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1.1 Project Scope 

In this project we aim to design a lowjitter, lowphase noise clock driver in 40nm CMOS 

technology. The work is in the field of analog integrated circuit (IC) design in nanometer CMOS 

technologies. Here, we have approached the design process of an IC from its systemlevel 

conception, to transistorlevel design and simulation of different subsystems comprising the IC. 

Layout and characterization of the IC designed are not covered in this work due to time 

limitations. 

Figure 1.1 Master thesis work in the context of IC design flow 

1.2 Project Goals 

The design has been conceived to be used as part of a cutdown cost strategy. The goal is to 

develop a highperformance clock driver to extend the functionalities of a powerline 

communications PLC (see references [1.1]) baseband chip with minimum overhead.  

For such a purpose, the clock driver would be included, as versatile silicon IP, into the PLC 

baseband chip (BBIC) allowing reusing and distributing internal phase locked loop (PLL) clock 

signal for different modular subsystems as RF, smart metering, audio, etc. 
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In particular, new standard G.hn over Coax (Ref.[1.2]) has been targeted as a potential extension 

of the PLC chip. For such a purpose, baseband PLC signal must be upconverted before being 

transmitted through the coaxial cable. In the same way, the G.hn signal will have to be down 

converted before being processed by the PLC chip. Both upconversion and downconversion 

operations will demand a highperformance clock signal for Local Oscillator (LO). The clock driver 

will thus provide this signal (reusing PLC chip internal PLL) saving one extra PLL and reducing the 

billofmaterials (BOM). However, further extensions can be considered. 

 Figure 1.2  Extending PLC baseband IC (PLCBBIC) capabilities 

The designed clock driver IP block diagram is shown in figure 1.3 

Figure 1.3 Block diagram of the clock driver designed in this thesis. 
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1.3 Design envirornment 

The design has been carried out with the support of the company Gigle Semiconductor (now 

Broadcom) using Taiwan Semiconductor Company (TSMC) CMOS 40nm process. Cadence IC5.1 

Analog design envirornment has been used as main simulation tool  

1.4 Chapter List 

The different chapters in this work can be grouped in three different parts. Part I (chapter 1 and 2) 

gives an introduction to the basic concepts involved in highperformance clock systems, ranging 

from metrics, applications and theoretical models. Part II (chapter 3 and 4) focus on fundamental 

design techniques for lowjitter lowphase noise timing circuit in nanometer CMOS technologies. 

Finally, Part III (comprising chapter 5 and 6) details the clock driver design as versatile silicon IP 

block, which uses previously introduced techniques and concepts to achieve highperformance 

clock driving capability. 

PART I: Fundamentals of highperformance clock and timing solutions 

Chapter2.  Highperformance clock and timing solution IC’s: overview and 

applications 

This chapter contextualizes the design of the lowjitter clock driver, in the scope of high

performance clock and timing solutions integrated circuits market. For such a purpose, the 

role of clock generation and distribution in modern electronic systems is reviewed, 

especially in the context of the semiconductor industry. Different metrics used for clock 

signal performance evaluation (phase noise and jitter) are explained. Some overview of 

the impact of clock performance in different representative systems (ADCs, mixers, serial 

IO) is also provided. 

Chapter3.  Analytical models for jitter and phase noise analysis in CMOS circuits 

In this chapter we aim to provide a set of theoretical concepts and guidelines needed to 

address the design of lowjitter clock drivers. 
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Analytical methods to analyze circuit device noise conversion into jitter and phase noise 

are described. Starting from the fundaments (windowed integrals of noise), we have 

shown how these fundaments are applied to different circuits like conventional CMOS 

inverters and CML (currentmode logic) buffers.  

The last part of the chapter addresses the design of different types of clock buffers (CMOS 

inverters and differential CML cells) providing the main expressions to evaluate lowjitter 

and low phase noise performance. 

PART II: Design techniques for lowjitter, lowphase noise circuits in 40nm 

CMOS technologies 

Chapter 4.  Design techniques for lowjitter clock buffers in CMOS technology 

This chapter focuses on the circuitlevel implementation of basic structures for the clock 

driver. Here, different circuit design techniques for lowjitter buffers as well as the 

optimization process for achieving lowjitter performance will be explained. 

Special emphasis will be made on CML (currentmode logic) topologies, which have been 

selected for this design due to its robustness in terms of commonmode and supply noise. 

Also, several nonidealities arising from real circuit implementations are discussed. 

The designs concepts introduced in this chapter will complement with Chapter4, covering 

all circuitlevel design techniques used for lowjitter and phase noise the design of clock 

driver. 

Chapter 5.  Lownoise biasing circuits for phasenoise reduction in CML clock 

drivers 

The optimization of the dynamic part of the driver (switching cells) is described in Chapter 

4. This chapter, in contrast, focus on the design of the biasing part (tail current sources) 

The impact of biasing noise on the clock driver performance (especially in phase noise) is 

discussed. Alternative techniques to conventional currentmirrorbased biasing systems 

are proposed, in order to improve phase noise performance of the driver. 
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PART III: GHz Clock Driver Design as a reusable silicon IP block 

Chapter 6. Clock driver supply regulation system 

Chapter 3 to Chapter 5 explores fundamentals for lowjitter and lowphase noise in CMOS 

technology, focusing on the design of a highperformance clock driver. In the following 

chapters, all these concepts are synthesized and used for the design of the clock driver as 

a selfcontained block.  

Before the full system is presented in Chapter 7, supply regulation subsystem is described 

in advance separately. For clarity, key aspects of this subblock are discussed here in more 

detail. 

The impact of supply regulation circuits on clock performance is investigated, and 

requirements for these circuits are derived. In the same way, transistorlevel 

implementation of the different regulators is described.  

Chapter 7.  Lowjitter, Lowadditive Phase Noise GHz Clock Driver Design 

This chapter presents the overall architecture of the clock driver, which used the 

previously explained techniques to achieve lowjitter, lowadditive phase noise clock 

driver capable to operate up to GHz rates.  

The design is conceived as a selfcontained IP. Some additional systemlevel issues have 

been faced here, like voltagedomain translation. In the same way, a set of auxiliary 

functionalities, like supply regulation or output power control has been designed.  

Final performance (schematic level) is evaluated for different frequencies and conditions. 
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This chapter contextualizes the design of the lowjitter clock driver, in the scope of high

performance clock and timing solutions integrated circuits market. For such a purpose, the role of 

clock generation and distribution in modern electronic systems is reviewed, specifically in the 

context of the semiconductor industry. In the same way, different metrics used for clock signal 

performance evaluation (phase noise and jitter) are explained. Some overview of the impact of 

clock performance in different representative systems (ADCs, mixers, serial IO) is also provided. 

2.1 Highperformance clock and timing solution IC 

Nowadays, in modern electronics, the clock is the “beatingheart” of every chip. Apart from digital 

systems such microprocessors, FPGAs, DSPs, etc, clock performance is crucial in analog and mixed

signal ICs containing data converters (analogtodigital and digitaltoanalog), or switched power 

ampfiers (like classD audio amplifiers).  
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Figure 2.1 Electronic system exemplifying the role of clock generation and distribution 
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RF communications systems require highquality frequency reference, as in the case of local 

oscillator (LO) for both upconversion and downconversion. Figure 2.1 represents a modern 

electronic system (it could be a simplified representation of a wireless headset, for instance), that 

shows the clock requirements of the different subsystems. 

Almost any electronic system contains the clock generation and distribution circuitry. Thus, high

perfomance clock and timing solutions semiconductor market comprises o wide variety of 

oscillators for frequency generation (based on crystals, MEMs, etc),  frequency sinthesizers (based 

on phaselocked loops, PLLs), solutions for clock distribution: clock drivers, repeaters, fanout 

buffers, etc. Market analyst Databeans (reference [2.1]) estimates that in 2012 this total market 

will reach $4.5 billion in global revenue.  

To understand the challenges involved in the design of highperformance clock integrated circuits 

(as the case of lowjitter clock drivers, where this work is scoped in), both the metrics for clock 

performance as well as their impact on some representative systems (ADC, serial data 

communications and RF mixers) will be detailed in the following sections. 

2.2 Definitions of phase noise and jitter 

A set of definitions of the basic metrics employed to characterize clock performance are provided. 

These metric are phase noise and jitter. They both quantify clock spectral purity, in frequency 

domain and time domain respectively. A good understanding of these metrics is key to compare 

and evaluate the performance of the clock driver. 

2.2.1 Phase noise 

Phase noise is defined as the frequency domain representation of phase fluctuations in a 

waveform. It is expressed as a ratio of the noise power in a 1 Hz bandwidth at an offset 

frequency to the power of the carrier signal, in units of dBc/Hz, being dBc the sideband 

noise power relative to the carrier frequency power. 

An ideal clock shows a single pure tone at an exact frequency f with all the signal power 

contained within that delta, but in real clocks, the noise causes the power to spread out 

across a wider frequency band as seen in figure 2.2 
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Figure 2.2 Phase noise definition from reference [2.2] 

2.2.2 Definitions of jitter 

In the context of clock generation and distribution systems, jitter is any clock edge 

deviation from its ideal position. In other words, time uncertainty in a clock signal. 

Timing jitter can be defined by observing the phase difference between the first cycle and 

the mth cycle of a clock signal. Assuming these deviations are caused by random sources, 

we can find their standard deviation (phase jitter �� � ) which would be expressed in 

radian. Then we can translate it to timedomain jitter by making: fT ��� � 2/�� � , where

f is the frequency of the clock. 

Figure 2.3 definition of timing jitter. 

Timing jitter is critical in modern electronic systems since it leads to performance 

reduction due to clock uncertainty. This can be translated into a reduction of an ADC 

sampling rate or the datarate of serial data communication (Serial IO) devices. 

Jitter is defined or measured in several different ways.  Jitter can be classified according to 

the mechanisms that originates it (random or deterministic), according the measurement 

procedure (period, cycletocycle, etc), and can be expressed in different units (typically 
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peaktopeak seconds or R.M.S. seconds). We must recall most of the times these 

classifications are not exclusive, for instance, both period jitter and cycletocycle jitter can 

be originated by random and deterministic sources, and can be expressed either in 

seconds peaktopeak or seconds R.M.S. In order to clarify and provide a better 

understanding of different types of jitter used for specify highperformance clocks and 

timing solutions, we provide the following table alongside their definitions 

Classification criteria Types

Nature Random

Deterministic

Measurement 

methodology

Phase (integrated)

Edgetoedge

Period

Cycletocycle 

Units Seconds Peaktopeak 

Seconds R.M.S.

Table 2.1 Different types of jitter 

Random jitter: We refer to random jitter as any jitter generated by random source, as the 

case of device noise (thermal and flicker). Random jitter can be characterized by a 

Gaussian distribution and hence, by its RMS value. When considering multiple random 

jitter sources, they can be added in an RMS fashion, but peaktopeak value is needed 

when adding random jitter to deterministic jitter, to obtain total jitter, peaktopeak. 

Deterministic jitter: is created by identifiable interference signals. It is always bounded in 

amplitude and has specific causes (not random). Deterministic jitter can be generated by 

power supply or ground noise, crosstalk, input commonmode noise, etc. Most of the 

times, deterministic noise sources causes spurious tones around the clock frequency, as 

shown in figure 2.4.
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Figure 2.4 Clock signal spectrum with spurious tones, which are a significant source of 

deterministic jitter. Ref. [2.3] 

Due to its deterministic nature, this type of jitter is more suitable to be expressed as a 

peaktopeak maximum value rather than a R.M.S value. From reference [2.3] peakto

peak deterministic jitter ( jT ) caused by spurious tones can be calculated as 

)
20

(

10
2

M

j

T
T

�
� (2.1) 

where M is the ratio in dB from the main tone (clock) to the spurious tone (M=32.041dB 

for the figure) and T is the period of the clock. 

         Figure 2.5 Integrating phase noise to obtain phase jitter or integrated jitter. Ref [2.4]. 



16CMOS Lowjitter Clock Driver Design                               __________________________________     

Phase jitter or integrated jitter: The phase noise profile is integrated over the offset 

frequency range of interest in order to obtain the phase jitter (or integrated jitter), as 

shown in figure 2.5, and expressed in seconds. The offset frequency range depends on the 

application. This metric is the most commonly used to specify jitter performance in clock 

buffers.

 The integrated jitter is calculated with the following expression (Ref. [2.4]) 

R.M.S. integrated jitter =

clock

f

f

f

dffS

�

�

2

)(

2

1

�
(2.2) 

Where the integration limits f2 and f1 is the offset frequency range considered and 

dffS

f

f

�
2

1

)(�
 is the noise power between f1 and f2. Table 2.2 shows the offset frequency 

range for different communication protocols 

Networking Protocol Frequency offset range

1 Gigabit Ethernet 1.875 MHz – 20 MHz

10 Gigabit Ethernet 1.875 MHz – 20 MHz

FibreChannel 673 kHz – 10 MHz

SONET/SDH(OC12/STM4) 12 kHz – 5 MHz 

SONET/SDH(OC48/STM16) 12 kHz – 20 MHz

SONET/SDH(OC192/STM64) 20 kHz – 80 MHz

Table 2.2 Common frequency offset ranges for networking application. 

Edgetoedge jitter: is the variation in the delay between a triggering event and a 

response event. When measuring edgetoedge jitter, a clean jitterfree input is assumed. 

Thus, this type of jitter can only be defined for driven systems (as the case of clock 

buffers).  

Period jitter: is the deviation in cycle time of a signal with respect to the ideal period over 

a number of randomly selected cycle’s k. The JEDEC standard 65B (reference [2.4]) further 

specified that period jitter should be measured over a sample of 10000 cycles. 
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The period jitter can also be calculate from the phase noise profile, in a similar way to 

integrated jitter, as explained in reference [2.6] 

R.M.S. period jitter =

� �

clock

f

f

f

dfffS

�

	��

2

sin)(4

2

1

2�
(2.3)

In short, period jitter is defined similarly to integrated jitter but with a frequency 

weighting factor of � �	�f2sin4 . In the case of period jitter, the choice of the lower limit f1

is not critical since the sin2 weighting factor is not typically sensitive to contributions from 

lower frequencies. Thus, period jitter is dominated by highfrequency phase noise. The 

maximum offset frequency for integration purpose is determined by the bandwidth of 

interest. One practical highfrequency limit is to set  f2 equal to half of the clock frequency 

fclock (reference [2.6]). 

Cycletocycle jitter: is the variation in cycle time of a signal between adjacent cycles, over 

a random sample of adjacent cycle pairs. The JEDEC standard 65B further specifies that 

each sample size should be greater than or equal to 1000.  

The main different between cycletocycle jitter and period jitter is that, the first only 

involves the difference in period between 2 consecutive  cycles, and no ideal cycle is 

needed as reference. 

Figure 2.6 Different types of jitter classified according measurement methodology.          

Ref. [2.7] 

Peaktopeak jitter: Is the total (absolute) jitter range from minimum to maximum values 

of a clock signal. Peaktopeak jitter increases indefinitely with the recording time. Thus, it 

only makes sense to express a jitter value peaktopeak if either the recording length or 
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the bit error rate is known. In digital circuits, for setup and hold time budget calculation, 

the peaktopeak jitter is used (see section 2.3.2)

RMS jitter: is one standard deviation (1σ) of jitter distribution. RMS jitter is only valid for 

Gaussian (normal) distribution. Most sources of random jitter are expresses in RMS. 

Link between RMS and peaktopeak is necessary since often total jitter must be 

calculated from adding random (RMS) and deterministic (peaktopeak) contributions. For 

general purpose, RMS jitter can be translated to peaktopeak according the Gaussian 

probability density function (PDF) (see table 2.3 or reference [2.4]). In communication 

systems, both magnitudes are linked for a BER (biterrorrate) as explained in reference 

[2.8]. 

2.3 Clock performance impact in modern electronic systems  

Once introduced the role of highend  clocks in modern electronic systems and explained the basic 

metrics to quantify its perforamce, some guidelines are provided to estimate the clock impact in 

different representative electronic systems. 

2.3.1 Clock jitter in Highspeed Data Converters 

Highspeed data converters like ADCs and DACs often require extremely clean clock signal 

to deliver the expected performance. Clock jitter has a direct impact on ADC SNR (signal

tonoise ratio) since there is a linear dependence of both (ref. [2.9]) 

RMSS

ADC
f

SNR
��2
1

�                                                      (2.4) 

Where fS  is the sampling frequency of the converter and RMS�  is the maximum RMS jitter 

of the clock. As seen, more stringent requirements are set for the clock as the sampling 

rate of the converter is increased. For Gbps ADCs, ultra low jitter clocks are required, so 

very high performance PLL and clock buffers must be used. A more detailed analysis of the 

impact of clock performance in data converters can be found at reference [2.9]. 
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Figure 2.7 ADC SNR as function of analog input frequency, sampling clock jitter and 

quantization noise. Ref. [2.9] 

2.3.2 Clock jitter in Highspeed Digital Systems and Serial Data Communications  

If the reference clock suffers from excessive phase jitter, the MTBF (meantime between 

failures) of digital systems will increase, due to violations of data setup and hold times. 

Consider a microprocessorbased system in which the processor requires 1 ns of data 

setup before clock rise. If the period jitter of the clock is 1.5 ns, then the rising edge of the 

clock could occur before the data is valid. Hence the microprocessor will be presented 

with incorrect data. 

Figure 2.8 Data setup violation caused by clock jitter (Ref. [2.4]) 
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Figure 2.9 Data hold time violation caused by clock jitter (Ref.[2.4]) 

In the same way, if another microprocessor has a data hold time requirement of 2 ns but 

now the clock jitter is +1.5 ns, then the data hold time is effectively reduce to 0.5 ns. Once 

again, the microprocessor will see incorrect data. 

