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 Video conferencing, data streaming, and web-based business structures are fueling 

the worldwide demand for Internet usage. The widespread remote work environment 

induced by the pandemic has increased this demand even further. Internet usage became a 

new commodity just like electricity or water, and the Internet will continue to be a 

significant part of our daily lives anytime and anywhere. 

 Wireline communications carry the Internet backbone traffic over copper wires, 

PCB traces, or optical cables within the data centers and networks utilizing serial link 

transceivers. Thus, the design of serial link transceivers is an active research area striving 

for more throughput, higher performance, and lower power/area designs. However, the 

current wireline architectures utilizing conventional sampling suffer from the limitations of 

critical circuits, such as track and hold (T/H) circuits and regenerative comparators. In 



 

xv 
 

addition, the most advanced process technologies are not providing any significant 

improvements on the limitations of these sampling circuits. This dissertation describes an 

alternative equalizer architecture using asynchronous sampling. Applied for the first time 

to high-speed circuits, asynchronous sampling eliminates the need for T/H and 

regenerative comparator circuits.  

 The equalizer implementation is a hybrid feed-forward equalizer (H-FFE) utilizing 

a continuous-time linear equalizer (CTLE) as the main tap and three digital post-cursor 

taps realized via level-crossing samplers and inverter-based delays. The H-FFE works 

with event-driven combinational logic based on the incoming data without using 

synchronous sampling or a high-speed CDR. Since the delay of combinational logic is still 

improving with advanced process nodes, this architecture has the potential for faster 

designs. Measured test chip results not only serve as the proof of concept but also exhibit 

comparable performance to recently published design. Fabricated in 40 nm CMOS 

technology, 4 pJ/bit power efficiency is achieved with a 20 dB Nyquist insertion loss link 

at a 28.57 Gbps NRZ data rate. 
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CHAPTER 1 - INTRODUCTION 

 The Internet revolution is ongoing, and its persistent penetration into our daily lives 

is still growing. At the end of 2019, it is estimated that the number of Internet users had 

just passed fifty percent of the world population [1]. If the growth remains at the same pace 

as depicted in Figure 1, there will still be 15 years needed for this number to reach ninety 

percent of the world population. Moreover, the usage amount per person is also 

skyrocketing, thanks to remote home offices, video conferencing, streaming services, 

wireless devices with enhanced capabilities, social networking, online businesses, and 

cloud computing. Internet usage has now become a crucial commodity just like electricity 

or water, and society continues to demand more content anytime, anywhere, and 

preferably faster and cheaper.  

 The Internet backbone traffic runs over serial link transceivers that connect via 

wireline communications. These connections utilize copper wires, PCB traces, and optical 

cables in data centers and networking. Thus, serial link transceivers will continue to be an 

active research area striving for more throughput, higher performance, and lower 

power/area designs. 
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Figure 1. The Internet Users compared to world population (2005-2019) [1] 

 

CURRENT TRENDS IN WIRELINE COMMUNICATIONS 

 The high-speed serial links widely deployed in data centers can be categorized into 

the following segments: Very short reach (VSR) links are chip-to-chip routings on the same 

PCB that exhibit up to 20 dB insertion loss (Figure 2(a)) [2]. These VSR links represent the 

lion's share of the overall data center applications. They use either 28 Gbps non-return to 

zero (NRZ) or 56 Gbps 4-level pulse amplitude modulation (PAM4) formats. The other 

segment is the long reach (LR) links with more than 30dB insertion loss [3]. These LR links 

connect different boards via daughter cards and connectors (Figure 2(b)). Since they have 

more insertion loss combined with impedance discontinuities, 56G PAM4 format is 

commonly utilized to reach the targeted throughput. Higher data rates such as 106 Gbps 
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and 212 Gbps PAM4 are still in the development phase and are not expected to reach high-

volume deployment until the middle of this decade (2023-2025). 

 

Figure 2. Serial link applications: (a) Very Short Reach; (b) Long Reach 

 

 

(a)

(b)
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Figure 3. Amplitude versus time diagrams of two common signaling formats in wireline 
communications: (a) Non-Return-to-Zero (NRZ); (b) Pulse Amplitude Modulation 4-level 
(PAM4); and the corresponding (c) NRZ eye diagram; (d) PAM4 eye diagram 

 

 As depicted in Figure 3(a), the non-return to zero (NRZ) format uses two levels and 

can be considered the most widely used, well-established signaling format in wireline 

communications. With the NRZ format, one bit is transmitted per symbol and the Nyquist 

frequency is half of the bit rate. As an example, for 28 Gbps NRZ, the Nyquist frequency is 

14 GHz. The PAM4 format uses four levels (Figure 3(b)), with two bits transmitted per 

signal. Thus, for 56 Gbps PAM4, the Nyquist frequency is still 14GHz. If all the transmitted 

symbols are superimposed over the symbol period, one can construct a two-dimensional 

eye diagram. The NRZ and PAM4 eye diagrams are depicted in Figure 3(c) and Figure 3(d), 

respectively. NRZ is also known as two-level pulse amplitude modulation (PAM2). Although 

PAM4 signaling exhibits two times better bandwidth efficiency compared to NRZ signaling, 

it has 40 percent smaller horizontal eye-opening as well as 67% smaller vertical eye-

+1
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+1

-1

-2

+2

(a) (b)

(c) (d)

+1
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opening as compared to NRZ signaling. The reduced eye margins with PAM4 signaling 

represent challenges in circuit design. Typically, PAM4 designs are more prone to analog 

imperfections and sub-optimal equalization. Overall, PAM4 signaling is preferred only if the 

need for bandwidth efficiency outweighs the lower signal-to-noise ratio compared to NRZ 

signaling. Signal-to-noise ratio (SNR) degradation due to lower vertical eye opening should 

be compensated by less stringent channel insertion loss. 

 To achieve more throughput with higher speed transceivers, T/H circuits and 

regenerative comparators are the key blocks that limit the performance. Moreover, the 

recent technology advancements do not provide any significant performance improvement 

for these circuits because interconnect time constants do not scale with technology. 

Asynchronous sampling is identified as an alternative approach that eliminates the need 

for T/H circuits and regenerative comparators. In this research, asynchronous sampling is 

applied for the first time to the implementation of a high-speed equalizer architecture used 

in wireline communications. Given the accessible process technology and measurement 

capabilities,  a prototype test chip for a 28.25 Gbps NRZ date rate is fabricated to 

demonstrate the performance.   

OUTLINE OF THE DISSERTATION 

 This dissertation reports the design, fabrication, prototype measurement results, 

and digital adaptation algorithm of the first equalizer architecture for wireline 

communications based on asynchronous sampling. In Chapter 2, the T/H circuits and 

regenerative comparators are discussed and it is shown how they can impede high-speed 

operation.  Then, an overview of conventional equalizer architectures is provided, which is 
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followed by the introduction of asynchronous sampling.  In Chapter 3, the implementation 

details of the blocks of the equalizer architecture are discussed, which are augmented with 

post-layout simulation results using 40 nm CMOS technology. Many challenges are 

overcome through different architectural and design approaches. Thus, various circuit 

implementations, such as level-crossing samplers using shared inductors for speed 

enhancement, CMOS gates as tap delays, and hybrid summer structure, are introduced. In 

Chapter 4, a novel digital adaptation algorithm suitable for the equalizer is proposed. In 

Chapter 5, the prototype test chip results are provided. Finally, the dissertation ends with 

performance comparison, future prospects, and conclusions. 
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CHAPTER 2 - ARCHITECTURAL OVERVIEW 

 This chapter first provides an overview of two critical circuits: 1) track and hold; 2) 

regenerative comparator as the bottlenecks of high-speed operation. Then, an overview of 

conventional equalizer architectures is provided followed by the introduction of 

asynchronous sampling. 

