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Abstract 
 

 

For more than 30 years, the performance of silicon integrated circuits has 

improved at an astonishing rate. The number of functions per chip has grown 

exponentially, dramatically bringing down the cost per function. However, for the first 

time the relentless scaling paradigm is threatened by fundamental limits including 

excessive power dissipation, insufficient communication bandwidth, and signal 

latency. Many of these obstacles stem from the physical limitation of Cu-based 

electrical wires, making it imperative to examine alternate interconnect schemes for 

future ICs. The two most important novel potential candidates are optical and carbon 

nanotube (CNT)-based interconnects.  

 

Optical interconnect due to its high bandwidth, low signal attenuation and 

cross talk, is an ideal candidate to tackle the challenges imposed by electrical wiring 

for both off-chip and possibly on-chip application. Because modern ICs require an 

ever-increasing system bandwidth and have a large power density, a realistic study of 

performance comparison between electrical and optical interconnects is of paramount 

importance. In addition, such a comparison framework aids in setting clear goals on 

the requirements of opto-electronic devices to deliver performance superior to that of 

their electrical counterparts. For on-chip applications, optical interconnects can 

potentially reduce latency and provide high-bandwidth at relatively low power. 

However, an optical waveguide, has a relatively larger size (pitch~0.6μm), making it 

difficult to provide high bandwidth density. This can be mitigated using wavelength 

division multiplexing (WDM). CNT interconnects, on the other hand, have the 

flexibility of being implemented in the same size scale as the existing Cu on-chip 

wires, hence possibly can provide high bandwidth density. In addition they have the 

advantage of having a large electron mean free path, hence low resistance. This can 

result in low latency compared to its Cu/low-K counterpart.  
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In this dissertation, for off-chip applications, we compare high speed optical 

and electrical interconnects using power vs. bandwidth. We find that beyond a critical 

length, power optimized optical interconnects dissipates less power compared to high-

speed electrical signaling schemes. Beyond the 32nm technology node with its 

commensurate bandwidth, optical interconnect becomes favorable for the distances 

less than 10cm for inter-chip communications. This analysis of the impacts of 

device/system parameters on critical length gives system/device designers the 

evaluation framework of the performance of the system. We also examine two 

competing transmitters, the vertical cavity surface emitting laser (VCSEL) and the 

quantum well modulator (QWM), for optical links. We identify lower capacitance 

(<15fF) of both modulators and the photo-detectors as the critical parameter to render 

QWM more power efficient. Furthermore, we present an optimization methodology of 

minimizing total optical link power, and obtain the optimized modulator design 

parameters. As bit rate increases, the optimum voltage swing exceeds the stipulated 

supply voltage at the 65nm technology node. This results in about 46% power penalty 

at 25Gb/s. 

 

Finally, for on-chip applications, we compare CNT and optical interconnects 

with Cu interconnects using both commonly used metrics: latency and power and a 

compound metric which captures system requirements more efficiently. The necessity 

of compound metrics is motivated by the fact that a larger bandwidth and a smaller 

latency can be obtained using more area resources. Hence area normalization is 

necessary. In addition, the total power budget can also be used to increase the 

aggregate bandwidth, making power normalization also imperative. Hence, we use 

bandwidth density/latency/power as our compound metric. In the future, because of 

multi-core architecture, designers care about bandwidth density, latency, and power 

dissipation of global communication. We extensively examine the impact of device 

parameters-modulator and detector capacitances for optics, materials parameters-mean 

free path and packing density for CNTs, and system parameters-global clock 

frequency and switching activity on both commonly used and compound metrics. We 
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find that at the 22nm technology node small detector and modulator capacitances for 

optical interconnects (~10fF) yield superior, at least comparable, performance with 

CNTs (electron mean free path of 0.9μm) and Cu for greater than 35% and 20% 

switching activity, respectively. However, improving mean free path of CNTs 

(~2.8μm) increases this crossover switching activity to 80%.   
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Chapter 1  
 

 

Introduction 
 

 

 

 

1.1 Motivation 

 

For more than 30 years, the performance of silicon integrated circuits has 

improved at an astonishing rate. The number of functions per chip has grown 

exponentially, dramatically bringing down the cost per function. However, for the first 

time the relentless scaling paradigm is threatened by fundamental limits including 

excessive power dissipation, insufficient communication bandwidth, and signal 

latency. Many of these obstacles stem from the physical limitation of Cu-based 

electrical wires [1]-[3], making it imperative to examine alternate interconnect 

schemes for future ICs. The two most important novel potential candidates are optical 

and carbon nanotube (CNT)-based interconnects. 

 

In the short distance interconnect applications (<100m), the interconnect 

hierarchy is typically divided into the following categories in the order of 

progressively smaller length spans: cabinet level (1-100m), backplane level between 
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boards (10cm-1m), and chip to chip on a board (<10cm) and on-chip (<2cm) 

communication [4]. Optical interconnect due to its high bandwidth, low signal 

attenuation and cross talk, is an ideal candidate to tackle the challenges imposed by 

electrical wiring for both off-chip and possibly on-chip application. Because the 

modern ICs require an ever-increasing system bandwidth and have a large power 

density, a realistic study of performance comparison between electrical and optical 

interconnects is of paramount importance. In addition, such a comparison framework 

aids in setting clear goals on the requirements of opto-electronic devices to deliver a 

superior performance than their electrical counterparts. For on-chip application, 

optical interconnects can potentially reduce latency, provide high-bandwidth at 

relatively low power. However, an optical waveguide, has a relatively larger size 

(pitch~0.6μm), making it difficult to provide high bandwidth density. This can be 

mitigated using wavelength division multiplexing (WDM). CNT interconnects, on the 

other hand, have the flexibility of being implemented in the same or even smaller size 

scale as the existing Cu on-chip wires, hence possibly can provide high bandwidth 

density. In addition they have the advantage of having a large electron mean free path, 

hence low resistance. This can result in low latency compared to Cu/low-K 

counterpart. 

 

 

1.2 Performance Metrics for Interconnects 

 

The proper performance metrics are imperative for comparing between 

different interconnect technologies. The appropriateness of the metrics depends on 

whether they are on or off-chip interconnect and on the particular function that the 

interconnects perform. Bandwidth, power, area (wire pitch), and delay (latency) are 

commonly used performance metrics. These metrics would henceforth be referred to 
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as primary metrics. Table 1.1 presents 1) what are the interconnect technologies that 

we investigate for different interconnect levels, 2) how the primary metrics are related 

with interconnect levels and the system requirement. For off-chip interconnect, we 

compare Cu-based electrical and optical interconnect, while for on-chip interconnect, 

we compare Cu, CNT, and optics. 

 

Table 1.1 Performance metrics for off-chip and on-chip interconnects 

 Off-chip On-chip 

Interconnect 

technology 
Cu, Optics Cu, CNT, Optics 

Bandwidth √ Fixed bandwidth 

Power √ √ 

Area (wire pitch) √ (bandwidth density) 

Delay (latency) 
Comparable 

√ 

Proper performance 

metrics 
Power vs. Bandwidth 

Compound metric: 

bandwidth density/power/latency 

 

 

For off-chip interconnects, the system bandwidth requirement increases 

drastically as technology scales (ITRS [6]). This inherently increases power 

dissipation. Further, the chip power increases with more functionality and number of 

integrated transistors, while chip area does not change appreciably, resulting in a ever-

increasing power density. Thus, it is imperative to reduce the power per link for a 

given bandwidth. The area and latency between Cu-based electrical and optical 

interconnect are comparable. Off-chip electrical interconnect use the printed circuit 

board (PCB) trace, which is in the LC regime requiring wire pitch comparable to a 

waveguide for optical interconnect. In the LC regime, the propagation of signals is 



          Chapter 1: Introduction 

 

4 

effectively at the velocity of light in the medium as in the case of optical interconnect. 

Based on this discussion, as well as on the fact that the interconnect throughput and 

the power dissipation are of the greatest interest in most applications, we compare the 

various off-chip interconnects in terms of power and bandwidth.  

 

On the other hand, for on-chip interconnects, the system bandwidth is 

determined by the global clock frequency. Clock frequency has been increasing in the 

past but it is leveling-off and might saturate at about 10-20Gb/s. For on-chip 

interconnects, the wire pitch of Cu and CNT, which is in the RC regime (~0.1μm), is 

smaller than that of optical waveguides (~0.6μm). Thus, a normalization with respect 

to wire pitch, leading to bandwidth density would be a better performance metric. 

However, bandwidth density, latency and power by themselves are not necessarily the 

best metrics for comparing different interconnects, as a larger bandwidth and a small 

latency can be obtained using more area resources. Naeemi et al. [7] proposed 

bandwidth density/latency; however, the total power budget is another factor which 

can be used to increase the aggregate bandwidth, hence a normalization with respect to 

power is also imperative. In addition, a normalization with latency is important as it 

can contribute to the communication bottleneck depending on the nature of the data 

traffic. Thus, bandwidth density per latency per power, severs as a fair compound 

metric to compare various interconnect technologies. For this metric, bandwidth 

density per latency is the measure of interconnect performance and power is the price 

to attain that performance. The reason this metric is important is because for global 

communication between blocks or cores, the designers care about the bandwidth 

density, the latency of the links, and how much power they need to expend to obtain 

these links.  
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1.3  This Work and Dissertation Organization 

 

Keeping the proper performance metrics described in previous section in mind, 

we have divided this dissertation into two parts. In the first part, which includes 

Chapter 2-5, we deal with realistic modeling of off-chip electrical and optical 

interconnects for their performance comparison, optimizing the transmitter and 

receiver devices. In addition, we describe the design of a prototype chip, handling chip 

to chip interconnections. In the second part, Chapter 6, we present the modeling and 

the performance comparison of optics, Cu, and CNT-based interconnects for on-chip 

global connectivity applications. 

 

Interconnect power dissipation is a function of many parameters, and is 

difficult to properly model its effects at the system level. Several discussions on the 

performance of electrical and optical interconnect including their comparisons in the 

off-chip regime have been published [5]-[11]. The comparison discussions, although a 

good starting point, are either relatively qualitative in nature [9], or are somewhat 

simplistic as they ignore the role of end-devices [5][6]. Further, the complexity and 

sophistication of state-of-the-art electrical links is not considered in these 

comparisons. In this dissertation, we take a more comprehensive view of both Cu and 

optical systems for short distance, off-chip, bandwidth-sensitive applications. Our 

primary objective is to compare power dissipation with respect to the relevant 

parameters such as bandwidth, interconnect length, and bit error rate (BER) by 

capturing the essential complexity of the two systems, in turn, to optimize the end-

devices. We start in Chapter 2 by modeling the high-speed electrical and optical 

interconnect for short distance off-chip applications, including power optimization 

method for optical interconnects. We also present a power comparison between 

electrical and optical interconnects in terms of the critical length defined as the length 

beyond which optics becomes more power efficient. This length is characterized as a 
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function of various system requirements (data rate and bit error rate), device 

parameters (end-device capacitances and coupling loss), and technology. 

 

In Chapter 3, we examine two competing transmitter technologies for optical 

links, the vertical cavity surface emitting laser (VCSEL) and the quantum well 

modulator (QWM). There are many tradeoffs between these choices in terms of 

performance, integration complexity, and reliability. VCSELs simplify packaging by 

allowing the optical power to be generated on-chip through hybrid bonding and also 

can provide a larger contrast ratio than modulators. The disadvantage stems from a 

poor reliability, especially in the high temperature environment of a modern integrated 

circuit. Modulator based links, especially using the quantum well modulators (QWM), 

on the other hand, can be more reliable, can be integrated monolithically in silicon, 

and do not dissipate large power, at least in the transmitter. However, their low 

contrast ratio, in particular, at the scaled CMOS supply voltages renders a higher 

power dissipation at the receiver-end. In the first part of this chapter, we simply 

assume the leading performance of both transmitters, in return, this result gives an idea 

of the parameter choice (data rate and end-device capacitances). In the second part, we 

examine the impact of the modulator metrics (insertion loss and contrast ratio) in 

terms of pre-bias voltage and absorption ratio of “on” and “off” states on the even 

length defined as the length beyond which VCSEL becomes more power efficient. 

 

The Chapter 4 deals with optimization of the modulator to extend its 

application to higher bandwidth and shorter distance interconnects. For high-speed 

optical links to be competitive enough to replace electrical links for short distances, it 

is imperative to develop methodologies to minimize their power dissipation including 

design parameters (number of quantum wells, capacitances) and system parameters 

(bit rate, pre-bias and swing voltages, link efficiency, and input laser power). In this 

chapter, we extract the modulator metrics from the physical design. The semi-
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empirical model for the field dependence of absorption edge [12], dictates the physical 

design of the modulator. We present an optimized design and system parameters, and 

discuss the compatibility of the required voltage swing with the scaled CMOS supply 

voltage. 

 

Chapter 5 deals with the design of a prototype electrical and modulator-based 

optical link. For electrical links, we implement bipolar current mode simultaneously 

bi-directional signaling with pre-emphasis at the transmitter, improving signal 

integrity. On the other hand, for optical links, a quantum well modulator is used as a 

transmitter driven by buffer chains with separate supply voltage to improve contrast 

ratio of the modulator. We also address the design technique adjusting the design 

parameters to minimize total optical link power. Toward the end of this chapter, we 

show the modulator design and the process for building optoelectronic chips. 

 

In Chapter 6, we compare CNT-based and optical interconnects with Cu 

interconnects using primary metrics as well as compound metrics for on-chip global 

wires. We use a bandwidth per link limited by the clock frequency and FO4 inverter 

delay and assume that the global clock frequency will not increase dramatically in the 

future. We divided this by the pitch, latency and power to obtain the aforementioned 

compound metric - bandwidth density/latency/power metric. The reason this metric is 

important is because for global communication between blocks or cores, the designers 

care about the bandwidth density, the latency of the links and how much power they 

need to expend to obtain these links. We extensively examined the impact of device 

parameters-modulator and detector capacitances for optics, material parameters-mean 

free path and packing density for CNTs, and system parameters-global clock 

frequency and switching activity on this metric. Finally, in Chapter 7, we draw the 

conclusions. 
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Chapter 2  
 

 

Performance Comparison: Off-chip 
 

 

 

 

2.1 Introduction 

 

Different classes of digital systems impose specific requirements on the 

communication medium. These requirements pertain to the communication length 

scale and the figure of merit of relevance (bandwidth or latency). The choice of the 

communication medium is heavily dependent on these factors. For example, long-haul 

systems ubiquitously use optical fibers because of low attenuation at high bandwidths. 

Systems at shorter length scales have traditionally used copper (Cu) interconnects for 

both latency and bandwidth sensitive applications. However, as the computational 

bandwidth of the modern integrated circuits (ICs) (measured by the product of the 

number of transistors and the clock frequency) increases dramatically according to the 

Moore’s law, Cu traces at short distances are struggling to keep up at least in 

bandwidth sensitive applications, rendering communication bandwidth a bottleneck. 

This presents a fertile ground for optical medium of communication to penetrate the 

short distance world, albeit with very different constraints compared to long-haul 
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communication.  

 

Optical interconnects with low signal attenuation and crosstalk could 

potentially be very useful in short distance, bandwidth sensitive applications. Already 

many different backplane optical media have been demonstrated and/or their prospect 

discussed including polymer waveguides [1], fiber image guides (FIGs) [2][3], fiber 

ribbons [4], and free space optical interconnects (FSOI) using lens and mirror system 

[5]-[8].  

 

Several discussions on the performance of electrical and optical interconnect 

including their comparisons in the off-chip regime have been published [9]-[13]. The 

comparison discussions, although a good starting point, are either relatively qualitative 

in nature [11], or are somewhat simplistic as they ignore the role of end-devices 

[9][10]. Further, the complexity and sophistication of the state-of-the-art electrical 

links is not considered in the comparisons. In this chapter, we take a more 

comprehensive view of both Cu and optical systems for short distance, off-chip, 

bandwidth-sensitive applications. Our primary objective is to compare power 

dissipation with respect to the relevant parameters such as bandwidth, interconnect 

length, and bit error rate (BER) by capturing the essential complexity of the two 

systems. To accomplish this goal we first optimize the optical system by design for 

power. On the electrical side, we choose a sophisticated, state-of-the-art interconnect 

for a fair comparison. We model the electrical interconnect attenuation (analytically 

and using SPICE) including the package effects as well as model various noise sources 

end-to-end in both systems. In the process, we also identify critical device/system 

parameters that have the maximum impact on power dissipation in each type of 

interconnect, while quantifying the severity of their impact. For optical interconnects, 

these parameters include detector capacitance, coupling efficiency and modulator type, 

while for electrical interconnect they are receiver sensitivity/offset and impedance 
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mismatch.  

 

The rest of this chapter is organized as follows. In section 2.2, we present a 

power-optimizing method for optical interconnects and quantify the system’s 

performance at future nodes. In section 2.3, we tackle the issues related to power 

modeling in electrical interconnects. We assume a system, which uses simultaneous 

bi-directional signaling with transmitter equalization and on-chip noise cancellation. 

Such interconnects are extremely effective in pin-limited systems. Section 2.4 contains 

power comparison between electrical and optical interconnects in terms of the critical 

length defined as the length beyond which optics becomes more power efficient. This 

length is characterized as a function of various system requirements (data rate, BER). 

Section 2.5 presents the impact of technology on the comparison. Finally, we 

summarized in section 2.6. 

 

 

2.2 Optical Interconnect Power Dissipation 

 

The optical interconnect power consists of the transmitter and the receiver 

powers. In this work, we assume an off-chip laser source at 1.3μm wavelength 

providing light to silicon CMOS driven modulators. This scheme is an attractive 

alternative to directly modulating hybrid-integrated Vertical Cavity Surface Emitting 

Lasers (VCSEL). It enables transmitter power reduction on the CMOS chip by 

allowing us to consider only the modulator power dissipation, which is much less than 

VCSEL power dissipation. It also mitigates reliability concerns of lasers in a harsh 

high-temperature CMOS environment. Finally, it provides the possibility of 

monolithic integration with Si-CMOS, as it is conceivable to build modulators in 

Silicon (Si) and/or Si compatible material such as Germanium (Ge). The drawback of 
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this scheme is the relatively low contrast ratio of the modulators, which can increase 

receiver power dissipation or in the worst case lead to insufficient BER. The choice of 

the wavelength not only gives a larger number of photons for a given optical power 

compared to 850nm (hence larger detector responsivity) but also allows the possibility 

of monolithic integration of Ge photo-detectors directly onto silicon substrate without 

the danger of noise in silicon circuits. Although, monolithic integration possibility for 

both detectors and modulators exists with this scheme, our interconnect performance 

trends in this work are more representative of the Indium Phosphide (InP) based 

devices that are hybrid-bonded to Si-CMOS. These devices are reversed biased p-i-n 

quantum well detectors and quantum well modulators. The hybrid-bonded techniques 

can already be pushed to yield detector capacitance as low as 50fF including the bond 

pad and solder capacitances [14][15]. The schematic of the analyzed high-speed 

optical interconnect is shown in Fig.2.1. The optical medium could be any of the 

aforementioned possibilities. Its relevance on power calculation is captured through its 

attenuation and coupling efficiency from/to end-devices. 

 

 

2.2.1 Modulator Power Dissipation 

 

Both the dynamic and the absorption related, static components of the 

modulator power dissipation are considered. Modulator is driven by an exponentially 

sized buffer chain to minimize delay and increase speed. Thus, the dynamic power 

includes the capacitance of both the modulator and the buffer chain. The static power 

dissipation depends on the absorbed optical power in the “on” and the “off” state. An 

ideal modulator should have zero insertion loss (IL) (optical power absorbed during 

the “on” state) and infinite contrast ratio (CR) (ratio of modulator output optical power 

in the “on” and the “off” states). However, all modulators exhibit a non-zero IL and 
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only a finite CR. We use the CR and IL to calculate the current in each of the binary 

state. Next, we multiply it by respective voltage biases and take the average to get 

power dissipation [14]. 
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Fig.2.1 Schematic showing board-level high-speed optical interconnect 

 

Thus, for a one to one transmitter/receiver pair, we end up with  
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Here, Popt,rec is the average optical power at the receiver, ν is the velocity of light in 
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the waveguide medium, λ is the wavelength of the laser source, and Vbias is the DC 

bias applied to the modulator in the highly absorbing state. Vdd is the voltage swing 

(supply voltage of the CMOS generation). In the less absorbing (“on”) state, the 

modulator is driven to a lower voltage of Vbias-Vdd. η, the optical power transfer 

efficiency, is the optical power at the receiver divided by that at the output of the 

modulator. The efficiency is usually less than one due to both the coupling losses at 

the transmitter and the receiver ends as well as the losses incurred by the optical 

transmission medium. In this work, the plots in which we have explicitly used 

interconnect length as an independent variable, correspond to the waveguide medium. 

Here, the loss was calculated to be about 0.082 dB/cm at wavelength of 1.3μm using 

theoretical analysis in [16] and the published values in [14]. As is obvious from (2.1), 

we can lower the static modulator power by operating at near zero bias voltage in the 

highly absorbing state (“0”) and Vdd bias in the less absorbing state (“1”). Modulators 

exhibiting properties close to this ideal modulator can be realized by using resonant 

cavity around QWM. At low bias, they exhibit absorption such that the front and the 

effective back mirror reflectivities are the same, leading to maximum passes in the 

cavity and high total absorption. Increasing the bias, although increases individual QW 

absorption, but decreases the effective back mirror reflectivity leading to an 

asymmetric cavity with less passes, hence, lesser total absorption. We will refer to an 

ideal modulator along these lines as modulator 1 and the commonly used reflective 

mode modulator as modulator 2. The bias, CR and IL values for modulator 2 are taken 

from [14]. An optimization of IL and CR in modulators to further minimize total 

interconnect power dissipation is possible [17], which is discussed in Chapter 3.  