For this setup and hold time violation calculation, period jitter is used and it must be 

expressed in peaktopeak. If clock jitter has been obtained as an RMS value, it must be 

converted to peaktopeak using the Gaussian Probability Density Function (PDF) table 

(table 2.3). Remember that according the JEDEC standard 65B, period jitter must be 

calculated over a number of samples N=10000. Thus, RMS to peaktopeal conversion 

should be done according expression (2.5), provided in reference [2.4]. 

Peaktopeak period jitter = ± 3.72 x (RMS jitter)                         (2.5) 

Sample size Sigma (σ)

10 ±1.282

100 ±2.327

1000 ±3.090

10000 ±3.719

100000 ±4.265

1000000 ±4.754

10000000 ±5.200

Table 2.3 Gaussian probability density function (PDF) 
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These fundamental errors in setup and hold time violation for digital systems are scaled to 

higher complexity environments, as the case of serial data communications (serial IO). In 

this case, clock jitter will cause the communication link BER (bit error rate) to increase. It 

has been introduced in previous sections how different communication protocols define 

different frequency offset range for phase jitter (integrated jitter) calculation. Actually, 

these ranges are derived from the communication link characteristics. 

Figure 2.10 Serial data communication system. Ref. [2.5] 

Figure 2.10 (Ref. [2.5]) shows a generic serial data communication system (Fibrechannel, 

SATA, GbE, 10GbE, USB 2.0, USB3.0, etc). 

In the transmitter side, a PLL is used to synthesize a highfrequency clock from a reference 

(RefClk) in order to clocking out the data. In the receiver side, a PLLbased CDR (clock data 

recovery) circuit is used to recover the clock and sampling the received data at the 

optimum point. 

The TXPLL bandwidth is typically set to a maximum frequency of 1/10 of the reference 

clock, in order to allow PLL proper operation. The TXPLL attenuates the clock phase noise 

at higher frequencies. 

10

Re

_2

fClk

PLLtx

f
BWf 
�                                                  (2.4) 
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At the receiver side, the CDR circuit shows a highpass filtering behavior. Its bandwidth is 

set much lower than in transmitter side, and is set as function of the signaling rate  fbaud, in 

bitpersecond (bps) 

1667
_1

baud

PLLrx

f
BWf ��                                                     (2.5) 

Thus, frequency offset range specified in table 2.2 for phase jitter calculation is derived 

from the previous expression (2.4), (2.5). For a more detailed description of the 

procedure, see reference [2.5]. Table 2.4 shows further example for the calculation of f1

and f2

Serial IO standard Reference clock 

frequencies 

(MHz)

Signaling rate 

(Gbps)

Maximum RX PLL 

bandwidth

Minimum TX PLL 

bandwidth

FibreChannel 106.25 1.0625 637 kHz 10 MHz

USB3.0 50 5 3 MHz 5 MHz

Table 2.4 Clock frequency and frequency offset ranges (Rx PLL – Tx PLL bandwidth) for 

different protocols 

2.3.3 Clock jitter in RF communication systems 

Clock signal integrity is of crucial importance as well in RF communication system. In this 

case, the analogy with the clock signal for digital and sampled systems can be established 

with the local oscillator (LO) signal.  

Figure 2.11 Local oscillator (LO) in a generic RF frontend. 
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Considering a generic RF transceiver (figure 2.11), the LO provides the carrier signal for 

both mixers in order to perform both upconversion (Tx) and downconversion (Rx) 

operations. If the LO signal contains phase noise, both upconverted and downconverted 

are corrupted, as explained in reference [2.10]

For the receiver path, the presence of phase noise in the LO signal leads to the so called 

“reciprocal mixing”. When the wanted signal is accompanied by a large interferer in an 

adjacent channel, the downconverted signal will contain overlapped spectra of both 

wanted signal and interferer, and the wanted signal will suffer from significant noise due 

to the tail of the interferer. This process is illustrated in figure 2.12. 

LO�

Figure 2.12 “reciprocal mixing” caused by LO phase noise 

In the transmitter path, LO phase noise still having a significant effect on system 

performance. The local oscillator phase noise will appear around the transmitted signal. 

This is a problem since transmitters have to be compliant with spectral mask and adjacent 

channel power ratio (ACPR) which defines how much spectrum regrowth is allowed by 

the communication standard. In order to fulfill these requirements for modern standards, 

LO phase noise profile needs to be very sharp. 
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2.4 Lowjitter clock drivers: a crucial part in highperformance clock 

distribution 

Alongside with clock generation circuits (crystal, PLL’s), clock distribution circuits (drivers, fanout 

buffers, etc ...) plays an important role in the final performance of highend clock signal. 

Underestimating the clock driver impact can lead to the systemlevel mistake of selecting a very 

highperformance PLL together with “cheap” hardware for driving and distributing the clock signal. 

As stated in reference [2.9] “one can’t expect championship performance from a $70,000 car 

outfitted with $20 tires”.

To achieve high performance clock, distribution system (drivers) contribution cannot be neglected. 

Actually, the contribution of the clock driver will be added in quadrature with PLL contribution, 

considering for instance, RMS period or integrated jitter metrics. 

Figure 2.13 Additive jitter concept in a clock distribution system. 

Most of IC vendors specify clock drivers with additive phase jitter. This metric stands for the 

amount of phase jitter (integrated jitter) the clock driver contributes to the clock signal (see figure 

1.10), assuming this signal has been already generated by an oscillator, a PLL, etc with a certain 

amount of jitter. 

Figure 2.14 Phase noise profiles showing additive jitter from the clock driver. Ref. [2.11] 
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Actually, any type of jitter (classified according measurement methodology in table 2.1) can be 

used to specify the additive jitter of the circuit, although most of semiconductor firms use 

integrated jitter for such a purpose. The reason is motivated by the fact that the easiest way to 

characterize a clock driver is measuring its phase noise profile, using a relatively clean clock 

reference, after measuring the clock reference phase noise profile on its own. This way, resulting 

phase noise profiles can be subtracted in order to identify clock driver contribution. 

The following table exemplifies some available clock drivers in the market. As seen, subps driver 

products still being mandatory in any highperformance clock product portfolio 

Clock driver Additive jitter 

(ps RMS) 

Comments

FPGA 33ps to 50ps

74LS00 4.94ps

74HCT00 2.2ps

NB3RL02 0.37ps fin=26MHz BW=10 kHz – 5 MHz

ADCLK9xx clock 

driver family 

0.075ps fin=122.88MHz BW=12 kHz – 20 MHz

CDCLVC1310 0.025ps fin=125MHz BW=12 kHz – 20 MHz

Table 2.5 different commercial clock driver products 

2.5 Chapter summary and conclusions 

Highperformance clock and timing IC products are crucial in the semiconductor market. High 

performance clock have a significant impact on performance of most of modern electronic 

systems, like digital circuits (microprocessors, DSP, etc), data converters (ADC and DAC), serial data 

communication interfaces, or RF mixers. 

Additive phase jitter is one of the most important parameters when considering clock distribution 

in highspeed designs. Ultralow (<1ps RMS) phase jitter drivers are a key product in most of 

semiconductor manufacturers highspeed solutions portfolio. 
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In this chapter we aim to provide a set of theoretical concepts and guidelines needed to address 

the design of lowjitter clock drivers. 

Analytical methods to analyze circuit device noise conversion into jitter and phase noise are 

described. Starting from the fundaments (windowed integrals of noise), we have shown how these 

fundaments are applied to different circuits like conventional CMOS inverters and CML (current

mode logic) buffers.  

The last part of the chapter addresses the design of different types of clock buffers (CMOS 

inverters and differential CML cells) providing the main expressions to evaluate lowjitter and low 

phase noise performance. 

3.1 Fundamental for jitter and phase analytical models 

In literature we can find different methods for theoretical analysis of jitter and phase noise in 

CMOS oscillators (e.g. references [3.1], [3.2], [3.3]). The same models can be reused to address the 

design of lowjitter and phase noise clock drivers. Although EDA tools allow simulating both jitter 

and phase noise with an acceptable accuracy still being useful to develop comprehensive models 

that help designers to evaluate jitter performance in first cut. 

3.1.1 Windowed integrals of noise 

Windowed integrals of noise (Ref.[3.1]) are helpful for analyzing the process of how a 

noise source is integrated over a time window (a discrete amount of time). This is the case 

of nonlinear circuits like CMOS clock drivers. Clock drivers operate under large signal 

conditions and must be analyzed as nonlinear circuits. Hence, conventional smallsignal 

noise analysis is no longer valid for this kind of circuits 
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Due to nonlinearity of switching circuits (as the case of the clock driver), the finite integral 

of white noise over a time window is of interest. Suppose ni  is a noise source that 

integrates on a capacitor C over an interval dt . The resulting voltage nv  will be given by 

��
dt

nn dti
C

v
0

1
                                                                          (3.1) 

Figure 3.1 Basic model for noise analysis in nonlinear switch circuits: noise current source 

integrating over C during interval td

From here, we can obtain both the power spectral density and the RMS value of the 

samples of integrated voltage if this process is repeated many times. 

For the calculation of the power spectral density (PSD), the definite integral in (3.1) must 

be converted first into a convolution by multiplying it by a rectangular window )(tw
dt

 of 

width dt  and integrating  

� � � � � ��
�

��
0

1
dxxtwxi

C
tv

dtnn                                                 (3.2) 

We can rewrite the previous expression now in the frequency domain, expressing the 

noise in terms of its power spectral density (PSD): 

� � � � � �fSfW
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fS
ndn itv ��
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1
                                                    (3.3) 
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Where � �fS
ni

 is the PSD of the noise current source and � �fW
dt

 is the frequency 

response in magnitude of the Laplace transform of a rectangular window. Given the 

spectral density of the integrated voltage noise, the meansquare value 
2

nv  can be found 

using the WienerKhinchine theorem.  A more detailed analysis of this process can be 

found in reference [3.1]. The resulting expression is 

d

i

n t
C

S
v n

2

2

2
�                                                                   (3.4) 

This helpful expression will be used to evaluate the impact of the different noise sources 

constrained by the nonlinear nature of the circuits and which experience time windowing 

(e.g. transistors in a CMOS inverter or differential pair operating under largesignal 

conditions). 

3.1.2 Noise to jitter conversion in linear timevariant (LTV) systems  

Jitter can be mainly understood as the uncertainty in the timedomain. That is, the 

random variations of the crossing point of the time event. When the agents involved in 

defining these timing events are electronic circuits the source of random variations in the 

crossingpoint will be the electronic noise.  

We can relate timedomain and voltagedomain random variations in a circuit if we 

consider the slewrate of the voltage transition, defining the expression (3.5), which gives 

us the meansquare value (variance) of period jitter. 

2

2

2
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�

dt

dv

vn

T�
                                                                   (3.5) 

The expression (3.5) is widely used (references [3.1], [3.2]) and especially useful when we 

can calculate the meansquare value 2

nv  from expression (3.4). This is relatively 

straightforward when all noise sources considered are white (thermal noise). However, 

solving the WienerKhinchine relationship for a system containing frequency dependant 

noise sources (it is the case of 1/f), is not easily tractable analytically, and then, it can be 

difficult to account device flicker noise contribution to final value of 
2

T� . 
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3.2 Analytical models for jitter analysis in CMOS circuits. 

The analytical expressions described above will allow us to calculate jitter performance of different 

circuits in a theoretical way. Process described in reference [3.1] is very handful as long as the 

noise meansquare value (expression (3.4)) can be calculated. In short, this implies all noise 

sources considered are white noise, since colored noise (frequency dependent) lead to 

complicated resolution of the WienerKhinchine theorem. Other methods like the one presented 

in reference [3.2] allows to accounting frequencydependent noise sources like flicker, although 

requires more calculation. 

Anyway, since the purpose of this section is to get insights about the process of device noise 

translation to time jitter in CMOS circuits, the method described in [3.1] for jitter calculation (more 

straightforward) will be adopted, focusing the analysis on the different thermal noise source of the 

circuit. In fact, as it has been explained in Chapter 2, period jitter is dominated by highfrequency 

phase noise; hence, taking into account thermal noise sources only, should lead to significant error 

in terms of period jitter. 

3.2.1 CMOS Inverters  

The first basic driver topology under consideration is a simple CMOS inverter. Due to its 

singleended nature, the circuits offers limited guarantees in noisy mixedsignal 

environments (this is, for instance, low robustness against supply or ground noise). 

However due to its simplicity, it is a good first example to get started applying analytical 

tools introduced in this chapter for lowjitter design  

Figure 3.2 Definition of propagation delay in a CMOS inverter 
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The inverter propagation delay td is the time interval where the windowed integral (3.1) 

has to be applied in order to calculate the amount of charge injected into the output 

capacitor by the noise sources.  

In a CMOS inverter, the propagation delay can be calculated according (3.6) 

DNsat

DD
dNdN

I

CV
tt

2
��                                                          (3.6) 

Once propagation delay has been determined, the total integrated noise can be calculated 

from expression (3.4). For such a purpose, we have to identify the different noise 

contributions of the CMOS inverter during the crossing point. 

As shown in figure 3.3, the active transistor (in that case, the NMOS) acts as a current 

source. Its noise contribution Nni ,  is modeled as a current source characterized by a 

power spectral density Nin
S

DS

OFF
g

R
1

�

Figure 3.3 CMOS inverter model for noise calculations 
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According to the expression (3.5), in order to calculate timedomain jitter from the total 

noise (voltagedomain) the slewrate of the circuit must be known. For the CMOS inverter, 

we can assume the loading capacitor is charged from a constant current source (this 

assumption should be valid, at least at crossing point). Then we can express the slewrate 

as: 

C

I

dt

dv DNsatout �                                                        (3.8) 
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Thus, substituting Nin
S into equation (3.4), and using (3.5), (3.6) and (3.8), the NMOS 

contribution to jitter can be calculated: 

� �thNDDDNsat

dNN
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VVI

tkT


�

�
�

42
                                               (3.9) 

At the same time, the PMOS transistor is OFF, and it can be modeled as a resistance ROFF. 

Its noise contribution can be calculated as the case of a simple resistor integrating thermal 

noise into a capacitor, leading this to: 

C

KT
v PMOSn �2

,
                                                        (3.10) 

 Applying (3.5), PMOS contribution to jitter: 
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Both contributions can be added directly (not that so far we have expressed jitter variance 

or meansquare value, not RMS yet). Thus, RMS period jitter in a CMOS inverter can be 

estimated as: 
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The last expression can be rewritten, in order to provide a more intuitive understanding: 
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3.2.2 CMOS CML Circuits 

CML circuits are implemented using currentmode differential circuits. Although these 

circuits will be analyzed in detail in the next chapter, a basic overview of phase noise and 

jitter in CML circuits is provided here. 

The CML buffer (figure 3.4) consists on a MOS differential pair (M1 and M2), biased with a 

current source Ibias (implemented by M3). The cell is loaded with a pair of resistors RD, 

which converts the current swing into differential voltage swing, defining this way Vo,diff = 

2IbiasRD.

Figure 3.4 basic CML stage 

Since large signal is assumed both at input and output, the cell operates in highly non

linear regime, operating transistor M1 and M2 as switches, passing the biasing current from 

one side to other. 

The output voltage developed in CML circuits is differential, and it is characterized by its 

peak output voltage swing (singleended) Dbiasop RIV �

Similarly to time constant of the circuit, the propagation delay dt  is defined by the load 

resistor and capacitor, and follows exponential processes (reference [3.1], [3.2]) 

2ln
2ln

RC
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CV
t
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op

d ��                                                   (3.14) 

Following the general procedure introduced in section 3.1.2 jitter can be determined by 

dividing the noise voltage by the slope of the signal. In the case of CML circuits, we have to 

consider the slope of the differential switching voltage at zero crossing is 
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C

I

dt

dV
biasop �                                                              (3.15) 

In the calculation of jitter, we consider first thermal noise sources. As it has being already 

seen in previous sections, thermal noise contribution is more straightforward for analysis 

than its 1/f counterpart. 

The output resistors’ (
DR ) thermal noise contribution is seen all the time at the output, 

and it can be calculated as in a conventional RC system 

C

KT
vnR

22 �                                                                (3.16) 

For accounting the noise contribution of the differential pair and the tail current source 

we need a closer look to the switching operation of the circuit. 

For the analysis of tail current source, consider figures 3.5 and 3.6. At the initial instant, 

left transistor is ON while the right one is OFF, thus, all biasing current is drawn at the left 

branch. Under these conditions and assuming time between transitions is long enough so 

that the output voltage to stabilize, the meansquare value of noise at the left output is: 

� � Rg
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leftv mTn ��2                                                         (3.17) 

At this time, a transition starts, and the switches will start passing the current from the left 

side to the right side. After a delay dt , the meansquare value will be reduced according 

an exponential delay (as shown in figure 3.6) 
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Similarly, after the transition, noise from tail current source starts to integrate on the right 

side. This process is described as a lossy integral, which is similar to process described in 

section 3.1.1 but considering RC time constant. Details for lossy integrals can be found at 

reference [3.1]. The result of the process is
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Figure 3.5 CML buffer during transition time. 
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Figure 3.6 Output noise voltage waveforms used for noise analysis 

We can determine the differential noise voltage but linearly adding (3.18) and (3.19) and 

assuming ��dt , which would assume steadystate. The result lead to the conclusion 

the noise contribution from tail current source is independent of dt . 
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� � � � Rg
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It is noteworthy that this assumption doesn’t apply to its 1/f noise, since it is not a band 

limited white noise. However 1/f contribution from tail bias will have more impact on low

frequency phase noise profile rather than period jitter, as it is explained in Chapter 4. 