BOTTLENECKS OF HIGH-SPEED OPERATION 

 A simplified circuit schematic of the track and hold (T/H) circuit is depicted in 

Figure 4.  Such circuits are widely used to generate a uniformly sampled, discrete-time 

output voltage VOUT from an analog input voltage VIN. Conventional ADCs, equalizers, and 

CDRs use T/H circuits extensively. However, sampling with T/H circuits has many non-

idealities such as: settling time inaccuracy; tracking nonlinearity; clock feed-through; MOS 

switch charge injection; hold mode data feed-through; hold mode droop; and signal-

dependent hold instant due to MOS switch voltage dependency. Prior research efforts have 

been published [4]-[5] on the analysis and improvements of these non-idealities. As 

sampling frequencies rise, the severity of these non-idealities escalates and hurts the 

performance further. There are also fundamental limits related to noise. Sampling clock 

jitter, track-mode noise folding, and hold-mode kT/C noise contribute to sampling 

uncertainties. 
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Figure 4. Simplified circuit diagram of track and hold circuit 

 Another major bottleneck for high-speed operation is sampling via a regenerative 

comparator. The Strongarm comparator is a widely used circuit topology (Figure 5) used as 

a regenerative comparator. In the analysis and design of such comparators,  research 

studies have been published [6]-[8] to discuss and address various limitations such as the 

speed limitations imposed by device parasitic elements; noise-speed tradeoff; input-

referred noise and offset; and sampling clock kickback noise. With the regenerative 

comparator, analog input or sampled input from the T/H circuit is compared to a reference 

voltage. The comparator generates a digital output that indicates whether the input is 

greater than or less than the reference. In Figure 5, the reference voltage of the Strongarm 

comparator is zero. When INP minus INN is larger than zero, it generates a logic high voltage 

at OUTP minus OUTN. Different from a T/H circuit, there is positive feedback at the output of 

the comparator, and the speed of regeneration is determined by the time constant 𝝉reg, 

approximated as follows: 

1
reg par parC R

gm
τ  

∝ + 
 

     (1) 

CKTRACK

VIN VOUT
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At the regeneration nodes (OUTP and OUTN), Cpar and Rpar represent the parasitic 

capacitance and series resistance, respectively. There is no significant 𝝉reg  improvement 

with new process technologies since routing parasitic elements Cpar and Rpar dominate the 

propagation delays. As transistor sizes are shrinking, the routing resistance into source and 

drain nodes of the transistors is increasing. Thus, any marginal trans-conductance 

improvement is wiped out. Moreover, there is also a noise-speed trade-off since the 

thermal noise is inversely proportional to Cpar. This is a major limiting factor in 

performance, and it is the main reason that the regenerative comparators cannot reach 

high speeds with the desired noise performance. Thus, time-interleaving is often utilized to 

relax the speed requirement of the regenerative comparators. 

 

 

 

Figure 5. Simplified circuit diagram of commonly used "Strongarm" regenerative 
comparator 
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CONVENTIONAL EQUALIZER TECHNIQUES 

 Equalizers are essential circuits required in wireline transceivers. They reverse the 

insertion loss of the backplane and reduce the inter-symbol interference of the incoming 

signal. They consume significant power and area, and their performance is critical for SNR 

improvement and overall system performance. The conventional equalizer architectures 

can be categorized into three major segments: Feed Forward equalizers (FFE); Decision 

Feedback Equalizers (DFE); and DSP Equalizers using analog to digital (A/D) conversion. A 

brief overview of these equalizer architectures, along with some of the advantages and 

drawbacks of these different approaches are discussed in this section.  

 The simplified block diagram of a feed-forward equalizer (FFE) is shown in Figure 6. 

The unequalized input propagates through cascaded delay taps. Then, the equalized output 

is constructed by combining the scaled versions of the unequalized input from the delay tap 

outputs. The analog delay element is the key determinant in the performance. Each delay 

element adds noise and distortion, which can degrade the performance. The delay elements 

are typically realized by inductors, LC filters, and transmission lines, all of which require a 

large chip area. An implementation example is depicted in Figure 7 [9]. The analog delay 

element is constructed using spiral inductors and variable capacitors (Figure 7(a)), which 

can consume a significant amount of area (Figure 7(b)). Moreover, the adjustability of the 

delay is rather limited in LC filters with capacitive tuning. FFE structures with analog delay 

elements do not rely on sampling, but they are relatively restrictive due to limited tunable 

range, large area consumption, and performance degradation due to noise and distortion. 
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Figure 6. Block diagram of Feed Forward Equalizer (FFE) 

 

Figure 7. Delay cell implementation example for Analog-FFE [9] : (a) Simplified circuit 
diagram; (b) Layout example of Analog FFE 
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 A discrete-time sampled FFE, shown in Figure 8 [10], is a variant of the feed-

forward equalizer where the delay taps are implemented using multi-phase sampling. Since 

the sampling limits the speed of the operation, the architecture utilizes four-way time 

interleaving. Instead of having one data path, the T/H along with the FFE circuitry is split 

into four branches. This approach comes with additional power and area penalty in order 

to realize multi-phase clocking and parallel data paths. Moreover, analog circuits are not 

ideal, and they exhibit mismatches. Sampling imperfections, mismatches, and timing skews 

associated with time-interleaving also impact the performance.  

 The decision feedback equalizer (DFE) is widely used in wireline receivers. The 

simplified block diagram of a DFE is shown in Figure 9. The first unit interval delay output 

is generated from the equalized output via a regenerative comparator. Thus, the feedback 

from the equalized output back to the summer is based on already recovered prior bits. 

Since the DFE corrections are based on digital signals, the noise contribution of the DFE 

circuits is significantly lower than FFE circuits. The tap coefficients Cn can be adapted via 

using ISI correlation based on the previously detected bits. On the other hand, if prior bits 

are not detected correctly, error propagation will occur. 

 The most common DFE architecture is the direct-feedback DFE, also known as the 

closed-loop DFE. This DFE structure has stringent feedback timing as the major speed 

limitation. An example implementation is depicted in Figure 10 [11]. The first tap feedback 

into the summing node must settle within one unit interval. This delay path consists of the 
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Figure 8. An implementation example of Discrete-Time Sampled FFE [10] (a) Block  

diagram; (b) Simplified circuit diagram 

 

 

(a)

(b)
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regenerative comparator (slicer), the multiplexer, and the summer. Given the process 

technology and the comparator speed limitation, direct-feedback DFE circuits are 

uncommon for designs faster than 10Gbps.  

 To alleviate the speed limitation of the tap feedback, the speculative, also known as 

loop unrolled, DFE architecture can be used. The speculative DFE eliminates the stringent 

feedback timing from the first tap output into the summing node. However, the drawback is 

a significant increase in power and area. As an example, in the block diagram depicted in 

Figure 11 [12], the high-speed data path branches grow by 2N times for N-tap 

implementation. In such designs, the clocking power increases significantly.  

 

 

Figure 9. Block diagram of Decision Feedback Equalizer (DFE) 
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Figure 10. An example implementation of Direct-Feedback DFE [11] 

 

Figure 11. An example block diagram of Speculative DFE [12] 
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Figure 12. An example implementation of DSP Equalization [13] 

 At bit rates higher than 10Gbps, conventional equalizers are often implemented 

using half-rate or quarter-rate structures due to performance limitations of sampling. In 

these sub-baud rate architectures, multiple clock phases sample the incoming data. 

Although the sampling speed is reduced, the number of samplers increases by 2N where N 

is equal to 2 for half-rate, and 4 for quarter-rate. High-speed multiplexing is necessary to 

implement the equalization correction path, adding to the power and area overhead.  

 For long-reach applications, DSP receivers based on time-interleaved A/D  

conversion are utilized to provide more resolution for advanced equalization. An example 

of an ADC-based DSP receiver architecture is illustrated in Figure 12 [13]. The sampling 

clock jitter, as well as time-interleaving mismatches, have a detrimental impact on the 
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performance. Thus, extensive mismatch calibration schemes are employed. Therefore, the 

present solutions for high-speed equalization of long-reach wireline links exhibit a 

significant power and area penalty along with increased system complexity.  

ASYNCHRONOUS SAMPLING 

 In this research work,  the motivation is to develop a low-complexity, flexible 

receiver equalizer solution tailored to push the limits of high-speed operation and 

advanced equalization. Therefore, asynchronous sampling is employed to circumvent the 

speed limitation associated with T/H circuits and regenerative comparators. Furthermore, 

the need for multi-phase, low-jitter clock generation and distribution is eliminated. 