 

 

2.2.2 Receiver Power Dissipation 
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The optical receiver is assumed to be the photo-detector (responsivity ~ 

0.5A/W) followed by non-integrating transimpedance amplifier and gain stages [18]. 

Its design and power dissipation is detailed in an earlier work [19] and summarized in 

Appendix A. The analytical design included establishing the width, the feedback 

resistance of the front-end, and the number of subsequent gain stages at a given input 

optical power (IOP) and detector capacitance. It was constrained by bandwidth, BER 

through receiver noise, and supply level output swing requirements. The transistor 

related parameters were taken from the International Technology Roadmap for 

Semiconductors (ITRS) [20]. The power was found to reduce with higher IOP and 

lower detector capacitance. Building upon that work, we have now verified the design 

at 180nm technology node using BSIM3v3 technology1 SPICE simulations. As an 

example, we show the SPICE generated eye-diagram of an analytically designed 

4Gb/s receiver with 20μW reflectivity difference (RD; receiver optical power 

difference between the on and the off states) and 100fF detector capacitance (Table 

2.1 and Fig.2.2). Although, the noise is not simulated here, the clean eye indicates 

sufficient bandwidth.  

 

Table 2.1 also shows a reasonable agreement between power dissipation 

obtained using SPICE and analytically calculated values. A small difference is 

accounted by two factors. Firstly, the SPICE simulations required an additional gain 

stage (5 stages) compared to the analytical model (4 stages). This is because in the 

model we assume the post-amplifier gain to be the DC gain (product of 

transconductance and the output resistance). This turns out to be a slight overestimate 

at high bit rates, hence an additional stage. Secondly, we only consider static power 

dissipation at each stage in the analytical model. This is a good approximation at low 

                                                 
1  University of California, Berkeley Device Group, CA, USA [Online]. Available: www-

device.eecs.berkeley.edu/~ptm/download.html 
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swings for most of the gain stages, but toward the last stage as signal becomes large, 

the static power is reduced. However, this is compensated by the increase in the 

dynamic power dissipation. The favorable comparison with SPICE simulations lends 

confidence in our analytical models, especially for future technology nodes where 

SPICE technology files may not exist. 

 

 
Fig.2.2 Eye diagram at the output of transimpedance receiver (4Gb/s, RD=20μW, 

Cdet=100fF, SPICE simulation with 180nm BSIM3v3) 

 

Table 2.1 Example of optimized design parameters and power dissipation 

                                        Analytically obtained Optimized design parameters 

Front-end transistor size 94λ  (2λ=180nm technology node) 

Feedback resistance 375 Ω 

Number of post-amplifier stage 4 

                                              Power dissipation (bit rate=4Gb/s) 

Analytical modeling 22.86mW 

SPICE simulation  

(number of post amplifiers) 

18.10mW (4 stages) 

21.02mW (5 stages) 
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2.2.3 Power Dissipation Minimization 

 

Fig.2.3 illustrates our optical interconnect power minimization methodology. 

The increase in the optical power increases the modulator power but decreases the 

receiver power as discussed above. This lends to an optimal laser power at which total 

interconnect power (receiver and modulator) is minimized. The figure demonstrates 

the minimization for two different losses and for modulators 1 and 2. The receiver 

power does not change with laser power on continuous bases beyond a certain point as 

it goes into gain-limited regime [17]. As expected, modulator 2 yields larger power 

dissipation than modulator 1. Also, the receiver power is dominant over the modulator 

power. A higher loss (6dB in Fig.2.3) in optical power through either less efficient 

coupling and/or greater attenuation in the optical interconnect (longer lengths), results 

in a larger receiver power dissipation. This is due to a lower reflectivity difference 

between the on and the off states at the receiver with larger optical power loss, which 

is tantamount to Digital Signal to Noise Ratio (DSNR) deterioration. An increase in 

receiver power, in turn, results in a larger optimal laser power and total power 

dissipation. The numerator of the DSNR is the product of the reflectivity difference 

and responsivity of the photo-detector (Rs) and is given by 

 

      )
CR
11)(IL1(PR)PP(R)RD(RII lsoffonssoffon −−=−==− η             (2.2) 

 

where, Ion (Pon) and Ioff (Poff) is the photo-detector current (receiver optical power) in 

the on and the off states, respectively and Pl is the laser power. Thus, in the high loss 

(low RD) case, the noise in the receiver has to be reduced to maintain same DSNR. 

This costs power dissipation.  
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Fig.2.3 Power optimization method for optical interconnect  (Cdet=250fF, BR=6Gb/s) 
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Fig.2.4 Optical interconnect power dissipation and optimized input laser power for 

100nm/50nm technology nodes with bandwidths (Cdet=250fF for Modulator2) 
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Fig.2.4 exhibits both the optimum laser power and the resulting minimum 

power dissipation as a function of loss for two different bit rates (2 and 6 Gb/s). 

Increase in the power dissipation with bit rate is almost entirely due to a larger power 

dissipation in the receiver at higher bit rates. Fig.2.4 also shows the reduction in power 

dissipation with technology scaling (100nm and 50nm) due to improvement in 

receiver transistors. The detector capacitance of 250fF in this plot is somewhat 

pessimistic. Capacitance approaching 50fF has been demonstrated [15]. We will later 

quantify the impact of lowering the detector capacitance on power dissipation. 

 

 

2.3 Electrical Interconnect Power Dissipation 

 

For the electrical interconnect, we choose a link capable of simultaneous bi-

directional signaling. This scheme, by enabling full-duplex channels, provides higher 

aggregate bandwidth over smaller number of pins, a scenario particularly useful in 

pin-limited chips. However, it uses a more complicated detection scheme, where a 

transmitter replica is fed as a reference to the differential amplifier receiver to isolate 

the received and the transmitted signal (Fig.2.5). We also choose low swing current 

mode, bipolar, differential signaling scheme. The rationale for these choices was 

driven by the achievement of maximum noise immunity. Differential signaling 

dramatically reduces signal return crosstalk and facilitates a noise-free receiver 

reference [21]. High impedance of current mode signaling, further, enables noise 

immunity to power supply [21].  

 



          Chapter 2: Performance Comparison: Off-chip 

 

22 

Receiver

5/Io 2
5

⋅TR

oT ZR 2=
Length,attenuation

oI

PAD

0.5pF

0.5pF 0.3pF

0.3pF0.7nH

0.7nH

Chip Via

+
-

-
+

+
-

-
+

+
-

-
+

+
-

-
+

PCB trace

PCB trace
oT ZR 2=

oI

2
5

⋅TR 5/Io

Transmitter
Package

Model
Package

Model

PCB

 

Fig.2.5 Schematic showing board-level electrical interconnects 
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Fig.2.6 Summaries of the board trace parameters and the corresponding SPICE 

parameters used for dielectric and skin effect loss 

 

The board trace dimensions are chosen to yield characteristic impedance, Z0, of 

45Ω (Fig.2.6) on a high performance GETEK board. This board, although expensive 

compared to usual FR4 board, provides lower dielectric loss, hence lower signal 

attenuation (loss tangent is 0.01). Striplines, as opposed to microstrips, are used to 

eliminate forward cross-talk. Flip-chip package model with lower parasitics 

inductance and capacitance is chosen (Fig.2.5, [21]). Complete ISI cancellation is 

assumed using a transmitter side pre-emphasis equalization with multi-tap FIR filter 
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[22]. The rise time is taken to be a third of the bit period. This is assumed to provide a 

reasonable compromise between smaller rise time requirement for adequate timing 

margin and larger rise time for lower noise. An on-chip cancellation circuit to reduce 

reverse channel crosstalk due to package reflections is also assumed. The principle 

behind this concept is the following. Since we know the exact value and the time at 

which reflection from package parasitics (and connectors, if applicable) arrive back at 

the receiver, we can synchronously generate the same voltage using an additional 

source and feed it into the reference of the receiving differential amplifier to partially 

cancel it. In short, full consideration was given to maximize electrical interconnect 

performance with sophisticated schemes for fair comparison with its optical 

counterpart. 

 

We consider the power dissipated in the termination resistors related to current 

swing requirement, as this power is becoming increasing fraction of the total power 

[23]. Also, this power critically depends on the attenuation and noise characteristics of 

interconnects, attributes where there is a stark difference between electrical and optical 

media. The idea is to model the attenuation and noise sources in the electrical 

interconnect as a function of the bit rate and length. From this, we backtrack the 

minimum current swing required at the transmitter for an adequate signal to noise ratio 

at the receiver. Finally, from current swing we calculate the power dissipation.  

 

The BER in an electrical interconnect system is approximated by [21] 
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Here, VSNR is the voltage signal to noise ratio. Vnm, the net noise margin, is given by 

the difference of half the signal swing and the sum off all worst-case noise sources at 



          Chapter 2: Performance Comparison: Off-chip 

 

24 

the receiver. Vguassian is the standard deviation of all the statistical noise sources, which 

are assumed to be uncorrelated. From (2.3), we have the condition on the net required 

noise margin for adequate BER 

 

)
BER

1ln(2VV guassiannmreq =                 (2.4) 

 

The net available noise margin at the receiver depends on two factors: the 

attenuated signal swing and the sum of all worst-case noise sources. The attenuation in 

signal swing is modeled extensively and will be described subsequently. The worst-

case noise sources are of two kinds: Proportional to signal swing or independent of it 

(fixed sources). The first type of proportional noise source is attenuated by the trace 

just as the signal because it is acquired at the transmitter end. Its proportionality 

constant is denoted by KA. This includes trace crosstalk, impedance mismatch and 

package reflections. The second type of proportional noise source is acquired at the 

receiver-end, hence is not attenuated by the board trace (denoted by KU). KU is present 

only in the case of simultaneous bi-directional signaling due to the opposite direction 

transmitter at the receiver end. It includes reverse channel crosstalk, package 

reflections and transmitter replica mismatch. Finally, the fixed noise sources (VNF) 

arise due to the receiver offset and its sensitivity.  

 

The effect of transmitter-end pre-equalization with multi-tap filters is to 

increase the voltage fraction from 1-2A to A, where A is the attenuated fraction of the 

signal at the receiver at a particular bit-rate [21]. The post-equalization swing at the 

receiver is, then, A times the swing at the transmitter (Vswtrans), resulting in a gross 

noise margin of half this value. To meet the BER, the available net noise margin 

should be greater than the required net noise margin, hence,  
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Thus, from (2.4) and (2.5), the minimum swing required is 
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For differential, bipolar current mode signaling with parallel termination (2Z0), and a 

current swing from -I0 to +I0. (Fig.2.5), the transmitter side voltage swing is given by 

2(I0/2) (2Z0)=2I0Z0. Thus, the required I0 (one way swing) is given by  
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The component of total power which is dissipated in the termination resistance 

for one-way signaling is the sum of the power dissipated in the two termination 

resistances and the power dissipated in the replica transmitter circuit to cancel the 

opposite side transmitter signal. For further power minimization, we used a scaled 

current (factor of 5) and increased impedance by the same factor in the replica circuit. 

Thus,  
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where I0 is given by (2.7). The other sources of power dissipation in this link are the 
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transmitter and receiver logic circuit power, equalization power, and the power due to 

additional transmitter for canceling the near-end LC tank package reflections. The 

transmitter logic power includes the dynamic power due to exponentially sized buffer 

chain. For low-end receiver logic circuit, we estimate the tail current of the differential 

amplifier to be about 100μA. A two-stage amplifier was needed to amplify the input 

signal to the power rails. The power dissipation in the high-end receiver with very low 

sensitivity and offset is assumed to be the same, which is optimistic. Amongst the 

sources considered, the termination resistance power is found to be dominant. The 

transmitter logic as well as the cancellation circuit power expectedly tracks the power 

in the termination resistance. Equalization power is neglected, as subsequent taps are 

scaled version of the main transmitter current. The power due to clock and timing 

circuits for clock recovery is not considered in this work. These components are also 

omitted in the case of optical interconnects for fair comparisons. 

 

Table 2.2 summarizes noise sources in electrical interconnect assuming 5% 

mismatch between termination resistances and the characteristic impedance of the 

printed circuit boards (PCB) trace. We have ignored the noise due to connector 

crosstalk, which will make the electrical interconnects power results slightly 

optimistic. The reverse crosstalk was estimated with SPICE simulations. The Gaussian 

noise was assumed to be 5mV [24]. We considered two types of electrical receivers 

for each bit rate. The high-end receiver has an offset of 8mV and sensitivity of 0.8mV 

[25]. When using PCB for multi-gigabit data rate, attenuation due to both the skin 

effect loss and dielectric loss become extremely important and it is imperative to 

model it accurately. 
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Table 2.2 Summary of noise sources in electrical interconnects 

Proportional noise 

Attenuation (1-A for PCB Length=50cm, 6Gb/s) 0.239 

Noise sources due to unidirectional signaling (Attenuated, KA) 

Near-end cross-talk Impedance mismatch
Transmitter 

impedance mismatch 
Package (LC)

0.0005 0.025 0.025 0.075 

Noise sources due to bidirectional signaling (Un-attenuated, KU) 

Reverse crosstalk (same interconnect) Reverse-channel 

crosstalk Impedance mismatch On chip cancellation 

Transmitter 

offset 

0.022 0.01 0.05 0.05 

Fixed noise (VNF) (Un-attenuated) 

Gaussian noise (Vgaussian) 5mV 

Low-end 17.4mV 20mV 

High-end 
Receiver offset 

8.0mV 

Receiver 

sensitivity 0.8mV 

 

Attenuated/remaining fraction of the signal at the receiver due to these two 

effects is given by  
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where, RDC is constant DC resistance, fs is the frequency, where the skin depth is equal 

to the height of the conductor, and tanδD is the loss tangent. We have calculated 

attenuation for our dimensions using the comprehensive analytical model (accounts 

for frequency dependent loss tangent) developed in [26] (analytical model) and have 
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compared the results with SPICE simulations (including package effect). The SPICE 

models use a constant loss tangent. As shown in Fig.2.7, the frequency dependency in 

the loss tangent causes more attenuation at higher bit rates in the analytical model 

compared to SPICE without package effect. However, including package effect with 

SPICE increases attenuation above the analytical model. The figure also decouples the 

skin-effect and the dielectric loss and clearly shows that dielectric loss becomes more 

limiting at high frequency.  

 

An interesting point that follows from equation (2.6) is that there exists a 

minimum allowed attenuated signal (maximum attenuation) for simultaneous bi-

directional signaling, beyond which, the denominator in (2.6) becomes negative and 

noise margin will never be met. This limit is given by 
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Fig.2.7 Attenuation comparison between SPICE and modeling with skin effect, 

dielectric loss, and package effect 
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Since attenuated signal limit in (2.11) depends on both bit rate and length 

(equation (2.9) and (2.10)), it follows that for a given interconnect length, there is a 

maximum allowed bit rate and vice versa. This bit rate-length contour is plotted for 

our case in Fig.2.8. However, the power dissipation will become prohibitively high 

much before this limit is reached. Fig.2.8 also compares the maximum bit rate limit 

with other calculations in the literature as well as some experimental results. 

Reference [27] calculates the maximum bit rate for a single-ended system by using 

equation (2.9) to ultimately obtain the step response of interconnects. Using this step 

response and an arbitrarily chosen signal swing requirement at the receiver, one 

obtains the minimum permissible bit time for signal to rise to the chosen value, hence 

the maximum bit rate. In practice, the swing requirement would depend on the noise in 

the system. This yields the area/length2 limit for electrical interconnects [27]. The 

maximum bit rate for two different swing requirements (50 and 68% of the transmitter 

side voltage) is shown. In contrast, our calculation in the figure relies on explicit noise 

estimation and is for bi-directional signaling.  
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Fig.2.8 Maximum bandwidth of electrical interconnect with simultaneous bi-

directional signaling 
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2.4  Impact of Device and System Parameters on the 

Critical Length 

 

Fig.2.9 compares the electrical and optical interconnect power vs. length at 4 

and 6Gb/s. Electrical interconnect consists of two sets of curves corresponding to 

different receiver offset/sensitivity. Electrical interconnect power rises with length and 

bit rate due to a larger attenuation, and a greater impact of un-attenuated as well as 

fixed noise sources. At higher bit rates a smaller rise time would further increase noise 

sources such as parasitics reflections from package LC tanks. The optical interconnect 

power dissipation also rises with length owing to a greater loss in optical power 

resulting in a smaller η, albeit this rise is slower than that for electrical interconnect. 

Beyond a critical length, optical interconnect yields lower power. This critical length 

reduces at higher bit rates. The figure also explicitly quantifies the impact of 

improving fixed noise, VNF (receiver sensitivity/offset) on electrical interconnect 

power dissipation.  
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Fig.2.9 Power comparison between electrical and optical interconnects for the 

modulator 2 
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In Fig.2.10, we explicitly quantify the impact of critical device/system 

parameters in respective interconnects, on the critical length. Specifically, for optical 

interconnect, we consider the role of detector/modulator capacitance, coupling loss 

and ideal modulator 1, whereas, for electrical interconnect, we examine the role of 

receiver sensitivity/offset on the critical length. The critical length with modulator 1 is 

found to be 44 and 20 cm when compared with high and low-end electrical receivers, 

respectively, with 6dB coupling loss and 50fF detector capacitance (low-end with mod 

1 not shown in the graph). Both coupling loss and detector capacitance play a pivotal 

role in dictating critical length. For example, bringing down the detector capacitance 

from 250 to 50fF with 3dB coupling loss reduces critical length from about 80 to 

45cm with modulator 2.  
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Fig.2.10 Critical length in terms of design parameters 

 

In Fig.2.11, the critical length is shown in terms of bit rate of the system. For 

modulator 2, this length gradually reduces to about 40cm at 15Gb/s, while the slope is 

more shallow for modulator 1. These results are for 6dB coupling loss. If the coupling 
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loss is reduced further to 3dB, the critical lengths could come down by significant 

amount as shown in Fig.2.11 for 6Gb/s. We see an apparent saturation of critical 

length at high bit rates. This is because we tend to underestimate electrical 

interconnect power at high bit rates. With bit rate increase, we account for the impact 

of worsening trace attenuation on power dissipated in the termination resistances, but 

neglect the power increase in the electrical transmitter and receiver due to complexity 

in its modeling. If this power increase was incorporated, the zero length power 

dissipation in Fig.2.10 would increase with bit rate rather than remaining constant. 

This would yield a lower crossover point (critical length) between electrical and 

optical curves than what we have calculated, with the difference accentuated at higher 

bit rates. 

 

Bit Rate [Gb/s]

C
rit

ic
al

 L
en

gt
h 

[c
m

]

Optical Parameters
. Cdetector=50ff
. Cmodulator=50ff
. CL=6dB
Electrical Parameters
. VNF=8.8mV

Modulator2

Modulator1

 

Fig.2.11 Critical length in terms of bit rate 

 

Next, we plot the critical length as a function of BER requirement (implicitly 

in terms of digital signal to noise ratio, DSNR) in Fig.2.12. Different BER is 

demanded in different system applications and high BER can be tolerated if explicit 
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error correction schemes are utilized. For example, in communication application BER 

between 10-15 to 10-12 is deemed sufficient, whereas, server systems, particularly if 

they are not deploying error correction, require BERs less than 10-15. From Fig.2.12, it 

is clear that for small BER values, the critical lengths are smaller and optical 

interconnects have advantage over electrical interconnects. Thus, optical interconnects 

are more power-favorable for systems where data reliability criteria is demanding. 

 

Finally, we examine the sensitivity of critical length on the mismatch between 

termination impedances and the characterization impedance of the PCB trace as this 

constitutes a significant noise source in electrical interconnects (Fig.2.13). The critical 

length is found to substantially increase with small reduction in the impedance 

mismatch. 
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Fig.2.12 Critical length in terms of BER 
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Fig.2.13 Critical length in terms of mismatch in terminator 

 

 

2.5 Impact of Technology  

 

An explosive growth in on-chip computational bandwidth due to both higher 

integration levels and faster transistors demands a commensurate increase in off-chip 

I/O bandwidth. This demand for inter-chip applications is depicted in Fig.2.14 

according to the ITRS [20]. For comparison the figure also depicts a more slowly 

rising transistor performance in the form of “On Current” increase with technology 

node. The traditional copper (Cu) based board-level interconnects face severe 

impediments in meeting the high I/O bandwidths due to large skin effect and dielectric 

losses as discussed in prior sections. The design solutions to overcome these 

deleterious effects require complex signal processing at the interconnect endpoints, 

which results in a larger power dissipation and area requirement. Optical interconnects 

offer a powerful alternative, potentially at a lower power as presented in prior section 
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2.4, analyzing the role of the end-devices and various systems parameters on the 

power dissipation of both optical and electrical interconnects, while comparing the 

two. In this section, we extend this work by combining it with the ITRS to evaluate the 

impact of technology scaling on the performance of the two types of interconnects for 

inter-chip applications. Hereafter, we deals with the optical interconnect with the 

modulator 1 because the critical length becomes close enough for very high bit rate as 

shown in Fig.2.11, hence this did not impact the general trend presented in this section. 
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Fig.2.14 ITRS roadmap of required bit rate (BR) of inter-chip communication and 

transistor performance 

 

As shown in Fig.2.14, technology nodes imply both improved transistor 

performance and required bit rate. Fig.2.15(a) depicts the receiver power in terms of 

input optical power with different technology nodes at a fixed bit rate (20Gb/s). In this 

sense, it decouples the effect of transistor improvement with bit rate, both of which 

occur with scaling. The receiver power decreases with improved transistor 

performance, while required bit rate impacts in an opposite way. Fig.2.15(b) includes 

both of transistor improvement and required bit rate, indicating that the impact of 
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required bit rate outweighs that of transistor improvement. The input optical power 

increases with scaling and is about 0.6mW for 22nm technology node. This optical 

power requires more than 1mW assuming the link loss of 3dB, hence technology 

scaling demands high power laser source.  
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                     (a)                                                                      (b) 

Fig.2.15 Receiver power vs. input optical power in terms of technology node  

(a) Cdet=50fF, fixed bit rate=20Gb/s (b) Cdet=50fF, bit rate of ITRS 
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Fig.2.16 Transmitter power vs. input laser power in terms of technology node showing 

the dramatic increasing dynamic power of the modulator 
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Fig.2.16 presents the transmitter power in terms of input laser power with 

different technology node. The static power of the modulator depends on the device 

parameters, hence relatively constant with scaling. The dynamic power, on the other 

hand, drastically increases due to increase of bit rate and renders transmitter power 

comparable to receiver power. 