To analyze the contribution of the differential pair thermal noise, we can model its noise 

contribution as a differential current   in,diff  that integrates over a time td. Its PSD diffin
S  is: 

2didiffi nn
SS �                                                              (3.21) 

where din
S : 

diffmdi gkTS
n ,4 ��                                                        (3.22) 

Once diffin
S  determined, we could run the procedure explained in section 3.1.1, applying 

expression (3.4). However, because of the presence of resistors RD, lossy integration 

(Ref.[3.1]) must be used, considering 2RD and C/2. This operation leads to the following 

results: 
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Now we have written the different contributions of the CML circuit, summarized in the 

following table:  

Component Thermal noise contribution to RMS period 

jitter (s RMS) 

Resistors
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vnR
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      Table 3.1 Noise contributions for a CML buffer 

 Thus, applying expression (3.5) and (3.15) we obtain 
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This expression will be used in the following chapters to optimize the period jitter 

performance of the clock driver.  
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3.3 Chapter summary and conclusions 

Analytical methods for jitter analysis of different CMOS circuits (standard CMOS inverters and 

MOS CML buffers) have been reviewed in this chapter. Due to nonlinear nature of switching 

circuits, conventional smallsignal noise analysis cannot be directly applied for jitter calculation 

purposes. Special techniques, like windowed integrals of noise must be applied in order to 

determine how device noise is translated to period jitter along the switching process. 

Some simple expressions have been derived in order to allow firstcut estimation of different 

parameters impact on circuit jitter performance. These guidelines will be taken as starting point 

for any lowjitter design, as the case of the clock driver covered in this work.  
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This chapter focuses on the circuitlevel implementation of basic structures for the clock driver. 

Here, different circuit design techniques for lowjitter buffers as well as the optimization process 

for achieving lowjitter performance will be explained. 

Special emphasis will be made on CML (currentmode logic) topologies, which have been selected 

for this design due to its robustness in terms of commonmode and supply noise. Also, several 

nonidealities arising from real circuit implementations are discussed. 

The designs concepts introduced in this chapter will complement with Chapter4, covering all 

circuitlevel design techniques used for lowjitter and phase noise the design of clock driver. 

4.1 CurrentMode Logic (CML) circuits 

A brief description of CML circuits has already been done in chapter 3 in order to illustrate how 

different noise sources contribute to generate timing jitter in this kind of circuits. This section 

provides a more detailed analysis of basic CML topologies and different techniques to improve its 

performance. 

CurrentMode Logic (CML) cells are differential structures especially suitable for highspeed 

applications. Due to their differential nature, CML cells offer good robustness in noisy mixedsignal 

environments, especially in comparison with their conventional CMOS counterpart. The 

differential signaling also offers benefits in terms of lowvoltage and highspeed. That’s why CML 

cells are widely used in highspeed applications, like serialtoparallel converters, clock and data 

recovery (CDR), multiplexers, and of course, highspeed buffers. 

CML buffers are implemented both on CMOS and bipolar technologies. This last option has 

conventionally being used for veryhigh speed application. However, thanks to process scaling 

(driven for the digital market), nanometer CMOS technologies are a good option for gigahertz 

(GHz) applications nowadays like in references [4.1]. 
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4.1.1 Fundamentals of CurrentModel Logic Cells 

Figure 4.1(left) shows a typical CML inverter (we can refer to it as buffer as well). Other 

logic functions like and, or gates as well as latches are based on similar structures. The 

MOS transistors act as highspeed switches passing the bias current from one branch to 

the other one. Due to higher speed performance of NMOS transistors over PMOS, CML 

cells are usually implemented with NMOS transistors. 

Thanks to this differential signaling scheme CML buffers show intrinsically higher supply 

and commonmode noise rejection (PSRR and CMRR)  than conventional CMOS structures. 

Also since the bias current is constant and defined by the tail current source, these cells 

introduce fewer spikes in the supply rail when switching. This is especially convenient in 

mixedsignal environments. 

 Figure 4.1 CML buffer with currentsource bias (left) and resistorbased bias (right) 

The tail current source biasI  provides a signalindependent biasing for the circuits, which, 

together with the resistors 
DR  will define the output voltage swing levels that, in a first 

approach, will be independent of supply and ground levels. We will later analyze (section 

4.1.4) the effects of real tail current sources like their finite output impedance and 

associated parasitic capacitance. 

It is also noteworthy the possibility of implementing the biasing current with a resistor 

instead of a current source. In that case, the biasing current will be defined by the input

common mode, the commonmode transistor’s GSV  voltage and the ground level, thus 

showing some drawbacks in comparison with conventional currentsource biased circuits. 

However, it may also offer some advantages, like removing flicker (1/f) noise from the tail 

current source. 

The capacitors connected to the output nodes (shown in figure 4.1) represent both the 

loading capacitance as well as buffer selfcapacitance (mainly drain capacitance DSC  and
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DGC ) and are a factor which limits maximum speed of operation and defines the optimum 

size of the transistor. 

When the differential input varies from its minimum to its maximum range, each output of 

the differential pair ( 1outV and 2outV ) will varies from 
DDV  to biasDDD IRV   and vice versa, 

as shown in figure 4.2, as the transistors are passing the current biasI  from one branch to 

the other one. 

Figure 4.2 Transfer characteristic of the CML buffer in figure 4.1(left) 

The differential output voltage swing will be a function of the bias current and the drain 

resistors 
DR exclusively. There is no dependence with the supply 

DDV  or ground as 

happens in CMOS buffers.  

We can define a set of conditions for the input common mode or the input differential 

swing in order to guarantee that the CML buffer behaves as its ideal description. 

Figure 4.3 A set of two successive CML stages used for analysis. 
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Regarding the commonmode voltage CMinV , , there is a range of optimum values which 

will satisfy a set of required conditions. First, CMinV ,  must allow headroom enough for the 

tail current source transistor to operate in saturation. Otherwise, limited output 

impedance would lead to different issues. Secondly, we have to ensure that at the crossing 

point, the differential pair transistors are deep in saturation, in order to guarantee enough 

slewrate at the crossing point. From these requirements, we can write: 
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We can also establish conditions for the signal swing, since we have to guarantee proper 

switching of the CML cells (biasing current is assumed to be completely passed from one 

side to other during switching), at the same time switches transit from saturation to cut

off regions avoiding linear region. 

Considering a set of two successive stages for the analysis (as shown in figure 4.3), the 

input swing (singleended, peaktopeak) at the second stage is defined by biasI  and 
DR  of 

the 1st stage: 

112 biasDin IRV ��                                                            (4.2) 

This input voltage must be large enough to force half of the differential transconductance 

to pass all the current from one side to other, this is: 
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As it is also shown in reference [4.2] we can express: 
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Which is the condition for full current switching in the cell, being the overdrive voltage

NthGSod VVV ,� . This expression, determines the switching transistors minimum width 

(we assume length is set to minimum in order to allow maximum speed). 

The maximum signal swing will be defined in order to avoid transistors in the differential 

pair to enter in linear region when they are switching, due to excessive output swing. This 

is: 

NthDDKbiasKDDD VVIRV ,,, !                                            (4.4) 

NthbiasKKD VIR ,, 

                                                         (4.5) 

The reason to avoid MOS transistors to enter in linear is that when this happens, the 

buffer will reduce its slewrate by means of transconductance reduction. Also, more 

thermal noise from the switches would appear at the output when this happens.

Hence, the voltage swing to satisfy the conditions for proper operation is compressed in 

the range:  

NthKbiasKDod VIRV ,.,2 


                                              (4.6) 

From the above expression, the minimum gain (largesignal) of each CML stage can be 

derived (as it is also done in reference [4.2]): 

odKbiasKD VIR 2,. !

2,., !� KvKmKD AgR
                                                   (4.7) 

4.1.2 Dynamic analysis of CML buffers 

We have already provided the basic expression for the largesignal static analysis of the 

CML buffers. For the dynamic analysis of CML buffers, the main figure to be characterized 

is the propagation delay of the circuit. Both maximum operation frequency and slewrate 

of the circuit are related with it. 
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Figure 4.4 CML stages with the most significant parasitic contributions detailed. 

The propagation delay of the buffer and the buffer chain will be determined by the drain 

resistors and the parasitic caps of the circuit represented in figure 4.4. It can be shown 

(see reference [4.2]) that the expression for the propagation delay of a single CML stage is: 

� �KextKKDKd CCRt ,int,,, 2ln ��                                              (4.8) 

Where KCint,  and KextC , accounts for the parasitic contribution of the CML stage and the 

next one respectively, as shown in figure 4.4 
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The term KsC ,  and 1, �KsC  in the above expressions stands for the equivalent capacitance 

connected to the commonsource node of the first and second stage respectively. It can 

be shown (Ref.[4.2]) that the voltage swing at the commonsource node is 2/inV� . 

Therefore, the equivalent capacitance seen at this node KsC , , is KdbC ,2
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4.1.3 Alternative topologies 

In addition to basic CML topologies introduced in section 4.1.1, some variants can be 

found. More complex designs can also be considered, replacing simple resistive 

transimpedance stage (this is the part of the circuit performing I to V conversion) with 

other type of active loads. In reference [4.3] and [3.1], two types of loads for CML cells are 

used for clock driver and will be briefly discussed here. 

Using current sources as active load (figure 4.5, left) is a well known technique to 

implement large value resistors. The equivalent resistance of this type of load is dsg1 , 

being dsg  the draintosource transconductance of the MOS device. However, this 

technique gives us impedances larger than required for highspeed applications. This 

option also has the additional drawback of needing commonmode control circuits (please 

note that the output nodes are highimpedance, then, DC operation point will be 

undefined and will suffer from large variations with process and temperature). 

Figure 4.5 Alternative CML topologies with current source load (left) and latch load (right) 

The circuit depicted in figure 4.5 right, uses a crosscoupled regenerative structure. This 

structure is the same used in latches and achiever a verylarge differential impedance 

using positive feedback. Together with the crosscoupled transistors (
BM ), diode

connected devices 
AM  are used to reduce the total impedance and make the circuit less 

prone to oscillation and more robust against process variations. 

The achieved differential impedance for this structure is: 

mBmA

diffout
gg

R


�
1

,                                                           (4.11) 
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It can be seen from expression (4.11), the differential impedance can reach negative 

values (because of positive feedback) if the sizes of the devices are not adjusted properly, 

which would make the circuit prone to latching. 

However, these circuits cannot achieve the same levels of lownoise compared with simple 

resistor load. This fact, in addition to some added complexity in the design (i.e. common

mode control circuits, etc…) leads to choosing resistive loaded CML circuits as the best 

candidate to our application. 

4.1.4 Effects of tail current source finite impedance  

It has been already stated that the main function of the tail current source is to provide a 

signalindependent biasing for the circuit. However, the real MOSFET based current source 

(like transistor MN1,3 in figure 4.3) shows finite output impedance that introduces a 

dependency of the biasing current with the input signal. In section 4.1.1 we have defined 

the voltage swing range in order to guarantee the transistor acting as current source 

remains operating in saturation regime (see expression 4.1). However, the current source 

will show a finite output resistance dsg1 . Additionally, the presence of parasitic 

capacitance at commonsource node will introduce some extra nonidealities to circuit 

behavior. The current source output impedance and parasitic capacitance is especially 

noticeable when we consider the asymmetrical behavior of the MOS switches (differential 

pair) of the CML driver. 

As the switch control signal (the MOS gate) makes a transient from one voltage level to 

the other, the switch responds according to its V/I characteristic. This results in switching

on and switchingoff asymmetrical behavior. The transistor that turns on reaches different 

regions of operation in different times compared to its complementary (turningoff) 

transistor. Driven by complementary signals, when the current is steered from one branch 

to other, both switches will not be conducting for a short period of time. 

This behavior will translate into voltage spikes at the commonsource node of the CML 

buffer, as shown in figures 4.6 and 4.7. 

Due to voltage spikes at the commonsource node, the parasitic capacitance (see figure 

4.6) will experience charge (during tC) and discharge (during tD) processes, as shown the 

next figures. 

Although this effect will cause part of the bias current to be deviated to the parasitic 

capacitance, it has been found to have a more significant effect on buffer delay rather 

than on its jitter performance. This capacitance charge and discharge will cause the buffer 

delay to increase, since the crossing point is delayed. However, at the time when the 

output crossing point happens, the capacitor will already be returning the “transient 
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stored” charge to the system. Hence, the effective current for the mg  cell during the 

crossing point won’t be significantly reduced from its theoretical value, having this effect a 

very small impact on jitter performance. 

Figure 4.6 Commonsource parasitic capacitance experiencing charge and discharge due to 

voltage spikes at commonsource node during switching.  

Figure 4.7 Waveforms for the circuits, considering a parasitic capacitance of 100fF (blue) 

and 500fF (red) 
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4.1.5 Overlapping capacitance neutralization 

Another technique that may increase the performance of CML drivers consists on 

neutralizing (cancelling) the effects of the gatetodrain overlapping capacitance GDC  of the 

differential pair. This capacitance can be the dominant contribution of the cell’s input 

capacitance (meaning this the load capacitance for the previous stage, assuming a chain of 

CML inverters) since its equivalent value is amplified by the action of the Miller effect. 

Hence, being the jitter a function of the load capacitance of the cell, any technique that 

helps to reduce the equivalent capacitance seen from the output of a CML stage should 

reduce the jitter in a rootsquare way (see equation 3.24). 

The “neutralization” technique consists on creating a negative capacitance that cancels, or 

partially cancels the equivalent input capacitance resulting GDC  and by Miller effect. Both a 

practical implementation as well as an intuitive, functional explanation of the concept is 

shown in figure 4.8.  

Figure 4.8 CML driver with neutralization capacitors and functional                                      

model for neutralization technique. 

In differential circuits is relatively simple to create a “negative” capacitance. As it can be 

seen in the previous figure, by setting a capacitive feedback around the positive gain stage 

+A (thanks to differential nature of the circuit, we can define a positive gain stage if we 

consider the transfer function 
�

�

in

out

V

V
) , the equivalent impedance seen from the input will 

be such as we would have a negative capacitance, that will compensate the effect of the 
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Miller capacitance generated due to the capacitive feedback originally created by GDC

around the negative gain stage –A. 

For a more consistent analysis of the neutralization technique, smallsignal models depicted 

in figures 4.9 and 4.10 can be considered. Here in both cases, source impedance Rin is 

considered in order to analyze the effect of the circuit input capacitance  

Fig. 4.9 Smallsignal model for CML driver input impedance analysis 

Fig. 4.10 Smallsignal model for CML driver with neutralization capacitor  

It will be later shown that the signal injected through neutralization capacitor CN reduces 

the equivalent input capacitance of the circuit. Some simulation results are shown in figures 

4.11 and 4.12. Indeed, simulation AC results show the effectiveness of this technique in 

terms of speed improvement. 
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Fig. 4.11 AC simulation of transfer function  
)(

)(

sV

sV

in

x  , for different values of NC

Figure 4.12 CML driver equivalent input capacitance versus CN 

However, since this technique can improve the effective slewrate of a given stage (hence 

improving its jitter), the stage where the neutralization capacitors have been applied will 

show a discrete improvement on its jitter performance. This is because the noise present at 

node �outV for instance (see figure 4.8) will be capacitive coupled into �inV , increasing the 
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noise at the input of the transistor, and this will lead to higher noise levels at the output of 

the circuit. This fact is explained since difference noise sources in the system are 

uncorrelated, and noise from �outV  could be added in quadrature with the inputreferred 

noise of the differential pair transistor. 

In summary, neutralization capacitance technique cannot be applied systematically to low

jitter designs, since it will only benefit the performance of the system under very particular 

conditions. In reference [4.2], neutralization technique is assumed mandatory to boost the 

speed of CML circuits; however, jitter performance is not discussed. 

Although the described technique has been found not very effective in terms of jitter 

performance, detailed expressions are provided here to close the explanation. The reader 

can skip it since it is not strictly necessary for the design 

Figure 4.9 shows the small signal equivalent circuit of half of the differential circuit before 

applying the neutralization technique. Input resistance inR  models the output resistance of 

the previous stage (if we are considering a chain of CML inverted) or the output impedance 

of any circuit driving the CML buffer. 

For examination of the input impedance behavior over frequency, let’s analyze the transfer 

function
)(
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Some points are noteworthy in the previous expression. For the pole gdDCsRp ��13  and 

the right halfplane zero (RHP)
m

GD

g

C
sz � 11 , it can be assumed they are located at higher 

frequencies than the other components. Pole p3 can be understood as the internal pole of 

the gain stage –A (see figure 4.8, right), while z1 is the RHP zero from the feed forward path 

created by GDC . 

Neglecting those high frequency components, we can approximate expression (4.12) as 
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Where gain DmRgA � . As shown in the previous expression, the dominant factors in the 

CML driver input capacitance are the gatetosource capacitance, but specially the drainto

gate capacitance, since it is magnified by Miller effect. 

The previous equivalent circuit can be easily modified to account the neutralization 

capacitor, as shown: 

Now, from the analysis of figure 4.10, we can rewrite 
)(
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Under the same assumption made for expression (4.13) and making DmRgA � , we can 

write: 

� �ACCsRCsRCsRsv

sv

NGDinNinGSinin

x

����
�

1)(1

1

)(

)(
                 (4.15) 

So we can conclude that by using the neutralization technique we can significantly reduce 

the loading capacitance seen by previous stages driving larger CML stages in the clock driver 

(this would be the case of the output stage). 

4.2 CML Clock buffer optimization for lowjitter 

Different models have been developed for theoretical analysis of jitter and phase noise in CMOS 

oscillators. However, literature for clock drivers is much less extensive. Thus, both analytical and 
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simulatedbased jitter optimization methods for the clock driver will be developed in this section. 

Although EDA tools allow simulating both jitter and phase noise with an acceptable accuracy still 

being useful to develop comprehensive models that help designers to evaluate jitter performance 

in first cut. 