 Asynchronous sampling can be implemented using a group of level-crossing open-

loop amplifiers for a given voltage threshold range. A set of these level-crossing samplers 

(LCS) can be used in parallel to construct a clock-less flash ADC (Figure 13). The output 

samples are non-uniformly spaced in the time domain but uniformly spaced in the voltage 

domain, as illustrated in Figure 14(a). Using an anti-aliasing low-pass filter, asynchronous 

sampling exhibits good SNDR avoiding the quantization tones, distortion, and noise folding 

present with synchronous sampling [14].  

 Asynchronous sampling based on this level crossing concept has been researched 

[15]-[17] with emphasis on signal reconstruction in the clocked digital domain by reducing 

the impact of non-uniformly spaced samples. Furthermore, low-power clock-less flash 

ADCs at slower data rates have also been reported [14][18]. In [18], a delta-modulation-

based A/D converter was reported with a 10-bit measured effective number of bits (ENOB) 

at 4KHz with 8-bit quantizer resolution. In [14], the performance of a clock-less flash A/D 
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converter was 8.7-bit ENOB at 20MHz using 4-bit quantizer resolution. As a key 

observation, A/D converter architectures based on asynchronous sampling can reach 

ENOBs much better than the quantizer resolution. Compared to conventional sampling 

(Figure 14(b)), asynchronous sampling (Figure 14(a)) provides more information. If the 

input signal becomes faster and larger, the LCS generate more transitions. Using this 

technique, there is a potential to achieve better signal purity by avoiding the distortion, 

noise folding, and imperfections of conventional sampling techniques that use T/H and 

regenerative comparator circuits.    

 In this research work, asynchronous sampling is applied for the first time to a high-

speed receiver equalizer running at 28Gbps NRZ data rate [19], unlike prior research 

focused on much lower speeds up to 20MHz. It should also be noted that the bandwidth-

limited equalizer stages serve as an anti-aliasing filter reducing the overall complexity. The 

motivation of this research is to architect a low power/area equalizer solution with low 

complexity suitable for high-speed wireline communications via eliminating the use of 

high-speed clocking and sampling via T/H and regenerative comparator circuits. 

 

Figure 13. Clock-less flash ADC using level crossing samplers 
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Figure 14. Sampled output voltage (a) with asynchronous sampling; (b) with conventional 
sampling 
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CHAPTER 3 - PROPOSED EQUALIZER ARCHITECTURE 

 A block diagram of the asynchronous sampling-based equalizer architecture is 

shown in Figure 15. The receiver input is applied to a continuous-time linear equalizer 

(CTLE) followed by a set of level-crossing samplers (LCS). Then, the analog output of the 

CTLE and the digital outputs of the LCS are fed into a hybrid FFE to provide the necessary 

equalization to recover the incoming data pulses that were applied to the channel. 

 Within the hybrid FFE (Figure 16), CMOS inverters are used to realize the FFE tap 

delays to generate time-shifted versions of the digital signals coming from the LCS. Then, 

a scaled version of the analog CTLE output signal Aout is combined with the digital taps to 

realize an FIR equalizer. This block is referred to as a hybrid FFE because the main tap 

comes from the analog CTLE output while the other taps utilize the digital LCS outputs. 

Although the signals are depicted as single-ended, the entire data path is implemented 

with fully differential structures to achieve better supply-noise immunity. Resistive 

output loads are augmented with inductive shunt peaking to enhance the gain-bandwidth 

product of each stage. 

CONTINUOUS TIME LINEAR EQUALIZER (CTLE) 

 In the CTLE implementation, two cascaded, source-degenerated CML stages are 

utilized. The circuit topology and magnitude transfer function of each CML stage can be 

seen in Figures 17(a) and (b), respectively. 
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Figure 15. Proposed Equalizer Architecture 

 

Figure 16. Hybrid FFE Architecture 
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Figure 17. (a) Source-degenerated CML differential pair used in each CTLE stage; (b) The 
corresponding CTLE stage magnitude transfer function  
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 For the sake of completeness, the equation governing the magnitude transfer of the 

CTLE stage as shown in Figure 17(b) is given by: 

1 2
2

2 2
1

1 1
2 2( ) . .

11 122 4

L z z
V

X

p n n

s s
f fgmRA s gmR s s s
f f f

π π
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π π π

+ +
=

++ + +
   (2) 

Due to the source degeneration and output load impedances, there are two real zeros and a 

complex conjugate pole pair  formulated as: 

1 2
1 1; ; ;

2 2 22
L L L

z z n
X X L

R R Cf f f
R C L LLC

ξ
π π π

= = = =   (3) 

Finally, the real pole of the system can be calculated as: 

1 1(1 )p X zf gmR f= +       (4)  

 The low-frequency zero 1zf , and thus the CTLE peaking can be set via adjusting the 

variable source degeneration elements XR  and XC . At the maximum peaking setting, the 

1zf  is around 7.7 GHz with XR  64 ohm and XC  320 fF. The shunt peaking inductor is set to 

0.28 nH which is approximately equal to one-third of 2
L LR C with LR  55 ohm and LC  300 fF.  

Therefore, high-frequency zero 2zf  is at 31.8 GHz. The real pole of the CTLE 1pf  is located at 

25.8 GHz with gm  36 mA/V. Although CTLE equalization can be used to cancel the ISI, it is 

difficult to match the inverse insertion loss profile of the serial links with a third-order 

transfer function. Moreover, CTLE peaking amplifies the high-frequency noise; thus excess 

peaking might degrade the SNR. In the proposed equalizer, the main purpose of the CTLE is 
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to isolate the input load of the level-crossing samplers and the summer from the receiver 

input in addition to providing some pre-emphasis. Subsequently, the transfer function of 

the cascaded two-stage CTLE is shown in Figure 18. The DC gain of the CTLE is -1.5dB, and 

the Nyquist peaking is approximately 4.5dB. These reported results are based on post-

layout simulations using 40nm CMOS technology. 

 

 

Figure 18. Simulated post-layout transfer function on CTLE in 40nm CMOS technology 
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LEVEL CROSSING SAMPLERS (LCS) 

 Each level-crossing sampler consists of a CML comparator stage followed by a CML 

gain stage, as shown in Figure 19. In this circuit structure, thirty LCS stages are sharing a 

single inductor used in a shunt-peaking configuration for bandwidth enhancement. The 

input inv  coming from the CTLE output is fed into all the LCS stages while each LCS stage 

has a different threshold voltage ,REF nV where {29,0}n∈ . These thirty samplers work 

collectively to construct a sampled version of the input signal. Since this sampling 

operation is not synchronized to any clock signal, it is called asynchronous sampling. The 

explanation of how the shared inductor L1 functions is as follows. For n inputs and n 

outputs, the expression for the kth output is given by:  

, , 1 ,
1

( )
1

n
m

out k in k m in i
i

g Rv v j g L v
j RC

ω
ω =

 
= + + 

∑    (5) 

where ,in kv  and ,out kv  are the differential-mode input and output, respectively, of the kth 

comparator, and C is the capacitance at each output. Equation (5) can be rearranged as: 

, 1 , 1 ,( )
1

n
m

out k m in k m in i
i k

g Rv j g L v j g L v
j RC

ω ω
ω ≠

 
= + + + 

∑   (6) 

The first term in (6) is identical to the usual transfer function of a single CML buffer with 

shunt-peaking.  The second term shows how other inputs will affect the kth output via a 

high-pass function.  
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 If we now assume that , ,in k in REF kv v V= − , where inv  is the small-signal input voltage 

applied to all of the comparators and ,REF kV  is the threshold voltage applied to the kth 

comparator, then we have: 

, 1 , 1 ,( ) ( ) ( )
1

n
m

out k m in REF k m in REF i
i k

g Rv j g L v V j g L v V
j RC

ω ω
ω ≠

 
= + − + − + 

∑  (7) 

Taking into account that all of the ,REF iV are dc and that the inductance is zero at dc, then (7) 

can be simplified to: 

, 1 ,1
m

out k m in m REF k
g Rv j g nL v g RV

j RC
ω

ω
 

= + − + 
   (8) 

 

Figure 19. The level crossing sampler schematic 
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 Thus, the CML comparator can be viewed as a combination of a linear gain stage, 

with an effective shunt-peaking inductance of nL1, along with a constant term. Compared to 

n separate CML stages using a dedicated inductor in each stage, the use of a shared inductor 

enables an n2 reduction in the inductor area.  This superposition principle is also used in 

the succeeding CML gain stages. These shunt-peaking inductors limit the switching current 

flowing through the resistors, enabling a faster pulse response. The inductance values used 

for L1 and L2 are 0.35nH and 0.55nH, respectively.  