 

Fig.2.17 compares the electrical and the optical power dissipation for a scaled 

technology at a fixed bit rate. The detector capacitance is assumed to be 25fF. Both 

optical and electrical interconnect power dissipation shows marked reduction with 

technology scaling. However, the critical length (defined as length above which 

optical interconnects is more power efficient) remains approximately constant. This is 

because for small detector capacitance (25fF) in the case of optical interconnects, 

optimized receiver transistor sizes are already small. Hence, a further reduction in the 

power dissipation (proportional to transistor width) with advanced technology is 

negligible and is comparable to that of electrical interconnect. 

 

Fig.2.18 explicitly shows the critical length as a function of technology node at 

various required bit rates. Critical length sharply reduces with bit rates making optics 

overwhelmingly advantageous at high bit rates. This is primarily due to the 

debilitating high-frequency effects in the case of electrical interconnects, which 

compromise the signal integrity and require additional power to satisfy the target bit 

error rate criteria.  
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Fig.2.17 Power dissipation vs. interconnect length for BR=30Gb/s and Cdet=25fF 
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Fig.2.18 Critical length vs. technology node for Cdet=25fF 

 

Fig.2.19 compares electrical and optical power dissipation, incorporating both 

transistor performance improvement and higher bit rate demand with technology 
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scaling. It assumes a detector capacitance of 50fF. Below 10Gb/s corresponding to 

technology nodes greater than 65nm, the critical length is larger than 50cm, making 

optics viable for inter-board (backplane) communications. At 45nm technology node, 

this reduces to about 20cm, making optics suitable for even inter-chip applications. 

However, beyond 45nm technology node, the required input laser power for optimal 

optical interconnect becomes quite large. To alleviate this requirement, detector 

capacitance and total loss (coupling and transmission), must be minimized.  
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Fig.2.19 Power comparison for Cdet=50fF 

 

Fig.2.20 is a similar plot to Fig.2.19 but is shown for a smaller detector 

capacitance of 10fF. With this capacitance not only the critical length is lower, but the 

optimal required laser power (not shown) beyond 45nm is reasonable, making optics 

extendible down to 22nm node. The critical length is less than 10cm for 32nm and 

22nm technology nodes, which puts optics strongly in contention for inter-chip 

applications. Interestingly, for 90nm and 65nm technology nodes, optical 

interconnects yield lower power for all range of interconnects. This is a result of our 
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assumption of an invariant power dissipation at the electrical receiver with technology 

scaling. In practice, the receiver power is expected to decrease; however, this effect is 

not as important when compared with the impact of bit rate and transistor performance 

because the critical length crossover occurs where the electrical interconnect power 

increases rapidly. 
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Fig.2.20 Power comparison for Cdet=10fF 

 

In Fig.2.21, we quantify the critical length vs. technology node for different 

detector capacitances. The technology scaling incorporates both transistor 

improvement and higher demand on bit rates. The figure clearly elucidates the 

importance of lower detector capacitance in facilitating the insertion of optical 

interconnects. It also shows dramatically that optical interconnects will become more 

and more favorable in the future by showing a rapid reduction in critical length with 

technology scaling.  
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Fig.2.21 Family of curves corresponding to different detector capacitances plotting 

critical length as a function of technology scaling. Technology scaling incorporates 

both transistor performance improvement and higher bit rate demand. 

 

 

2.6  Summary 

 

We have done extensive power dissipation comparison between electrical and 

optical interconnects for bandwidth sensitive applications in 10cm to 1m range of 

interconnects. This comparison, among other things, included introduction of a 

sophisticated power optimization scheme for optical interconnects and detailed noise 

and attenuation modeling in electrical interconnects. Based on this modeling, power 

dissipation was calculated as a function of length and bandwidth. We find that beyond 

a critical length, within the application range, power optimized optical interconnects 

dissipate lower power compared to the state-of-the-art high-speed electrical signaling 

scheme. We have further quantified the impact of various device and system 
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components in electrical and optical interconnects on the critical length. This falls 

under three categories. 1. On the optical side, we have explicitly quantified the impact 

of detector/modulator capacitance, coupling loss and modulator type on the critical 

length. Whereas, it is also implicitly possible to conclude from equation (2.2) that the 

impact of detector responsivity would be similar to that of coupling loss. 2. On the 

electrical side, we have characterized critical length as a function of receiver 

sensitivity/offset and impedance mismatch. 3. On the system demand side, we have 

studied the critical length as a function of bandwidth and BER. This gives both optical 

device designers as well as electrical circuit designers a framework to assess the 

system’s level (power) impact of various figures of merit of the devices. When 

compared with the high-end electrical receiver (8.8mV fixed noise), the critical length 

is found to be about 43cm with low optical coupling losses and close to ideal 

modulator at the bit rate of 6Gb/s. At higher bit rates and lower BER, the critical 

length reduces and optics becomes more power favorable. These trends can be 

fundamentally thought of in terms of a two-fold trade-off between electrical and 

optical interconnects. Optical interconnects are superior because they have lower 

attenuation and lower noise (no crosstalk etc). Whereas, their downside is that they 

need extra power for conversion from electronics to optics and vice versa. Since the 

power penalty is fixed, whereas, the power advantage is length and bit rate-dependent, 

the optical interconnects become beneficial at longer lengths. Finally, including 

several factors, which were ignored in this electrical interconnect analysis, such as 

equalization power, especially, as more taps are required at larger lengths and bit rates, 

incomplete residual ISI cancellation even with more taps, and rise time reduction 

induced greater package ringing at higher bit rates, will further reduce the critical 

lengths. 

 

We have also quantified the impact of technology scaling on the critical length 

for bandwidth-sensitive applications who’s interconnect lengths are in 10cm to 1m 



          Section: 2.7 References 

 

43 

range (chip-to-chip and board-level applications). We find that the transistor 

performance does not have a significant impact on the critical length, where as, the 

rapidly increasing bit rate dramatically lowers it. For optics to be favorable for short 

distances coupling loss and detector capacitance must be lowered for both lower laser 

power requirement and lower power dissipation. The critical length for 45nm 

technology node with 25fF detector capacitance is in the 10 to 20cm range, making it 

suitable for inter-chip communication in addition to longer backplane applications. 
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Chapter 3  
 

 

Transmitter Technology: Quantum Well 

Modulator and VCSEL 
 

 

 

 

3.1 Introduction 

 

As we discussed in Chapter 2, optical interconnects can alleviate the 

impending off-chip electrical interconnect bottleneck by providing extremely dense, 

high-bandwidth links. They also have a potential of a lower power dissipation 

compared to their metal counterparts for inter-chip communications, especially as the 

technology (device dimension) scales down and the required bandwidth increases 

[1][2]. In Chapter 2 we assumed the QWM as a transmitter for optical links, however, 

an additional competing transmitter, the VCSEL, is available. There are many 

tradeoffs between these choices in terms of the performance, the integration 

complexity, and the reliability [3]. VCSEL simplify packaging by allowing the optical 

power to be generated on-chip. VCSEL can also provide a larger contrast ratio than 

modulators. The disadvantage stems from a poor reliability, especially in the high 
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temperature environment of a modern integrated circuit. Thermal variation across an 

array of VCSEL can cause threshold shifts which cause variation in optical power. 

Thermal crosstalk has been a huge issue in monolithic arrays of VCSEL, and it could 

be worse in flip-chip bonded arrays because the thermal conductivity between devices 

should be greater [4]. The VCSEL’s bandwidth is limited by the ratio of operating 

current to the threshold current given by [5]  
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where, Iop is the operating current and Ith is the threshold current of the VCSEL. 

 

The maximum bandwidth also limited by thermal reliability aforementioned. 

QWMs, on the other hand, can be more reliable, can possibly be integrated 

monolithically in silicon, and do not dissipate large power, at least in the transmitter. 

QWMs’ bandwidth is limited not by device itself, but parasitic bump capacitance, and 

QWMs have the higher bandwidth. QWMs can be programmed to be either detectors 

or modulators, which allows bidirectional data flow on a single channel [6]. However, 

their low contrast ratio, in particular, at the scaled CMOS supply voltages renders a 

higher power dissipation at the receiver-end. Although VCSEL have exhibited small-

signal modulation bandwidths up to 21.5GHz, direct modulation may not provide 

adequate performance at data rate of 40Gb/s and beyond [7]. The monolithic 

integration of VCSEL and QWMs offers an attractive means of achieving higher 

modulation bandwidth. Recently, electroabsorption modulated laser (EML) consisting 

of a continuous wave (CW) laser and an electroabsorption modulator demonstrates 

operating at 40Gb/s [8][9]. 
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In the past, there have been several attempts at quantifying the power 

dissipation of optical links. However, many researchers use fixed optoelectronic 

devices and receivers without considering their optimization [10][11]. Other 

researchers such as Kibar et. al. have optimized the power for the QWM and the 

VCSEL-based interconnects [12]. However, their comparisons assume fixed 

interconnect length and detector capacitance, and are limited only to the optical 

interconnects.  

 

In this chapter, we use a different optimization scheme than [12], where we 

exploit the opposite power dissipation trends of the receiver and the transmitter with 

increasing laser power. In addition, we quantify the optimized power as a function of 

the link-length and establish bandwidth regimes where one technology is favorable 

over the other. Further, we compare both optical transmitter technologies with the 

state-of-the-art electrical interconnects whose noise sources and attenuation were 

modeled using simulations and numerical approaches. We define the critical length as 

the link length beyond which the optical interconnect is more power efficient than its 

electrical counterpart. Finally, we find the detector capacitance to be a critical 

parameter in determining the power dissipation of the optical links, hence quantify 

aforementioned comparison trends as a function of this parameter.  

 

 

3.2 Power Modeling 

 

Fig.3.1 shows the circuit schematic of the QWM and the VCSEL transmitters 

driven by a CMOS buffer chain. The buffer chain is assumed to be fan-out-of four to 

minimize the transmitter delay [12]. The power dissipation due to absorption of the 
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QWM is described in section 2.2.1. On the other hand, the electrical power dissipation 

in the VCSEL is the average static power (Fig.3.1b) given by 

 

( ) )(2/ tnswingmsthmthVCSEL VViRViiP −+++=             (3.2) 

 

where, Rs is the series resistance, ith is the threshold current, im is the  modulation 

current, Vtn is the NMOS threshold voltage. For a given laser slope efficiency (ηLI), the 

output optical power difference between the “on” and the “off” bits is 

 

LImVCSELO iP η=,                              (3.3) 

 

The dynamic power of the buffer chain is also included for both the VCSEL and the 

QWM. 
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Fig.3.1 Schematics for (a) QWM and (b) VCSEL transmitters 
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For the receiver, we use a photo-detector followed by the transimpedance 

amplifier with subsequent gain stages. Its power modeling as well as the methodology 

to minimize the total optical link power has been detailed in section 2.2. The coupling 

and the medium losses were chosen to be 3dB and 0.082dB/cm, respectively [13]. 

 

Fig.3.2 shows the transmitter power dissipation comparison between the QWM 

and the VCSEL as a function of the required optical power difference at the receiver. 

The transmitter technology parameters for 850nm wavelength are shown in Table 3.1 

[12]. The VCSEL has a standby power component due to threshold current (ith), but, 

has a higher efficiency than the QWM for the chosen parameters. For the required 

optical power difference less than 110μW, the QWM dissipates less power. The 

required optical power difference at the receiver increases with a higher bandwidth 

and link length. 

 

QWM
VCSEL

Even optical power
=110μW

 

Fig.3.2 Transmitter power comparison in terms of the optical power at the receiver 
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Table 3.1 Transmitter technology parameters 

QWM IL CR Vbias Vswing 

 0.475 4.6 4.7 (V) 1.1 (V) 

VCSEL Ith Rs Vth ηLI 

 0.290 (mA) 250 (Ω) 2.0 (V) 0.7 

 

 

 

3.3 Comparison between VCSEL and the QWM 

 

The performance of the transmitter is a strong function of the bandwidth and 

the detector capacitance rather than the transistor performance because a small 

detector capacitance requires a lower optical power difference at the receiver to 

achieve the same signal to noise ratio [1][2]. In this work, we assume transistor 

performance corresponding to the 65nm technology node [14] with the bandwidth 

range from 5Gb/s to 30Gb/s, corresponding to the required bandwidth at the 90nm and 

the 45nm technology nodes, respectively. The detector capacitance is varied from 5fF 

(Metal-Semiconductor-Metal photo-detector) to 50fF (Flip-chip bonding technology 

[1]). 

 

Fig.3.3 shows the optimized optical link power comparison as a function of the 

interconnect length for different detector capacitances at 10Gb/s. The even length, 

defined as the length beyond which VCSEL-based optical links are more power 

efficient than the QWM-based links, increases for lower detector capacitance, making 

the QWM more favorable. For detector capacitance more than 25fF, however, the 

VCSEL is more power efficient for the entire range of the interconnect lengths. 
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Fig.3.3 Optimized link power in terms of the interconnect length for different detector 

capacitances at 10Gb/s 
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Fig.3.4 Even length in terms of the detector capacitance for different bandwidths 

 

Fig.3.4 shows the even length in terms of the detector capacitance and bit rate. 

For moderate detector capacitances (25fF) and low bandwidths (5Gb/s), the even 
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length is more than 35cm, indicating that the QWM would be favorable for short-

distance interconnects. However, for very high bandwidths, this length reduces to less 

than 10cm. 

 

 

3.4 Comparison with Electrical Counterpart and Power Gain 

 

In the Chapter 2, we have analyzed the impacts of system and device 

parameters on the power dissipation for the electrical and only the QWM-based 

optical interconnects. We extend this comparison to include the impact of different 

optical transmitter technologies. For the electrical interconnect, simultaneous bi-

directional signaling scheme with a very low-loss tangent dielectric material (GETEK 

board) is assumed [1] as described in the section 2.3. 

 

VCSEL
QWM
Electrical

Bit Rate
=20Gb/s 15Gb/s 10Gb/s

 

Fig.3.5 Power comparison between the electrical and the optical interconnect showing 

the critical lengths at a detector capacitance of 25fF 
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Fig.3.5 shows the link power dissipation as a function of its length for different 

bandwidths. Beyond the critical length, optical interconnects yield lower power 

dissipation. This length ranges from 20~30cm for both the QWM and the VCSEL 

technologies at 10~20Gb/s with a 25fF detector capacitance. 

 

QWM
VCSELCdet=50fF

25fF

10fF

Optical-favored

Electrical-favored

 
Fig.3.6 Critical length in terms of system bit rate for the QWM and the VCSEL 

transmitter technologies 

 

Fig.3.6 summarizes the impact of the detector capacitance and the bandwidth 

on the critical length with different transmitter technologies. The QWM critical length 

is slightly larger. The difference is larger at a lower bit rate and a higher detector 

capacitance. For high bit rates and low detector capacitances, the critical length is 

similar as the electrical power rises dramatically with the length at high bit rates. This 

indicates both the QWM and the VCSEL transmitter technologies can out-perform the 

electrical interconnect for inter-chip communications at the future nodes, especially at 

a high required system bandwidth and if low detector capacitances are used. Fig.3.7 

shows the power gain of the VCSEL compared to the QWM at the critical length. For 

50fF of detector capacitance, the gain with the VCSEL is 35% at 5Gb/s and   saturates 
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to 23% after 15Gb/s. For 25fF of detector capacitance, the gain increases less than 

20Gb/s, subsequently, saturating as the previous case. 10fF exhibits a similar trend as 

the 25fF, but the QWM gets close to the VCSEL before 20Gb/s. 

 

Cdet=50fF

25fF

10fF

 

Fig.3.7 Power gain of the VCSEL compared to the QWM 

 

 

3.5 Modulator Trade-off: IL, CR, and Laser Power 

 

As we discuss in section 3.3 and 3.4, QWM is the transmitter technology of 

choice at lower capacitance and bandwidth, whereas VCSEL is more power efficient 

at higher bandwidth. However, high modulation bandwidth of VCSEL may not 

provide adequate performance at data rate of 40Gb/s and beyond [7]. Hence, it is 

worthwhile examining the trade-off among metrics of the modulator (such as insertion 

loss, contrast ratio, and laser power) to extend the range of capacitance and bandwidth 
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over the VCSEL. In this chapter, we further examine the impact of these modulator 

metrics on the comparison.  

 

 

3.5.1 Evaluating Total Link Power Dissipation with MQW’s Design 

Parameters  

 

Fig.3.1 shows the schematic of QWM and VCSEL transmitters driven by the 

delay-optimized fan-out four CMOS buffer chains. The MQW power dissipation due 

to absorption is given by (2.1). The QWM metrics, which critically impact the link 

performance, are its capacitance, IL, CR, and the ratio between the maximum and 

minimum absorption (X). For the Fabry-Perot cavity modulator, the IL and CR 

tradeoff is given by 
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where ron represents the field reflectivity for “on” state [2]. The electrical power 

dissipation in the VCSEL is the average static power given by (3.2).  

 

Fig.3.8 shows the transmitter power dissipation comparison as a function of 

required optical power difference at the receiver at a given QWM parameters 

(Vbias=3V, X=5, and different IL) and 10Gb/s of bit rate. VCSEL has a standby power 

component due to threshold current (ith), but has a higher efficiency than QWM for the 

chosen parameters. The crossover optical power difference at the receiver, henceforth 

referred to even optical power, increases for small IL as shown in Fig.3.9. However, 

the receiver power has opposite trends in terms of optical power difference at the 
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receiver hence the optimized optical power determined by a link length and receiver 

metrics to minimize the total link power [1]. We evaluate the optimized receiver 

optical power difference for both transmitter technologies and establish bandwidth 

regimes where one technology is favorable over the other with modulator’s design 

constraints. 

 

PVCSEL

PQWM

IL=0.1~0.5

Vbias=3 [V], X=5, 10Gb/s, 
and Cmod=50fF

Constant Plaser

 

Fig.3.8 Transmitter power dissipation at a given QWM metrics 

 

 

3.5.2 Comparison between VCSEL and QWM-based Optical Link 

 

The performance of the transmitter is a strong function of the bandwidth and 

its capacitance because smaller transmitter capacitance reduces the dynamic power 

and smaller detector capacitance requires lower optical power at the receiver [1]. In 

this work, we assume transistor performance corresponding to 65nm technology node 

[14] with bandwidth range from 5Gb/s to 30Gb/s, corresponding to the required 
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bandwidth at 90nm and 45nm technology nodes, respectively. The capacitance is 

varied from 10fF (achievable with MSM photo-detector and monolithic QWM) to 

50fF (Flip-chip bonding technology [15]). 

Vbias=3

X=3

Vbias=4
Vbias=5

X=5

 

Fig.3.9 Even optical power as a function of QWM metrics at 10Gb/s 
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ILmax

ILmin

Vbias=3

Vbias=4

 

Fig.3.10 IL as a function of bit rate for link length=50cm (inter-board) and  

Cmod=Cdet =50fF 



          Chapter 3: Transmitter Technology: Quantum Well Modulator and VCSEL 

 

60 

Fig.3.10 shows the range of IL as a function of bit rate with different MQW 

design parameters for 50fF of both transmitter and receiver capacitances at the 50cm 

of link length (inter-board communication). The maximum IL is determined by where 

MQW-based links have same power dissipation with VCSEL-based links. On the 

other hand, lower IL requires larger input laser power (in this work, 1mW), hence it 

limits the minimum IL as shown in Fig.3.10. The MQW’s achievable bandwidth 

regime is around 10Gb/s for X=5 and Vbias=3V, best case in our simulation range. 

 

Fig.3.11 shows the same plot at the 10cm of link length (inter-chip 

communication). The lower loss increases can tolerate the higher IL to get the same 

optical power at the receiver. However, the bandwidth regime extends only couple of 

Gb/s because the dynamic power of the MQW for high capacitance (50fF) becomes 

dominant for higher bandwidth.  
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ILmax
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Fig.3.11 IL as a function of bit rate for link length=10cm (inter-chip) and  

Cmod=Cdet =50fF 
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Fig.3.12 shows the impact of transmitter capacitance on these trends 

aforementioned for X=5 and Vbias=3V. For 10fF of transmitter capacitance, the 

bandwidth regime gains beyond 30Gb/s with reasonable range of IL. For VCSELs, 

dynamic power is only coming from driving NMOS transistor (providing Im) 

capacitance without flip-chip bond pad capacitance, comparable to 10~15fF of 

MQW’s capacitances. Fig.3.12 also shows the impact of detector capacitances, 

extending the bandwidth regime. 