For the optimization of CML drivers, we could differentiate two parts: the highspeed switching 

elements (comprising the MOS switches and drain resistors) and the static biasing part. 

Optimizing the “switching” part will be very important in terms of minimizing period jitter (Jc) 

caused by thermal noise sources, and the highfrequency part of the phase noise profile. 

The flicker noise from biasing current sources will contribute mainly to lowfrequency phase noise. 

The optimization problem can be approached separately, optimizing the switching elements first 

(transistors and resistor sizes, number of stages, tapering factor, current consumption, etc..), and 

later considering the contribution from the biasing part, which should affect the optimum point of 

the switching part. Flicker noise from biasing (tail current sources or tail resistors) should have no 

impact on edgetoedge jitter (Jee), since it is measured instantaneously from a single period. In a 

similar way, period jitter has a more significant dependence with high frequency phase noise (see 

reference [2.6]) and the impact of flicker noise in this metric should not be very significant. Hence, 

low frequency noise sources shouldn’t play any role on the switching part optimization. 

In order to allow the use of core devices (
minL =40nmm) avoiding any reliability issue the generic 

Nstage CML buffer will be supplied from a 1.0V supply. 

Figure 4.13 Nstage CML driver considered for optimization 

4.2.1 Analytical optimization 

It is well known the importance of optimize the tapering factor and number of stages 

when aiming for minimum delay, maximum operation frequency, etc. in a chain of 
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buffering stages, tapering factor α defines the ratio between one stage and the preceding 

(in terms of buffering capability for instance), assuming this ratio is kept constant all along 

the chain 

When facing a jitter optimization approach, it is clear that the number of contributors to 

system noise will depend directly on the number of stages, hence, one can think that 

jitterwise, the less the better. However if we recall expression (3.5), the slewrate is also 

an important factor, determining the amount of jitter generated at each stage.  Thus, 

optimizing the characteristics of the buffer chain is a key step of the design.

Then, for optimizing a buffer chain for lowjitter clock driving applications, some 

environment conditions like maximum allowed power consumption, maximum input and 

loading capacitance, etc, must be defined. Once these conditions have been set as the 

inputs for our optimization process, the different design space variables, like the number 

of stages N, the tapering factor "   can be explored. 

System constrains Design space variables

Input capacitance  inC

Load capacitance   

Current  consumption  

Number of stages M

Tapering factor "

Table 4.1 System inputs and constrains for basic clock driver jitter optimization process 

As a first approach to clock driver jitter analytical optimization, we focus on the thermal 

noise contributions. Due to its white noise behavior, it leads to much simpler expressions, 

more suitable for finding straightforward analytical expressions. Indeed, thermal noise 

sources are the most important contribution to driver’s period jitter performance (see 

definition for period jitter in Chapter2). The flicker noise main contribution is originated at 

the biasing tail current sources (we will cover this part on Chapter 5) and dominates low 

frequency phase noise profile. Hence, both analytical and simulationbased optimization 

of the thermalnoise induced jitter is crucial for the design of lowjitter systems. 

Using constrains given in table 4.1, we can write the expression for the total noise 

(thermal) that contributes to jitter in a CML inverter.  
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As it has been explained in chapter 2, jitter meansquare value can be found dividing the 

total noise at the differential crossing point by the differential slewrate
C

I

dt

dV
biasop � . 

Then we can write the expression for jitter for the different stages in a CML chain:  
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We can conclude, for the Nth stage: 
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Some clarifications about the later expressions can be made. For the first stage (N=1) inC"
represents the load capacitance for the first stage, since we are assuming a constant 

tapering factor "  which means the second stage should show an input capacitance "

times the first stage input capacitance inC . The same applies for the successive stages, 

that’s way the factor in

N C"  appears on the generic expression for the Nth stage. 

This also means the design space variables will relate with the input parameters in the 

following straightforward way: 

M

in

LOAD

C

C
"� (4.19)
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The tapering factor and the number of stages M will determine the meansquare value of 

the buffer chain jitter, according to expression 
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We can conclude current consumption cannot be optimized from the point of view of 

clock driver jitter, since Ibias has a linear relationship with jitter performance: the more 

current consumption we allow, the less jitter we will obtain. However, exploring the 

dependence of the factor 
2

biasI  with "  and M, we can find the optimum number of stages 

M from the point of view of jitter performance. 

The relationship between biasI  and total current consumptions TOTALI  are a function of 

the tapering factor "  and number of stages M: 
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Equation (4.19) already gives us the optimum tapering factor for an Mstage driver. One 

can think on optimizing equation (4.20) independently in order to find a value for "  that 

leads to better performance in terms of jitter. However, it must be pointed that (4.20) has 

already been derived under the assumption of (4.19) being fulfilled. Thus, ant confusion 

must be avoided with this point and the optimum value of "  for an Mstage driver should 

be obtained (in a first order analysis) from (4.19). 

So far, the optimum number of stages M remains unknown. By combining (4.20) and 

(4.21) we can find the expression for: 
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The constant 
MA would include �

�

�
�
�

�
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�
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� � 2
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3
,diffmmTin ggRKTC � , which is assumed, in a 

first approach, to have a small dependency with the number of stages M. Please note that 
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"  and M are already bounded by expression (4.19). Expression (4.22) will be used to 

optimize M. 

Number of stages M
Normalized jitter   

M

TOTAL

M
A

I 2

2 ��

2 64

3 89.96

4 122.7

               Table 4.2 “Normalized jitter” as function of number of stages M

Table 4.2 shows the results from expression (4.22) for different number of stages. Since 

2

TOTALI  and 
MA  are assumed constants for all cases, the result can be interpreted as a 

“normalized jitter”. 

Hence, according analytical optimization method presented here, the less the number of 

stages, the best performance in terms of jitter, which is kind of intuitive when thinking in 

terms of noise. However, due to the model simplicity, a lot of contributions are missing in 

this procedure. 

4.2.2 Simulationbased optimization process. 

Although some basic analytical expressions have been derived, it is difficult to catch all the 

nonidealities of the real circuits in an analytical optimization process. In fact, effects as 

finite resistance in the real current sources or transitions from saturation to linear regions 

in the real switches have not been considered in the expressions of the section 4.2.1. In 

the same way, most of dynamic effects of the CML circuits as been neglected as well.  

For those reasons, a simulationbased approach must be used to validate the optimization 

process of the lowjitter clock driver. This is plausible since EDA tools (Cadence Virtuoso 

5.1 Analog Design Environment) offer a proper simulation environment for jitter and 

phase noise analysis. 

We will consider the same design space introduced in previous section. This time, we will 

optimize the tapering factor "  for a given number of stages M, by simulation swept (note 

that expression (4.19) will be then omitted). Different input resistances inR  (1K and 10K) 

will be considered in order to weight the impact of the driver the input capacitance. 
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Figure 4.14 Nstage CML driver considering previous stage output impedance (Rin) 

Additionally, some conditions must be met in order to ensure the optimum tapering factor 

α found is “valid”. Those conditions aim at validate the clock driver design efficiency 

(ensuring the current is fully switched at the different stages) and at avoid bandwidth 

limitation issues. In the same way, all conditions specified in section 4.1.1 must be fulfilled 

fro the result to be considered “valid”.  

From equation (4.3), we can find the minimum unitary transistor size (the transistors from 

the 1st stage, the rest would be just scaled according optimum" ) in order to ensure all 

the biasing current is fully switched from one side to other at all the stages, leading this to 

an efficient design: 
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Where biasI  is determined by (4.21) and inV�  has been chosen 500mV, in order to fullfil 

all conditions detailed in section 4.1.1. 

Also, we have to guarantee no bandwitdh limitation issues occurs, specially at the lat stage 

driving the big capacitive load. For this reason, we express the time constant at the Mth 

stage as: 

max_
2

1
CLK

LOADthM

f
CR

$
�

                                          (4.24)

Where RM-th is the load resistance of the last stage (in a chain of M stages) and can be 

determined according: 
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Unitary transistor and resistor sizes have been determined according what has been 

exposed at secction 4.1.1, and equation (4.23). In the same way, voltage swing as been 

selected 500mV peakto peal singleended ( mVRIV biasin 500��� ) in order to fullfil 

different conditions specified at section 4.1.1 as well. 

As a representative case, we will design the circuit to driver a capacitive load of 1pF single

ended (500fF differential).  

The driver total power consumption has been limited to 15mA. The total power budged 

for the whole clock driver was specified to be lower than 50mA. Thus, the initial power 

specifications for the Predriver was specified to be lower than 1/3 of the total power 

consumption. 

Once specified unitary transistor and resistor size, voltage swing, total power 

consumption, we can optimize the system by sweeping the tapering factor α for different 

number of stages (typically M=2, 3, 4). We can do this process considering different input 

resistors (which would model the preceding stage output impedance) since this parameter 

has been found to have big impact on the drive performance and let us account the input 

capacitance when considering the optimal solution. 

We have to remark this consideration about the input driving resistance has not been 

accounted in the analytical method developed in section 4.2.1 and it can partially explain 

differences in results obtained from analytical and simulationbased methods. 

In figure 4.15, the same behaviour predicted by analytical method is obtained, and 

increasing the number of stages lead to an increase in jitter performance. In the same 

way, the larger the number of stages considered, the smaller tapering factor is needed for 

the optimum point, as specified by equation (4.19). 

However, when considering larger input resistances, like 10K (whic is a realistic case, since 

we can assume the preceding stage may a a limited driving capability), the results deviate 

from theoretically predicted: best performance is obtained from 3stage solution, since 

input capacitance can be further reduced in comparison with a 2stage approach. 
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Figure 4.15 Optimization for Rin = 1K 

Figure 4.16 Optimization for Rin = 10K  

Four our target application, we have chosen a 3stage CML driver since it deals better with 

limited driving capability, which makes sense since the function of the clock driver is 

increasing the driving capability of the preceding stage (i.e  unbuffered PLL). 

4.2.3 Simulationbased optimization process:  the impact of tail biasing current 

Regarding the assumption we previously made on optimizing the dynamic part (switches, 

number of stages, etc) independently of the static part (bias), we have validated the 

optimum found solution is still the optimum point when replacing ideal current sources 

with real MOS currentmirror based current sources, as shown in figure 4.17. 
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Figure 4.17 Optimized CML driver design 

Figure 4.18 Period jitter ( Jc ) for optimized 3stages CML buffer with ideal tail bias and real 

tail bias  
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Figure 4.19 phase noise profiles for optimized 3stages CML buffer with ideal tail bias 

(blue) and real tail bias (red) 

As it can be seen on previous results, the biggest impact of tail current sources takes place 

on the phase noise profile, specially at low frequencies (due to their 1/f noise 

contribution). In contrast, jitter numbers suffer from a small increase. This is due to the 

fact jitter is affected mainly by the highfrequency part of phase noise. We can validate 

that the optimum solution found for period jitter is still valid. 

4.3 CML clock buffer ICMRR and deterministic jitter 

In previous sections, we have reviewed in detail the optimization of lowjitter CML drivers. 

Particularly, we have focused on optimizing device noise induced jitter, which has a random 

behavior (random jitter). As it has been explained in Chapter 2, there is another type of jitter 

caused by deterministic noise sources (i.e. spurious tones induced from supply noise), the so called 

deterministic jitter. 

The main sources of deterministic jitter are transient disturbances at supply and ground terminals, 

or transient variations of the input commonmode. Since CML drivers are nonlinear circuits, all 

these disturbances will mix with the main clock frequency and appear around the carrier as 

spurious tones. 

Deterministic jitter is much more critical in standard CMOS circuits than CML circuits, because of 

the differential nature and intrinsic rejection of commonmode signals of CML circuits. However, 
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due to finite tail current source output impedance and MOS switches nonlinearity, some spurious 

tones can still appearing around the carrier in presence of noise at supply, input commonmode, 

etc… 

For the clock driver design, we will assume a regulated supply (thanks to an LDO) and a clean 

ground (which actually is assumed the reference voltage for the system). Hence, we will disregard 

supply and ground as sources of deterministic jitter for our application. Detailed analysis of supply 

and ground noise induced jitter can be found at references [3.2] and [6.1]. 

Input commonmode noise is still being a significant source of deterministic noise. As we will 

conceive the design of the clock driver as a selfcontained IP block to be used in a mixedsignal 

environment, we need to provide some robustness against dynamic input commonmode 

variations, since we don’t have information a priori about the circuit that will be connected to its 

input. 

� �CMCMCMin fAV �2sin, �

� �CMCMCMin fAV �2sin, �

VVH 1�

VVH 1�

VVL 5.0�

VVL 5.0�

Figure 4.20 optimized CML driver with ideal current source (top) and MOS based current source 

(bottom) used for analyzing inputcommonmode noise induced jitter. 
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A driver as shown in figure 4.20 (sizes have been found by optimization in section 4.2) has been 

used for the analysis, both with ideal current sources as biasing as well as MOS transistors, in 

order to isolate and differentiate if the weakness of the circuit comes from finite tail current 

source impedance or MOS switches (differential pair) nonlinearity. 

A 200mV peaktopeak signal is injected as inputcommon mode to explore circuit nonlinearity. 

Frequencies ranging from 1 KHz to 10MHz have been tested, leading to similar results. Hence, we 

will consider 1MHz tone as a representative frequency for test. We have analyzed the effect of 

these input commonmode disturbances by performing FFT at the differential output, as shown in 

figures 4.21 and 4.22. 

Figure 4.21 Spurious tones (1MHz and harmonics) around the clock frequency (1GHz) for CML 

driver with ideal tail current sources. 
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Figure 4.22 Spurious tones (1MHz and harmonics) around the clock frequency (1GHz) for CML 

driver with real tail current sources. 

From figures 4.21 and 4.22 comparison, we can conclude that spurious tones induced from input 

commonmode variations are due to MOS switches nonlinearity mainly, rather than current 

sources finite’s output impedance. However, the 2nd harmonic (2MHz) folded around the carrier is 

about 6dB larger for the real tail current source, hence, current source finite output impedance 

effects are manifested at the even harmonics. 

The magnitude of the deterministic jitter can be estimated as suggested in reference [2.3]. Since 

we are considering deterministic jitter, the following expression gives maximum peaktopeak 

deterministic jitter ( jT )  

�
�

�
�
�

�

� 2010
2

M

j

T
T

�
                                                           (4.26) 

Being T the carrier (fundamental) period and M de dB’s from the carrier to the spurious tone 

(dBc’s). 

To translate this peaktopeak jitter to R.M.S. value we can use the procedure detailed in 

reference [2.4] (briefly commented in section 2.3.2 of Chapter 2). From expression (4.26) we find 

the peaktopeak jitter induced from the first and second harmonic ( f� =1MHz, 2MHz 

respectively): 
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1st harmonic (M=46.35dBc)     Tj = 3.06ps

2nd harmonic (M= 66dBc)   Tj = 328fs

Peaktopeak values can be passed to RMS with expression (2.5) from reference [2.4], obtaining: 

1st harmonic (M=46.35dBc)     
RMS� = 822fs 

2nd harmonic (M= 66dBc)   
RMS� = 88.17fs 

4.4 Chapter summary and conclusions 

Main guidelines for lowjitter CML clock driver design and optimization has been provided in this 

chapter. Design equations for CML cells have been presented as well as a revision of some non

idealities. Techniques to improve speed of the cells (neutralization) have been discussed from the 

point of view of jitter performance. 

Both analytical and simulationbased optimization methods for devicenoise jitter have been 

presented. Although analytical methods are good for giving some insight of the optimization 

process, accounting all contributions is not a realistic approach. Thus, simulationbased 

optimization is a requirement for lowjitter clock drivers. 

Impact of input commonmode noise in deterministic jitter has also been analyzed, showing as a 

significant contribution. 

Finally, we present an optimized design for driving load of few pF, at a nominal clock frequency of 

1GHz, which has been considered representative numbers for the application. In the following 

chapters, especially in chapter 4, the design presented here (figure 4.23) will be taken as reference 

design for exploring other aspects of the clock driver design. 
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          Figure 4.23 Optimized CML driver design 

The main characteristics of the design are summarized in the following table 

Parameter Symbol Units Typ. Max.

Current consumption IDD mA 15.0

Supply voltage VDD V 1.0

Maximum input capacitance CIN fF singleended 20

Maximum input resistance 1 RIN KΩ singleended 10

Maximum load CLOAD fF singleended 1000

Input voltage swing VIN pp, diff Vpp, diff 1.0

Output voltage swing VOUT pp, diff Vpp, diff 1.0

Edgetoedge jitter @1GHz Jee fs R.M.S. 64.5

Period jitter @1GHz Jc fs R.M.S. 88

Cycletocycle jitter @1GHz Jcc fs R.M.S. 158

Integrated jitter (1Hz500MHz) Jint fs R.M.S. 49.8

Deterministic jitter 2 Tj ps peaktopeak 3.39

Table 4.3 characteristic for optimized CML driver design. 

1. Maximum output resistance considered for the preceding circuits 

2. Measured with 200mVpeaktopeak singleended , 1MHz input commonmode signal 
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The optimization of the dynamic part of the driver (switching cells) is described in Chapter 4. This 

chapter, in contrast, focus on the design of the biasing part (tail current sources) 

The impact of biasing noise on the clock driver performance (especially in phase noise) is 

discussed. Alternative techniques to conventional currentmirrorbased biasing systems are 

proposed, in order to improve phase noise performance of the driver. 

5.1 Biasing noise impact in CML drivers performance 

One of the main causes of jitter in timing systems is noiseinduced timedomain modulation of 

system frequency, amplitude or phase. All three types are grouped into phase noise, which can 

also be expressed as integrated phase noise jitter (reference [5.1]). When compared with 

oscillators, clock driver don’t exhibit frequency modulation caused by noise sources, so phase 

noise is much less severe in clock drivers (or any other nonautonomous system). However, phase 

modulation is still present, especially due to presence of flicker noise at tail biasing current source. 