 Each LCS is used to digitize the input analog signal into CMOS signal levels 

compared to a specific reference voltage. Therefore, the shunt-peaking inductor can be 

optimized to achieve the maximum bandwidth to achieve a bandwidth increase of 

approximately 85% with 1.5dB peaking [20]: 

21.42opt LL R C=       (9) 

While this circuit needs to amplify the voltage between the analog input and the threshold 

voltage and settle fast, the shunt-peaking does not need to target a maximally flat 

frequency response or optimal group delay performance. 

 As shown in the Figure 20 ac simulation, the single input, multiple outputs structure 

with a shared inductor gives a nearly identical frequency response to that of a single CML 

buffer with a shunt-peaking inductor that is n times larger. 

 The output common-mode voltage of the CML gain stage can be matched to the 

switching threshold of the succeeding CMOS inverter using a replica control loop  such as 

the one shown in Figure 21. This circuit could be embedded into the LCS circuit to calibrate 
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out any IR drops through the inductors. The functionality of this control loop can be 

explained as follows: The input common-mode voltage Vin,cm is captured through a filter 

using the time constant of RhighCfilt from the first CML stage output of the LCS. The resistor 

Rcm is inserted at the center tap of L2 to create an IR drop to adjust the output common-

mode Vout,cm at the CML stage feeding into the CMOS inverter. The value of Rload is critical for 

the speed of the operation. Having Rcm gives the flexibility to decouple common-mode 

adjustment with the speed requirement. Vout,cm will be driven close to Vthreshold of the CMOS 

inverter by the action of this continuous-time analog control loop consisting of a replica 

CML stage, resistor network to detect input common-mode voltage, unity-gain-connected 

inverter to provide the target output common-mode voltage, and the operational amplifier 

to generate VBIAS voltage. Therefore, the signal out of the LCS can be converted into CMOS 

rail-to-rail levels without any significant linearity degradation. While this replica loop is not 

implemented in the test chip, it could be an improvement for future research. 

 Moreover, there is also a reference generator (REFGEN) circuit that consists of a 

resistor ladder to provide thirty differential voltages. The REFGEN consumes about 5 mA to 

generate a 360 mV-ppd voltage range. The range and the common-mode voltage of the 

REFGEN can be adjusted externally.  
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Figure 20. The comparison of frequency responses of the multiple output structure and a 
single CML buffer with shunt peaking. 
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Figure 21. Replica Control loop to adjust the common-mode voltage at CML to CMOS 
conversion. 

 

 As shown in Figure 19, weak cross-coupled inverters are inserted in the CMOS 

inverter chain to align the edges of the complementary CMOS output. These cross-coupled 

inverters also provide hysteresis to prevent excessive excursions of the LCS digital outputs 

while the input is in the vicinity of the reference level. The reference voltages are generated 

through a polysilicon resistor ladder described earlier. Each LCS consumes about 0.7mA.  
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 As depicted in Figure 22(a), the LCS generates thermometer-coded digital outputs.  

To better illustrate the operation of this circuit, the CTLE output and the analog equivalent 

signal that would come from an ideal DAC (Figure 22(b)) are shown in Figure 22(c).  It can 

be observed that the LCS captures voltage transients closely since many samplers toggle 

during transitions. On the other hand, the LCS clips when the voltage saturates since only 1-

2 samplers are active when the input is not changing. Thus, the activity of the 

asynchronous sampler is event-driven. In this research, a CML NMOS input comparator is 

used to achieve the speed requirement using the 40 nm process. However, a CMOS push-

pull style structure could also be employed with more advanced process nodes for lower 

power consumption. CMOS circuits exhibit very low static current drain, making them 

more suitable for the event-driven activity of asynchronous LCS circuits. 

 The magnitude frequency response of the LCS, constructed from transient 

simulations of the Figure 19 circuit, is shown in Figure 23. Incoming sinusoidal input 

frequencies are first passed through two CML stages followed by two CMOS inverters; the 

30-bit digital signal is then converted back to analog using an ideal DAC as depicted in 

Figure 22(b). Then, the peak-to-peak amplitude of each sinusoidal output is reported. 

Based on post-layout simulations, its 3dB bandwidth is 17GHz. This analysis can be 

interpreted as if the LCS is working as a wideband A/D converter and that generates digital  
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Figure 22. (a) The LCS digital output, Dout[k:k+4] ; (b) Ideal DAC implementation to 
observe LCS analog output; (c) Analog outputs of CTLE and LCS 
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Figure 23. The LCS magnitude transfer function 

 

samples with 17GHz bandwidth capability. Replicating this behavior using conventional 

ADC techniques would require a power-hungry 34GSps time-interleaved T/H and Nyquist 

sampling A/D converter circuits even at a more advanced process technology [21]. 

 A single frequency, sinusoidal input sweep can also be utilized to characterize the 

linearity performance of the LCS. Likewise, the LCS digital output can be converted back 
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into analog via the ideal DAC to determine the ENOB of the LCS. Figure 24 illustrates the 

simulated ENOB versus input frequency. The LCS exhibits very good linearity, achieving an 

ENOB of at least 5.4 bits across the entire dc-to-Nyquist frequency range. Even though the 

quantizer (30 samplers) is equivalent to having 4.9 bits, the LCS can provide a 9-bit ENOB 

at low frequencies. Even at the mid-frequency band, the ENOB reaches 5.4-bits, which is 

still better than the quantizer resolution. There is no timing inaccuracy since there is no 

sampling clock, and the linearity performance of 30 samplers is similar to that of a 

conventional 64 Gbps 8-bit resolution A/D converter. Considering the linearity 

performance, conventional time-interleaved A/D converters provide about 1-1.5 bit lower 

ENOB using a similar quantizer resolution [21].  

 The number of LCS stages employed to achieve the desired quantization accuracy 

depends on the target link. For a given input amplitude range, the LCS linearity 

requirement is determined by the isolated pulse amplitude at the Nyquist frequency 

through the backplane. If the incoming data possesses higher SNR and an easier backplane 

link with less attenuation is targeted, fewer LCS stages are needed. Thus, the power can be 

reduced by shutting down unwanted samplers. For this work, thirty samplers were chosen 

for the 28 Gbps NRZ link. Higher linearity is preferred to achieve the proof of concept as 

opposed to lower power and area consumption. A switchable LCS structure can be 

considered to achieve a better trade-off between performance and power consumption for 

future research. 
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Figure 24. The linearity of LCS as output ENOB versus sinusoidal input frequency 

 

Delay Generation Based on CMOS Logic 

 CMOS logic benefits the most from process technology advancements with shrinking 

delay per gate and improving delay matching. To capitalize on this trend, a set of cascaded 

CMOS gates is used as a delay element for the FFE taps (Figure 25). Since complementary 

signaling is used, both positive and negative FFE tap weights can be achieved with a CMOS 

multiplexer. An AND gate is used to disable the delay generation tap when it is not needed. 
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Figure 25. Delay generation based on CMOS logic 

 

 It is crucial to have a constant delay through the FFE taps to achieve consistent 

equalizer performance over voltage and temperature drifts. From simulations using the 

TSMC 40nm CMOS process design kit with parasitic elements included, the delay of the 

CMOS gates exhibits 9% variation over a temperature range of 0-110℃, and 6% variation 

over a supply range of 0.9-1.05V. Across PVT, the overall delay variation is 29%. Although 

not implemented on the test chip described here, the transistor sizing and capacitive 

loading could be digitally adjusted to control the delay. Moreover, a closed-loop delay 

tuning scheme running in the background can be implemented to circumvent any PVT 

variations and achieve constant tap delays. As an example, a DLL-based delay tuning [22] is 

depicted in Figure 26. A voltage-controlled delay line (VCDL) can be set to exhibit k times 



 

37 
 

 

 

Figure 26. (a) DLL based delay tuning scheme; (b) Current starved delay element 

 

the desired tap delay (Ttap_delay), and the loop tunes the tap delay as follows: 

 _tap delay CLKkT T=       (10)  

where TCLK is the period of the clock used in the tuning loop. Since this tuning loop is 

running at a lower frequency, it does not consume significant power. Any noise 

contribution of the tuning loop due to device noise and steady-state excursions can be 

(a) (b)
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circumvented by adding filtering at nodes VBP and VBN for the current starved delay element 

used in VCDL and the tap delays  (Figure 26(b)). The delay mismatch between the VCDL  

and the tap delays can be minimized by proper sizing along with proximity. 