 

ILmax for
Cmod=50fF ILmax for

Cmod=25fF

ILmax for
Cmod=10fF

: Cdet=10fF
: Cdet=25fF
: Cdet=50fF

ILmin for
Cmod=10fFILmin for

Cmod=25fFILmin for
Cmod=50fF

 

Fig.3.12 Impact of transmitter capacitance for X=5 and Vbias=3V. 

 

 

3.6 Summary 

 

In the first of this chapter, we quantify and compare the power dissipation of 

two competing transmitter technologies: VCSEL and QWM for the inter-chip 

communication using high speed optical links. VCSEL-based links are power 
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favorable compared to QWM-based links at higher bandwidth (>20Gb/s) and larger 

distance. However, the QWM is better for lower detector and modulator capacitances. 

We also extend the comparison to high-speed electrical links and quantify the critical 

length beyond which optical links are power favorable compared electrical links for 

both VCSEL and QWM transmitters.  

 

In the second part, we quantify the design constraints on the modulator under 

which it is superior to VCSEL technology as a function of bandwidth, link length, and 

transmitter and detector capacitances. We also identify the range of tolerable insertion 

loss in QWM. To render QWM more power-efficient, lower capacitances (<15fF) of 

both the modulator and the photo-detector would be demanded. In the next chapter, we 

discuss the optimization of the modulator using semi-empirical model of the 

modulator absorption characteristic. 
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Chapter 4  
 

 

QWM Design Methodology 
 

 

 

 

4.1 Introduction 

 

The communication bandwidth demand for short distance interconnects 

including applications such as inter-chip or inter-board interconnects is rising 

dramatically. The International Technology Roadmap for Semiconductors (ITRS) 

predicts that the bandwidth demand will increase much faster than even the 

improvement in the transistor performance [1]. Traditional copper (Cu) board traces 

are unable to keep up with the steep demand curve due to deteriorating signal integrity 

at the receiver arising from rapid signal attenuation at high frequencies (skin effect and 

dielectric loss), increase in cross-talk, and reflections from impedance mismatch and 

package parasitics [2]-[4]. The mitigating solutions such as low loss-tangent dielectric 

materials and better signal equalization schemes [5]-[7] are both expensive as well as 

require large power and area. Optical interconnects present an attractive alternative, 

providing high bandwidth potentially at lower power [8]. However, for short distance 

high-speed optical links to be competitive enough to replace electrical links, design 
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methodologies minimizing their power dissipation must be developed. This includes 

optimization with respect to device (number of quantum wells, capacitances) as well 

as system parameters (bit rate, pre-bias and swing voltages, link efficiency, and input 

laser power). 

 

In the past, a methodology maximizing a figure of merit given by the product 

of the reflectivity difference of the modulator and the responsivity of the detector was 

developed by Neilson for quantum confined stark effect based devices [9]. However, it 

did not directly address power dissipation.  Its focus was on optimizing optoelectronic 

devices, hence, the impact of post-detector amplifying stage and modulator driving 

stage was not considered. Since these electronic stages dissipate a large fraction of the 

total power, they should be included in power optimization. Another research group 

optimized both modulator and VCSEL based links including the post-detector receiver 

stages [10] However, they assumed fixed modulator and detector properties and did 

not optimize the modulator. Subsequently, Kapur et. al. optimized modulator 

parameters (insertion loss and contrast ratio) and presented the feasibility of CMOS 

compatible low-voltage operation with modulator [11]. However, this optimization 

with its fixed modulator pre-bias condition and fixed voltage swing was applicable to 

low bit-rates (2-7 Gb/s), where receiver power was dominant. At high bit rates, the 

dynamic power at the transmitter becomes important, hence, modulator parameters 

(insertion loss and contrast ratio) characterized by pre-bias and swing voltages should 

be included in the optimization. 

 

In this chapter, we propose an alternate, comprehensive, full link-aware power 

minimization framework (Fig.4.1), which addresses the aforementioned shortcomings. 

We use the GaAs-AlGaAs quantum well material system as an example. The 

methodology is widely applicable to generic quantum well material systems. A semi-

empirical model for field dependence of the absorption edge is used to extract the 
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modulator properties in terms of pre-bias and swing voltage [9]. We optimize the 

modulator design parameters (swing voltage, pre-bias, and number of quantum wells), 

while considering the impact of receiver amplifier properties such as noise, bandwidth, 

and gain stages. We also present the feasibility and the power penalty associated with 

sub-optimum, low-voltage operation. Finally, we also quantify the impact of design 

parameters (modulator/detector capacitance) and the system parameters (bit rate, link 

efficiency, and off-chip laser power) on the optimization. The organization of the 

chapter is as follows. In section 4.2, we discuss the modeling of the quantum well 

modulator, using semi-empirical field dependence of the absorption edge. In section 

4.4, we discuss the power optimization methodology and the corresponding optimum 

modulator design and operation parameters. In sections 4.4 and 4.5, we quantify the 

impact of system parameters and technology scaling on optimization, respectively. In 

section 4.6, we apply our optimization methodology to electroabsorption modulated 

lasers (EML). Finally we summarize in section 4.7. 

 

modulator
characteristic

-field dependence 
of absorption

(semi-empirical 
model)

IL/CR
vs. Vbias

receiver
power 

dissipation

Prec vs. Iop

BR, BER, Cdet

optimize
Vswing

optimize
Vbias

optimize
number of well

Plaser, Cmod, Loss

modulator optimizing
routine

minimizing total
link power

λ

Vbias, Vswing, number of well  

Fig.4.1 Power optimization sequence including modulator characteristic and receiver 

power dissipation routine providing device parameters 
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4.2 Semi-empirical Absorption Model 

 

The modulator metrics, which impact the link performance and power, are its 

capacitance (Cmod), IL, and CR. The capacitance affects the modulator’s dynamic 

power dissipation, while IL and CR impact both the receiver and the modulator power 

dissipation, and are related to the physical design of the modulator. The modulator 

device structure considered in this work is the p-i-n diode. The intrinsic region formed 

with N period of quantum wells acts as the absorption region. The absorption is 

modulated by an applied electric field (F) through quantum confined stark effect 

(Fig.4.2). 

 

Al0.3Ga0.7As p+

N period of quantum wells
9.1nm GaAs
2.1nm AlAs

Al0.3Ga0.7As n+
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p contact and mirror

n contact

p cap (GaAs)
p

i

n

 

Fig.4.2 Modulator device structure (p-i-n diode) considered in this work 

 

The dependence of absorption, α, on the electric field has been shown to be 

reasonably fitted using hyperbolic secant function in GaAs-AlGaAs QW’s [9]. The α 

value at a given photon energy (hω) due to exciton, can thus be modeled as  
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where β is the half maximum of the exciton, Eex is the field dependent energy of the 

exciton, and αp is the peak absorption. These parameters have been shown to be fitted 

with linear and parabolic equations.  
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As an example, Fig.4.3 shows the result of field dependent absorption model for a 

specific case of 60 periods 9.1nm GaAs well and 2.1nm AlAs barrier device. The 

fitting parameters shown in Table 4.1 were taken from [9] and were fitted to the 

experimental data from [12]. 

 

 
Fig.4.3 QW absorption coefficient of a 60-period GaAs-AlAs modulator with 9.1nm 

wells and 2.2nm barriers for applied voltages of 0-12V in 2V steps. 



          Chapter 4: QWM Design Methodology 

 

70 

Table 4.1 Fitting parameters for field dependent absorption edge 

Parameter Value Parameter Value Parameter Value 

E0(meV) 1483.8 α0(meVμm-1) 11.7 β0(meVμm-1) 5.2 

E1(meVμmV-1) 0.15 α1(meVV-1) 0.25 β1(meVV-1) 0.05 

E2(meVμm2V2) 0.072 α2(meVμmV2) 0.005 β2(meVμmV2) 0.0027 

 

We consider the reflective mode quantum well modulator. For this device, the 

IL and CR are given by  
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Here, Ron and Roff are the modulator reflectivities in the less and the more absorbing 

states, respectively, and l is the total length of the absorbing well region. l corresponds 

to the thickness of the intrinsic (i) region associated with the number of wells. The 

absorption coefficient is assumed to have a linear dependency with the number of 

wells. [9] The power dissipation of the modulator due to absorption is evaluated with 

plugging equation (4.1) to equation (2.1). Dynamic power assuming 50% switching 

activity is given by  
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Here, Cmod includes the solder bump (flip-chip bonded modulator) and the modulator 

capacitance and Ci
ing and Ci

jo are the input and output capacitance of ith stage, 

respectively. The buffer chain is assumed to be fan-out-of-four to minimize the 

transmitter delay [13]. The transistor parameters (65nm technology node) for receiver 
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noise modeling were chosen from the ITRS [1]. 

 

   

4.3 Power Optimization Methodology 

 

Fig.4.4 and Fig.4.5 illustrate our optical power minimization methodology. 

Fig.4.4 shows the optimum voltage swing for a given pre-bias modulator voltage. 

Increasing the swing voltage reduces two out of the three power dissipation 

components, while increasing the third. Firstly, it reduces receiver power by increases 

the optical power difference between the “on” and the “off” states.  Thus, allowing a 

larger noise for the same signal to noise ratio. Secondly, it decreases the static power 

of the modulator since insertion loss decreases due to low absorption in the “on” state. 

On the other hand, a higher voltage swing increases the dynamic power of the 

modulator in a quadratic manner. This leads to an optimal Vswing minimizing total 

interconnect power (receiver and modulator) at a given pre-bias voltage (Vbias) 

(Fig.4.4).  

 

Fig.4.5 illustrates the existence of an optimum with respect to the modulator 

Vbias. Each Vbias in this figure has its respective optimum voltage swing as exemplified 

in Fig.4.4. Fig.4.5 exhibits three distinct regions in the total link power with respect to 

Vbias.  For a small Vbias (region I), the dynamic and the static powers of the modulator 

are small whereas, a low CR at the receiver leads to a higher receiver power 

dissipation, which becomes dominant and results in an increase in the total link power. 

For intermediate Vbias (region II), the three powers (static/dynamic power of the 

modulator, receiver power) are comparable. However, the receiver power is relatively 

independent of Vbias in this range, hence, the total link power exhibits a flat trend with 

Vbias. For high Vbias (region III), the static and the dynamic modulator power becomes 
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dominant, hence increases the optimized link power. For 20Gb/s (Fig.4.5), the 

optimized Vbias has a wide range. However as the bit rate increases, the optimized 

range becomes narrower, since the dynamic power increases and pushes region III to 

lower Vbias. 

Pstatic,mod

Pdynamic,mod

Prec

Ptotal

gain stage
kick down

optimized 
Vswing

 

Fig.4.4 Link power vs. Vswing, where, Pstatic,mod is the static power of the modulator, 

Pdynamic,mod is the dynamic power of the modulator, Prec is the receiver power, and Ptotal 

is the total link power. An optimum Vswing, minimizing the total link power, is clearly 

observed. (Cdet=Cmod=50fF, loss=3dB, laser power (Plaser)=1mW, bit rate=20Gb/s, 

Vbias=5V, and 60 wells). 

 

In this work, the operation wavelength is chosen to be 844nm for GaAs-

AlGaAs QW’s [9], which yields the lowest link power dissipation as shown in Fig.4.6. 

For wavelengths slightly shorter than 844nm, Vbias and Vswing increase to provide 

required reflectivity difference at the receiver, which results in increase of dynamic 

power at the modulator. For slightly longer wavelengths, the achievable reflectivity 

difference becomes small due to the broadening of the absorption as shown in Fig.4.3, 

which burns a large power at the receiver. However, the total link power is relatively 
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flat around 850nm (842nm~852nm). Fig.4.6 also indicates that this optimized 

wavelength is valid for different numbers of quantum wells. 

 

optimized 
Vbias

optimized 
Vswing

I II III

 

Fig.4.5 Optimum Vswing and the link power vs. Vbias. For every Vbias, the optimized 

Vswing is extracted along the lines of Fig.4.4. At Vbias=5V, the gain stage is reduced 

from four to three stages, increasing the optimum Vswing. The optimum Vbias, 

minimizing the total link power, is also seen. (Cdet=Cmod=50fF, loss=3dB, laser power 

(Plaser)=1mW, bit rate=20Gb/s, and 60 wells). 

 

So far, we have found the optimum pre-bias and swing voltage for a given 

number of quantum wells in the intrinsic region of a modulator. Varying the intrinsic 

region thickness, thus, the number of quantum wells changes modulator’s IL, CR), 

thus also affecting its optimum pre-bias and swing voltage. Fig.4.7 and Fig.4.8 show 

that there is a clear optimum in the total link power with respect to the total number of 

quantum wells as well. Each point on this graph is obtained using the preceding 

optimization with respect to Vbias and swing voltage. The optimum values for these 

parameters are also shown. 
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Fig.4.6 Optimized link power vs. wavelength. The figure shows an operating 

wavelength, which minimizes the total link power (Cdet=Cmod=50fF, loss=3dB, laser 

power (Plaser)=1mW, and bit rate=20Gb/s). 

 

A small number of wells results in a low CR of the modulator. This, in turn, 

leads to a low “on”/“off” optical power difference at the receiver resulting in a large 

receiver power dissipation. Hence, the optimized link power increases as the number 

of wells decrease. On the other hand, a very large number of wells also results in a 

high total link power dissipation. In this case, the required pre-bias and the voltage 

swing to achieve reasonable electric field difference between “on” and “off” state 

increases. This results in a larger static and dynamic power in the modulator. Thus, 

there exists an optimum in total link power with respect to number of quantum wells.  

Comparison between Fig.4.7 and Fig.4.8 shows that a higher bit rate requires a larger 

number of quantum wells, and, as anticipated, burns a higher power at the optimum 

point. 
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Vbias
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optimized
number of well

 

Fig.4.7 Optimized link power vs. number of quantum wells in the modulator. The 

figure clearly shows an optimum number of wells, Vbias, and Vswing, which minimizes 

the total link power (Cdet=Cmod=50fF, loss=3dB, laser power (Plaser)=1mW, and bit 

rate=10Gb/s). 

Vbias

Vswing

optimized
number of well

 

Fig.4.8 Optimum link power vs. number of wells of the modulator. The figure has 

same parameters as in Fig.4.7, except that the bit rate is now 20Gb/s 
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In order to be compatible with scaled operating voltages (VCMOS=1.1V at 65nm 

technology node, ITRS [1]) of future CMOS or I/O compatible value (VIO=1.8V), the 

modulators must operate at one of these voltages instead of the optimum values 

obtained above. This increases the link power, hence increases the power penalty. The 

power penalty is given by 
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   (4.6) 

 

where, P(Vswing=Vcmos,VIO) is the link power at VCMOS and VIO, and P(Vswing,opt) is the 

link power at optimum swing voltage. Fig.4.9 depicts the power penalty incurred when 

the voltage swing used is either a CMOS device compatible value at1.1V (65nm node, 

ITRS) or I/O compatible value at 1.8V instead of the optimum values obtained above 

[1]. For example, at 10Gb/s, the optimum swing voltage is 0.8V, which is lower than 

both the CMOS and the I/O supply voltages, hence power penalty incurred is 

approximately 8% and 34%, respectively. Optimum swing voltage increases with bit 

rate. For example, it is about 1.5V at 25Gb/s. Thus, there is a lower power penalty by 

operating at the I/O voltage instead of the CMOS voltage, opposite to the low bit rate 

case. For very high bit rates (>30Gb/s), the modulator could not be operated at voltage 

swing less than 1.8V, indicating a need for either a different power supply or 

internally pumping up the voltage for the modulator. 

 

 

4.4 Impact of Device Parameters on Optimization 

 

The optical communication system as shown in Fig.2.1 comprises several 

optical and electrical components representing device parameters, such as modulator 
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and detector capacitances, as well as system parameters, such as laser power, medium 

and coupling losses, and the bit rate. In this section, we examine the impact these 

parameters on the optimization (number of wells, pre-bias, and voltage swing). 

 

gain stage 
kick down

Vswing=VCMOS=1.1V

Vswing=VIO=1.8V

 

Fig.4.9 Power penalty of predicted CMOS supply (VCMOS=1.1V) and I/O voltage 

(VIO=1.8V) compared to optimize swing voltage (Vswing,opt) in terms of bit rate for 

Cdet=Cmod=50fF, loss=3dB, and laser power (Plaser)=1mW. 

 

In Fig.4.10, we plot the optimum number of wells, pre-bias, and voltage swing 

as a function of bit rate. For higher bit rate, the required optical power at the receiver 

increases due to increase in noise components at the front-end of the receiver [14]. 

This requires a larger number of wells to provide enough IL and CR, which, in turn, 

demands a high pre-bias and swing voltage. For 20Gb/s, the receiver reduces the 

power with decreasing the gain stages since for this case, the receiver is in the gain-

limited range, where the reduction in the power dissipation (reduction in the width) is 

no longer forbidden by a higher noise, but because of a low gain, hence, the minimum 

power per amplifier stage determined by the smallest possible transistor width, occurs 
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at an optical power difference corresponding to the beginning of the gain-limited 

region and above this optical power difference value power dissipation per stage 

remains constant, as shown in Fig.4.4. 

 

Vbias

Vswing

gain stage 
kick down

 
Fig.4.10 Impact of bit rate on the modulator design parameters: number of wells, Vbias, 

and Vswing (Cdet=Cmod=50fF, loss=3dB, and laser power (Plaser)=1mW) 

 

Fig.4.11 plots the three optimum parameters at 20Gb/s as a function of the total 

optical power loss in the link from the transmitter to the receiver. Increasing loss has a 

similar effect as increasing bit rate since a higher loss reduces optical power at the 

receiver. The resulting optimal link power as a function of the loss and bit rate is 

shown in Fig.4.12. Bit rate, compared to the optical link efficiency, has a larger impact 

on the total link power dissipation. A higher bit rate increases both the transmitter and 

the receiver power. In contrast, a lower link efficiency (higher loss) only increases the 

transmitter power by requiring a larger optical power at the transmitter. A factor of 4 

increase in bit rate (10 to 40Gbps) results in approximately an 8X increase in total link 

power. 
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Fig.4.11 Impact of link efficiency (optical power loss) on the optimum modulator 

design parameters: number of wells, Vbias, and Vswing (Cdet=Cmod=50fF, laser power 

(Plaser)=1mW, and bit rate=20Gb/s) 

Bit rate=20Gb/s

3dB loss

 
Fig.4.12 Impact of bit rate and link efficiency (optical power loss) on the optimum 

link power (Cdet=Cmod=50fF and laser power (Plaser)=1mW). The gray curve is the link 

power vs. loss at 20Gb/s bit rate. The black curve is the link power vs. bit rate at 3dB 

loss. 
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Similarly, reducing off-chip laser power reduces optical power at the receiver, 

which results in a larger receiver power. At the same time it decreases the static power 

at the transmitter. The impact of the laser power is similar to that of the loss as shown 

in Fig.4.13 since the increase in the receiver power is greater than the decrease in the 

static power at the transmitter. 

Vbias

Vswing

gain stage 
kick down

 

Fig.4.13 Impact of laser power (Plaser) on the optimum modulator design parameters: 

number of wells, Vbias, and Vswing (Cdet=Cmod=50fF, loss=3dB, and bit rate=20Gb/s) 

 

The detector and modulator capacitance are critical parameters in making 

optical interconnects viable for short distances [15]. Current flip-chip bonding process 

has about 50fF including the bump capacitance [10], but Ge-based CMOS compatible 

modulator [16] and MSM (Metal-Semiconductor-Metal) photo-detectors [17], [18] 

could lower capacitance to less than 10fF. Fig.4.14 shows the impact of 

detector/modulator capacitance on the optimization. With lower capacitances, both the 

dynamic power of the modulator and the receiver power decrease. The receiver power 

reduction is due to decrease in front-end noise with input capacitance. For 10fF and bit 
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rate=20Gb/s, the optimized swing voltage is less than the recommended supply 

voltage at 65nm technology node. 

 

Vbias

Vswing

 
Fig.4.14 Impact of Cmod and Cdet on the optimum modulator design parameters: 

number of wells, Vbias, and Vswing (laser power (Plaser)=1.0mW, loss=3dB, and bit 

rate=20Gb/s) 

 

Fig.4.15 presents the optimized link power as a function of the off-chip laser 

power and the modulator/detector capacitances. Reducing the capacitances yields low 

link power. This power is less than 5mW for Cmod=Cdet=10fF at bit rate=20Gb/s and 

loss=3dB, which amounts to a 70% reduction compared to the case with 

Cmod=Cdet=50fF. 
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Cdet=Cmod=50fF

Plaser=1mW

 

Fig.4.15 Impact of laser power and Cmod and Cdet on optimized link power for bit 

rate=20Gb/s and loss=3dB. The gray curve is the link power vs. laser power at 

Cdet=Cmod=50fF. The black curve is the link power vs. Cdet=Cmod at 1mW laser power 

(Plaser). 

 

 

4.5 Impact of Technology on Optimization 

 

In section 2.5, we discussed the impact of technology scaling on the receiver 

and transmitter power for the specific design on the comparison between electrical and 

optical interconnects. It is observed that the receiver power dissipation is lower at 

future nodes as shown in Fig.2.15. The receiver power in the future is reduced because 

of improved transistors and lowering supply voltages; hence, it can change the 

optimum modulator design described in prior sections. In this section, we examine the 

impact of technology scaling on the optimization, focusing on the intermediate bit rate 

(up to 30Gb/s; 45nm technology node). For high bit rate (beyond 30Gb/s), we will 
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discuss the electroabsorption modulated lasers (EML) in the next section, which offers 

an attractive mean to provide high bit rate alleviating the package complexity. 