Intuitively, we understand this as buffer delay modulation due to slow changes in the biasing 

current. Noise at biasing current has significant impact on lowfrequency phase noise profiles and 

hence integrated phase noise jitter as well. 

Although jitter is dominated by the higher frequency part of phase noise profiles (which is 

dominated by thermal noise and the “dynamic” part of the driver actually), lowering the phase 

noise profile at moderate frequency ranges is still important, since, depending on the application, 

not all the phase noise profile is integrated to calculate the jitter. Hence some networking 

protocols specify the frequency offset range at relative low frequencies in the phase noise profile 

(FibreChannel: 637 kHz 10 MHz, SONET/SDH (OC12/STM4): 12 kHz5MHz).  

In clock drivers, phase noise at low and medium offset frequencies is dominated by the biasing 

system. This chapter aims to provide a set of solutions for designing lownoise biasing systems 

which lowers the phase noise profile of the clock driver. 
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5.2 Resistorbiased CML (RCML) circuits  

We have already introduced in section 4.1.1 the possibility of using a resistorbased biasing 

instead of MOS current source, in order to minimize the noise contribution from the biasing 

current, in particular, flicker (1/f) noise contribution. 

The different noise contributions both from MOS transistor current sources and polysilicon 

resistors are stated in table 5.1. The lack of 1/f noise in resistors make them a potential element to 

implement lownoise (at least, flickerless) current source. This would be translated into less phase 

noise 

Thermal noise Flicker (1/f) noise

MOS Current source
mBin gTKS �4�

fWLC

K
gS

OX

f

m

f

in

2/1 �

Resistor

R

TK
S B

in

4
�



Table 5.1 Main noise contributions for MOS transistor and polysilicon resistor 

A brief description of CML circuits has already been done in chapter 3 in order to illustrate how 

different noise sources contribute to generate timing jitter in this kind of circuits. The expressions 

provided there are in grand part extensible to resistorbased CML circuits. This section provides a 

more detailed analysis of RCML singularities and potential solutions to overcome its main 

drawbacks. 

The idea of replacing MOSFET transistors by resistor in order to implement flickerless tail bias has 

been already introduced in [5.2], [5.3] and [5.4]. 

Figure 5.2 shows the phase noise profiler for the 3stage optimized CML buffer described in 

Chapter 4 (figure 4.23), when biased with ideal current sources, MOSbased current sources and 

tail resistors (this last option is shown in figure 5.1). 
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Figure 5.1 optimized resistorbiased CML buffer (RCML) 

Figure 5.2 Phase noise profiles for optimized 3stages CML buffer with: ideal current source (pink, 

dashed), MOS current source (red) and resistor biasing (blue) 

As shown in figure 5.2, RCML driver improves phase noise profile by 20dB from 1Hz to 100 KHz, 

and still giving more than 10dB improvement at higher frequencies (up to 1MHz). Integrated phase 

noise jitter is summarized for the three different options in the following table: 
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Phase noise (dBc)

@1KHz 

Phase noise (dBc)

@1MHz 

Integrated 

(1500MHz) phase noise 

jitter (fs RMS) 

Option1:  Ideal tail  current 

source 
140 162 37.12

Option2: MOSbased tail 

current source 
121 150 49.80

Option3: Resistor tail bias 139 162 37.74

Table 5.2 Phase noise (fCLOCK = 1GHz) and integrated phase noise jitter for different biasing options 

5.2.1 PVT variations and ICMRR in RCML circuits 

Once explained the benefits of tail resistor bias in terms of lock driver’s phase noise, now 

we are going to analyze the sensitivity of a RCML buffer chain to different parameters as 

supply voltage DDV , input commonmode CMinV , , or threshold voltage NthV , , which will 

include both process and temperature variations. 

Commonmode wise, the analysis of the RCML driver model depicted in figure 5.3 leads to 

the following expressions. 

Figure 5.3 Equivalent commonmode model for an Nstage RCML buffer 

In the commonmode equivalent circuit 2, DNCMDN RR �  and CMNCMN MM ,, 2�� since 

resistors and transistors are connected in parallel commonmode wise. Biasing resistors 

has the same value since it is unaltered from the point of view of the commonmode. 
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For the first stage (N=1) we can write:  

� �
CMgsCMin

B

CMD

DDCMout vv
R

R
Vv ,1,1

1

,1

,1 � (5.1) 

For the second stage (N=2): 

� �
CMgsCMin

B

CMD

DDCMout vv
R

R
Vv ,2,2

2

,2

,2 � (5.2) 

For the previous expression, it must be pointed CMoutCMin vv ,1,2 � , as it can be deduced 

from figure 5.3. In the same way, 
1
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; which is extensible for 

any stage  since a constant tapering factor is supposed to be applied along the chain. The 

same applies to gatetosource voltages and CMgsNCMgsCMgs vvv ,,2,1 �� . Taking this into 

account, we can rewrite last expression: 
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Finally, making %�
1

,1

B

CMD

R

R
: 

� � � � CMgsCMinDDCMout vvVv ,

2

,

2

,2 1 %%%% ����� (5.4) 

For the third stage (N=3): 

� � � � CMgsCMinDDCMout vvVv ,

23

,

32

,3 1 %%%%%% ���� (5.5) 

From here, we can establish the circuit’s sensitivity to different parameters, assuming a 

resistorbased CML chain with M stages: 
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We must recall that in expression (5.8) gatetosource voltage has been replaced with the 

threshold voltage (the approximation is still valid from the point of view of process 

sensibility analysis).  

From the previous sensitivity analysis we can extract different conclusions. First of all, 

increasing the number of stages M in a resistorbased CML chain, the output will have a 

larger dependence both with PVT variations as well as input commonmode.  

Also, we can appreciate how the parameter with a bigger impact on the output of the 

system (for any number of stages) is the inputcommon mode, following the threshold 

voltage, and finally the supply voltage, which has a significantly smaller impact than the 

previous parameters. 

The impact of the different parameters on driver’s performance must be discussed after 

we have analyzed their impact on the output voltage. 

Variations on DDV  will be minimized since we assume a regulated supply. Hence, 

depending on the performance expected from the regulator deterministic jitter from the 

supply could be neglected, also taking into account that its sensitivity is relatively small 

compared with CMinV ,  and NthV ,  . 

Regarding the threshold voltage, its variations will clearly affect the circuit´s operation 

point and potential corrections for this effect should be investigated. However, it must 

pointed than NthV ,  variations can be assumed partially static (this is, it changes with 

process, but will remain constant in time). Only temperature changes in time will produce 

transient variations of NthV , , In that case, transient variation of NthV ,  will be assumed very 

slow. Their impact into phase noise profile will be located at very low frequencies as well, 

having a small impact on total integrated jitter or period jitter. 

Input commonmode CMinV ,  variation is with difference the most critical point for RCML 

circuits. In addition to its larger sensitivity, input commonmode variations can be 

assumed to have relatively large frequency (it will depend on the performance of the 

circuit preceding the clock driver). In that case, spurs will appear located at high frequency 

in the output’s phase noise profile, which will critically degraded jitter performance 



76CMOS Lowjitter Clock Driver Design                               __________________________________     

We have already analyzed the impact of inputcommon mode noise in CML circuits in 

chapter 4. Repeating the analysis done in section 4.3 for RCML circuits shows a more 

drastic impact, as predicted by expression (5.7). Figure 5.4 shows the results for 1GHz 

clock frequency, injection commonmode noise with 200mVpp at 1MHz. 

       Figure 5.4 Spurious tones (1MHz and harmonics) around the clock frequency (1GHz) for CML     

driver with resistor tail bias (RCML). 

The deterministic peaktopeak jitter from the 1st and 2nd harmonic (main components) is 

summarized in the table below (calculated using expression 4.26): 

1st harmonic (M=39.45dBc)     Tj = 6.78ps

2nd harmonic (M= 61.06dBc)   Tj = 564fs

Again, to estimate the jitter RMS value from the deterministic jitter, we need to consider 

the PDF table (see chapter 2, table 2.3). Assuming N=10000 (Ref. [2.4]): 

1st harmonic (M=39.45dBc)     
RMS� =1.82ps 

2nd harmonic (M= 61.06dBc)   
RMS� = 151.6fs 
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The total RMS period jitter is then 1.826ps. From previous results (see figure 5.2) we can 

appreciate how RCML circuits mean a significant improvement in terms of phase noise and 

integrated phase noise jitter. However, the bigger impact of input commonmode noise in 

terms of deterministic jitter makes them a much less attractive candidate. Compared with 

MOS tail current source, RCML deterministic jitter has increased in a factor of more than 2 

(1.826ps versus 822fs), while integrated phase noise jitter has been reduced only by 25%. 

It will depend on the application how we weight deterministic jitter versus phase noise, 

but generally speaking, input commonmode noise means a severe degradation in terms 

of deterministic jitter for RCML circuits when compared with standard CML. 

5.2.2 RCML input buffer ICMRR enhancement 

In previous section we have seen how RCML circuits are much more sensitive to input 

commonmode noise than standard CML circuits. In this section we will address this issue 

in order to obtain full benefits from the adoption of RCML topologies when compared with 

CML. 

From reviewing RCML circuit expression, the dependence of the output commonmode 

with input commonmode is defined by the RD/RB ratio in the way: 

� �thCMin

B

D
DDCMout vv

R

R
Vv � ,,

(5.9)

We can suggest to control the supply voltage VDD in order to correct the effect of input

common mode noise, replacing VDD by a regulated voltage VREG and  making: 

CMin

B

D
DDREG v

R

R
VV ,�� (5.10)

This way, variations at output commonmode would be cancelled and the tones from 

input commonmode perturbation would be no longer mixed with the clock frequency, 

avoiding the creation of spurious. 

Taking this idea as a starting point, we have developed the solution proposed in figure 5.5. 

Here, a feedback system is employed to define VREG and keep the 1st stage output 

commonmode constant despite the variations of input commonmode. The system 

improves significantly the equivalent input commonmode rejection ratio (ICMRR), hence, 

from now on; we will refer to this solution as ICMRR enhancement.  
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It must be noted that, since once the 1st stage output commonmode is corrected, no 

modification is required at any other point of the RCML buffer (2nd and 3th stage will 

remain unaltered).  

Figure 5.5 RCML buffer with ICMRR enhancement (3th stage omitted) 

We will now analyze in more detail the ICMRR enhancement circuit, as well as discussing 

different options for its implementation. 

As shown in figure 5.5, a first part “CM sensing network” is used to extract the output 

commonmode information. Once commonmode is determined, this value is compared 

with a reference, which would be the output commonmode value assuming no 

interferences at input commonmode. This difference is processes by an amplifier that 

controls the passdevice (an NMOS) that will directly feed the supply for the buffer´s 1st

stage, establishing this way, a negative feedback loop and making VREG equal to the value 

defined by expression (5.10). 

Once the basic functionality has been introduced, we can discuss different 

implementations for each part, as well as critical aspects of the system, such as stability. 

The commonmode (CM) sensing network must extract the commonmode in real time 

without interfering with normal operation of the 1st stage. For such a purpose, structures 

depicted in figure 5.6 could be considered. 
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Figure 5.6 Different structures for implementing commonmode (CM) sensing network 

Basically, by connection two identical resistors with a common terminal VCM to 1st stage 

outputs, the common terminal will turn into a differential AC virtual ground, since no 

differential mode variation will appear on it. In order to avoid loading the CML cell, RCM

must be much larger than RD (at least RCM >10RD, but larger values are preferable). We 

have selected =1MΩ since it guarantees no loading for the CML cell while still being an 

affordable value for its onchip implementation using polysilicon resistors. 

The difference between both structures is related with the stability of the system, so let’s 

briefly introduce the problematic associated with the stability in commonmode control 

loops, as the case of ICMRR enhancement circuit. 

Figure 5.7 represents different compensation schemes for the commonmode control loop 

(ICMRR enhancement circuit). We are going to discuss and compare the characteristics of 

different options. 

As general characteristics of all types of compensations, we have to note that circuits 

shown in figure 5.7 are simplifications of the system used for analysis. We have to recall 

that some parameters (i.e. as effective resistor values for RCM, RD, and RB) will change with 

the signal, due to the high nonlinearity of the CML driver: values will be different when 

the circuit is balanced and when it is fully unbalanced. For instance, RCM will be half the 

value when the circuit is balanced, since both resistors (figure 5.6) will be connected in 

parallel commonmode wise. However, when circuit is fully unbalanced, only one of these 

resistors will define the signal path and its value will be RCM . Stability must be guaranteed 

for all the operation points, from fullybalanced to fullyunbalanced.  

Together with the CM sensing network (RCM, CCM), the amplifier is modeled as 

transconductance gm and output impedance Rout (which is in the order of few MΩ). 

Capacitor C1 models the amplifier input capacitance. Capacitor C2 would model both the 

amplifiers output capacitance as well as the passdevice gate capacitance (in a first 

approach).  The voltage mode gain of the amplifier is gmRout and it has been assumed 

about 80dB. 
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                     Figure 5.7 Different types of control loops for ICMRR enhancement. 

In the following analyses, the NMOS pass device contribution will be assumed equal to 

unity to simplify the global transfer function of the loop. This is a reasonable simplification 

given its real transfer function is close to 1: 

� �
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TYPE I compensation: uses typeA commonmode sensing network. Since commonmode 

resistors should be large, commonmode node VCM is a good candidate for being the 

dominant pole of the system. For such a purpose, a large capacitor must be connected to 

commonmode node. The transfer function of the loop will be:    
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Making CCM=10pF, we obtain a phase margin PM=1.9 degrees and unitygainbandwidth 

UGB=8.9MHz. The problem is that capacitor value is not big enough to move the dominant 

pole to lower frequencies, where pole separation would be enough for defining larger 

phase margin. Considering large values for CCM will mean incurring in a big cost in terms of 

area. In figure 5.8 (and ongoing Bode plots, like figures 5.9, 5.10 and 5.11 “p1”, “p2”, etc 

illustrates the position of the different poles and zeros of the system, for a better 

understanding). 

Figure 5.8 Type1 compensation with dominant pole at CM sensing network. 

The rest of the values for the components in figure 5.8 are the following: C1=150fF, 

C2=400fF, Rout=5MΩ, gm=2mA/V 

Instead of using CM sensing network to define the dominant pole, we can do it internally 

to the amplifier (using internal Miller compensation). For quickly modeling that case, we 

could assume (in a very first approach) we make C2=1nF (this is not very accurate since, in 

addition to the new dominant pole, we would still having a third pole at the output of the 

amplifier. Anyway, let’s assume for the sake of simplicity that we use TYPE I compensation 

placing the dominant pole at the output of the amplifier. Then we can completely remove 

CCM, since the nondominant pole defined by RCM and C1. 

In this case we obtain acceptable phase margin of 54 degrees with a bandwidth of 

1.14MHz. However, from transient simulations, we have found larger phase margins are 

preferable, due to the switching nature of the system. One must recall that any overshoot 

in node VREG can limit the effectiveness of the system to cancel spurious tones at the 

output, since the CML cells are constantly switching. 
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However, both phase margin and bandwidth are reduced with any increase in the 

capacitance connected at the commonmode node, as shown in figure 4.8 (where we have 

simulated an increase in C1 from 150fF to 1pF). This fact compromises the robustness of 

the compensation scheme. 

Figure 5.9 Type I compensation with dominant pole at CM sensing network. 

TYPE II compensation: uses a global feedback around the amplifier with C3 = 200fF in 

order to actively create a dominant pole at the input of the amplifier. It is the same 

concept than Miller, but here, the whole amplifier is used for capacitance amplification. 

Since the dominant pole is created with the amplifier and C3, no extra capacitance CCM is 

required. Thanks to global feedback, the rest of contributions are somehow included 

inside the Mille loop, and are boosted to higher frequencies, as shown in expression (5.13) 

and figure 5.10. We must recall this extra benefit wouldn’t be obtained if we define the 

Miller compensation internally to the amplifier (the nondominant pole at 
12

1

CRCM�
would remain at lower frequencies, as shown in figure 5.10)
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Indeed, thanks to the fact of nondominant contributions are moved to higher 

frequencies, both phase margin and bandwidth remains practically constant when 

assuming increases in C1 or C2 values. 

Figure 5.10 Type II compensation with active dominant pole. 

TYPE III compensation: instead of turning some of the poles of the system into a dominant 

pole in order to compensate the loop, this compensation scheme uses a typeB CM 

sensing network to create a polezero pair, as it can be seen in expression (5.14). This 

paired pole and zero is partially selfcancelled, approximating the system to a 1st order 

(which would be unconditionally stable) 
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Figure 5.11 Type III compensation with LHP zero from CMsensing network (typeB) 

With this scheme, large bandwidths can be obtained with phase margins in the order of 

50degrees. For the simulation CCM =5pF (each) has been considered, in order to ensure 

CCM >>C1 and achieve polezero cancellation. 

Figure 5.12 Type IV compensation with active dominant pole and LHP zero. 

TYPE IV compensation: combines schemes II and III. Due to switching nature of CML cells, 

large phase margins are required in avoid any overshoot or similar in transient response. 

This is achieved by means of TYPE III compensation, which is the best in terms of providing 
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significant phase margin numbers. By introducing a lefthalf plane (LHP) zero, using typeB 

commonmode sensing network, we can extend the bandwidth of the loop, while 

maintaining goof phase margin numbers. 

Table 5.3 summarizes the different options discussed. From transient simulations, best 

results have been obtained using TYPE IV compensation, followed by TYPE II. This means 

stability is critical due to switching nature of the system, and phase margins in the order of 

90 degrees has been experimentally verified as necessary for the application. 

