 111-114, May, 2008. 

4. Bangli Liang, Tad Kwasniewski, Dianyong Chen, Dezhong Cheng "A 42-Gb/s 

Decision Circuit in 0.13/irn CMOS," Sixth Annual Conference on Communica-

tion Networks and Services Research(CNSR'08), pp.339-343, May, 2008. 

5. Bangli Liang, Tad Kwasniewski, Dianyong Chen, Bo Wang, Dezhong Cheng, 

"IV Supply CMOS DEMUX for 40-Gb/s Optical Communication Systems," 

24th Queen's Biennial Symposium on Communications, pp. 154-157, June, 2008. 

6. Bangli Liang, Tad Kwasniewski, Zhigong Wang, Dianyong Chen, Bo Wang, 

Dezhong Cheng, "0.13/im 1.0V-1.5V Supply Digital Blocks for 40-Gb/s Op-

tical Communication Systems," 2008 International Conference on Communica-

tions: Circuits and Systems (ICCCAS'08), pp.1393-1397, May, 2008. 
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7. Bangli Liang, Tad Kwasniewski, Zhigong Wang, Dianyong Chen, Bo Wang, 

Dezhong Cheng, "A Monolithic 10-Gb/s CMOS Limiting Amplifier for Low 

Cost Optical Communication Systems," 14th Asia-Pacific Conference on Com-

munications (APCC08), pp. 1-4, May, 2008. 

8. Dianyong Chen, Bo Wang, Bangli Liang, Dezhong Cheng, and Tad Kwas-

niewski, "A Novel CMOS Edge Equalizer for 10-Gb/s Highly Lossy Backplane," 

24th Queen's Biennial Symposium on Communications, pp.294-297, June, 2008. 

9. Dianyong Chen, Bo Wang, Bangli Liang, Dezhong Cheng and Tad Kwas-

niewski, "Decision-Feedback-Equalizer for 10-Gb/s Backplane Transceivers for 

Highly Lossy 56-inch Channels," 2008 International Conference on Communi-

cations: Circuits and Systems (ICCCAS'08), pp.668-672, May, 2008. 
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Schematic of Pre-emphasis Circuits 

VDD 1 r=810.000 r=810.000 1 
>f] Sv-4.034n dv=442.400m f}< 
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Figure A.6: Schematic of Single-to-Differential Converter 
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Figure A.6: Schematic of Single-to-Differential Converter 
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Figure A.6: Schematic of Single-to-Differential Converter 
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Figure A.6: Schematic of Single-to-Differential Converter 
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Figure A.6: Schematic of Single-to-Differential Converter 
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Figure A. 11: Schematic of FIR 
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Figure A.12: Schematic of Coefficients Storage 
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Figure A.13: Schematic of Pre-Emphasis Circuit 
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Appendix B 

Layout of Pre-emphasis Circuits 

(a) Single-to-Differential Converter (b) XOR 

Figure B . l : Layout of Single-to-Differential Converter and XOR 
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Figure B.2: Layout of Buffers 



Figure B.3: Layout of DFFs 
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Figure B.4: Layout of 2-Bit Driver 



Figure B.5: Layout of 3-Bit Driver 



Figure B.7: Layout of 5-Bit Driver 



Figure B.8: Layout of Coefficients Storage 



Figure B.9: Layout of Pre-Emphasis Circuit 