 

Fig.4.16 depicts the optimum modulator design metrics (number of wells, pre-

bias and swing voltage) in terms of technology node scaling (transistor performance) 

for bit rate=20Gb/s and Cmod=Cdet=50fF. The optimized link power decreases because 

of the receiver power, but the modulator design metrics are relatively insensitive to 

technology scaling because the required optical power at the receiver depends on the 

noise sources, which is determined by the photo-detector capacitance (Cdet) and bit 

rate, but insensitive to transistor performance. It is observed that the optimized swing 

voltage (Vswing) is higher than the ITRS recommended supply voltage (Vcmos) for all 

technology nodes. This is because providing the required input optical power at the 

receiver for 20Gb/s needs higher Vswing of the modulator and high device capacitances 

dissipates large power at the receiver, thus, it renders the link power sensitive to Vswing. 
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                       (a)                                                         (b) 

Fig.4.16 Modulator optimization in terms of technology scaling (transistor 

performance) (a) link power (b) pre-bias and swing voltage for bit rate=20Gb/s, 

Cdet=Cmod=50fF, and Plaser=1mW 
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Consequently, operating modulator at Vcmos leads to increase link power as 

shown in Fig.4.17(a), depicting the link power operating at both optimized Vswing and 

Vcmos, for comparison. The gap increases as technology scales down, which, in turn, 

will result in higher power penalty as shown in Fig.4.17(b). This is because Vcmos 

decreases from 1.1V to 0.8V, as technology scales from 65nm to 22nm; the minimum 

Vswing becomes above Vcmos for 22nm technology node.  
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                          (a)                              (b) 

Fig.4.17 (a) Link power for optimized swing voltage and ITRS CMOS supply voltage 

(b) power penalty of operating at the ITRS CMOS supply voltage for bit rate=20Gb/s, 

Cdet=Cmod=50fF, and Plaser=1mW 

  

Fig.4.18 and Fig.4.19 are the same plots with lower bit rate (10Gb/s) and small 

device capacitances (25fF). Lower bit rate, in essence, reduces the noise source of the 

front-end transistor, which, in turn, required input optical power at the receiver is 

reduced. Small detector capacitance also gives room for reducing the front-end 

transistor, possibly reducing the receiver power dissipation. Because of these two 

effects, the optimized Vswing of the modulator can be reduced, and possibly below Vcmos 

depending on the bit rate and device capacitances. The optimized modulator metric is 
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also insensitive to transistor performance as shown in Fig.4.18(b) because of the 

reasons aforementioned. There is the hump in the pre-bias and swing voltage around 

number of wells of 25 to 35. This is because the receiver goes into the gain-limited 

region, and higher pre-bias and swing voltage can reduce number of the amplifier gain 

stages, in turn, reducing receiver power. The power penalty, shown in Fig.4.19, has 

the opposite trend to the above one because the optimized Vswing becomes close to 

Vcmos as technology scales down. 
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                     (a)            (b) 

Fig.4.18 Modulator optimization in terms of technology scaling (transistor 

performance) (a) link power (b) pre-bias and swing voltage for bit rate=10Gb/s, 

Cdet=Cmod=25fF, and Plaser=1mW 

 

We observe that the power penalty has an opposite trend depending on the bit 

rate and device capacitances. Fig.4.20 depicts the power penalty in terms of bit rate 

and device capacitances including the two above cases. Between 10Gb/s to 20Gb/s 

and 10fF to 25fF, the trend of the power penalty changes to opposite one. For 45nm 

technology node, having the recommended bit rate 30Gb/s by ITRS, the power penalty 

becomes about 50% for device capacitances of 25fF. Beyond the 45nm technology 

node, higher bit rate demands high optimized Vswing. Since we expect that in future the 
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available optical power will increase because of stronger laser sources, it can give 

room for optimizing modulator metrics for beyond the 45nm technology node. Circuit 

solution, which pumps up the swing voltage using Vcmos, can also extend it, but this 

requires additional power dissipation, which, in turn, increases the power penalty.  
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                      (a)                              (b) 

Fig.4.19 (a) Link power for optimized swing voltage and ITRS CMOS supply voltage 

(b) power penalty of operating at the ITRS CMOS supply voltage for bit rate=10Gb/s, 

Cdet=Cmod=25fF, and Plaser=1mW 
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                          (a)                                (b) 

Fig.4.20 Power penalty vs. technology nodes (a) in terms of device capacitances for 

bit rate=20Gb/s (b) in terms of bit rate for device capacitances of 25fF 
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4.6 Application: EML-based Optical Interconnect 

 

As we discussed in section 2.5, an explosive growth in on-chip computational 

bandwidth demands a commensurate increase in off-chip I/O bandwidth as depicted in 

Fig.2.14. Beyond 32nm technology node, the demanded bandwidth becomes 30Gb/s 

and beyond, which is difficult to achieve with direct modulated VCSEL.  

Electroabsorption modulated lasers (EML), consisting of a continuous wave (CW) 

laser integrated with a passive transition element and an electroabsorption modulator 

(EAM) to provide modulation bandwidths in excess of 10Gb/s, were introduced a 

decade ago [19][20], and recently 40Gb/s EML was demonstrated [21]. The 

communication data rate possible using the EML exceeds the possible using 

commercially available directly modulated lasers for long-distance and intermediate-

distance telecommunication applications. Higher level of integration (up to 12 

independently addressable channels) have been achieved in data communication using 

parallel optical arrays of GaAs-based VCSEL operating at 10Gb/s [22][23]. However, 

such devices are currently limited to short-distance application, can not provide for 

sophisticated functions such as OEO conversion, and require large area. For dense 

wavelength division multiplexing (DWDM) application, EML offer an attractable 

mean even for short-distance application with higher bandwidth that VCSEL can not 

achieve or be achievable with parallel arrays with at least area penalty. In this section, 

we investigate the feasibility of EML, integrating VCSEL as a CW lasers and QWM, 

in terms of total optical link power and the impacts of bandwidth and device 

capacitances on the modulator optimization.  

 

 The electrical power dissipation of the CW laser used (3.3), replacing 

modulation current to DC current to provide the input laser optical power. The device 

parameters also are assumed to be the same values as shown in Table 3.1. 
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 Fig.4.21(a) depicts the optimized link power as a function of input laser optical 

power with different bit rates for Cmod=Cdet=50fF.  For low bit rate (10Gb/s), the laser 

optical power has the optimum (about 0.7mW) minimizing link power, however, the 

laser power takes about 36% of the link power. The laser power is independent of the 

bit rate because laser functions only as a continuous wave source. For higher bit rate 

(20Gb/s and 30Gb/s), link power decreases drastically for small input laser optical 

power, because it provides small reflectivity difference, increasing the receiver power, 

and dissipates greater power at the transmitter to provide large reflectivity difference 

as shown in Fig.4.21(c)~(e). After a certain laser optical power (circled in Fig.4.21 

(b)), the link power becomes relatively flat because increased laser power is 

compensated by reducing the modulator power. Achieving larger laser optical power 

addresses more complicated laser design; hence, the input laser power starting to 

saturate total link power is set to the optimum. The portion of the laser power 

decreases to about 23% and 20% for 20Gb/s and 30Gb/s at the optimum laser optical 

power, respectively. It indicates EML becomes attractive solution to achieve higher 

modulation bit rate. 

 

 Fig.4.22 depicts the same plot for different device capacitances 

(Cmod=Cdet=10fF) and higher bit rates (up to 60Gb/s). These parameters are for 32nm 

technology node, achieving device capacitances possibly with monolithically 

integrated Ge-based CMOS compatible modulator [16] and MSM photo-detectors [17] 

[18] and bit rate that recommended by ITRS. The trend is similar with the case of 

50fF, and the % of laser power range from 50% to 30% for 20Gb/s and 60Gb/s, 

respectively. The % of laser power for this case is higher even at high bit rate because 

the absolute link power excluding laser power is relatively small due to low device 

capacitances.  
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Fig.4.21 (a) Optimized link power (b) % of laser power in terms of input laser optical 

power (c)~(e) optimized modulator deign parameters with different bit rate  

at Cmod=Cdet=50fF and assuming the loss from laser to modulator=1.5dB 

 

Fig.4.23 presents the optimized link power and % of laser power as a function 

of input laser optical power with different device capacitances for 20Gb/s. As we 

discussed in two cases (50fF and 10fF), reducing the device capacitances decreases the 

laser power, which has a large fraction of the link power. For 10fF, laser power 

becomes more than 50%, while for 50fF, it decreases to about 23%.  
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Fig.4.22 (a) Optimized link power (b) % of laser  power in terms of input laser optical 

power with different bit rate at Cmod=Cdet=10fF and assuming the loss from laser to 

modulator=1.5dB 

Bit rate=20Gb/s

Cdet=Cmod=50fF

(a) (b)

25fF

10fF

Bit rate=20Gb/s

Cdet=Cmod=50fF

25fF

10fF

 

Fig.4.23 (a) Optimized link power (b) % of laser power in terms of input laser optical 

power with different device capacitances at 20Gb/s and assuming the loss from laser 

to modulator=1.5dB 
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4.7 Summary 

 

We presented an optimization methodology for minimizing total optical link 

power, and obtained optimized modulator design parameters (number of wells, pre-

bias voltage) and system parameters (swing voltage). As bit rate increases, the 

optimum swing voltage exceeds the stipulated supply voltage at 65nm technology 

node. This results in about 46% power penalty at 25Gb/s. A prohibitive power penalty 

for sub-optimum supply operation indicates a need for either another supply voltage 

for modulator driver or pumping circuitry to boost up the swing voltage. We also 

examine the impact of the device and system parameters (laser power, loss, bit rate, 

and capacitances) on both the optimum modulator design and operation parameters as 

well as the optimum link power. A higher bit rate results in an increase in the noise 

sources at the receiver. This, in turn, requires larger number of quantum wells in the 

modulator, which leads to a higher pre-bias and voltage swing. To mitigate this, either 

laser power can be increased or transmission loss can be reduced. However, both these 

factors have limits. An effective solution would be to reduce capacitances at the 

transmitter and the receiver. For example, reducing this capacitance to 10fF 

(achievable with Ge-based CMOS compatible modulator and MSM photo-detector) 

forces the optimum swing voltage to be within the stipulated supply voltage for 65nm 

technology node.  

 

We also examine the impact of technology on the optimization and observed 

that the modulator design metrics are relatively insensitive to technology scaling 

(transistor performance) and power penalty has two opposite trend depending on bit 

rate and device capacitances. Lower bit rate and small device capacitances decrease 

the power penalty as the technology scales down; otherwise it has an opposite effect. 

For the 32nm technology node with considering recommended bit rate (30Gb/s), the 

power penalty becomes over 50%; beyond 32nm, a new circuit technique, pumping up 
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the voltage, and stronger laser power should be deployed to provide room for 

optimizing modulator metrics close to ITRS recommended chip environment.  

 

For very high bit rate, over 30Gb/s recommended beyond the 32nm technology 

node, EML offers an attractive means of alleviating package complexity, sacrificing 

power dissipation. We examine the optimization laser optical power to minimize link 

power and investigate the fraction of laser power in terms of bit rate and device 

capacitances. For 32nm technology node, the laser power becomes about 30% of link 

power at the optimized condition. 
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Chapter 5  
 

 

Design of Prototype Chip 
 

 

 

 

5.1 Introduction 

 

In the last three chapters, we quantified the power dissipation of both the 

electrical and optical links and examined the impact of device and system parameters 

on critical length defined as the interconnect length beyond which optics becomes 

more power efficient than their electrical counterparts. Having modeled these links, 

our objective in the second part of this dissertation is to verify these results in a real 

chip environment. The main design goal in a prototype chip which decouples the 

contribution of various link components on total power enables us to assess the impact 

of various figures of merit of devices (CR, IL, and coupling for optical and termination 

mismatch, crosstalk, attenuation, and package parasitics RLC for electrical links) at 

the system level. Toward this goal we implement optical and electrical design 

parameters which can be systematically controlled and varied using external electrical 

signals as discussed section 5.3.3. 

 



          Chapter 5: Design of Prototype Chip 

 

98 

We start with the chip configuration in section 5.2, showing the placement of 

each circuitry block, electrical and optical links’ components, in a chip. This section 

gives the conceptual outline of the prototype optoelectronic chip and is followed by 

detailed circuit description. Section 5.3 deals with the electrical link, including 

signaling, clock generation, transceiver, on-chip termination resistor, and mode 

registers. In section 5.4, we discuss the optical link, similarly including signaling, 

transceiver with adjustable design parameters. Section 5.4 also deals with the 

fabrication process of the modulator and building optoelectronic chips using flip-chip 

bonding technique.  

 

 

5.2 Chip Configuration 

 

The main object of this prototype optoelectronic chip is implementing both 

electrical and optical links in a single chip for more a fairer comparison. For free space 

optical link, the modulator and photo-detector on a chip need to be exposed after 

packaging. The chip on board (COB) technique mounting the chip directly on the 

printed circuit board provides the solution, but the wire bonding is used for electrical 

signals rather than chip size package or ball grid array package, which increases the 

package parasitics due to long bonding wires. Fig.5.1 shows the fabricated prototype 

chip’s photo, showing the placement of each circuitry blocks of electrical and optical 

links. The chip size is 5mm×5mm and has wire bond pads for electrical signals at the 

edge of the chip and flip-chip bond pads for optical devices (modulator and photo-

detector) on the left center. This chip consists of electrical transceivers, optical 

transceivers, and common circuitry, such as phase locked loop (PLL), delay locked 

loop (DLL), mode register, and pseudo-random bit sequence (PRBS). The electrical 

link has unidirectional signaling transceivers (source synchronous clock) and 
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bidirectional signaling transceivers on the right side. Under the flip-chip bond pads, on 

the other hand, optical transceivers (transmitter on top, receiver on bottom) are placed 

with the clock distribution. The reference clock (low frequency) feeds to the phase 

locked loop, multiplies it and thus generate clean clocks (high frequency) for use in 

delay locked loop. DLL aligned the internal clock to the center of the received data to 

maximize the timing margin. Mode registers, on the bottom, controls the design 

parameters to examine the impact of these parameters on the comparison discussed in 

Chapter 2 and optimize the design parameters minimizing the optical link power. The 

detailed circuit description is discussed in the following sections. 
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Fig.5.1 Chip configuration of prototype electrical and optical link 
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5.3 Signaling Scheme of Electrical Interconnect 

 

Scaling in device structure and fabrication technologies decreases the cost of 

transistors faster than the cost of I/O pins, making pin saving an important cost 

parameter. Thus, signaling setups that reduces the number of pins and wires are 

attractive alternatives to the traditional unidirectional differential system. Differential 

unidirectional signaling can transmit data with the shortest bit period because this 

signaling minimizes the generation of noise and sensitivity to it. However, to 

maximize the total bandwidth available to chip, the bandwidth per pin should be 

maximized. Additional transistors combined with enhanced signaling can maximize 

the bandwidth per pin. Bidirectional signaling can double the bandwidth per pin by 

using each pin to both transmit and receive data. However, this signaling increases 

both the generation of noise and sensitivity to noise. To alleviate the noise effects, we 

keep the differential signaling with the current mode channel [1]. 

 

Fig.5.2 shows the interface architecture of source synchronous point-to-point 

bi-directional point-to-point parallel link, and the timing of the corresponding interface 

signals. There are three primary components in a link: the transmitter, the channel, and 

the receiver. The transmitter converts a digital signal data sequence into an analog 

signal in the channel; the channel is the entire transmission path along which the 

signal travels; and finally the receiver converts the received analog signal back to 

digital data sequence. Transmission of all data signals, data0[0-n], and a reference 

clock signal, refClk0, is triggered synchronously (hence the name source synchronous) 

by TxClk0. The receiver timing recovery circuitry generates a global receiver clock, 

RxClk1, by delaying the received clock, refClk0, by half of a bit time. RxClk1 is then 

used to sample all incoming data signals in the middle of their transitions to maximize 

timing margins. 

 



          Section: 5.3 Signaling Scheme of Electrical Interconnect 

 

101 

refClk0 drv PLL/DLL

data0[0] drv drv

rec

data1[0]

rec

RxClk1

data0[n] drv drv

rec

data1[n]

rec

drv refClk1PLL/DLL

RxClk0

Chip0 Chip1

TxClk0
TxClk1

 
refClk0

Data0[0]

Data0[n]

TxClk0

refClk0

Data0[0]

Data0[n]

TxClk0

refClk0

Data0[0]

Data0[n]

RxClk1

timing margin  

Fig.5.2 Schematic and I/O timing diagram for source synchronous bi-directional and 

differential point-to-point parallel link 

 

 

5.3.1 Clock Generation 

 

The skew and jitter in the local receiver and transmitter clock (RxClk, TxClk) 

followed by clock distribution greatly affect the timing margin in the received signals. 

These factors depend largely on the performance of the DLL used to generate RxClk 

and TxClk. We used the dual-loop architecture DLL, which allow a much wider 

locking range than the single loop DLL [2]. Fig.5.3 shows the clock generation and 



          Chapter 5: Design of Prototype Chip 

 

102 

distribution, using external low frequency clock (125MHz). The received refClk can 

be noisy and jittery. If it is fed directly to the delay line input of the delay lock loop 

(DLL), the jitter is passed to the output clock of the DLL, making the output worse 

than the input.  To alleviate the problem, the delay line takes the separate clean clock 

source as input. Phase locked loop (PLL) generates noise suppressed clocks, multiples 

of external clock (0.625GHz~5GHz). Clock select (selClk) generated from mode 

registers, which is discussed in section 5.3.3, selects one of these clocks, and feeds to 

the input of the DLL. 
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DCC

RxClk TxClk

Clock Distribution

Low swing 
differential buffers

Clean
clock

selClk
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Fig.5.3 Clock generation and distribution 

 

Although low swing differential clock buffers dissipate more power than using 

CMOS inverters and the area of each low swing buffer is also much larger than a 

CMOS inverter of comparable strength, jitter of the local RxClk and TxClk can be 

substantially reduced, providing receivers more timing margins. This is more crucial 

for our prototype chip because electrical and optical transceivers are in a single chip 
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and widely spread out, which results in widely distributed clocks. 

 

 

5.3.2  Transmitter and Receiver 

 

 

5.3.2.1  Data Generation and Data Path 

 

To test the functionality, the links should operate correctly for any random data 

pattern. We implement the pseudo random bit sequence (PRBS) using 31 bit 

maximum-length linear feedback shift register (LFSR) chain: an M-sequence with 

primitive function 

 

1)( 331 ++= xxxf        (5.1) 

 

and repeating period 231-1 bits. Standard CMOS logic (flip-flop) considered local 

interconnect RC loading becomes marginal to implement the dual edge clock. Thus, 

Dual edged flip-flop with high-speed CMOS current mode logic (CML) [3] is used for 

reliable operation at the high frequency.  

 

Fig.5.4 shows the block diagram of the data path, whereby PRBS generates the 

random data to the transmitter and detects the bit error rate in the received signal. 

Optical and electrical link have its own data path (PRBS generator and verifier) 

because the clocks are aligned using different DLL. After PRBS verifier, muxes 

controlled by sel[1:0] choose one of error signals from the PRBS verifier, enabling the 

separate test of bit error rate with a single pin (error).   
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Fig.5.4 Block diagram of the data path 

 

5.3.2.2   Transmitter: Bipolar Differential Current Mode Driver with 

Equalization (Pre-emphasis) 

 

A transmitter circuit encodes a symbol into a current (current mode) for 

transmission over a line. Current mode transmitters have a very high output impedance 

and are implemented using transistors operated in saturation. High impedance of 

current mode signaling enables noise immunity to power supply. Using source 

coupled pair to steer the current from the current source into one of two legs, as shown 

in Fig.5.5. The symmetric nature of bipolar signaling gives roughly equal transmitter 

offset for the “0” and “1” symbol. Unipolar signaling, on the other hand, lumps most 

of its total offset into the “1” symbol, and thus, must reduce its detection threshold to 

balance its high and low noise margins. Bipolar signaling also reduces power 

dissipation because for a given signal swing, a bipolar system draws half of peak 

current form the supply as a unipolar system. However, bipolar signaling pulls up and 
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down the signal lines, hence it requires additional area penalty. The coupling 

capacitances (Cin
+ and Cin

-) degrade the output signal slope.  The compensate 

capacitors connected to reverse inputs compensate the degradation. 
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in-

out-

out+

Vbn

Vbp

pull up
current source 

pull down
current source 

compensate
capacitor 

Cin
+

Cin
-

 

Fig.5.5 Differential bipolar current steering driver 

 

The resistance of long off-chip lines increases as the square root of signal 

frequency because of the skin effect, resulting in inter-symbol interference as 

unattenuated low frequency signal components overwhelm the high frequency 

components. This effect can be countered by equalizing the transmission line, 

amplifying the high frequency components, or attenuating the low frequency 

components to level the frequency response. Pre-emphasis transmitter has a two-tap 

symbol-spaced finite-impulse response (FIR) filter that is used to cancel the trail of the 

transmission line response of two subsequent symbol intervals [4] as shown in Fig.5.6.  