 The group delay is another key parameter for an FFE design. High peak-to-peak 

group delay variation over the frequency range of interest gives rise to inter-symbol 

interference, which degrades the FFE performance. As shown in Figure 27, the time delay 

through a 2UI (Unit Interval) CMOS tap delay line versus frequency shows less than 0.3ps 

peak-to-peak group delay variation, which is less than 1% of the UI corresponding to the 

bit rate of 28 Gbps.  

 

Figure 27. 2-UI CMOS tap delay versus frequency 
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 On the other hand, the pulses generated for the peaks and valleys of the sinusoidal 

input become narrower due to settling limitations, and they shrink or even disappear due 

to the bandwidth limitation through the CMOS tap delay line. Therefore, the sinusoidal 

waveform becomes clipped, giving rise to a 3rd-order harmonic. At low frequencies (<1 

GHz), the ENOB is reduced from 8-9 bits at the CML LCS output (Figure 24) to 5 bits at the 

summer output of the 3-UI CMOS tap delay (Figure 28). As the frequency increases, the 

third-order harmonic is filtered, thus improving the ENOB. Then, as the amplitude starts to 

decrease, the ENOB gradually decreases at high frequencies (>8 GHz). Although usage of 

CMOS delay comes with ENOB degradation, it has very good power/area efficiency 

compared to CML. implementation. Nevertheless, the overall linearity performance of the 

combined LCS and 3-UI CMOS tap delay is better than 5 bits at the Nyquist frequency of 14 

GHz.  

 

Figure 28. ENOB versus frequency including LCS, 3-UI CMOS tap delay line, and summer 
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In digital circuits, the electronic noise is converted to a timing jitter at the transitions. 

Keeping sharp rise/fall times using gates with small fan-out through the CMOS taps gives 

better noise performance. As depicted in Figure 28, the ENOB degradation due to transient 

noise is merely 0.1 bit at 14GHz. Moreover, the CMOS tap delay line is implemented 

differentially to reject the supply noise. 

 Finally, the impact of random mismatches is investigated with a 50-run Monte Carlo 

simulation performed on a 5 GHz sinusoidal input. Dispersion of ENOB due to random 

mismatches shows a standard deviation of 0.17 bit without any mismatch calibration 

(Figure 29). However, some mismatches could be calibrated out. Using fine-granularity 

voltage steps generated through the resistor ladder, a low-speed foreground calibration 

can be used to reduce LCS input-referred offset. In the test chip, this foreground offset 

calibration is not implemented. 

 

Figure 29. Dispersion of ENOB due to random mismatches performed at 5GHz input using 
50 Monte-Carlo runs  
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 In conclusion, the shared inductor LCS structure followed by the 3-UI tap delay line 

based on CMOS logic gates provides a power and area efficient solution to create FFE taps 

and exhibits very low group delay variation, very good linearity, and low noise 

performance. These three parameters are key for equalizer performance.  

SUMMER 

 To implement the FFE transfer function (11), a hybrid summer structure is used 

(Figure 30). Shunt-peaking using a single inductor is also employed here to enhance the 

summer bandwidth. The analog CTLE output is applied to a CML stage that utilizes an 

adjustable degeneration resistor to set the main tap.  

  
3

1
( ) ( ) ( )k k

k
y t x t c x t τ

=

= + −∑      (11) 

 The digital tap outputs are fed into digital multipliers to realize three post-cursor 

taps. Each tap consists of 30 digital multipliers in parallel. In the digital multiplier (Figure 

30), the cascode devices isolate the capacitive loading of the input and tail devices from the 

output to prevent bandwidth degradation. The gate bias of the cascode devices can be 

pulled down to the ground to disable the multiplier unit if the corresponding LCS is not 

used, thus saving power. Since the input signals are rail-to-rail, the input devices exhibit 

hard switching between the cut-off and triode regions. This large input signal feature 

enables tap coefficient adjustment that is directly proportional to the tail current. 

Moreover, the matching, linearity, and noise of each tap depend primarily on the tail 

devices, which can be scaled to improve the multiplier performance without impacting the 

summer bandwidth. 
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Figure 30. Hybrid Summer Architecture 

 The CTLE output is loaded with the summer main tap as well as the LCS input. The 

extracted single-ended CTLE output resistance is 55 Ω with 300 fF capacitive load. The dc 

gain of the CTLE can be adjusted from -1.5 to 1.8 dB and it can provide 4.5 dB of Nyquist 

peaking. As depicted in Figure 30, the summer output is loaded by the analog signal path 

from the main tap and the FFE taps and fed into the transmit driver, which is used to 

observe the equalized summer output externally. The input of this driver represents about 

25 percent of the overall loading at the summer output. The overall resistive and capacitive 

loading including extracted routing parasitic at the summer output are 55Ω and 270fF, 
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respectively. The dc gain range of the summer is from -2 to 1.4 dB and the summer can 

have the Nyquist peaking of 1.5 dB. For the overall combination of the CTLE and the 

summer, the Nyquist peaking capability is 6 dB and the 3dB bandwidth can be varied from 

17 - 23 GHz. 

 The summer bandwidth limitation is used to filter out unwanted tones due to 

asynchronous sampling. For a 30-dB link, a summer bandwidth of around 21 GHz provides 

the optimal bandwidth linearity trade-off. For higher SNR cases with lower insertion loss 

links, it is more beneficial to use a lower summer bandwidth.  

PERFORMANCE ANALYSIS 

 The receiver equalizer was designed using the TSMC 40 nm CMOS process. In this 

section, the performance results reported are based on post-layout simulation results that 

included estimated parasitic elements. In these simulations, the backplane was modeled as 

a 42.8-inch length Megatron-6 link, and the measured s-parameters include the daughter 

cards and connectors [23]. It is particularly valuable to utilize the s-parameters captured 

from the real application since the link model includes all the reflections associated with 

impedance discontinuities and some mismatches related to manufacturing variations. An 

NRZ data rate of 28.57 Gbps is used, which has a symbol period of 35 ps. The Nyquist 

insertion loss is 30 dB at 14.29 GHz. At the transmitter, 1 Vppd launch amplitude is used. 

 One method to quantify the equalization capability is the peak-signal-to-main-

cursor ratio (PMR) [24], as seen in (12), where pk is the cursor amplitude at the kth baud 

period unit interval and p0 is the main cursor; PMR of 100% corresponds to no ISI.  As 

shown in Figure 31(a), the un-equalized PMR is 450%; applying the signal to only the CTLE 
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or only the FFE improves the PMR to 200% and 212% (Figure 31(b) and (c)), respectively, 

both of which correspond to a nearly closed eye as shown in Figure 32(a).   

0

n
k

k o

p
PMR

p=

=∑      (12) 

Equalization with both the CTLE and FFE yields a PMR of 148% (Figure 31(d)), 

corresponding to a more open eye (Figure 32(b)) with a 70 mV-ppd vertical eye-opening 

and 23 ps (66% of baud period) horizontal eye-opening. In each of these three cases, the 

CTLE and the FFE settings were optimized independently to achieve the best PMR. In this 

PMR analysis with 30dB insertion loss, the CTLE provides 11 dB peaking at 14.29 GHz. The 

DC gain from the receiver input to the summer output is -6 dB. The worst-case equalizer 

output-referred noise is 0.67 mV-rms, which corresponds to a timing jitter of 200 fs-rms. 