Phase margin (deg) UnityGain Bandwidth 

(MHz) 

TYPE I Compensation through CMsensing 

network 

1.93 8.914 

Internally Millercompensated 

amplifier 

54.3 1.143 

TYPE II 90 1.4 

TYPE III 59.1 1550 

TYPE IV 71.9 973* 

Table 5.3 Stability and bandwidth numbers of ICMRR enhancement circuit using different 

compensation schemes. 

*extended from 1.4MHz thanks to LHP zero inclusion. However, gain from 1MHz to 300MHz is much lower 

than DC gain (see figure 5.12) 
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We have repeated the input commonmode noise simulations with the ICMRR 

enhancement circuit applied to optimized RCML driver (figure 5. 1), leading to significant 

improvement in terms of deterministic jitter. 

Figure 5.13 Spurious tones (1MHz and harmonics) around the clock frequency (1GHz) for CML 

driver with resistor tail bias (RCML) with ICMRR enhancement circuit. 

After the action of ICMRR enhancement circuits, the deterministic RMS jitter values: 

1st harmonic (M=52.73dBc)     
RMS� = 395fs 

2nd harmonic (M= 59.45dBc)   
RMS� = 182.3fs 

This means a significant improvement (435fs versus 1.826ps). We must recall the ICMRR 

has been even improved in comparison with conventional MOS tail current source CML 

circuits (435fs versus 822fs), proving the effectiveness of ICMRRenhancement technique. 
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5.3 Noise filtering technique 

We have already explained the consequences of noise in the tail bias current of the CML driver; 

especially how flickers (1/f) noise contributes to increasing the phase noise profile. The most 

conventional biasing circuit is based on current mirrors, as shown in figure 5.14. Transistor M1 is 

diodeconnected, biasing M2 in order to scale reference current by a factor A.  

In this section, we will show how in conventional current mirror structures (used for biasing) most 

of the noise is due to the diodeconnected device. Hence, replacing it for alternative circuits can 

lead to phase noise reduction. In the same way, conventional lowpass filtering will be explored as 

an alternative to limit the total amount of noise at the biasing currents 

We will show next that the major noise contribution to the biasing current Tni ,  is due to the MOS 

diode generating the biasing voltage BIASV

f

MvS /1

1,

f

MiS /1

2,

BIASIREFI

Figure 5.14 Current mirror used for biasing showing different noise PSD contributions 

From the point of view of 1/f noise, we can analyze the different contributions to the biasing 

current power spectral density (PSD): 

The voltage inputreferred PSD for transistor M1 is given by the expression: 
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The M2 contribution to bias current PSD is: 
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Finally, translating M1 contribution to current (by means of M2 transconductance) and adding M2

contribution we can write: 
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Ibias

1
12

2

/1

                                                   (5.17) 

From previous expression, we can see how M2 contribution is A times smaller than M1. This 

means M1 would be the dominant source of flicker noise, as long as we assume A>>1. The need 

for large A is especially important for stages drawing large currents, for example in the output 

stage, where biasing can be in the order of 40mA. It is obvious that the smaller A factor used, the 

more current will be wasted in the biasing branch. 

The noise of the system can be partially filtered by adding extra capacitance to the biasing node

BIASV . However due intrinsic lowimpedance of this node, the required value for the capacitor is 

just too large to consider its onchip implementation.  

f

MvS /1

1,

f

MiS /1

2,

BIASIREFI

Figure 5.15  Adding external capacitor for 1/f noise filtering. 

The idea lowpass filtering the biasing node is widely used in VCO´s (e.g. in reference [5.5]) where 

flicker noise is even more critical. Typically, external capacitors with values of several nF are 

connected to the biasing node (which must be accessible offchip, increasing the pin count) for 

such a purpose. In that case, the system pole p1 will attenuate the contribution from M1: 
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This pole p1 is located at: 
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Figure 5.16 shows the phase noise profile of a CML singlestage driver with MOS tail current 

source ( )10mAI BIAS � where different values of filtering capacitor have been connected to 

biasing node. It can be observed that the larger the capacitor the more flicker noise can be 

removed. 

Figure 5.16 Phase noise profile for different values of FILTERC : 0pF (dashed. Blue), 1uF (pink) and 

10uF (red) 

It has been already mentioned the order of capacitor values required for achieving significant 1/f 

noise filtering are unaffordable for considering its onchip implementation. We are going to 

discuss this affirmation with some more detail. 

In order to move the pole p1 to lower frequencies and remove more flicker noise, lowering the 

1mg value could be an option. Although we could do this in several ways, all of them show 

significant drawbacks: 

As a first option, we could reduce transistors width while increasing their length. In that case, for 

the same original area (WL which means same flicker noise) we would end up with smaller 

transconductance, both 1mg  and 2mg  . The penalty on doing this is that the required headroom 

to keep the devices in saturation will increase, since would be increased. 

Secondly, we could keep transistor M2 size constant while scaling down M1, increasing then the 

ratio A. However doing this we will end up scaling the thermal noise contribution significantly, 
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then we will be reducing flicker noise at expenses of increasing thermal noise contribution. The 

total thermal noise contribution to biasing current  BIASI  is defined by expression (5.20)  

f
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mthermaln ���
�
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1

2,

1
14                                                       (5.20) 

Figure 5.17 shows phase noise profile for the CML driver using different scaling factors for the 

biasing current mirror (before filtering). It shows how increasing the ratio A, noise is increased 

wideband. 

Figure 5.17 Phase noise profiles for CML driver employing currentmirror bias (without filtering) 

with different scaling ratios: 1(red), 5(blue) and 10(pink) 

5.4 Impedance scaling techniques for improved noise filtering 

From the previous discussions we can conclude the only effective way for filtering 1/f and thermal 

noise in conventional biasing circuits as depicted in figure 5.14 is using large filtering capacitors. 

However, we could investigate different biasing structures that would allow noise filtering in a 

more practical way than in conventional current mirrors. 
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In reference [5.6], a switched capacitor filter is proposed for removing flicker noise from the tail 

current source in a LC oscillator. The idea consists on implementing big equivalent impedance by 

means of switching devices (which have a very small 1/f noise contribution). However, the 

potential injection of spurious tones that will end up with more deterministic jitter stopped us 

from applying this technique in the clock driver design. 

Another potential solution to address the previously explained problem and allowing onchip 1/f 

noise filtering for the biasing currents would be impedance scaling. The idea consists on 

generating the biasing voltage with impedance much higher than 1/gm , requiring then a much 

smaller value for the filtering capacitor that’s why we will refer to this technique as impedance 

scaling. A conceptual illustration of the concept is shown in figure 5.18.  

BIASIREFI

Figure 5.18 conceptual illustration of biasing with impedance scaling technique to allow onchip 

1/f noise filtering. 

The “impedance scaling” block would be a system that would guarantee 12 VV �  while 12 RR $$ . 

Then, transistors M1 and M2 can remain the same size than in original biasing system (figure 

5.14), but the required capacitor can be much smaller to achieve significant levels of 1/f noise 

filtering. It is also assumed that the “impedance scaling” block is noiseless, which, obviously, is 

going to be hard to achieve for real implementations. 

A practical approach for the impedance scaling block could be simply replacing the diode

connected MOS transistor with a high value resistor. 

Figure 5.19 Functional representation of the impedance scaling block using IR voltage generation. 
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Figure 5.19 shows how the required biasing voltage (VOUT) could be obtained from a resistor by 

implementing an IR drop. In that case, the impedance of the biasing node would be R, 

independently of the impedance of the input node. Hence, making R>1/gm, we will be able to 

reduce the amount of filtering cap required. 

Indeed, just by replacing the MOS diode for a resistor, most of the 1/f noise can be removed (even 

without filtering), as shown in figure 5.20. For offset frequencies ranging from 1Hz to 1KHz, about 

20dB of reduction in the phase noise profiled is obtained (the same as using resistor tail biasing, 

explained at section 5.2 of this chapter). However, filtering is still required in order to remove the 

excess of thermal noise we have due to the use of large valued resistors.  

Figure 5.20 Phase noise profile of the CML driver (figure 3.20) using impedance scaling technique 

for biasing:  without filtering cap (pink, dashed), with 25pF cap (blue).  Red trace shows original 

(current mirror) biasing system. 

The control algorithm shown in figure 5.19 assumes the injected current is regulated by means of 

a control loop, which will increase the noise of the system, in a way or another. Different analog 

control loops have been tried. However due to their effectiveness and for the sake of brevity, they 

will not be described here. 

As an alternative, breaking the analog loop and implementing a mixedsignal control can lead to a 

significant improvement. In the same way, if instead of controlling the current we control the 

resistor, an unaltered current reference can be used for the system (assuming this current 

reference is the less noisy current available in the system). Solution is illustrated in figure 5.21 

explodes this concept: 
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Figure 5.21 Mixedsignal circuit implementing impedance scaling 

Here, RBIAS is implemented as a digitally programmable resistor (a 2bit implementation has been 

considered). A replica of RBIAS (RBIAS_REP) is embedded inside a mixedsignal control loop:  

The biasing voltage generate by the replica VREP is compared with the reference value (Vin) which is 

generated by the original diode connected MOS (see M1 in figure 5.14). While VREP<Vin and the 

calibration operation is enabled (E1), the output of the comparator enables the 2bit binary 

counter (BC), so the control word b[1:0] increases. The control word is converted from binary to 

thermometer by means of a binarytothermometer (B2T) decoder, and applied to the control 

switches of the programmable replica resistor. 

Whenever clock driver bias needs to be calibrated signal E2 is activated, updating the value for the 

RBIAS.  This updating operation, can be done whenever found convenient. For example, when the 

clock driver doesn’t need to operate. It also could be eventcontrolled, for instance, when a 

change in t[3:0] is detected, which means that an update is needed. 

Please note that the circuit takes the current references (2 x 25uA) directly from the system 

biasing (i.e. a band gap reference), assuming these are the cleanest currents available in our 

system. Same results depicted in figure 5.20 can now be obtained, although the accuracy of the 

bias will be limited to the number of bits used in the control algorithm. 

Thanks to the replicabased calibration approach minimum impact is caused on the CML buffer 

during operation. Calibration operation will be instantaneous form the point of view of the buffer, 
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since real calibration runs over the replica circuit and the desired value will only be updated when 

ready. It doesn’t mean how long the calibration operation takes. 

One last point regarding this technique is that at least to clean current references must be 

provided from a lownoise band gap. Hence, the block diagram of the clock driver presented in 

chapter 1 (see figure 1.3) would need to be updated with two extra current reference inputs (or a 

lownoise band gap should be included into the system) 

5.5 Switched biasing for 1/f noise cancellation 

A  technique that can mitigate strong lowfrequecny noise in MOS devices is the socalled 

“switched biasing” described in [5.7], [5.8] and others. This technique examines the phisical 

mechanisms producing 1/f noise in MOS devices and uses a intringuing phisical effect to deial with 

1/f noise:  cycling a MOS transistor from ON (strong inversion, generally) to OFF (accumulation), as 

shown in figure 5.22 can reduce its intrinsic 1/f noise. A detailed review of the phisical 

mechanisms and other insights of the tehcnique are provided in [5.8]. 

Figure 5.22 Switched bias concept from reference [5.7] 
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Figure 5.23 Phase noise reduction by means of switched bias (ref.[5.7]) 

Choping and correlated double dampling (CDS) tehcniques [5.9] has been widely applied to low

frequency highperformance circuits (i.e. instrumentation applications) in order to reduce the 

effect of 1/f noise. Although the switching biasing technique looks similar, it aims to directly 

reduce 1/f noise in the MOS devices . 

Although its effectiveness has been longly proved, we found this technique non suitable for 

biasing highspeed lowjitter clock drivers, becuase of its switching nature. The introdcution of 

parasitic tones at the biasing switching frequency would appear mixed around the clock 

fundamental tone, leading this to spurs and deterministic jitter (which could even exceed the 1/f

noise contribution to jitter).  
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5.6 Chapter summary and conclusions 

In this chapter we have investigated the role of the biasing system of the CML driver, investigating 

the impact of bias noise on the phase noise. 

Since phase noise at low and medium frequency offsets is mainly dominated by bias noise 

(specially 1/f noise), it is worth the effort to provide a lownoise biasing system for the clock driver, 

especially if we would be targeting applications where the frequency offset range is defined from 

tens of kHz to few MHz (i.e. SONET/SDH). 

It has been found that conventional bias circuits, based on MOS current mirrors injects significant 

amount of flicker noise (increasing phase noise at lower frequencies) as well as thermal noise. The 

diodeconnected MOS used in the current mirror has been identified as the main source of 1/f

noise in the biasing system. Also, thermal noise from the diodeconnected device is amplified with 

the mirroring factor A, increasing the phase noise profile at higher frequencies as well. 

From here, different options have been presented to improve the biasing system in terms of noise: 

1. Resistor tail bias CML circuits (RCML) fully replaces MOS devices with resistors in order 

to remove 1/f noise and avoid noise amplification due to mirroring. Significant 

improvement is achieved with this technique in terms of reducing phase noise. 

However, circuits are much more sensible to inputcommon mode noise, which 

increases the deterministic jitter. In order to correct this drawback, the ICMRR 

enhancement technique has been developed, which increases the robustness of the 

circuits (indeed, ICMRR is increased even when compared with ideal tail current 

sources).  

2. Noise filtering and impedance scaling technique: here we just replace the diode

connected device (found critical) with an IRbased voltage to bias the MOS tail current 

sources. When compared with RCML, this option doesn’t show such a significant 

reduction in phase noise (it depends on how much filtering capacitance we are 

allowed to use). However, the god point is that no deterministic jitter degradation 

occurs. 

Other techniques, as switched biasing have also been briefly considered but discarded for the 

application. 
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The results obtained for the different explored options are summarized in the following table: 

Phase 

noise 

@1KHz 

Phase 

noise 

@1MHz 

Integrated 

phase noise 

jitter  

[fs RMS] 

Maximum 

deterministic 

jitter 

 [ps pp] 

Comments

Ideal tail 

current source

140 162 37.12 3.16

MOS current 

mirror 

121 150 49.8 3.39

MOS current 

mirror + 10nF 

121 162 42.8 3.39 Required values for capacitor (>1nF) 

not affordable for onchip 

implementations 

Resistor tail 

bias (RCML) 

139 162 37.74 2.15 Need to include ICMRR

enhancement circuits to obtain 

2.15p deterministic jitter.  

Otherwise 6.78ps 

Impedance 

scaling +25pF 

135 158 42.9 3.39 Obtained with mixedsignal control 

algorithm. 

Table 5.4 Performance obtained with different biasing options applied to a 3stage optimized CML 

buffer with the conditions specified in Chapter 4 (see figure 4.23) 



98CMOS Lowjitter Clock Driver Design                               __________________________________     



99CMOS Lowjitter Clock Driver Design                               __________________________________     

So far, fundamentals for lowjitter and lowphase noise in CMOS technology have been explored, 

focusing on the design of a highperformance clock driver. In the following chapters, all these 

concepts are synthesized and used for the design of the clock driver as a selfcontained block.  

Although system level is fully covered in next chapter, for clarity, supply regulation system will be 

described separately from the rest of the system, covering key aspects of this subblock in more 

detail. 

Thus, the impact of supply regulation circuits on clock performance is investigated, and 

requirements for these circuits are derived. In the same way, transistorlevel implementation of 

the different regulators is described.  

6.1 The need for dedicated supply regulation in the Clock Driver 

In order to provide a selfcontained IP, clock drive must incorporate its own supply regulation 

section. There are several reasons for this: 

First, system supplies (both 1.0V and 3.3V) can be very noisy, affecting the performance of the 

clock driver if it is tapped directly to those supplies. The main mechanism that can degrade 

performance is deterministic jitter cause by spurious tones at the supply. 

 In an opposite way, since clock driver is a switching stage (drawing large currents) it will produce 

voltage spike on the supply rails, so it limits the possibility of connecting it to clean analog supplies 

since it would severely degrade the performance of any other analog block as ADCs, 

programmable gain amplifier (PGA), etc.  

It must be pointed that CML topology was selected due to its robustness to supply noise and their 

limited spike generation during the switching action (all of them thanks to its differential current

biased structure). However, due to real transistor nonlinearity’s both supplynoiseinduced 

deterministic jitter as well as generation of spikes on the supplies still present, so it makes sense to 

provide a dedicated supply regulation for the system. Anyway, we must recall that using standard 

CMOS inverters as basic building block for the clock driver, all those issues related with the supply 

would be much worse. 



100CMOS Lowjitter Clock Driver Design                               __________________________________     

A second justification for the supply regulation is the strategy adopted for implementing the low

voltage (1.0V) to highvoltage (3.3V or higher) domain transition, the “progressive voltage 

domain”. Considering this scenario, at least one intermediate supply level must be provided (1.5V 

in our case). 

Figure 6.1 Supply regulation system in the Clock Driver 

Regulated 

voltage 

required 

Maximum 

output 

current 

Comments 

PreDriver 1
st

 stage 1.0V 1.2mA +10%  Controlled by the ICMRRenhancement circuit.  

 Expected variations from nominal (1.0V) 

depends on maximum input commonmode 

variations from nominal its value 

2
nd

 stage 1.0V 3.6mA +10% 

3
rd

 stage 1.5V 10.8mA 

+10% 

 Tracks process and temperature variations in 

order to avoid reliability issues 

 Estimated maximum variation ±15% 

Output Stage 2.5 36mA +10% Programmable DRV_REG2V5<1:0> 

 00: 2.5V (default) 

 01: 2.25V 

 10: 2.75V 

 11: 2.75V (redundant) 

Table 6.1 specifications for clock driver supply regulation section 

This chapter
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6.2 Lowdropout (LDO) regulators design for the Clock Driver 

Different approaches exist for onchip voltage regulation. They can be classified as linear or 

switchedmode. Switchingmode regulators consist on DCDC converters, which can be both 

inductive and capacitive. Although this type of regulators achieves bestin class efficiency, they are 

not very suitable for lownoise circuits, because of the high harmonic content generated due to 

switching operation. When considering the clockdriver design, switchingmode regulation has 

been discarded since spurious tones generated at the regulator would be a significant source of 

deterministic jitter. 