 



          Chapter 5: Design of Prototype Chip 

 

106 

D Q D Q0

1 D Q0

1

preamp
on/off

in

drv drv drv

TxClk

sel0[4:0] sel1[4:0] sel2[4:0]

out

main
driver

1st

tap filter
2nd

tap filter

 

Fig.5.6 Pre-emphasis transmitter with two-tap FIR 

 

5.3.2.3   Receiver: Four-input Differential Amplifier 

 

A receiver detects an electrical quantity, current or voltage, to recover a signal 

from a transmission medium. A receiver should have good resolution and low offset in 

both the voltage and timing dimensions. Fig.5.7 shows the receiver for differential 

simultaneous bidirectional signaling, four-input differential amplifier [5]-[7]. Vfr is 

summed of forward traveling wave (Vf) and reverse traveling wave (Vr). The replica 

driver (1/4 strength of main driver) generates a replica of the forward traveling wave 

(r+ and r-). The four-input amplifier subtract this differential replica from the 

differential line voltage to recover the reverse traveling wave (Vrr). Differential 

simultaneous bidirectional signaling requires fewer pins than unidirectional single-end 

signaling, because fewer signal returns are needed, and largely eliminates signal-return 

cross talk because the currents in both directions are balanced. 
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Fig.5.7 Receiver for differential simultaneous bidirectional signaling 

 

5.3.2.4 On Chip Mid-supply Termination 

 

The impedance discontinuities bounce back traveling waves and reflected 

waves and thus is the cause of inter-symbol interference. Resistive terminations are 

always required in high performance signaling systems to absorb traveling waves, 

preventing unwanted reflections, for incident wave switching. Signal lines can be 

terminated either at the transmitter or at the receiver and in some signaling systems, 

terminations are provided at both the transmitter and the receiver. In high speed 

signaling, it is often advantageous to use on-chip termination resistors rather than off-

chip discrete resistors. Off-chip termination always results in an un-terminated stub 

composed of the package parasitics and the internal circuitry, and this stub generally 

introduces unaccepted large reflections into the signal line [1]. Bonding the chip 

directly on the board (COB) with long bonding wires makes the chip more vulnerable 

because of large package parasitics. The bipolar mode signaling needs to set the 

common mode voltage on the signal line to the mid-supply voltage. More importantly, 
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to assess the impact of impedance mismatch between the transmission line on PCB 

and on-chip termination resistor, the impedance of terminator need to be adjustable. 

 

Fig.5.8 shows the circuit diagram of the termination resistor based on 

common-gate configuration [8]. The input impedance looking into the sources of two 

common-gate configurations is used for termination resistor. The external resistor 

(REXT) is used as a reference to set the bias current and termination resistance. The 

resistor-based voltage divider (R1~R4) generates three reference voltages, VH, VM, and 

VL. The two biases (VH and VL) set the termination voltage and impedance by 

providing bias voltages, VP, and VN. The current mirrors flow the same current of 

IB=VM/REXT. M7 and M9 are replicas of M3, and M8 and M10 are replicas of M4. 
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Fig.5.8 Circuit diagram of the termination resistor and bias circuit 
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Fig.5.9 shows I-V characteristic for the mid-supply on-chip termination 

resistor. Although the source impedance of neither PMOS nor NMOS is linear, the 

combined effect of PMOS and NMOS results in close to linear resistance around the 

termination voltage. Assuming ideal square-law current characteristic of the MOS 

transistors, the output current is given by 

 
22 )()( TNONNTPPOPNPO VVVKVVVKIII −−−−−=−=          (5.2) 

 

where KP and KN are the transconductance parameters and VTP and VTN are the 

threshold voltages of PMOS and NMOS respectively. When we set the reference 

voltage (VH and VL) such that only one of the output transistor is on and the other is 

just on the threshold, with KP = KN, the output current IO is given by 
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From the bias condition of IB=VM/REXT, the termination resistance is given by 
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+
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and thus, the termination resistance is adjustable by REXT. The derivation is based on 
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the assumption of ideal square-law current characteristic of long-channel MOS 

transistors.  However, nonideal effects such as short-channel effects, process and 

voltage variation, deteriorate the linearity of termination resistance. Under a typical 

condition, the maximum deviation is 5.5% over a full voltage range [8].  
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Fig.5.9 I-V curve of the on-chip termination resistor 

 

5.3.3 Mode Register 

 

Adjusting design parameters is one of the key design goals, to examine the 

impact of these parameters on the power comparison discussed in Chapter 2 and 3. For 

optical link, this scheme is also used to optimize the design parameters minimizing 

total link power dissipation. Fig.5.10 presents the block diagram and timing of mode 

register set, comprising of en (enable), clk, and data. Before main testing cycle, the 

serial registers are set during the mode register set cycle as shown in Fig.5.10, which 

performed at the very low frequency (~KHz). The output of serial registers chooses 

the designated design parameter set, controlling passing gate, and adjusts the design 
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parameters. 
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Fig.5.10 Block diagram and timing of mode register set 

 

 

5.4  Optical Interconnect: Process and Optoelectronic chip 

 

Optical interconnect implemented in this chip uses source synchronous 

signaling similar with electrical counterpart discussed in section 5.3. However, optical 

interconnect is fundamentally unidirectional and unipolar signaling in a single-ended 

signal line as shown in Fig.2.1. Fig.5.11 shows optical link using free space as a 

transmission medium and modulator-based transmitter. Off-chip laser is focus on the 

flip-chip bonded modulator (discussed in section 5.4.2); modulator modulates the light 

by modulator driver on CMOS chip; light propagates to the flip-bonded photo-detector 

by mirrors; photo-detector converts the light to the current; following receiver 

converts this current to the voltage, then gain stages amplify to the swing voltage. In 

this section, we discuss the design of the transmitter and the receiver and the process 

building optoelectronic chips using flip-chip bonding.  
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Fig.5.11 Schematic of the optical link 

 

 

5.4.1  Transmitter and Receiver 

 

 

5.4.1.1    Transmitter 

 

The figure of merit of the modulator, contrast ratio (CR), depends on the swing 

voltage of the modulator driver as discussed in section 3.5 and optimized swing 

voltage depends on the bit rate, greater than supply voltage (Vdd=1.2V) of chip 

technology node (90nm). This voltage is simply driven by the CMOS inverter chains 

as shown in Fig.5.12 with the different voltage (Vddm). To convert from supply voltage 

(Vdd) to modulator swing voltage (Vddm), we use the level shifter, and it degrades duty 

ratio. In this design, for Vddm=1.5V and 10Gb/s (100ps signal), 2% (2ps) of duty 

distortion is obtained with HSPICE simulation.  
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Fig.5.12 Transmitter: quantum-well modulator-based optical link 

 

5.4.1.2    Receiver : Transimpedance Receiver 

 

The transimpedance amplifier is the most widely used preamplifier structure 

for high-speed optical receiver [9]. Its merit is to combine a relatively high 

transimpedance gain with high speed. In an efficient high-speed design, the dominant 

pole is located at the input because of photo-detector capacitance and its processing 

capacitance (e.g. bump capacitance). Fig.5.13 shows the transimpedance receiver with 

adjustable design parameters, such as input capacitance, front-end receiver size, and 

feedback resistance. Input capacitance and front-end receiver size are adjusted with 

passing NMOS transistors controlled by csel[3:0] and msel[3:0] respectively, which 

are set by mode register cycle. However, feedback resistance is adjusted by gate bias 

of the PMOS transistor, which is driven by an external pad (Vtia). By adjusting these 

design parameters, we could find the optimized the design minimizing total optical 

link power as discussed in section 2.2. 
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Fig.5.13 Transimpedance receiver with adjustable design parameters 

 

5.4.1.3    Receiver: Offset-tolerant Replica Biasing with Accurate Threshold 

Control 

 

To obtain a completely integrate optical receiver, the preamplifier’s output 

signal is further amplified to rail-to-rail voltage. A post-amplifier, based on a string of 

modified inverters biased at their threshold voltage, is used, whereby the first inverter 

have a small signal and act as linear amplifiers and at the end of the chain, clipping 

occurs at the ground and power-supply voltage. The advantage of this approach is that 

the exact serial number of the inverter where the clipping begins is irrelevant. A large 

signal simply results in a shift forward of the first clipping. This results in a large 

dynamic range without automatic gain control. The major challenge for the practical 

realization of the chain is the correct biasing of the inverters. It is performed with an 

offset-tolerant replica biasing circuit with accurate threshold control [10]. The replica 
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feedback loop consists of a level shifter, an inverter chain (M3-M5) in the signal path, 

low pass filter, a replica of the inverter M1 (M3), and a comparator alongside as 

shown in Fig.5.14. The dc bias voltage at the input of the first out-of-the-loop inverter 

(M1) is compared with the replica’s threshold and forced to this voltage by adjusting 

the level shifter. Due to various effects of process and temperature variation, there is 

an offset, but the signal has been amplified by inverter chain (M3-M5), hence the 

standard deviation on this biasing error reduces by its total gain.  
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Fig.5.14 Post-amplifier with offset-tolerant replica biasing circuit 

 

5.4.2  Modulator and Photo-detector 

 

To make an electroabsorption modulator using a quantum-confined Stark 

effect, the typical approach is to place an absorbing quantum well in the intrinsic layer 

of a p-i-n diode. By applying a static reverse bias across the diode, photo-generated 

carriers are sufficiently swept out of the intrinsic region and the device acts as a photo-

detector. Varying this bias causes a modulation in the optical absorption, resulting in 

an optical modulator. Surface-normal operation of MQW modulator is an effective 

way to achieve to high device density and simple optical coupling required for dense 
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optical interconnections. To increase the absorption of the photon in the device, 

surface-normal modulator often uses an absorbing region that contains many quantum 

wells. Quantum well modulators can be integrated to electronics in two-dimensional 

arrays by flip-chip bonding as discussed in section 5.4.3. Because the device can 

operate both as modulators and photo-detectors, fabrication and integration of a single 

device array adds both optical input and output capabilities to an electronic chip.  

 

The growth of epitaxial structures by solid-source molecular beam epitaxy 

(MBE) is a well-known technique [11]. In order to use exiting diode lasers (with an 

output wavelength of 850nm) the GaAs well width was chosen to be 95Å and the 

Al0.3Ga0.7As barrier thickness was 30Å. A design with 50 wells would achieve a 

satisfactory trade-off between exciton shift and total absorption [12]. Table 5.1 shows 

the final wafer design. The GaAs buffer layer is used to protect n-AlGaAs layer after 

integration and etch tuning step removal.  

 

Table 5.1 Design of the modulator epitaxial structure 

Description Material Thickness (Å) Dopant (cm-3) 

p cap layer GaAs 100 Be=1.0×1019 

p layer p-Al0.3Ga0.7As 2030 Be=1.0×1019 

i MQW layer 50× GaAs 

Al0.3Ga0.7As 

95 

30 

 

n layer n- Al0.3Ga0.7As 5000 Si=4.4×1018 

buffer layer GaAs 500  

etch stop layer Al0.3Ga0.7As 2800  

undoped (100) GaAs substrate 
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5.4.3  Process: Building Optoelectronic Chip 

 

Monolithic hybrid integration could give the highest performance by reducing 

parasitic capacitances [13]. However, flip-chip bonding, an approach common in 

electrical packaging, has several advantages. Flip-chip bonding substantially reduces 

the length of the electrical connections compared to the current commercial technique 

using short bond wires and carefully designed circuit board traces, thereby lowering 

both capacitances and inductances, and thus allows high-speeds and a reduction in 

power dissipation. Additionally, it enables entire device arrays to be integrated in a 

single operation, perhaps on a wafer-scale [14]. 

 

The detailed process step is as follows: 1) Circuit and device arrays are 

fabricated separately. 2) The contact pads of one or both chips are metalized to create 

diffusion barriers and the appropriate materials to act as a solder. Typical flip-chip 

bonding processes employ indium solders that are bonded to gold [15]. 3) The device 

array and CMOS chip are aligned in a flip-chip bonder and bonding is performed, 

generally by pressure and elevating the chip temperature to soften and melt the solder. 

4) Following bonding, it is common to remove the III-V substrate by using selective 

wet or dry etch process, which remove the open opaque substrate as shown in 

Fig.5.15. Fig.5.16 shows the photograph of the fabricated optoelectronic device array 

after flip-chip bonding and substrate removal process (step (6) in Fig.5.15). 
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Fig.5.15 Fabrication process steps of optoelectronic chip: (1) starting quantum well 

wafer (2) wet etching n-well followed by n-contact (3) dry etching p-well after p-

contact (self masking) (4) dry etching n-p-well defining standalone quantum well 

modulator (5) evaporating In bump for flip-chip bonding (6) substrate removal 

followed by flip-chip bonding, thus achieves an optoelectronic chip 
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Fig.5.16 Photograph of the optoelectronic device array after flip-chip bonding and 

substrate removal process 
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5.4.4 Performance of Integrated Devices 

 

As we discussed in Chapter 4, the insertion loss and contrast ratio at a given 

voltage swing are the important metrics determining the performance, especially 

power dissipation of the optical links. Fig.5.17(a) shows the measured device 

reflectivity as a function of the swing voltage for various wavelengths. The very low 

reflectivity is due to additional losses that result from imperfect contact reflectivity 

(because of metallic diffusion occurring at the Au/GaAs interface), scattering at the 

top surface of the device, and reflective losses that occur because the devices were not 

anti-reflective (AR) coated. This lack of AR-coating created an optical cavity whose 

resonance was situated at a random wavelength [12]. Absorption is enhanced at the 

cavity resonance position, and weakened for off-resonance wavelengths, significantly 

changing the performance of the device. The measured contrast ratio of the device is 

only about 7% because of the afore-mentioned reasons.  
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                          (a)                (b) 

Fig.5.17 (a) Device reflectivity before cavity tuning (b) maximum contrast ratio at the 

voltage swing of 1.2V for various wavelengths 
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To obtain a working device (reasonable contrast ratio), the cavity resonance 

must overlap the exciton absorption peak. The cavity tuning procedure was performed 

following etch stop removal. A series of tuning cycles was employed, allowing more 

precise control of cavity resonance. A single tuning cycle consists of 15-second dips 

into hydrogen peroxide and then hydrochloric acid and water (1:1 ratio). The process 

works by oxidizing a thin layer of GaAs and subsequently stripping it off with 

hydrochloric acid. Fig.5.18(a) shows the measured device reflectivity as a function of 

the voltage swing for various wavelengths after 25 tuning cycles. The moving of the 

resonance peak is about 0.75nm per tuning cycle, which is consistent with an etch 

depth/cycle of ~20Å [12]. The measured contrast ratio improved significantly from 

6.5% to 34% at 854nm and voltage swing of 1.2V.  
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                           (a)               (b) 

Fig.5.18 (a) Device reflectivity before cavity tuning (b) maximum contrast ratio at the 

voltage swing of 1.2V for various wavelengths after 25 tuning cycles 

 

The specific voltage swing, 1.2V, is the typical CMOS voltage of the 90nm 

technology node. However, as we discussed in Chapter 4, the optimal voltage swing 

minimizing the link power dissipation is determined by device and system parameters, 
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and has a significantly higher voltage than CMOS voltage. Increasing the voltage 

swing to 2.4V (2 times higher) improves contrast ratio about 2 times (from 33% to 

60%).  
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Fig.5.19 Contrast ratio vs. wavelength with variable swing voltages 

  

The contrast ratio for different devices in a single chip is shown in Fig.5.20 as 

a function of the tuning cycle. The performance improved about 6 times (from 6% to 

33%). We also quantify the variation of the contrast ratio using a metric dividing the 

standard deviation by the average that is shown in Fig.5.20(b). After the first couple of 

tuning cycles, the metric decreases quite a bit (less than 10%) and slightly increases 

with added tuning cycles. But the slope of the performance is pretty steeper than that 

of the metric, indicating the tuning process helps the performance while sacrificing the 

variation of the devices slightly. 
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Fig.5.20 (a) Improvement of the contrast ratio with tuning cycle for different devices 

(b) performance (contrast ratio) distribution in a single chip 
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5.5 Testing Result We Wish We Had 

 

We designed the prototype electrical and optical interconnect in a single chip 

for verification of our models of power dissipation for off-chip communications. 

Unfortunately, the process variation shifts the internally generated DC bias controlling 

the current driving capability of the electrical transmitter, one of major components for 

testing the chip. This voltage shift results in insufficient driver capabilities to drive the 

network cable, hence, we could not get the signals, indicating the pass and fail of the 

communication transceivers. The engineering challenges in building such a system are 

nontrivial. For example, the concept of implementing both electrical and optical 

transceivers on a single chip requires overcoming many obstacles, for example, special 

package for optical interconnect, chip on board (COB), compromising the 

performance of electrical interconnect. The cavity tuning work with the specifically 

handled processing would be very useful for improving the performance of end-device 

for optical links. With our design techniques describe in this chapter and fixing the 

sensitivity issue of internal DC bias generating circuit, we could validate our model. 

 

 

5.6 Summary 

 

We present the circuit design of the prototype optoelectronic chip, 

implementing optical and electrical links in a single chip for more fair comparison. 

Source synchronous signaling is used for the clock-data recovery in both links. For 

electrical links, bipolar current mode simultaneous bidirectional signaling is 

implemented, maximizing bit rate for a pin-limited system. For optical link, on the 

other hand, transimpedance receiver with adjustable design parameters is used to 

optimize the receiver design, minimizing total optical link power. Offset tolerable 
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post-amplifier is followed to eliminate the process variation on the threshold of the 

inverter gain stage. We also discuss about the modulator and photo-detector device, 

and the fabrication processes to build the optoelectronic chip using a flip-chip bonding 

technique. By processing cavity tuning cycle, we improved the contrast ratio about 6 

times (from 6% to 33%) with slightly sacrificing the variation in a single chip. 
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Chapter 6  
 

 

Performance Comparison: On-chip 
 

 

 

 

6.1 Introduction 

 

Continuing current scaling paradigm of Cu/low-K based on-chip interconnects 

for global signaling presents a serious power and performance (latency) bottleneck in 

high-performance integrated circuits (IC). This is further exacerbated by the increase 

in copper resistivity, as wire dimensions and grain size become comparable to the bulk 

mean free path of electrons in copper (~40nm) [1]. On the architecture side, the shift 

toward a multi-core paradigm would demand a high bandwidth/bandwidth density and 

low latency connections between cores. Bandwidth density is defined as bandwidth 

per unit distance. Thus, it is imperative to examine alternate interconnect schemes for 

future ICs. The two most important novel potential candidates are optical and carbon 

nanotube (CNT)-based interconnects.  

 

Optical interconnects can potentially reduce latency and provide high-

bandwidth with relatively low power dissipation [2][3]. However, the medium for an 
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optical interconnect (a waveguide), has a relatively larger size (pitch~0.6μm), making 

it difficult to provide high bandwidth density. This problem can be mitigated using 

wavelength division multiplexing (WDM) with 10 to 40 wavelengths. CNT 

interconnects, on the other hand, have the flexibility of being implemented in the same 

size scale as the existing Cu wires (~50nm), hence, can provide high bandwidth 

density. Further, single-wall CNT (SWCNT) can yield a much lower latency 

compared to Cu/low-k by virtue of having a much higher mean free path. The high 

quality SWCNT mean free path can be in the micron range [4].  

 

In this chapter, we compare CNT-based and optical interconnects with Cu 

interconnects using commonly deployed metrics, latency and power. However, latency 

and power by themselves are not necessarily the most complete metrics for comparing 

different interconnects, as a larger bandwidth and a smaller latency can be obtained 

using more area resources. To account for this issue, Naeemi et al. [5] proposed 

bandwidth density/latency as an appropriate comparison metric. We augment this 

metric by further normalizing it with respect to power dissipation to account for the 

fact that power can also be used to increase bandwidth. We assume that the serial bit 

rate per link is limited by the global clock frequency (FO4 inverter delay) which is not 

expected to increase dramatically in the future. We divide the bandwidth by the pitch, 

the latency, and the power to obtain the bandwidth density/latency/power metric. This 

metric is important because for global communication between blocks/cores, the 

designers care about the bandwidth density, the latency of the links and how much 

power they need to expend to obtain the required link speeds. We extensively examine 

how this metric is affected by 1) the device parameters – the modulator and the 

detector capacitances, in the case of optical interconnects, 2) the materials parameters - 

the mean free path and the packing density, for CNTs, and 3) the system parameters - 

the global clock frequency and the switching activity.   
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The rest of the chapter is organized as follows: Section 6.2 describes how the 

circuit model parameters-resistance, capacitance, and inductance for Cu interconnects 

were obtained. Section 6.3, does the same for a SWCNT and a CNT bundle. Using 

these circuit models, section 6.4 demonstrates the repeater optimization for Cu and 

SWCNT and obtains latency and power. Section 6.5 describes the performance 

modeling for the quantum-well modulator-based optical interconnect and its latency 

and power. In section 6.6, we compare a system’s driven, top-down, compound metric 

for Cu, CNTs, and optics and comprehensively examine the impact of device, material, 

and system parameters on it. Finally, we conclude in section 6.7. 

 

6.2 Cu Circuit Parameter Modeling 

 

As Cu wire dimensions and grain size become comparable to the bulk mean 

free path of electrons (~40nm at room temperature), electrons experience surface and 

grain-boundary scattering, which, in turn, increases its electrical resistivity. The 

Fuchas and Sondheimer (F-S) model is used for surface scattering effect [6], 
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where, ρo is the resistivity of the bulk (1.9μΩ·cm), p is the fraction of electrons 

scattered specularly at the surface (assumed 0.6 [1]), w is the width of the wire (taken 

from ITRS [7]), and l is the mean free path of the bulk material. In order to model the 

scattering at grain boundaries, the theory of Mayadas and Shatzkes (M-S model) was 

applied [8]. 
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where, R is the reflectivity coefficient describing the fraction of electrons that are not 

scattered by the potential barrier at a grain boundary (assumed 0.5 [1]) and d is the 

average distance of grain boundaries (assumed wire width; d=w). Fig.6.1 shows Cu 

resistivity in terms of wire width. For 22nm technology node, resistivity increases to 

5.8 μΩ·cm, about 3X of the bulk resistivity. This dramatically increased resistivity 

adversely impacts the performance of Cu wires. 