With a 70 mV-ppd eye-opening, the decision point SNR is 34 dB. This represents a 17dB 

margin for any offsets, crosstalk, and slicer sensitivity to achieve BER < 1E-15. However, 

the post-layout simulations revealed that CTLE Nyquist peaking reached only 4.5 dB and 

further bandwidth limitations and reflections are observed due to cabling, PCB routing, and 

wire-bonding. Therefore, the measured performance of the equalizer exhibiting an open 

eye is limited to 20 dB insertion loss. 

 Although simulations of the group delay and linearity of the LCS and CMOS tap 

delays showed very good performance results, there is merit to checking the performance 

of the hybrid FFE through low insertion loss links due to the application requirements. In 

other words, if the equalizer opens the eye at high insertion loss links, it should also 

improve the signal quality at low insertion loss links.  
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 The simulated eye diagrams over a 6dB insertion loss link exhibit very small 

residual ISI after equalization using only the FFE (Figure 33(b)). Compared to Figure 33(a), 

there is also vertical eye-opening improvement. In order to disable CTLE peaking, the 

source degeneration impedance is changed, and the CTLE amplifies the incoming signal 

without peaking. The simulated eye diagrams over a 15dB insertion loss link are shown in 

Figure 34. After 15dB loss, the incoming signal eye is completely closed (Figure 34(a)). 

After equalization with only the FFE, the horizontal eye-opening of approximately 28ps 

(80% of the symbol period) is observed (Figure 34(b)). The proposed FFE architecture 

exhibits good performance across a wide insertion loss range. 
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Figure 31. After 30dB insertion loss, the pulse response versus unit intervals at: (a) the 
receiver input; (b) CTLE output; (c) Hybrid FFE output (no CTLE used); (d) CTLE followed 
by Hybrid FFE output 

Rx Input
PMR= 450%

(a)

Only CTLE
PMR= 200%

(b)

Only Hybrid FFE
PMR= 212%

(c)

CTLE +  Hybrid FFE
PMR= 148%

(d)



 

47 
 

 
 

Figure 32. With PRBS-10 28.57Gbps NRZ data after 30dB backplane loss, eye diagrams at 
(a) CTLE output; (b) Summer output 
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Figure 33. Simulated eye diagram over 6dB insertion loss: (a) Un-equalized; (b) FFE only 
equalized 

 
Figure 34. Simulated eye diagram over 15dB insertion loss: (a) Un-equalized; (b) FFE only 
equalized 
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CHAPTER 4 - DIGITAL ADAPTATION SCHEME 

BASIC CONCEPT 

 In order to make the FFE more robust in the presence of PVT variations and 

different channel characteristics, it is highly desirable to devise an adaptation mechanism 

for any equalizer to optimize performance. Although not implemented in the prototype test 

chip, an adaptive algorithm that could lend itself well to the asynchronous sampling-based 

equalizer is described in this chapter. Considering an NRZ PRBS pattern passing through a 

backplane link, as the insertion loss increases, the ISI increases. First, a 1-UI pulse coming 

after a long set of consecutive 1s or 0s will be attenuated and narrowed; in some cases, it 

cannot cross zero. As insertion loss increases further, 2-UI, 3-UI, and subsequently higher 

UI pulses will begin to fail to cross zero. This diminishing zero-crossing behavior in the 

presence of increased ISI for the PRBS patterns can be used for adaptation if these level 

crossings can be detected. The equalizer architecture based on asynchronous sampling 

described in Chapter 3 already utilizes level crossing samplers (LCS). Thus, it is a natural 

choice to utilize this adaptation approach without any significant hardware complexity. 

Using LCS with appropriate reference levels, the equalizer can directly detect when the 

signal is crossing a particular voltage level. Considering the equalizer output relative to five 

voltage levels {-V2, −V1, 0, +V1, +V2} depicted in Figure 35, the concept of the adaptation 

algorithm can be explained as follows: For the under-equalized case, an isolated pulse does 

not cross many of the voltage levels as illustrated in Figure 35(a), and may not even cross 

zero. For the over-equalized case, the isolated pulse with zero-crossings can be observed, 

but it exhibits a narrow overshoot. Moreover, the pulse settles at a lower amplitude level. 
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As an example, the pulse amplitude within {−V1, +V1} is depicted in Figure 35(b). The LCS at 

outer voltage levels {-V2, −V1, +V1, +V2} may not react to the overshoot if its frequency 

content exceeds the bandwidth capability of the level-crossing samplers. For near-optimal 

equalization, the pulse should cross each of the five voltage levels (Figure 35(c)) during 

both transitions. As depicted in Figure 35(d), five LCS using these five corresponding 

voltage levels can create digital flags as the signal crosses these voltage thresholds. This 

idea is exploited to construct a fully digital adaptation algorithm. 

 

 

Figure 35. The basic concept of digital adaptation algorithm based on level crossing 
detection depicted over three cases: (a) Under equalization; (b) Over equalization; (c) 
Near-optimal equalization. (d) 5 LCS outputs at near-optimal equalization. 
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IMPLEMENTATION 

 The digital adaptation hardware consists of five LCS at the summer output that feed 

into five counters followed by the decision logic to determine the data transition count for each 

of those five voltage levels. The proposed five synchronized counters with their operational 

timing diagram are depicted in Figure 36.  

 

Figure 36. Five counters with operational timing diagram synchronized via a reference 
clock and control logic 
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 Synchronized via a reference clock and control logic, a time window is established 

between edges of the RE-START COUNTING and FREEZE signals. After FREEZE is asserted, all 

the counters are stopped and the count values are read and recorded. Then, the counters are 

reset, and a new cycle of counting is initiated with the RE-START COUNTING edge. 

 The simulated equalizer output NRZ eye diagrams are depicted in Figure 37. Before 

equalization, many zero crossings are lost due to channel inter-symbol interference (Figure 

37(a)). After adaptive equalization, an open eye diagram is observed, with each data transition 

crossing all five voltage levels (Figure 37(b)).  

 If the count values for {-V2, +V2} are equal to the zero-crossing count, it can be 

deduced that the vertical eye opening is somewhere above the {-V2, +V2} levels depending 

on the minimum pulse that the LCS can detect.  For example, if the LCS can detect a 10ps 

pulse width with 20mV amplitude, then the target vertical eye-opening is 2(V2 +10)mV-ppd 

with 10ps horizontal eye-opening at the {-V2, +V2} voltage levels. If there is a mismatch 

between the count value for +V2 and the count value for -V2, then there is a DC offset in the 

eye-opening. A DC offset correction circuit can be utilized to calibrate this DC offset. 

 A minimum of three voltage levels is required to deduce the eye height. If the 

vertical eye opening cannot be equalized up to {-V2, +V2} levels, it is useful to have an easier 

vertical eye opening target of {-V1, +V1} to at least ensure an open eye after equalization. 

Therefore, five voltage levels are utilized. However, as the number of the voltage levels 

utilized increases, the hardware complexity rises. In principle, one could even utilize only 

two single-sided voltage levels, such as {-V1, 0} or {0, +V1}, and have the adaptation 

algorithm still be valid. 
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Figure 37. Equalizer NRZ output eye diagrams: (a) before equalization; (b) after 
equalization. 
 
 
ADAPTIVE ALGORITHM 

 The tap coefficients are adjusted accordingly and are also used to control the CTLE 

settings. The adaptive algorithm can be explained with an example tap1 coefficient sweep. 