On the other side, linear regulator offers much better noise performance at expenses or poorer 

efficiency. That’s why in noisesensitive analog and mixedsignal designs lowdropout (LDO) linear 

regulators are widely used. We can consider PMOStype and NMOStype LDOs, as shown in figure 

6.2. 

Figure 6.2 Different types of linear regulators: NMOS (Fig. 6.2a) and PMOS (Fig. 6.2b) 

Basics of linear regulators are been widely studied due to their huge range of application. A lot of 

references can be found on this topic, for instance [6.2], and [6.3]. It is assumed the reader is 

familiarized with the basic concepts for LDOs and then some basic discussions will be skipped in 

this chapter.  

Both types (PMOS and NMOS) show some generalities. Regarding power supply rejection ratio 

(PSRR), it is held high due to loop action, up to regulation loop bandwidth. Beyond loop 

bandwidth, PSRR starts decreasing until the loading capacitor starts conducting the output ripple 

to ground, thereby enhancing PSRR further, as it can be seen in figures 6.3 (PMOStype) and 6.4 

(NMOStype). 
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Figure 6.3 PSRR of PMOS regulator 

Figure 6.4 PSRR of NMOS regulator 

As shown in previous figures, PMOS regulators have larger loop gain since passdevice contributes 

to increase (see expressions in table 6.2). In NMOStype however, the pass devices behaves like a 

voltage follower with unitary gain. Thus, all the gain must be provided by the amplifier. In both 

types, the loading capacitor increases the PSRR at higher frequencies. 

PMOStype is dominant in general electronic applications, since low voltage across the passdevice 

(low dropout) is needed. The main challenge when considering PMOStype onchip regulator 

implementation is stability. Loop compensation can be difficult since both PMOS gate and output 

node can become dominant pole of the system (especially depending on loading capacitance 

value, see loopgain expression for PMOS in table 6.2). Thus, using large decoupling capacitors at 

the regulated node VREG  in order to improve PSR at higher frequencies would directly hurt 
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stability of PMOStype regulators. In conventional offchip applications a series resistance (ESR) 

with large external capacitor is used to create a real zero that compensated the second pole (at 

the gate of the passdevice) and then, compensating the loop. However, in fully onchip LDO’s this 

option is not available due to area restrictions. 

NMOStype are not strictly considered lowdropout regulators since the required voltage drop 

across the passdevice must be at least VGS-Vth in order to keep it in saturation and achieve  high 

Rds . Actually, the main drawback of NMOS regulators is that the control voltage (NMOS) gate must 

be higher (+VGS) than the output voltage. 

However, this type has some significant advantages when facing onchip regulator design. 

Compensation of NMOS regulators is much easier than its PMOS counterpart, since the output 

pole is held at higher frequencies even beyond the loop bandwidth (see table 6.2). Hence, is 

relatively easy to make the passdevice gate the dominant pole of the system, even when 

considering large values of capacitance at the regulated node VREG.

The following table summarizes some useful expressions for PMOS and NMOS linear regulators: 
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Table 6.2 Basic expressions for linear regulators 
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To determine PSR at intermediate frequencies (or simply more accurately) it is enough to replace 

the following parameters in the expressions of table 6.2: 

LL

L
L

CsR

R
R

�
�

1
                                                                  (6.1) 

GoutCsr

A
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�
�

1
                                                                   (6.2) 

An additional advantage of NMOS regulators is the possibility of applying capacitivedecoupling at 

control node (NMOS gate) in order to extend PSRR at higher frequencies. In this case, if the gate of 

the NMOS is perfectly decoupled, it will behave as a virtual ground at high frequencies, boosting 

PSR even when considering CLOAD=0. 

Figure 6.5 NMOS regulator with gate decoupling capacitor (Cdec) 

Actually, the expression for PSR (CLOAD=0) turns into: 

)1( , DSNmLDS

L

rgRr

R
PSR

��
� (6.3) 

As seen, PSR is extended (compare with table 6.2) since additional lowimpedance from NMOS 

source lowers the overall output impedance of the regulated node. Figure 6.6 shows the PSR from 

the same regulator simulated in figure 6.4 with different values of gatedecoupling capacitor. 
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Figure 6.6 PSRR of NMOS regulator with different gatedecoupling capacitor values (0, 1 and 5pF) 

For the clock driver supply regulation section, different regulators are needed. For the Predriver 

1.0V are used for 1st and 2nd stage while 1.5V is used for 3rd stage. Although they are supplied with 

the same voltage value, 1st and 2nd stage uses different regulators, since the 1st stage regulator 

must be dedicated in order to implement the ICMRRenhancement function. The Output Stage, is 

supplied with a 2.5V (nominal) LDO. 

For the previous explained reasons, we will adopt NMOS regulators when possible: this is the case 

of the different PreDriver LDO’s where large drops can be assumed (from 3.3V to 1.5V the 

minimum). For the output stage, however, PMOStype is mandatory since regulated output can go 

as high as 2.75V, being this unaffordable considering NMOStype regulator. 

Regulator Type 

Predriver. 1
st

 stage 1.0V LDO NMOS 

Predriver. 2
nd

 stage 1.0V LDO NMOS 

Predriver. 3
rd

 stage 1.5V LDO NMOS 

Output stage 2.5V LDO PMOS 

Table 6.3 Different types of regulators used in the clock driver 

Once some generalities of linear regulators have been explained, we will now focus on its 

transistorlevel design. Alongside with the passdevice, the error amplifier is the core of the 
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regulator. Since these amplifier are typically driving purely capacitive loads (the gate of the pass

device), operational transconductance amplifiers (OTA) are used. 

We have considered different types of OTA implementations for the application (see figure 6.7). 

Conventional differential pair with currentmirror load can be used. However, this simple topology 

offers limited gain. In the case of NMOStype regulators, where all the loop gain must be provided 

by the OTA, simple differential amplifier gain could eventually be not enough to achieve highvalue 

PSRR at low frequencies. 

The OTA gain shown in figure 6.7a has a DC gain: 

� �
� �

� �411 // dsdsm

in

out rrg
sv

sv
�                                                          (6.4) 

Understanding � �svin as � �svREG  and � �svout  as the voltage at the gate of the pass device Mpass. 

Figure 6.7 NMOS regulators with conventional (Fig. 6.7a) and gainboosted (Fig. 6.7b) 

OTAs 

For such a purpose, simple differential amplifier has been upgraded by means of using gain

boosting circuit, which will increase amplifier gain, at least at low frequencies. The circuit 

presented in figure has the additional advantage of reducing amplifier’s systematic error (offset). 

Transistor M6 is matched to M3 and M4 in a way its gatetosource voltage VGS is the same than 

M3. Thus, it makes drainto source voltage VDS of M3 and M4 to be the same, cancelling the 

systematic offset introduced by the currentmirror load. Note than VDS of M1 and M2 are also 

equalized by the same action. 

For the gainboosting topology, we can write: 
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� � � �' (11//
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sv

sv
(6.5) 

Where A is the local gain boosting around M7: 

86 dsm rgA� (6.6) 

Figure 6.8 show the PSRR for a 1.5V NMOStype LDO using conventional and gainboosted OTA. As 

seen, gainboosting incorporation allows extending lowfrequency PSRR in more than 10dB. 

Figure 6.8 PSRR of NMOS regulator with conventional and gainboosted OTAs 

6.3 Supply noise and deterministic jitter 

We have already discussed different aspects of the clock driver related with deterministic jitter 

and its main sources. Supply deterministic noise (spurious tones) is one of the main causes of this 

type of jitter in the clock driver. Supply regulation system will be on duty of minimize the effect of 

spurious tones at the supply on clock driver final jitter performance. 
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Figure 6.9 1GHz clock signal spectra with supply noise (200mVpp at 10MHz), using 

regulators described in section 6.2 

Clock driver has been simulated with a noisy 3.3V supply (200mV peaktopeak sinusoidal signal 

has been injected up to 10MHz). With 1GHz clock frequency and 10MHz spurious tone test, using 

the initial version of regulators, spurious tone appears at 43.6dBc (Figure  6.9). This is translated 

to 4ps peaktopeak deterministic jitter (as explained in section 2.3.2 in chapter2). 

Extending the bandwidth of the different regulators of the system can lead to a reduction of 

supplynoiseinduced deterministic jitter. One option in NMOS regulators could be decoupling the 

gate of the pass devices as shown in figure 6.5, however, it will mean increasing the total area of 

the supply regulation section. In order to provide an areaefficient solution (at expenses of little 

increase in power consumption), both PMOS and NMOS regulators has been modified, as shown in 

figure 6.11. 

Figure 6.11 PMOS (Fig. 6.11a) and NMOS (Fig. 6.11b) regulators with conventional voltage

buffer for bandwidth extension 
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Here, a voltage buffer (VB) has been incorporated. The requirements for this buffer are to show a 

smaller input capacitance compared with pass device, while providing an output impedance low 

enough in order to boost passdevice associated pole to higher frequencies. Under this 

assumption, the loop will increase with one extra pole (which will tend to reduce the phase 

margin), although both this new pole as well as the former dominant pole will be moved to higher 

frequencies, allowing larger bandwidths. 

The former dominant pole has been moved: 

SFm

passG

passGoutd
g

C
Crp

,

,

, �� (6.7) 

While the new pole associated with the buffer input capacitance will be defined as: 

SFGoutSF Crp ,� (6.8) 

This approach may lead to a phase margin degradation since this be allocated in the same range of 

frequencies. In order to achieve bandwidth extension, some conditions applies to the voltage 

buffer: 

passGSFG CC ,, �� (6.9) 

out

SFm
r

g
1

, $ (6.10) 

Simple sourcefollowers have been used for the voltage buffering function, using an NMOS source 

follower for the PMOStype regulator and vice versa. Previous stated conditions can be achieved 

with reasonable values of current consumption. 

The loop gain as been increased close to 10dB both for Predriver regulator as well as Output

stage regulators, as shown in figures 6.12 and 6.13. 
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Figure 6.12 Loop bandwidth extension of NMOS regulator. 

Figure 6.13 Loop bandwidth extension of PMOS regulator. 

We have firstly repeated the test with the bandwidth extended regulator applied only at the 

output stage (figure 6.11a) in order to isolate and identify the main causes of supplynoise 

deterministic jitter in the clock driver. 
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Figure 6.14 1GHz clock signal spectra with supply noise (200mVpp at 10MHz), using 

extended bandwidth outputstage regulator (figure 6.11a) 

A relatively small improvement is achieved by extending output stage regulator bandwidth. It 

means most of the supply noise is leaked through somewhere else in the system, otherwise, 

improving 2.5V LDO rejection in almost 10dB at the spurious tone frequency should lead to similar 

reduction in this component,  

For this reasons, Predriver LDO’s has been also bandwidthextended in the same way we did for 

the 2.5V regulator. 

This time, spurious –tone reduction is coherent with the improvement we have achieved in 

regulator supplyrejection. Thus, we can conclude most of spurious content appears at the 

differentially at the output of clock driver by action of Predriver supply sensitivity. 

Using the bandwidthextended regulators spurious tones have been reduced to 56.9dBc, being 

this translated to 914fs peaktopeak deterministic jitter, meaning this a significant improvement 

from initial design (4ps). 

Higher frequency content will hardly be attenuated by the regulator. Extending the bandwidth 

beyond 100MHz will be very difficult without considering supply passive decoupling. For this work, 

we have considered covering up to 10MHz was enough  
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Figure 6.15 1GHz clock signal spectra with supply noise (200mVpp at 10MHz), using 

extended bandwidth for Outputstage and PreDriver regulator (figure 6.11) 

6.4 LDO noise impact in clock jitter 

Any extra element added to the circuit is prone to add noise and increase final jitter. Hence, supply 

regulation section contribution to system jitter must be analyzed. While deterministic jitter 

performance is mainly impacted by regulation loop bandwidth, random jitter will be related with 

regulator noise performance. The different contribution to supply noise can be classified as the 

voltage reference, the regulator OTA and regulator passdevice. 

From a fistcut simulation analysis, it has been noticed not all LDO’s noise in the system have the 

same contribution to clock jitter. Output stage 2.5V LDO has very small impact on jitter. On the 

opposite, noise from last Predriver stage 1.5V LDO OTA device noise contribution will increase 

phase noise wideband.  

Providing a detailed explanation for this effect could be difficult. In a very simplified explanation, 

we can understand the supply to output noise transfer function will depend on the output slew

rate of the stage under consideration. Thus, being the stage driving the Output Driver the one with 

less slewrate, most of the noise from supply leaks through this stage. 

The main noise contributions to jitter from the OTA have been identified to be located in the 

differential pair devices. Very simple considerations have been taken in order to reduce its noise 

contribution. 
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Figure 6.16 Main LDO contributions to phase noise and guidelines to reduce it 

Figure 6.17 Reducing 1.5V LDO contributions to phase noise 

As shown in figure 6.17, initial phase noise profile (in green) has been significantly reduced, 

especially at higher frequencies by increasing first stage (differential pair) biasing current. In the 

same way, wideband phase noise has been further reduced by increasing the total area of 

differential pair transistors, reducing its 1/f noise (pink trance) 

The final total impact of the regulators (red trace) on clock driver phase noise is about 2dB 

wideband, which can be considered acceptable  
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The period jitter is also affected since this measure is especially sensitive to high frequency part of 

the phase noise profiles (note that from 1MHz to 100MHz phase noise has increased in 2dB in 

average) 

6.5 Chapter Results 

Main characteristic of the different regulators as well as impact of supply regulation section in 

random and deterministic jitter are finally summarized in the following tables: 

PSRR (dB) Output Current 

(mA) 

Current 

consumption 

(uA) 

Phase 

margin 

(degrees) 

1.0V Predriver 

LDO (stage 1) 

at 1KHz:          52 1.2 90 49

at 1MHz:         42

at 10MHz:      21

1.0V Predriver 

LDO (stage 2) 

at 1KHz:          52 3.6 90 48

at 1MHz:         42

at 10MHz:      21

1.5V Predriver 

LDO (stage 3) 

at 1KHz:          50 10.8 130 46

at 1MHz:         39

at 10MHz:      19

2.5V Output Sage 

LDO  

at 1KHz:          54 36 (max) 262 36

at 1MHz:         50

at 10MHz:      26

            Table 6.4 Characteristic of the different LDOs 
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With Ideal Supply With designed supply regulation 

system 

Phase Noise 

(dBc) 

Frequency offset

 1KHz:               141 

 1MHz:             160 

 100MHz:         161 

 500MHz:         162 

Frequency offset

 1KHz:              139 

 1MHz:            158 

 100MHz:        160 

 500MHz:        162 

Periof jitter 

(fs) 

Typmid,27C: 82.1fs

Slowhigh,125C: 98.2fs 

Typmid,27C: 88.6fs

Slowhigh,125C: 101fs 

Supplynoise 

induced 

deterministic 

jitter 

(200mVpp) 

 at 100KHz = 284fs

at 10MHz  = 920fs

               Table 6.5 Supply Regulation System impact on Clock Driver performance (1GHz) 

6.6 Chapter summary and conclusions 

The design of the supply regulation system has been described in this chapter. A dedicated supply 

regulation subblock is needed in order to isolate the clock driver from noisy external supplies and 

prevent voltage spikes generated by the clock driver itself to affect other noisesensitive analog 

blocks of the system. 

For such a purpose, a set of lowdropout (LDO) regulators has been designed. Predriver requires 

1.0V and 1.5V regulators (this last one will track process and temperature actually, so 1,5V is 

typical value). Motivations for using different voltagedomains in the Predriver are explained in 

next chapter. Output stage is supplied from a 2.5V LDO. 

Different topologies of LDOs have been studied, and the impact of LDO characteristic (bandwidth, 

noise) on clock jitter and phase noise has been analyzed in order determine the required 

performance for the application to lowjitter clock driver. 
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LDO gainbandwidth product will limit its powersupply rejection (PSRR) in frequency. Thus, 

deterministic jitter will arise from all the external supply spurs which the LDO is not able to cancel. 

High gainbandwidth LDO’s are demanded in order to minimize supplyinduced deterministic jitter. 

At the same time, LDO noise increases clock phase noise and random jitter. Main contribution 

comes from LDO operational transconductance amplifier (OTA) differential pair. In order to 

minimize LDO noise, we can increase biasing current and device active area (lowering thermal and 

flicker noise respectively).  
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This chapter presents the overall architecture of the clock driver, which used the previously 

explained techniques to achieve lowjitter, lowadditive phase noise clock driver capable to 

operate up to GHz rates.  

The design is conceived as a selfcontained IP. Some additional systemlevel issues have been 

faced here, like voltagedomain translation. In the same way, a set of auxiliary functionalities, like 

supply regulation or output power control has been designed.  

Final performance (schematic level) is evaluated for different frequencies and conditions. 

7.1 System description 

The Lowjitter GHz Clock Driver design is delivered as reusable silicon IP capable of driving high

performance clock signals (from a PLL or a crystal oscillator) up to 2.5GHz adding verylow phase 

noise and jitter, hence, with minimum impact on clock signal performance and allowing its 

distribution offchip to different onboard systems. All needed for operations is a 3.3V supply,  a 

reference current of 1uA, 2.5uA or 5uA, and an auxiliary clock AUX_CLK_12M  for output power 

auto calibration function. The clock driver includes a set of programming bits (IBIAS_REF<1:0>, 

DRV_OPC<1:0> and DRV_REG2V5<1:0>) that allows to configure different parameters of the 

system. Blocklevel of the system is shown in figure 7.1.  