 

Cu (bulk)

F-S model

M-S model

Combined
22nm
Node

32nm
Node

 

Fig.6.1 Cu resistivity as a function of wire width taking into account of both surface 

and grain boundary scattering.  p and R values were assumed to be 0.6 and 0.5, 

respectively. 

 

The wire capacitance is evaluated using an analytic model [9],  
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where, ε is the permittivity of dielectric between a wire and a ground plane, s is the 

space between wires (assumed s=w), h is the height of the wire (h=w×aspect ratio), 

and t is the distance between metal layers (assumed t=4h). 

 

In this work, we also included the impact of inductance. Its value for a wire 

with a rectangular cross-section area can be expressed as following [10]. 
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This comes out to be about 0.5nH/mm at 22nm technology node.  

 

 

6.3 CNT Circuit Parameter Modeling 

 

 

6.3.1 Single Wall CNT Model 
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A SWCNT has two propagating channels because of its band structure 

(sublattice degeneracy). In addition, electrons can have spin up or spin down. The 

equivalent circuit model is shown schematically in Fig.6.2, and its components will be 

explained in the following subsections [11].  

 

RQ/2

4CQ

CE

4CQ

CE

RQ/2RQ/lo RQ/loLK/4+LM LK/4+LM

 

Fig.6.2 Equivalent circuit model of a SWCNT interconnect. Resistance (R), 

inductance (L), and capacitance (C) are values per unit length. 

 

 

6.3.2 Inductances 

 

In the presence of a ground plane, the magnetic inductance per unit length is 

given by [12] 
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where, μ is the permeability (=4π×10-7) and dt is the nanotube diameter. For dt =1nm 

and t=4h=340nm, magnetic inductance is about 1.2nH/mm. In addition to the 

magnetic inductance, because of a low density of state in the conduction band of 

SWCNT, the kinetic energy stored in the current carriers (electrons) is very large. This 
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results in a very high kinetic inductance per unit length given by [12] 

 

f
K ve

hL 22
=                                                   (6.6) 

 

where, h is Plank constant, vf is the Fermi velocity of electrons in carbon nanotube 

(8×105m/s). The kinetic inductance is about 16μH/mm, which is about four orders of 

magnitude larger than its magnetic inductance per CNT. 

 

 

6.3.3 Capacitances 

 

The electrostatic capacitance is given by [12] 
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where, ε is the permittivity of dielectric between a wire and a ground plane. For 

dt=1nm, t=4h=340nm, and εr (relative permittivity for 22nm technology node)=2.0, 

the electrostatic capacitance is about 190fF/mm. In addition, there is a non-negligible 

quantum capacitance associated with a CNT. To add an electron in a SWCNT, one 

must add it at an available quantum state above the Fermi energy (EF) due to the 

Pauli’s exclusion principle.  The quantum capacitance per unit length for a CNT is 

given by [11] 
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This capacitance is around 100fF/mm, which is of the same order of magnitude as its 

electrostatic counterpart. 

 

 

6.3.4 Resistance 

 

The resistivity of a conducting material depends on the number of scattering 

events, the number of carriers, and the availability of the states. If there is no 

scattering at the contact, using the Landauer-Buttker formula, the fundamental 

resistance (quantum resistance, RQ)   is about 6.45KΩ.  As shown in Fig.6.2 this 

quantum resistance is equally divided between the two contacts on either side of the 

nanotube.  

 

Electrons moving along the CNT can get scattered by either defects or by 

phonons, hence, possess a finite mean free path. Both linear and exponential 

dependencies of CNT resistance on length have been reported. However, high quality 

CNTs having a large mean free path exhibit a linear dependence. We assume a linear 

dependence. This has also been corroborated by recent experiments [13][14]. Thus,  

 

1SWCNT Q
o

lR R
l

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
                                           (6.9) 

 



          Section: 6.3 CNT Circuit Parameter Modeling 

 

135 

where, l is wire length, lo is the mean free path of electrons. 

 

The electron mean free path of SWCNT shows a linear relation with the 

SWCNT diameter.  

tlo dCl ⋅=                                                   (6.10) 

 

The proportionality constant (Cl) is 2.8μm/nm using theoretical calculations [4] 

(henceforth, ideal model) and 0.9μm/nm using experimental fitting (henceforth, 

practical model) [13]. We assumed SWCNT diameter of 1nm, thus ideal model yields 

a mean free path of 2.8μm, whereas the practical model results in a value of 0.9μm. 

The aforementioned mean free paths are valid at smaller bias voltages. At higher 

voltages (above the critical bias=0.16V), optical and zone-boundary phonon scatter the 

electrons, hence the mean free path decreases to approximately 30nm [13].  A rigorous 

analysis shows that for global wires the voltages across the wires is always less than 

the critical bias [15] lending credibility to mean free path assumption of the order of 

μm. 

 

 

6.3.5  CNT Bundle 

 

The circuit model parameters for a CNT bundle is calculated by treating the 

individual tubes in parallel. Hence, it depends on the total wire cross sectional area.  

The packing density (PD) of a CNT bundle, dictated by the fraction of SWCNT 

exhibiting a metallic behavior, is taken into account by considering the space between 

SWCNTs (x) [15] as shown in Fig.6.3.  
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The number of SWCNTs in a bundle is given by [16], 
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where, nw is the number of “columns” in a bundle, nh is the number of “rows” in a 

bundle, and nCNT is the number of SWCNTs in a bundle. 
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Fig.6.3 Schematic of the interconnect geometry with CNT bundles, taking packing 

density (PD) into account. 

 

The resistance of a CNT bundle is simply the quantum resistance divided by 

nCNT. 
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Scattering at the contacts results in contact resistance that may be up to hundreds KΩ 

for poor contacts. However, there are many recent reports indicating that the contact 

resistance can be brought down to a few KΩ [17][18] per tube. In a bundle, this value 

reduces substantially and can be ignored compared to the wire resistance of long 

global wires. 

 

The effective quantum capacitance was found to be negligible compared to its 

electrostatic counterpart as it is substantially reduced in a bundle. On the other hand, 

there have been conflicting reports in literature regarding the magnitude of the 

electrostatic capacitance of CNTs. Reference [16] claims two times higher magnitude 

compared to Cu wires of similar dimensions, based on the surface curvature of CNTs 

(~1nm roughness). However, using FastCap (3D field solver), we find that the surface 

curvature of CNT only contributes to about 4% increase in electrostatic capacitance. 

Our results are in agreement with the work in reference [19]. Hence, we assumed the 

capacitance of a CNT bundle is the same as the electrostatic capacitance of Cu wire. 

 

The kinetic inductance of a CNT bundle is given by the parallel combination 

of the kinetic inductances of each SWCNT. A value of ~6nH/mm was obtained for 

wire dimensions corresponding to the 22nm technology node and with a CNT 

diameter of 1nm. In contrast, the magnetic inductance remains relatively constant with 

wire dimensions at around ~1.6nH/mm. We account for the mutual inductance 

between SWCNTs in a bundle [20] using partial element equivalent circuit (PEEC) 

model [21]. The total inductance is given by 
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Since inductance is important and the resistance is lower than Cu wires, it is 

imperative to use RLC, as apposed to RC, circuit models.  

 

 

6.4 Repeater Optimization for Cu and CNT Interconnects 

 

In evaluating the performance metrics of the global/semiglobal wires we use 

an RLC circuit model described in the previous sections and include repeater insertion 

for delay reduction. Fig.6.4 shows the equivalent circuit model for the CNT 

interconnects with the repeaters, including the kinetic inductance and the contact 

resistance (negligible for global wires). In contrast with an RC wire model, for an 

RLC wire, there are no closed form solutions optimizing the repeater size (k) and its 

spacing (h). We optimize these parameters (for minimum wire delay) using Newton-

Raphson numerical iteration method along the lines of the methodology outlined in the 

reference [22]. The increase in the ratio of the inductance to the resistance results in a 

smaller optimum repeater size and a larger optimum repeater spacing. Thus, the total 

repeater capacitance reduces resulting in a lower power dissipation. 
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Fig.6.4 Equivalent circuit model of a repeater segment for CNTs. 

 

Fig.6.5 shows the power and the latency in terms of the bandwidth density for 

Cu and a CNT bundle with different global clock frequencies at the 22nm technology 

node (henceforth, we assumed 22nm technology node). At a given global clock 

frequency, the different bandwidth densities are achieved by implicitly varying the 

wire width (pitch). The reason for having the bandwidth density as an independent 

variable in the subsequent plots is because we expect this to be the required metric set 

by the designers using the system/architectural constrains, especially between multiple 

cores in a high performance IC. The maximum achievable bandwidth density is 

limited by the minimum wire width (from ITRS [7]) as shown in Fig.6.5.  

 

As wire pitch increases (lower bandwidth density), at first, power decreases, 

but at very low bandwidth density it starts to go back up. This is a direct result of 

power being proportional to the wire and repeater capacitance (CV2f). Capacitance has 

two components: inter-metal, CIMD, and interlevel, CILD. For a given thickness of the 

metal, these components follow opposite trends (inset in Fig.6.5), yielding a minimum 

in the total capacitance with respect to the wire pitch. In addition, the capacitance of 

the optimized repeaters tracks wire capacitance and is a fraction of it. From Fig.6.5 we 

also observe that the CNT bundle has a lower power dissipation than Cu wires for 

larger wire pitch. This is because a lower resistance in this interconnect prompts an 

RLC, rather than an RC behavior, which results in larger repeater spacing and a 
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consequent capacitance reduction. In addition, Fig.6.5 shows that the latency for both 

Cu and CNT bundle increases with bandwidth density. This is because larger 

bandwidth density (lower wire width) results in a larger wire resistance, which in turn 

results in more repeaters per wire. Furthermore, CNTs are shown to exhibit about 

1.7X lower latency compared to Cu/Low-K systems owing to their dramatically lower 

resistance. 

 

20Gb/s

Increase wire pitch (0.07~0.8μm)

Max. BW density
limited by min. 
wire pitch

Solid line: Cu
Dashed line : 

CNTs (practical)

Cimd

Cild
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Ctotal

20Gb/s
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Fig.6.5 Power and latency of Cu and CNTs (practical) as a function of required 

bandwidth (BW) density for 10mm wire length with different global clock frequencies. 

The implicit parameter being varied is the wire pitch to obtain varying BW density. 

We assumed 1/3 packing density (PD) for CNTs and 100% switching activity for both 

Cu and CNTs. 
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6.5 Circuit Model for Optical Interconnects 

 

The latency and power analysis of optical interconnect was based on a system 

consisting of quantum-well modulator at the transmitter, waveguides for transmission 

medium, and a transimpedance amplifier (TIA) at the receiver (Fig.2.1). The 

transmitter latency is given by the product of the technology dependent, fan-out-four 

(FO4) inverter delay, and the number of buffers driving the modulator capacitance. To 

calculate the receiver latency, we assumed that the input pole (the node of detector 

capacitance and input of TIR) is dominant. Finally, the delay of the waveguide is 

approximately dictated by the speed of light in the waveguide core material (silicon) 

(11.3ps/mm). The total power dissipation for the optical interconnect is calculated by 

optimizing the sum of the receiver and the transmitter powers.  The receiver power is 

based on its design parameters (front-end transistor size, feedback resistance (Rf), 

number of post-amplifier stage) as outlined in Appendix A.  

 

Fig.6.6 shows the power and latency of optical interconnect as a function of 

bandwidth density. This plot is analogous to the electrical plots for Cu and CNT in 

Fig.6.5. However, the implicit parameter, which changes the bandwidth density, is the 

number of multiplexed channels as apposed to the wire pitch (Cu/CNT interconnects). 

For optical interconnects, the wire (waveguide) width is relatively fixed at around 

0.3μm, constrained by the large radiation losses below this value. However, 

wavelength division multiplexing (WDM) can be used to achieve the same purpose. 

Now, the maximum bandwidth density is limited by the total number of wavelengths 

that can be multiplexed. Without WDM, the power follows a relatively linear relation 

with the bandwidth at lower values, however, it starts to increase super-linearly 

beyond a certain value depending on the maximum available laser power. The 

performance of the optical interconnects is highly dependent on the detector and the 
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modulator capacitances (Cdet, Cmod). Two different values of 10 and 50fF are shown, 

representing monolithically integrated detector and a hybrid III-V bonded detector, 

respectively. In addition, Fig.6.6 depicts the latency as a function of the bandwidth 

density. Since it is not a function of the number multiplexed channel, it shows up as a 

straight line. For higher global clock frequency, to satisfy the required bandwidth, the 

effective transimpedance of the TIR is reduced, hence, it reduces the latency, while, 

the input buffer size increases and it results in a larger power dissipation. 

 
Increase # of channels (1~10)

w/o 
WDM

Pl=0.5mW

Max. BW density
limited by # of channels

Pl=1mW
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WDM(20Gb/s)

WDM(10Gb/s)
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(20Gb/s)
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Fig.6.6 Power and latency of optical interconnects as a function of bandwidth (BW) 

density using WDM (up to 10 channels) at 10mm wire length with different global 

clock frequencies. We evaluated for two device capacitances (Cdet =Cmod =10fF and 

50fF) assuming coupling loss of 3dB, waveguide loss of 0.2dB/cm, and 100% 

switching activity. 
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6.6 Performance Comparison 

 

We now compare the various performance metrics including the power density, 

the latency, as well as the compound performance metric-bandwidth density/latency 

/power. Further, we evaluate the impact of the device, the material and the system 

parameters on the compound metric. Hereafter, the wire length is assumed to be 10mm 

corresponding to the global wires.  

 

6.6.1 Latency and Power 

 

Fig.6.7 compares the power density and the latency of the three interconnects 

in terms of the bandwidth density. Given the core/block dimensions, this plot can be 

used to calculate the total power expended for the required aggregate bandwidth 

between cores/blocks. Several interesting observations can be made: (i) The latency of 

the optical interconnects is much lower than both the Cu and the CNT bundle. At high 

required bandwidth densities this advantage is about 13X and 8X compared to the Cu 

and the CNT bundle, respectively. The advantage diminishes at lower bandwidth 

densities. A CNT bundle exhibits ~ 1.7X lower latency than the Cu interconnect at 

high bandwidth densities. (ii) The optical interconnect consumes lower power than 

both the Cu and the CNT interconnect. It indicates optics is more power-efficient for 

the same required aggregate bandwidth between cores. (iii) Optical interconnects 

allow a much higher absolute bandwidth density than the Cu or the CNT bundle 

because of the WDM option. In addition, the maximum bandwidth density for Cu and 

a CNT bundle may be lower than shown here because an excessive number of 

repeaters may present a more stringent practical limit on the minimum attainable wire 

pitch. 
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Fig.6.7 also aids in contrasting the fundamental differences between electrical 

(Cu and CNTs) and optical interconnects, borne out of the stark differences in the 

dependencies (or lack of them) between power/latency and the bandwidth density. For 

example, the latency is independent of the bandwidth density for optical interconnects, 

whereas it increases with the bandwidth density in the case of electrical interconnects. 

Also, optical interconnects use multiplexing and not wire pitch shrinkage, implicitly, 

to achieve higher bandwidth density. These differences point to the importance of 

architectural differences to maximally exploit the potential of each type of 

interconnect.  

 

Optics

Optics

CNTs

Cu
Cu CNTs

 

Fig.6.7 Power density and latency comparison bwtween Cu, CNTs (practical), and 

optics as a function of bandwidth (BW) density at 10Gb/s global clock frequecny and 

10mm wire length, and 100% switching activity. 
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6.6.2 Compound Metrics: Bandwidth Density per Delay per Power 

 

The normalization of the bandwidth density with power is imperative because 

power can be used as a knob to increase the bandwidth. In addition, a normalization 

with the latency is important as it can contribute to the communication bottleneck 

depending on the nature of the data traffic. Thus, bandwidth density per latency per 

power severs as a fair compound metric to compare various interconnect technologies. 

For this metric, bandwidth density per latency is the measure of the interconnect 

performance and the power is the price to attain that performance.  

 

Fig.6.8 compares the bandwidth density per power per latency as a function of 

bandwidth density for all interconnects under consideration. For optical interconnects, 

this performance metric is constant as the increase in the number of multiplexed 

channels linearly increases the power and does not change the latency. However, for 

the Cu and CNT technology, the compound metric increases at lower bandwidth 

density, and decreases at the higher values because of various competing factors: At 

low values, as bandwidth density increases, power dissipation reduces, but is 

compensated by an increase in the latency (Fig.6.5). However, at higher bandwidth 

density both the power and the latency rise with increase in the bandwidth density, 

lowering the compound metric (Fig.6.8). The inset in Fig.6.8 shows the trends for each 

of the individual components constituting the compound metric. There exists an 

optimum bandwidth density (and a corresponding wire pitch), which maximizes this 

metric. It occurs at a wire pitch of about 70~100nm. Even at this optimum point, 

corresponding to the best case for Cu and CNT wires, the optical interconnects 

outperform the CNTs by 2.5X and the Cu wires by 3.4X in terms of this metric. In this 

figure, we use a constant global clock frequency based on a trend toward slowdown of 

the clock frequency and a paradigm shift toward multiple cores. If the global clock 

frequency was increased, it will extend the maximum achievable bandwidth density 
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for all interconnects, however, it will not improve the performance metric for the 

CNTs and the Cu wire because of the normalization. However, the metric will 

improve slightly for the optical interconnects (13%) due to the reduction in the latency 

as shown in Fig.6.6.  
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CNTs BW density

BW density/power

1/latency
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Fig.6.8 Compound metric comparison between Cu, CNTs (practical), and optics at two 

different global clock frequencies (10Gb/s and 20Gb/s), 10mm wire length, and 100% 

switching activity. 

 

The performance of the CNTs is a strong function of the electron mean free 

path and the packing density. Fig.6.9 shows the effect of these CNT parameters on the 

compound performance metric. As the packing density improved from 1/3 (practical) 

to 1 (ideal), CNTs close the gap with optical interconnects from 2.6X to 1.3X. 

Similarly, the improvement in the mean free path from 0.9μm (practical) to 2.8μm 

(ideal) also decreases the optical interconnect advantage over CNTs to about 1.2X. 

With both ideal mean free path and packing density, the CNTs can outperform the 

optical interconnects by 40% in terms of this metric. In this figure Cdet=Cmod=10fF 
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was chosen for optical interconnects and can be achieved using a monolithically 

integrated Ge Metal-Semiconductor-Metal photo-detector [24] and SiGe quantum-well 

modulator [24]. However, because the device capacitances can be further decreased, 

optical interconnects can potentially be improved. 

Cu

Optics

mfp=0.9μm
PD=1/3

CNTs

mfp=2.8μm
PD=1

mfp=2.8μm
PD=1/3
mfp=0.9μm
PD=1

 

Fig.6.9 Compound metric comparison between Cu, CNTs, and optics with different 

mean free path and packing density (PD) for CNTs at 10Gb/s global clock frequency, 

10mm wire length and 100% switching activity. 

 

A fundamental difference between the electrical and the optical interconnects 

is in the nature of the power dissipation. A large portion of the power in the optical 

system is the static power, which is independent of the switching activity. While, 

electrical wires are dominated by the dynamic power, which is linearly dependent on 

the switching activity. Thus, it is imperative to examine the comparisons in terms of 

the switching activity, in case future wire architectures using wires more efficiently 

are designed. Fig.6.10 shows the maximum value of the compound performance 

metric for different switching activities. For 50fF device capacitances (current flip-

chip bonded detector technology), optics is between Cu and CNTs (both practical and 
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ideal) at high switching activity. However, less than 70% switching activity, Cu can 

have better performance compared to optics. However, with 10fF device capacitances, 

optics is comparable in performance up to 25% and 35% switching activity compared 

to Cu and CNTs (practical), respectively.  

Cu

Cdet=Cmod=10fF

CNTs
(mfp=0.9μm)

CNTs
(mfp=2.8μm)

Cdet=Cmod=25fF

Cdet=Cmod=50fF
Optics

 

Fig.6.10 Compound metric comparison in terms of switching activity between Cu, 

CNTs, and optics. 

 

6.7 Summary 

 

We have quantified the accurate circuit model (R, L, and C) for CNTs, 

incorporating the mutual inductance between SWCNTs in a bundle. Using these 

models, we have compared the latency and power of Cu, CNTs, and optical 

interconnects. Optical interconnects have the lowest latency for global levels, whereas 

Cu and CNTs have lower power at the same bandwidth density because of large wire 

pitch (~0.6μm) of optical interconnects. We also compared the compound 

performance metric, bandwidth density/latency/power, for a fair comparison as a 
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system driven top-down metric. We find that the Cu and CNT interconnects posses an 

optimum wire width maximizing this metric at about 70~100nm range. Optical 

interconnects (Cdet=Cmod=10fF) have 2.5X and 3.4X better performance metric than 

CNTs (practical) and Cu, respectively. With an improvement in the mean free path 

(~2.8μm) or the packing density (100%) for CNTs, the performance advantage for 

optics can be reduced to 30% and 20%, respectively. Finally, the optical interconnects 

yield better performance beyond 35% and 20% switching activity compared to the 

CNTs (practical) and the Cu wires, respectively.  
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Chapter 7  
 

 

Summary and Future Recommendations 
 

 

 

 

7.1 Summary 

 

In this dissertation, we have performed performance comparisons between Cu, 

CNT-based, and optical interconnects for on-chip and off-chip communications.  