Using five counters with color-coded output as depicted in Figure 38(a), the horizontal axis 

corresponds to the tap1 coefficient sweep while the vertical axis corresponds to the color-

coded counter outputs as graphed in Figure 38(b). The black curve is the Count0 output that 

represents the number of zero crossings for the given time window. As tap1 changes from 0 

to -0.82, the zero-crossing count increases. This region is the under-equalized region. When 

tap1 value is within -0.82 to -0.98, the zero-crossing count all converges to the same value 

(Figure 39(a)) and no longer determines the adaptation direction. This section is the near-

optimal equalization. Setting tap1 to -1 corresponds to the FFE tap amplitude is equal to the 

analog main tap amplitude.  As can be seen in Fig. 38(b), this is too much correction, and 

counters' output values diverge from each other. This is the over-equalized region. 
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 The algorithm consists of two steps: coarse adaptation, and fine adaptation. In the 

coarse adaptation, the tap1 region {-0.82, -0.98} that maximizes the zero-crossing count is 

found (Figure 39(a)). While attaining the maximum zero-crossing is a requirement, it is not 

sufficient for the optimum point. In the fine adaptation search, another metric, Delta, is 

utilized. As shown in (13) this metric, which is a simplified standard deviation value, is the 

aggregate of the absolute count difference of all the counters compared to Count0. Thus, the 

fine adaptation search converges to the point that minimizes Delta (Figure 39(b)).  

0| |k
k

Delta Count Count= −∑      (13) 

 

Figure 38. Counter based level detection: (a) Five positive-edge triggered counters; (b) 
color-coded counter outputs after coarse adaptation search using tap1 coefficient sweep 

  

 The tap1 value of -0.88 corresponds to the minimum value of Delta within the 
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horizontal eye-opening rather than the vertical eye-opening. This can be attributed to the 

feature that the counters require a minimum pulse width to operate. 

 

Figure 39. Counter outputs versus Tap1 sweep: (a) Maximum Count0 region exhibit flat 
metric response; (b) Fine adaptation search to find Delta around maximum Count0 region 

 

 

Figure 40. Eye Opening during fine adaptation search: (a) Vertical; (b) Horizontal 
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CHAPTER 5 - TEST CHIP IMPLEMENTATION 

 The prototype test chip of the FFE was designed and fabricated using the TSMC 

40nm CMOS process technology. In this technology, there are 9 routing metals available as 

well as a redistribution layer (RDL), which is available for supply routings and bump-to-

bump connections. This RDL layer is quite thick (1.45 um), making it especially useful for 

on-chip spiral inductors. 

 As depicted in Figure 41(a), the prototype test chip uses 1 mm2 area including the 

guard-ring as well as the forty-four input/output wire-bond pads. Since the die size is pad-

limited, the core circuit area including input termination, CTLE, and hybrid FFE is merely 

0.064 mm2. Shunt-peaking inductors occupy about half of the core circuit area. The rest of 

the area is consumed by supply buses, current bias lines, control signals, and decoupling 

capacitors (DECAP). The input and output signals from the high-speed receiver are routed 

as differential pairs with Ground-SignalP-SignalN-Ground pad configuration to provide a 

good signal return path, as shown in Figure 41(b). 

 It is important to have an optimized high-speed signal flow, as illustrated in Figure 

42. Otherwise, excess parasitic routings will hinder the performance. The CTLE output  

Aout is applied directly to the analog main tap of the summer as well as to all the thirty of 

the LCS inputs with minimal routing distance. At the equalized output, the analog main tap 

output is combined with digital FFE taps into the summer resistor load, which utilizes the 

shunt-peaking inductor for bandwidth enhancement. 
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Figure 41. The layout of the prototype test chip in 40nm: (a) Top-level view; (b) Details of 
the core circuitry 
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Figure 42. High-speed signal flow 
 
 
 The REFGEN block, made up of a set of 30 series-connected tapped resistors, 

generates the voltage thresholds for the LCS. Each LCS output feeds directly into the three 

FFE tap inputs. It should be noted that the FFE, including REFGEN, LCS, and digital taps, 

exhibits a very compact layout made up of unit slice cells, which can easily be configured 

for different numbers of LCS stages. This feature of the FFE layout can be exploited to make 

the layout synthesizable once a unit slice cell has been designed and laid out. This could 

allow for automation of the layout process, which would be advantageous in terms of time 

and design resources.  

MEASUREMENT SETUP 

 The bare die was directly attached to a printed circuit board (PCB) as shown in 

Figure 43. A PCB cavity about the same height as that of the bare die was milled, and the die 

was mounted inside this cavity sitting over the ground plane via conductive epoxy, as 

illustrated in Figure 44. This made the die top edge flush with the PCB, thereby reducing  
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Figure 43. A photograph of prototype test chip die directly attached and wire-bonded to 
PCB 
 

the overall wire-bonding length from the die to the PCB landing pads. For the high-speed 

signals, use of the 20.32 µm diameter, 0.6 mm length gold wires were used to connect the 

pads on the die to the PCB. However, these wires would present 0.48 nH series inductance. 

This series inductance, along with the PCB landing pad capacitance, creates an impedance 
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discontinuity causing reflections. Although wire-bonding is not a suitable interconnect 

technology for high-speed signaling, it was the only option available in this research work. 

 A transmitter chip was used to provide the NRZ data pattern and drive the signal 

into a PCB backplane followed by the hybrid FFE test chip input. The package and board 

traces from the transmitter chip cause approximately 2.5 dB insertion loss at the Nyquist 

frequency of 14 GHz. The chip output is observed by a high-speed oscilloscope. Due to 

cabling and interfaces, there are various impedance discontinuities in this link. A detailed 

diagram of the link used in the measurements is provided in Figure 45. It should be noted 

that every arrow in the link diagram represents an impedance mismatch. In production-

quality serial backplane applications, these links are tailored such that the chip to 

backplane routings are very short, and the transmission line approach is utilized to reduce 

reflections. Thus, the measurement link used in this research is more challenging to 

equalize, which limits the performance. The photographs of the overall test setup and the 

test chip PCB are depicted in Figures 46(a) and 46(b), respectively. 
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Figure 44. Illustration of the cavity bonding of the bare die attached to PCB 

 

Figure 45. Detailed diagram of the link used in the measurements 
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Figure 46. The photographs of  (a) the overall test setup, and (b) the test chip PCB  
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DISCUSSION OF MEASUREMENT RESULTS 

 Two different PCB backplanes -- one with 12 dB insertion loss, and the other 20 dB 

insertion loss -- were used in the measurements. A PRBS7 pattern was employed due to 

trigger limitations of the high-speed scope. Optimal equalization was achieved by manually 

adjusting the tap weights that provide the maximum horizontal eye-opening. The largest 

vertical eye opening corresponds to the middle point of the horizontal eye-opening with 

the measured BER better than 1E-15. At this BER level increasing the vertical eye opening 

does not provide any significant system performance improvement. Therefore, increasing 

the horizontal eye-opening is favored for tap weight optimization. 

 Following the channel with 12 dB insertion loss, the eye diagram is almost closed 

with no significant vertical and horizontal eye openings as shown in Figure 47(a). The 

measured eye diagram confirms that using only the hybrid FFE, 12 dB loss can be equalized 

up to 400 mV-ppd vertical and 20 ps horizontal eye openings as shown in Figure 47(b). The 

BER bathtub curve, shown in Figure 48, illustrates that the hybrid FFE exhibits superior 

performance compared to the CTLE. As an example, for the sampling point between -0.1 

and +0.1 UI, the bit error rate (BER) level is 2E-14 for the hybrid FFE, while the BER level 

for the CTLE-only equalization only reaches 3E-11. This represents nearly three orders of 

magnitude better BER for the hybrid FFE over the CTLE. 

 For the 20 dB insertion loss link, various options for equalization were investigated 

and eye diagrams are presented in Figure 49.  As shown in Figure 49(a) the unequalized 

eye is completely closed.  Compared to CTLE-only equalization (Figure 49(b)), the hybrid 

FFE-only equalization achieves larger vertical and horizontal eye openings (Figure 49(c)). 
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As shown in Figure 49(d), the combined CTLE and hybrid FFE equalization does not 

provide significant eye-opening improvement. The vertical and horizontal eye openings for 

various equalization options are summarized in Table 1. The hybrid FFE-only equalization 

exhibits a hundred percent more vertical eye-opening and fifty-seven percent more 

horizontal eye-opening compared to CTLE-only equalization. The combined CTLE and 

hybrid FFE provide merely seven percent wider horizontal eye and ten percent smaller 

vertical eye compared to hybrid FFE only equalization. There is some fixed peaking 

observed at 10 GHz, limiting the overall performance. Based on the estimated PCB parasitic 

elements, this peaking might be due to the wire-bonding inductance and PCB landing pad 

capacitance. With the 20 dB insertion loss link, the BER performance of the hybrid FFE-

only equalization is about two orders of magnitude better compared to using only the CTLE 

equalization at the BER level of 1E-13 (Figure 50). 

 Based on post-layout simulations, the CTLE has a 6 dB peaking capability at the 

Nyquist frequency of 14 GHz. The measurement corresponding to the 20 dB insertion loss 

link confirms that the hybrid FFE surpasses the expected 6 dB peaking capability of the 

CTLE, providing a better SNR and lower BER. In the prototype test chip, the hybrid FFE is 

preceded by a two-stage CTLE. When the hybrid FFE only equalization is measured, the 

CTLE peaking is turned off by adjusting the source degeneration impedance. However, 

since the CTLE is still in the signal path, it still adds to the noise in the system.  When CTLE 

only equalization is measured, the hybrid FFE is fully turned off, and it has no noise 

contribution. Therefore, the hybrid FFE exhibits better noise performance despite the noise 

contribution of the CTLE. 
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 For the 20 dB insertion loss link, the equalizer consumes 112 mW. The CTLE and 

summer consume 30 mA and 22 mV at 1.2 V, respectively. The LCS and CMOS tap delay-line 

conduct 30 mA and 20 mA at 1.0 V, respectively. If a smaller backplane loss is targeted, the 

LCS count can be reduced leading to significant power savings. 

 

 

Figure 47. For 12 dB insertion loss link: (a) Unequalized output; (b) Only hybrid FFE 
equalized output 
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Figure 48. Measured BER bathtub curve for 12 dB insertion loss link 
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Figure 49. For 20 dB insertion loss link: (a) Unequalized output; (b) Only CTLE equalized 
output; (c) Only hybrid FFE equalized output; (d) Both CTLE and hybrid FFE equalized 
output  
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 Vertical Eye Opening 
(mV-ppd) 

Horizontal Eye Opening 
(ps) 

CTLE Only Equalization 32 11 

Hybrid FFE Only Equalization 64 17.3 

CTLE + Hybrid FFE 
Equalization 56.8 18.5 

 
Table 1. Eye openings captured for different equalization options for 20 dB insertion loss 
link at 28.125 Gbps NRZ 
 
 
 

 
 
Figure 50. Measured BER bathtub curve for 20dB insertion loss link 
 
  

FFE Only

CTLE only

Unit Interval (UI)

BER



 

69 
 

CHAPTER 6 - CONCLUSIONS 

 This research work is the first to apply asynchronous sampling to high-speed circuit 

design in wireline communications running at data rates higher than 25 Gbps.  A hybrid 

equalizer architecture based on asynchronous sampling has been designed and fabricated 

using the TSMC 40nm process technology. Since this technology was introduced in 2008, it 

is not the premier technology for the design of high-speed wireline transceivers. Thus, any 

figure of merit comparison related to power, area, and performance should take this into 

account. Nevertheless, the goal is proof of concept rather than breaking any performance 

bar. Prototype test chip results achieved competitive performance capable of providing an 

open eye diagram to achieve BER of 1E-15 after 20 dB backplane loss. A detailed 

performance comparison with recent publications is provided in Table 2. Compared to 

sampled receivers with integrated CTLE, DFE, and Demux [26,27], this work achieves two-

thirds of the energy per bit for a given channel loss, while using a more mature (and slower) 

CMOS technology. Compared to solutions that use only an FFE [24,25], improved output-

referred noise with comparable power per total delay penalty is achieved. 

 Moreover, various circuit design techniques and tuning methodologies are proposed 

to enable asynchronous sampling adapted into a power/area efficient hybrid FFE 

architecture (Table 3). An LCS using shared inductors was introduced for bandwidth 

enhancement with significant area saving compared to conventional shunt peaking. A basic 

CMOS tap delay line was used to generate digital FFE taps. A PLL- or DLL-based tuning loop 

was proposed to maintain constant delay across PVT variation. The overall FFE 

implementation has exhibited very good group delay, linearity, and noise performance.  A 
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digital adaptation algorithm suitable with asynchronous sampling has been introduced that 

does not require signals from a CDR in order to operate.  In an era of diminishing returns 

from Moore's law, this research has demonstrated the proof of concept for a high-speed FFE 

architecture eliminating the need for conventional sampling via T/H and regenerative 

comparator circuits, high-speed multi-phase clock generation as well as dependency on the 

clock and data recovery (CDR).  

 The approach based on synchronous sampling presented in this dissertation has the 

potential for many future applications (Table 4). A decision feedback equalizer based on 

asynchronous sampling could reduce the power/area penalty significantly since it would not 

require any loop unrolling while achieving improved noise performance. It is also feasible to 

apply implement T/2 - spaced or even T/N - spaced fractional feed-forward equalizers via 

adjustment of the CMOS delay line. Fractional equalizers have the potential to achieve 

higher SNR without any dependency on the CDR operation. In addition to optimizing the 

FFE tap coefficients, the CMOS delay line could be tuned to create further flexibility for 

multi-dimensional equalizers.  

 Moreover, an equalizer circuit based on asynchronous sampling could be inserted 

between a loss channel and the input of any conventional receiver that is based on 

synchronous sampling. As the equalizer improves the SNR significantly, it reduces the 

requirements for high-speed clock generation and sampling accuracy. As an example, it could 

reduce the ENOB requirement for DSP equalization using time-interleaved A/D conversion. 

Relaxation of the ENOB could save significant power/area in both analog and digital 

domains.  
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 [26] [27] [25] [24] This Work 

Process 28nm 28nm 28nm 40nm 40nm 

Data Rate (G/s) 28 28 25 20 28 

CTLE Y Y N N Y 

RX DFE Taps 14 14 - - - 

RX FFE Taps - - 7 5 3 

Total FFE  
Delay (ps) - - 180 100 105 

TX FFE Taps 5 3 - - - 

Channel Loss (dB) 40 34 - 20-inch 
FR4 20 

Output Noise 
(mVrms) 

( HznV / ) 
  

 
4 

25 

 
- 

4.2-9.2 

 
0.67 

4* 

DelayRate
Power
×

 

(mW) 
- - 12.2 10-13 18** 

Power/Loss 
(pJ/bit/dB) 0.29 0.47 - - 0.106*** 

 

*Worst Case with CTLE   **CTLE excluded   ***Without demux 

 
Table 2. Detailed Performance Comparison  
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Proposed Circuit Techniques/Tuning Methods  Advantages 

Level Crossing Samplers (LCS) with shared 
inductors 

Bandwidth enhancement with 
significant area saving 

CMOS Delay line for FFE tap generation 
Achieves very good linearity, 
group delay, and noise 
performance 

Delay Tuning Loop Maintains a constant delay 
across PVT variations 

Hybrid Summer Merges LCS based digital FFE 
taps with an analog main tap  

Digital Adaptation Algorithm 
Achieves a tuning algorithm 
without any need for high-
speed clocking and CDR 

 
Table 3. Various circuit techniques and tuning methods proposed in this research 
 

Potential Future Applications Advantages 

Asynchronous Sampling Based Decision Feedback 
Equalizers 

Better power/area efficiency, 
improved noise performance, 
and eliminating the need for 
loop unrolling 

Asynchronous Sampling Based T/2 - spaced or 
even T/N - spaced fractional Feed Forward 
Equalizers 

FFE Tap delay can be easily 
adjusted and maintained at half 
the unit interval. Fractional 
equalizers have the potential to 
achieve higher SNR without any 
dependency on CDR operation 

Adjustable tap delay tuning using the digital 
adaptation algorithm 

In addition to optimizing the 
FFE tap coefficients, tap delay 
can be tuned to create further 
flexibility for multi-dimensional 
equalizers. 

Adaptive eye-opener preceding the conventional 
receiver 

Improves SNR and relaxes the 
requirements of the 
conventional receiver 

 
Table 4. Potential future applications of this research 
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