 

For off-chip applications, we compared high speed optical and electrical 

interconnects using relevant metrics, such as power and bandwidth. Part of the 

comparison entailed optimization of the link power for a given bandwidth. We find 

that for a given communication bandwidth requirement, beyond a critical length, 

power optimized optical interconnects dissipates lower power compared to high-speed 

electrical signaling schemes. Beyond the 32nm technology node, with its 

commensurate bandwidth requirement, optical interconnects becomes favorable for 

distances as little as 10cm. These distances correspond to inter-chip communication on 

a board. The critical distances are calculated based on reasonable assumptions for the 

electrical and optical end-device specifications including optical detector/modulator 
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capacitances, optical coupling efficiency, and electrical receiver’s sensitivity and 

offsets. We also assess the impact of the improvement in these parameters on system’s 

power/bandwidth performance and the critical length. The sensitivity analysis gives 

device designers a system’s evaluation framework. 

 

In addition, we examined two competing optical transmitter technologies for 

off-chip link: the vertical cavity surface emitting laser (VCSEL) and the quantum well 

modulator (QWM), for optical links. VCSEL-based links are power favorable 

compared to QWM-based links at higher bandwidth (>20Gb/s) and larger distance. 

However, from the practical standpoint, it is instructive to note that currently VCSELs 

are difficult to drive beyond 15-20Gbps and are like to suffer from reliability problems 

in harsh CMOS chip environment with elevated temperatures. The QWM is better for 

lower detector and modulator capacitances. Furthermore, we quantify the design 

constraints on the modulator under which it is superior to VCSEL technology as a 

function of bandwidth, link length, and transmitter and detector capacitances. We also 

identify the range of tolerable insertion loss in QWM. We find that to render QWM 

more power-efficient compared to VCSELs, lower capacitances (<15fF) for both the 

modulator and the photo-detector would be required. Recently, germanium (Ge) 

quantum wells with high germanium concentration, SiGe barriers, monolithically 

integrated on silicon substrates, are shown to exhibit strong quantum confined stark 

effect (QCSE). This can decrease the device capacitances below than 10fF [1].  

 

For off-chip links we further related the design parameters of a QWM 

including pre-bias voltage and the number of quantum wells, and the required voltage 

swing, with the total link power. In this regard, we presented an optimization 

methodology for minimizing total optical link power, and obtained the optimized 

modulator design parameters (number of wells, pre-bias voltage) and system 

parameters (swing voltage), which accomplish this. As bit rate increases, the optimum 
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voltage swing exceeds the stipulated CMOS supply voltage at the 65nm technology 

node. An operation at the sub-optimal voltage, constrained by the maximum available 

voltage swing, results in about 46% power penalty at 25Gb/s compared to optimum 

voltage swing if that was available. A large power penalty for sub-optimum supply 

operation makes a strong case for either a different supply voltage for the I/O 

modulator driver (this is not inconceivable in the light of an already existing need to 

have more than one customized supply voltage on a CMOS chip for different 

functional blocks) or a charge pump to boost up the voltage swing.  

 

We also examined the impact of the device and system parameters (laser 

power, coupling and propagation loss, bit rate, and capacitances) on both the optimum 

modulator design and operation parameters as well as the optimum link power. A 

higher bit rate results in an increase in the noise bandwidth and other noise sources, 

thus a larger rms noise at the receiver. This, in turn, requires a larger number of 

quantum wells in the modulator, which leads to a higher pre-bias and voltage swings. 

To mitigate this, either laser power can be increased or the transmission loss can be 

reduced. However, both these factors have limits. An effective solution would be to 

reduce capacitance at the transmitter and the receiver. For example, reducing this 

capacitance to 10fF reduces the optimum voltage swing to be within the stipulated 

supply voltage for the 65nm technology node.  

 

Finally, we examined the impact of technology node scaling on the modulator 

design optimization. We observed that the modulator design metrics are relatively 

insensitive to the transistor performance and the power penalty (defined earlier as the 

difference in the total link power dissipation at the available supply voltage and that at 

the optimum supply voltage) has two opposite trends depending on the bit rate and the 

device capacitances. Lower bit rate and smaller device capacitances decrease the 

power penalty with technology scaling; while, the power penalty increases at higher 
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bit rates and larger capacitances. For the 32nm technology node with the ITRS 

recommended bit rate, (>30Gb/s), the power penalty becomes over 50%. For very high 

bit rates, (>30Gb/s) recommended beyond the 32nm technology node, 

electroabsorption modulated laser (EML) offers an attractive means to alleviate 

package complexity, reducing power dissipation. In addition, we also track the 

optimized laser power needed as a function of bit rate and device capacitances. For 

example, we find that the laser power becomes about 30% of the total link power for 

the 32nm technology node. 

 

For on-chip applications, we compared CNT and optical interconnects with Cu 

interconnects using both commonly used metrics: latency and power and a novel 

compound metric, which captures system requirements more efficiently. This metric is 

defined as the bandwidth density per latency per power. This metric is motivated by 

the fact that larger bandwidth and a smaller latency can be obtained using more area 

resources. Hence area normalization is necessary in the form of bandwidth density. In 

addition, the total power budget can also be used to increase the aggregate bandwidth, 

making power normalization also imperative. In the future, because of multi-core 

architectures, the designers care about the bandwidth density, latency and power 

dissipation of global communications. We extensively examined the impact of device 

parameters-modulator and detector capacitances for optics, materials parameters-mean 

free path and packing density for CNTs, and system parameters - global clock 

frequency and switching activity, on both commonly used and the compound metrics. 

We find that at the 22nm technology node small detector and modulator capacitances 

for optical interconnects (~10fF) yields superior, at least comparable, performance 

with CNTs (practical, electron mean free path of 0.9μm) and Cu for greater than 35% 

and 20% switching activity, respectively. However, improving the mean free path of 

CNTs (~2.8μm) increases this crossover switching activity to 80%.   
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7.2 Future Recommendation 

 

We designed a prototype electrical and optical off-chip link including the 

necessary circuits on a single chip in the 90nm technology node. Unfortunately, the 

process variations shifted the internally generated DC bias, which controls the current 

driving capability of the electrical transmitter. This is a critical component for testing 

the chip. This voltage shift resulted in driver having an insufficient strength to drive 

the network cable; hence, we could not get the signals, indicating the pass and fail of 

the communication transceivers. However, we overcame the significant engineering 

challenges in building a single chip electrical and optical transceiver. These non-trivial 

obstacles include a special package for optical interconnect, chip on board (COB) 

packaging, which compromises the performance of electrical interconnect. As a future 

recommendation, a cavity tuning method with the specifically handled processing 

would be very useful for improving the performance of end-device 

(modulator/detector) for optical links. With our design techniques described in 

Chapter 5 and after fixing the sensitivity issue of internal DC bias generating circuit, a 

revised chip preserving the current designs can be taped-out and tested. 

 

This work can continue in many different directions. New novel device and 

advanced circuit technologies enhance the performance while reducing power. The 

system’s impact of these devices should be investigated. For off-chip electrical links, a 

comparison between uni-directional signaling (especially as it pertains to phase 

amplitude modulation (PAM-4)) and bi-directional signaling (useful in a pin-limited 

environment) would be useful. On the other hand, optical links have various novel 

options whose performances need to be evaluated in system’s context. The 

innovations include non-TIA (transimpedance amplifier) based receiver designs 
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including integrating current and sampling receivers [1], as well as novel device 

structures, such as monolithically integrated modulator [2], metal-semiconductor-

metal (MSM) photo-detectors [3][4], and optoelectronic switch [5] which has a built-

in gain. These solutions will inevitably speed the insertion of optical interconnect for 

shorter distance applications. For on-chip interconnects, several factors including the 

repeater area, can limit the minimum allowed wire pitch, hence the maximum 

bandwidth density. Bandwidth density and power dissipation will become even more 

critical as the high-end microprocessor designs shift toward multi-core architectures in 

the future. It is possible to make further comparisons between Cu, CNT, and optics in 

the light of various synchronous and asynchronous architectures options such as wire 

and wave pipelining, currently being investigated. 
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Appendix A  
 

  

Optical Receiver Modeling 
 

 

 

 

A.1 Introduction 

 

The optical receiver modeling was done by Krishnamoorthy et al. [1] and 

further discussed in Pawan et al. [2]. Although more complicated receiver can 

probably provide the better performance, this particular configuration, the 

transimpedance receiver, was conductive to study future scaling trends because of its 

simplicity. In this section, we will summarize the power modeling of the same 

configuration discussed before. The transimpedance receiver consists of a photo-

detector followed by a transimpedance front-end stage with an inverting amplifier with 

feedback, as schematically depicted in Fig.A.1. Subsequent gain stages are stacked 

after the front-end to amplify the signal to the supply voltage. A CMOS inverter is 

chosen to be the gain stage because it will provide the largest gain for a give drain 

current [1].  
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With the optical receiver described above, we have following three constraints. 

1) A receiver has the sufficient bandwidth for the I/O data rate of various technology 

nodes, according to ITRS.  2) A receiver has a sufficient digital SNR (DSNR), directly 

dictating the signal transmission reliability through the bit error rate (BER). For our 

modeling purpose, we chose a DSNR of about 7.9, which corresponds to a BER of 10-

15 for a random data sequence. 3) A receiver achieves an output voltage swing, equal 

to the supply voltage for the particular technology generation (Vdd). We designed three 

design variables, the width of the amplifier transistors, the feedback resistance of the 

front-end, and the number of gain stages, which satisfying these constraints. In order 

to design three variables with three constraints, we need following assumptions. 1) 

The static power is the major source of power dissipation in the receiver, directly 

dependent on the transistor width. 2) The PMOS of the inverter is assumed to be twice 

that of NMOS to compensate for the lesser intrinsic drive current. 3) The front-end 

with the feedback is self-biased at the half of supply voltage (Vdd/2). The subsequent 

gain stages are also assumed to be biased by the previous stages at the same voltage. 

4) The transistor sizing of all the gain stages is assumed to be identical and equal to 

that of the front-end stage. It is possible to lower power by sizing subsequent gain 

stage smaller; however, the size is kept the same to ensure that process variations do 

not lead to large voltage offsets, which could cause a higher BER. 5) The pole at the 

input of the front-end is assumed to be the dominant pole, limiting the bandwidth of 

the receiver. This seems reasonable because of a large detector capacitance compared 

to the gate capacitance of the transistors. 6) The noise model used in this work was 

developed in reference [4]. The noise sources considered were the amplifier noise due 

to drain current, the thermal noise, and the dark current and leakage current noise. We 

ignore the shot noise, negligible compared to other noise sources. 7) The detector-

induced dark current is assumed to be negligible and the responsivity of the photo-

detector is taken to be 0.5A/W. 8) The feedback resistor, Rf, is accomplished using 

PMOS device. The use of an active PMOS has the advantage of low area and 
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capacitance as well as the ability to very the resistance over a wide range. With using 

assumptions and constraints described above, we can derive the equations determining 

three design variables, the width of the amplifier transistors, the feedback resistance of 

the front-end, and the number of gain stages.  

 

 

photodetector

Rf

additional gain stages
for CMOS level outputCdet

Cf

photodetector

Rf

additional gain stages
for CMOS level outputCdet

Cf

 

Fig.A.1 Schematic of the front-end with additional gain stages.  

 

 

A.2 Bandwidth Constraint 

 

Since we assumed the dominant pole at the input of the front-end, the 

bandwidth is simply inverse of the RC product where Rf is reduced and Cf is increased 

by a factor of A+1 because of Miller effect from the feedback impedance and it is 

given by [1] 
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Here, f3dB is the 3dB bandwidth, Rf is the feedback resistance, A is the gain of the 

inverter with the feedback, CT is the total capacitance looking into the input of the 

front-end and is the parallel combination of Cdet, the detector capacitance, Cinpg, the 

input gate capacitance of the inverter, and Cf, the feedback capacitance. The input gate 

capacitance is the parallel combination of the gate-source capacitance of the NMOS 

and the PMOS. The gate-source capacitance in the saturation operation regime of the 

transistor is approximately given by sum of about two-third of the gate oxide 

capacitance. Consequently, the input capacitance is given by 

 

)
3
2(33 overlapoxgateoxgsnmosgspmosgsnmosinpg WlCWLCCCCC +==+=  (A.2) 

 

Here, Cgsnmos and Cgspmos are the gate to source capacitances of the NMOS and the 

PMOS of the inverters, Cox is the gate capacitance per unit are of the MOS transistor, 

Lgate is the transistor gate length, W is the width of the NMOS, and loverlap is the 

overlap of the gate over the source and drain regions due to lateral diffusion under the 

gate. This is taken to be about 30% of the gate length on one side and includes the 

effect of fringe capacitance. The feedback capacitance, Cf, is the sum of the gate-drain 

capacitance of the FETs and the capacitance of the feedback resistor. The gate-drain 

capacitance for the PMOS and NMOS in saturation region is simply the overlap 

capacitance of the transistors. Whereas, the relationship between resistance and the 

capacitance of the feedback resistor can be easily derived using triode operation 

equation of a PMOS transistor biased at Vdd. The total feedback capacitance is the 

parallel combination of these two capacitances and is given by 
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Here, Vdd and Vth are the supply voltage and the threshold voltage of the transistor 

respectively, μeffpmos is the effective mobility of the PMOS. The gain with feedback, A, 

is simply the product of transconductance of the inverter and the parallel combination 

of inverter output resistance and feedback resistance as seen at the output. 
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Solving (A.4) for A leads to 
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Here, gm is taken to be the sum of the transconductance of NMOS and PMOS, 

whereas, Ro is considered to be the parallel combination of NMOS and PMOS output 

resistance.  

 

By substituting (A.2), (A.3), and (A.5) into (A.1), we can explicitly solve for Rf 

in terms of the width of the transistor, W, at a given f3dB, the detector capacitance, and 

the transistor parameters. 
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Note here that Cinpg given by (A.2) and gm, and Ro are also the function of W. 

  

 

A.3 DSNR Constraint 

 

The noise behavior of this transimpedance configuration has been studied in 

[3]. The total mean-square equivalent input noise due to the input devices of the 

receiver front-end arises from the Johnson noise of the feedback resistor, the photo-

detector dark current, and the input FET gate leakage current, the 1/f or “flicker” noise 

in the FET’s, and the channel noise of the input FET. 
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Here B is the bit rate, Il is the sum of the photo-detector and FET leakage current, I2, 

I3, and If are the normalized Personick noise bandwidth integrals, fc is the 1/f noise 

corner frequency, and Γ is the excess channel noise factor term associated with short-

channel transistors. However, the calculation of the Personnick integrals are strictly 

valid only for a family of rectangular input pulses and a raised cosine output pulses in 

a linear, equalized channel that is filtered prior to the decision circuit. The noise 

performance of an unequalized transimpedance receiver has been analyzed in [4] 

without making assumptions on the input and output pulse shapes. The mean square 

input noise current can be written as 
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Where, 
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Here, k is the Boltzman constant, T is the temperature, q is the electronic charge, Cin is 

the sum of Cd and Cinpg, and Cout is the output capacitance of the front-end gain stage. 

This is given by the diffusion capacitance at the drain for both PMOS and NMOS in 

parallel with the load capacitance of the next stage. The diffusion capacitance is taken 

to be approximately half of the gate capacitance value [5]. Further, since the transistor 

sizing is assumed to be identical for all stages, load capacitance is the same as Cinpg. 

 

Having the noise performance of the receiver front-end, we tackled the DSNR 

constraint in terms of current given by  
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where, Ion and Ioff are  the average signal current for data “1” and “0”, respectively, σon 

and σoff are the root mean square current noise at the input for data “1” and “0”, 

respectively. Because we assumed that the dark current is negligible compared to the 
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on current, the average current in the case of data “0” is zero. Also, since the shot 

noise is assumed to be negligible, the noise sources are approximately signal-

independent. Hence σon is assumed to be approximately same as σoff, thus (A.11) 

reduces to 

 

on

onIDSNR
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=               (A.12) 

 

Here, Ion is given by 

 

bitspon PRI =             (A.13) 

 

Where, Rsp is the responsivity of the photo-detector and Pbit is the average optical 

power per bit.  

 

(A.12) along with (A.8) and (A.13) gives us the second equation with two 

unknowns, Rf and W. We can solve for width by substituting (A.12) into (A.6). 

Subsequently, we can use (A.6) to solve for Rf. After we have followed this procedure, 

we would have obtained two design variables, the front-end transistor width and Rf. 

 

 

A.4 Voltage Swing Constraint 

 

A single transimpedance gain stage typically will not be sufficient to produce 

the voltage swings constraint. Also, to reduce the required swing at the input (and 

hence improve the sensitivity), additional stages of inverter amplifiers or gain-

broadened inverters can be used. This allows smaller input photocurrents without 
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reducing the bandwidth of the receiver. The gain of these additional stages was simply 

the product of the output resistance and the transconductance of the inverter 

transistors. 

 

omA RgA =      (A.14) 

 

Now, we constrain the output of the receiver to be equal to Vdd. Thus, we have 

 
N
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Here, N is the number of additional gain stages and Vfront is the voltage swing at the 

front-end input. The product of Vfront and A is the voltage swing at the output of the 

first transimpedance stage, where A being the gain of the first stage. The voltage swing 

at the front-end input (Vfront) is dictated by the input resistance, Rf reduced by a factor 

of A+1 because of Miller effect from the feedback impedance, and input current (Ion) 

given by (A.13). Also as the operational frequency is comparable to the receiver 

bandwidth, this input resistance can be converted to f3dB, 3-dB bandwidth taken to be 

0.7 times bit rate (B). Hence, 
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From (A.15) and (A.16), we can obtain, N, the number of additional stages 

required as 
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If N is not an integer, then it is taken to be the next higher integer. With the 

number of gain stage from (A.17), and Rf and W from (A.6) and (A.12), we have all 

the variables for our design, which meets the DSNR, bandwidth, and the Vdd output 

swing constraints.  Note the width obtained here only gives the minimum allowed with 

these constraints. However, the width can be larger than this minimum and the 

receiver can still meet the constraints. This is because as the width gets larger for the 

same Rf, the drain current noise reduces and DSNR improves and this fact is valid up 

to a point where the input gate capacitance of the transistor is the same as the sum of 

all other capacitances at the input [3][6]. However, the static power consumption tends 

to be very high at these large widths, thus, renders it unsuitable for short-distance, 

inter-chip and inter-board, application. We will use the fact that a larger width than the 

minimum calculated through above equations can still meet our constraints and further 

explore the possibility of total receiver power minimization. 

 

 

A.5 gm and Ro Calculation using Short Channel Equations 

 

The transconductance (gm) and the output resistance (Ro) of a transistor are 

needed for calculating Rf and W. These values can be easily calculated from the drain 

current equation by taking the partial derivative with respect to gate-source voltage 

and source-drain voltage. We start with the short channel equation for the drain 

current of an NMOS in the saturation regime. 
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Here, Esat is the velocity saturation field.  Vgs, Vds, and Vdsat are the gate-source, drain-

source, and saturation voltages respectively. ΔL is the reduction in the channel length 

because of pinch off after saturation and is semi-empirically given by [7] 
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Where, 
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and the fitting parameter lfit is given by 

 

2
1

3
1

22.0 joxfit xxl =     (A.22) 

 

Here, xox is the thickness of the gate oxide and xj is the junction depth. Accounting for 

the deterioration in the mobility of the transistor due to vertical gate electric field, μeff 

is empirically given by [7]. 

 

)(1 thgs

o
eff VV −+

=
θ

μμ     (A.23) 

 

Here, μo is the surface mobility without vertical electric field and θ is a fitting 
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parameter. θ  is calculated by using the drain current from ITRS along with 

(A.18)~(A.23). Both the gate-source and source-drain voltages were assumed to be Vdd 

for its generation at the ITRS on-current value. 

 

From above equations, the transconductance of a transistor was calculated by 

taking the partial derivative of drain current with respect to gate-source voltage and we 

obtain 
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Similarly, the output resistance of the transistor was calculated by taking the 

inverse of the partial derivative of the drain current with respect to source-drain 

voltage and we obtain 
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Using (A.24) and (A.25), the gm and Ro of the inverter were evaluated by 

adding the gmtrans of both PMOS and NMOS and by obtaining the parallel combination 

of Rotrans of PMOS and NMOS, respectively. Note, both gm and Ro have to be 

evaluated at the bias point, which is chosen to be at Vdd/2 in our design.  

 

 

A.6 Power Calculation 
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From the previous sections, we have all the equations to calculate the design 

variables: the front-end transistor width, the feedback resistance, and the number of 

gain stages. The power per stage is the static power dissipation in a transistor biased at 

Vdd/2. Thus, 

 

dddperstage IVP =     (A.26) 

 

Where, Id is given by (A.18) at Vdd/2 and is a linear function of the width, W. The total 

power of the optical receiver is the product of the number of all gain stages and the 

power dissipation per stage and we obtain  

 

perstagereceiver PNP )1( +=          (A.27) 

 

Where, N+1 is the number of gain stages in addition to the first feedback stage, and is 

given by (A.17). 

 

As we discussed in section A.3, the receiver power obtained using above 

equations use the minimum front-end transistor width. However, using this minimum 

width only guarantees the minimum power per stage, which may not translate to 

minimization of the total receiver power. For Ro>>Rf (width of the transistor is small), 

as the width of the transistor increases, although the power per stage goes up, there is a 

possibility that the gain of the front-end may also go up especially; hence, it may 

result in a reduction in the number of gain stages, thus, a possible decrease in total 

receiver power. However, this tendency has an impact on the reduction in the input 

voltage swing due to increase of input capacitance. This is especially true for small 

detector capacitance, hence the transistor gate capacitance contribute significantly to 

the total input capacitance, which may be the case of scaled technology. To account 

for the possibility of a lower total receiver power at a width larger than the minimum 
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width, we increase the width in small increments and calculate corresponding receiver 

power dissipation. Finally, we choose the width corresponding to the least power, and 

it ensures the absolute power minimization meeting the DSNR, bandwidth, and 

voltage swing constraints. 
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