The clock driver core is formed by the PreDriver (stages PrDrv13) and the Output Stage (Drv). 

They implement a differential driving path for the clock signal. Alongside the Predriver and 

Output Stage, a set of auxiliary blocks are included: supply regulators and output power control, 

and replica circuits used for different analog control algorithms like ICMRRenhancement or 

process and temperature adaptive 1.5V supply control. 
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 Figure 7.1 Blocklevel of the Lowjitter Clock Driver                

The design translates the input voltage domain from 1.0V (both CML and CMOS levels) up to 3.3V. 

This allows driving a wider variety of external circuits, since 1.0V levels are more often found in on

chip environments rather than offchip. 

Driver output power is programmable. For such a purpose, 4 different output power levels can be 

selected by means of signal DRV_OPC<1:0>. In the same way, an auxiliary clock signal 

AUX_CLK_12M must be provided to allow selftuning of the output power levels. Auxiliary clock 

frequency however, is not critical: different frequencies can be used for such a purpose. 

Output stage regulator offers trimming option (pin DRV_REG2V5<1:0>) in order to adjust output 

commonmode level. However, it must be noticed output commonmode level is a function of 

DRV_REG2V5<1:0> as well as DRV_OPC<1:0> (see table 7.5)

Programming bits IBIAS_REF<1:0> are used to trim the biasing block, depending on the value of 

the reference current provided to the block. 

The following tables summarize all programmability options available for the clock driver: 
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DRV_REG2V5<1:0> Output Stage regulator 

voltage 

00 2.5V (default) 

01 2.25V 

10 2.75 

11 2.75 (not used) 

Table 7.1 Output stage regulator 

DRV_OPC<1:0> Output voltage swing (VPP, 

differential) 

00 625mV 

01 900mV 

10 1.25V 

11 1.8V 

Table 7.2 Output swing (into 100Ω 

differential load)

Input current 

reference 

IBIAS_REF<1:0> 

2.5u 00 (default) 

1u 01 

5uA 10 

 11 (not used) 

Table 7.3 Input references current 

Input current 

reference 

IBIAS_REF<1:0> 

2.5u 00 (default) 

1u 01 

5uA 10 

 11 (not used) 

Table 7.4 Current consumption 

DRV_REG2V5<1:0>=00 DRV_REG2V5<1:0>=01 DRV_REG2V5<1:0>=10

DRV_OPC<1:0>=00 2.1875V 1.9375V 2.4375V

DRV_OPC<1:0>=01 2.05V 1.8V 2.3V

DRV_OPC<1:0>=10 1.875V 1.625V 2.125V

DRV_OPC<1:0>=11 1.6V 1.35V 1.85V 

Table 7.5 Output commonmode  
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7.2 Comparative study of different options for 1.0V3.3V domain 

translation 

The core of the clock driver was conceiver to be allocated in the 1.0V voltage domain, where most 

of the buffering capability is provided, allowing the use of core devices for maximum speed. 

However, the need for interfacing with chip periphery and offchip domains, which typically run 

under larger voltages (typically 3.3V) stop us from designing the whole signal path using 1V core 

devices. 

The clock driver is designed to deliver voltage swings close to 1Vpeaktopeak singleended 

(eventually extensible beyond 1V), what is obviously not possible to be carried out by 1.0V devices 

without incurring in reliability issues. 

In the same way, we have to provide an output commonmode voltage more suitable for the 

receiver systems (mixers, analogtodigital converters, etc). Although it depends on the specific 

application, for this design, we assume an output common mode close to 1.5V will allow us to 

cover a wider range of products, rather than providing a commonmode voltage below 1.0V 

(typically 750mV). 

Thus, voltagelevel translation from 1.0V to 3.3V domain is required and must be implemented in 

the clock driver design. For this reason, different alternatives for achieving voltagedomain 

translation has been analyzed and compared, basically:  

� Capacitive coupling 

� Cascoded output stage 

� Progressive voltagedomains 

7.2.1 ACcoupled interface 

Figure 7.2 shows a conventional capacitivecoupled interface. It uses a series capacitor to 

decouple different DC levels while allowing higher frequency content to be propagated 

across the signal path. 

This option has been discarded for different reasons: Firstly the tradeoff between area 

and signal integrity, since we need a large amount of capacitance to guarantee proper 

signal transmission even for the lower frequencies in the range of tens of MHz (i.e. 

26MHz). 



121CMOS Lowjitter Clock Driver Design                               __________________________________     

Figure 7.2 Output stage with ACcoupled inputs from 1.0Vdomain 

Secondly, it must be also pointed that having large ACcoupling capacitors will made the 

system more prone to interference, which means a big risk in a noisy mixedsignal 

environment. 

Also, this solution doesnt allow us for DC test of the driver, since the signal path is actually 

broken DC wise. One last drawback could be the need of generating the commonmode 

voltage VCM. For such a purpose, a buffer with some current capability must be provided in 

order to keep and stable value of VCM. 

7.2.2 Cascoded output stage 

An alternative to simple ACcoupling is using 3.3Vdevices (overdrive) to protect the core 

devices in the CML cell. This can be done adding 3.3V cascodes in series with 1.0V switches 

as shown in figure 6. In that case, the interface would be embedded into the output stage. 

This option offers the possibility of connecting a “standard” CML cell to the pads of the 

chips as well as extending the maximum voltage swing beyond 1V if required; this would 

be non possible using 1V core devices. 

Figure 7.3 shows the structure of a cascoded output stage with 50 ohm differential 

terminations. The input signal is comprised  
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Figure 7.3 Example of output stage with 3.3V cascodes for 1V core device protection 

Ideally, cascode source should show lowimpedance, reducing significantly the voltage 

swing at that node, making core device protection relatively easy. However, due to highly 

nonlinear operation of the CML driver, significant voltage swing is developed at the 

internal nodes, as shown in figure 7.4 for different output voltage swings (625mV and 

900mV singleended).  

Figure 7.4 Singleended waveforms for the cascoded output stage. Output node (top) and cascode 

source node (top) 
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Exp in previous figure we can see how large swing is still developed at the cascode internal 

node. Basically, when the branch runs out of current, cascode devices cannot still hold the 

internal node voltage, hence swing is developed. Actually, part of the biasing current is 

spend on charging and discharging cascode CGS (which experiments voltage swing), 

affecting to the maximum achievable slewrate of the output voltage. 

Some modification, based on some king of regulation around the cascode device has been 

also considered to avoid this drawback. However, nonlinear operation and the range of 

frequencies considered for the application make all of these alternatives ineffective. 

Figure 7.5 Alternative output stages with regulated 3.3V cascodes. Active regulation (left) 

and RCcrosscoupled (right)  

Figure 7.6 Phase noise profiles for an output stage without (red) and with protection 

cascodes (blue) 
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Although cascode ideal operation cannot be achieved due to CML cells nonlinear 

operation, effective protection can be still provided, by properly selecting cascode biasing 

voltage (the drain of the core device swing won’t go higher than VBIAS_CSC –Vth ) . However, 

the main drawback of this solution is the extra noise contribution from the cascode 

devices. It will have a direct impact on phase noise and jitter performance. Thus, this 

option means a tradeoff between reliability and clock performance. Figure 7.6 shows the 

increase in phase noise due to the stack of cascodes in the circuit. 

7.2.3 Progressive voltage domains 

Both ACcoupling and cascoding techniques shows significant drawbacks that limits its 

effectiveness for the clock driver design. In short, the addition of any extra element in the 

signal path for interface purposes translates into performance losses in a way or another. 

In order to avoid any additional element, the use of progressive voltage domains as an 

option for interfacing 1.0V and 3.3V domains is very attractive.  

In this case, one or more stages of the signal path would be supplied with intermediate, 

progressively increased supplies (see figure 7.7 for example), in a way no circuit may be 

damaged and ensuring proper signal transmission at the same time. 

CML drivers using 1.0V devices running under supplies larger than 1.0V are prone to 

suffering device reliability issues, due to largesignal nonlinear operation. The differential 

part devices (switches) can easily develop draintosource (VDS) and draintogate (VDG) 

voltages exceeding the maximum value (1.0V).  

The conditions for the draintosource voltage for a given stage N: 
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Where VCS(N) is the voltage at the commonsource node. Sub index “N” stands for the 

CML stage under consideration, while “N-1” stands for the previous one (this is, the stage 

driving the stage under consideration). Please note the effective gatetosource voltage 

drop VGS must be the same for all the stages (independently for the supply) if we assume a 

constant tapering factor is applied along the different stages 
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In order to not exceed the maximum draintogate voltage VDG, the following condition 

applies: 

)1()max(,)max(, � NLOWNDDNDG VVV (7.4)

DbiasNDDNLOW RIVV �  )1max(,)1(                                    (7.5) 

From previous expression, we can think on the possibility of “progressively” increasing the 

supply along the different stages of the chain, as shown in figure 7.7, as long as we don’t 

violate any of the previous stated conditions for VDS or VDG. This would allow us to drive 

circuits requiring higher commonmode voltages (maximum theoretical voltage swing still 

being 1.0V peaktopeak singleended). 

We have to guarantee the previous conditions are fulfilled across process and 

temperature variations. It can assumed VDG condition is limited by supplies tolerance 

(since DbiasRI  product is very constant with process and temperature variations, being Ibias

derived from an internal resistorbased voltagecontrolled currentsource VCCS). Circuit 

shown in figure 6.8 for instance, has progressive supplies defined according VDG condition. 

From this point of view, we could increase the supply in the as much as the peaktopeak 

single ended voltage swing; this is the IR drop (assumed 500mV here) 

The maximum VDS value however, shows a larger variability with process. It should be 

noted the dependency with core device threshold voltage, as shown in figure 7.7 (tables 

stands for VCS at different corners: slowfast SF and fastslow FS). Thus, depending on 

process and temperature, this can be the limiting condition, more restrictive than VGS. In 

that case (depending on process and temperature), supply values shown in figure 7.7 

should be readjusted. 
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  Figure 7.7 example of a 4stage driver with progressive voltage domains 

For such a purpose, the circuit in figure 7.8 calculates the maximum supply voltage in 

order to not damage core devices neither by means of drainsource or draingate stress, 

while ensuring different supplies are progressively increased as much as circuit reliability 

allows. 

 Figure 7.8 Analog processing circuit for maximum supply calculation across process and 

temperature variations. 

The circuit comprises a replica of the previous stage (“N-1”) and the stage under control 

(“N") to obtain DC values for VLOW (N-1) and VCS (N). The replica of stage N replicates only 

halfcell since it is enough for VCS (N) calculation. Please note that this is connected to 

previous stage supply VDD (N-1) instead of VDD (N) in order to avoid establishing a global 

feedback loop. For this reason RD(N) has been scaled accordingly (K=1/1.5 in order to 

mimic what M(N) drain voltage would be, approximately, if supplied form VDD(N) ) .

A simple comparator determines which of these values is the lowest one and transmits it 

to the next stage: a levelshifter. The level shifter implements an offset voltage of 1.0V 

(maximum VDS and VGS for core devices) that is added to VLOW (N-1) or VCS (N) (the lowest 

one) in order to generate the reference value for “N-stage” supply: VREF (N). Note that the 

1.0V generated offset is very constant across process and temperature since it is 
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generated by an IR drop (while current ILS is generated from an internalresistor voltage

controlled current source, VCCS). 

All the replica circuits will be scaled in order to reduce the power consumption and area. 

Note that applying a scaling factor; the required voltage references for the analog control 

circuit are the same. For instance IBIAS (N-1) can be reduced to IBIAS (N-1)/50 as long as RD (N-1)

is increased to 50·RD (N-1) and M (N-1) is also scaled to M (N-1)/50. Thus, reference voltages 

needed for the analog control circuit, VLOW (N-1) and VCS (N) are obtained but replica circuits 

consume 50 times less than the main circuit. 

It must be also pointed that the input levels for the replica stage Vin, HIGH (N-1), Vin, LOW (N-1)

are not critical since VLOW (N-1) and VHIGH (N-1) are exclusively a function of VDD (N-1), RD (N-1)

and IBIAS(N-1) as long as the differential pair is fully unbalanced. 

7.2.4 Interface option comparison 

Strengths Drawbacks 

Capacitive 

coupling 

� Simplicity � Not suitable for lower frequencies (few 

MHz), since large onchip capacitors 

would be required. 

� Capacitive coupling of noise sources 

Cascoded 

output stage 

� Embedded protection scheme.  

� Doesn’t need of additional 

stages or auxiliary circuits 

� Jitter performance degradation due to 

additional devices in the signal path. 

Progressive

supply 

domains 

� Minimum impact on 

jitter/phase noise performance  

� Dedicated regulators and other 

auxiliary circuits are required in order 

to avoid reliability issues 

Table 7.6 Comparison of different options for 1.0Vto3.3V voltage domain translation 

After reviewing different options for voltage domain translation, focusing on keeping jitter 

and phase noise performance with minimum degradation, “progressivesupply domains” 

technique has been chosen for the clock driver implementation. In term of clock 

degradation, this techniques shows minimum impact on jitter and phase noise numbers, 

while presenting no significant barriers for its onchip implementation.  
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Indeed, the need of extra dedicated regulators adds additional effort only in the design 

stage. In terms of power and area consumption it can be considered transparent, since 

supply regulation would be required anyway: even if we consider a set of N regulators 

supplying a set of N drivers implementing progressive domains, the required regulation 

strength would be the same  

7.3 Predriver Design 

The role of the Predriver consists on providing the maximum buffering capability for the input 

signal (allowing driving of the output stage with the maximum slewrate) while maintaining the 

loading input capacitance as low as possible, in order to avoid signal degradation at the earlier 

stages of the signal path. 

Figure 7.9 Predriver with auxiliary circuits and dedicated supply regulation section. 



129CMOS Lowjitter Clock Driver Design                               __________________________________     

To optimize its performance in terms of period jitter, processes described in chapters 2 and 3 have 

been applied. In the same way, resistor tail biased CML cells (RCML), described in chapter 4 has 

been used as basic building block for the Predriver, due to its capability for offering low phase 

noise profiles 

After analyzing different options in section 7.2, “progressive voltage domain” technique has been 

applied. The 3stage optimized buffer described in chapters 3 and 4 has been adapted for such a 

purpose. Thus, 3rd stage is supplied with an intermediate voltage (around 1.5V), which allow us to 

rise the output common mode (or input commonmode from the output stage’s point of view) to 

typically 1.25V. 

The Predriver includes a set of auxiliary functions. ICMRRenhancement (chapter 4, section 4.3) is 

implemented inside the supply regulation section. Indeed, it is implemented through 1st stage 

regulator. Reference value is extracted from a replica circuit as show in figure 7.9. 

Figure 7.10 differential output clock sensitivity to input commonmode with (red) and without 

(blue) ICMRRenhancement circuit. 

As shown in previous figure, ICMRRenhancement increases commonmode rejection ratio of the 

Predriver. Thus, the sensitivity of the output signal to inputcommon mode variations is reduced 

in more than 20dB up to 10 kHz and more than 7dB wideband. Translated to deterministic jitter, 

this is: 
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Input commonmode noise 

(200mVpp) 

Deterministic jitter (ps peaktopeak). 

Without ICMRRenhancement With ICMRRenhancement 

f<10kHz 5.9 0.511 

f>10KHz 5.9 2.55 

Table 7.7 input commonmode noise induced deterministic jitter 

Deterministic peaktopeak jitter can be expressed in R.M.S. using the Gaussian probability density 

function (PDF) table (see chapter 2, section 2.3.2). Considering 10000 samples, 2.55ps peakto

peak are equivalent to 685fs R.M.S. This number will be useful to evaluate total jitter performance 

for the clock driving, considering both random and deterministic sources.  

In order to implement voltagelevel translation by means of “progressivevoltage domains” 

technique, an analog controller (introduced in section 7.2.3) calculates the maximum value for the 

1.5V intermediate supply as function of process and temperature (establishing an adaptive 

supply), in order to avoid reliability issues while rising output commonmode as much as possible. 

Transistorlevel design of different amplifiers used for the regulators has already been detailed in 

previous chapter. The levelshifter used in the analog controller for adaptive supply is described 

below. 

Figure 7.11 Transistorlevel implementation of levelshifter for adaptive supply                         

analog control circuit 

The Levelshifter amplifier shown in figure 7.9 is formed by transistors M17. The structure is 

derived from a conventional differential pair with current mirror load. In order to reduced 
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systematic offset of the amplifier (due to currentmirror load) and improve the accuracy of the 

offset value generated (1.0V), transistors M3 and M4 has been incorporated.  

The solution takes advantage from the fact that output node will always be higher than the 

inverting input. Thus, transistor M4 can be stack, making M2 drain voltage VbVGS4. Since M3 and 

M4 gates are connected, at the quiescent point (IDS,M1 = IDS,M2), the circuit will force M1 and M2 

voltages to be the same, reducing the systematic error of the circuit. 

Transistors M8 and M11 implements the current sources ILS drawn in Predriver toplevel (figure 

7.9). both current sources are forced to have the same value since M11 forms a current mirror 

with M10, which draws the same current that M8 (M8 and M9 have the same size). Additional 

considerations have been applied in order to reduce systematic error (mismatch between top and 

bottom ILS current sources). 

Figure 7.13. Implementation of current sources ILS for levelshifter. Simple current mirror (a) and 

circuit improvement for systematic error minimization (b) 

First, conventional current mirror M1011 in figure 7.13a has been replaced with a levelshifter 

version (incorporation of M12 in figure 7.13b). This allows us to reduce systematic error due to 

large mismatch between M8 and M9 drain voltages. Secondly, resistor R2 (matched with R1) has 

been incorporated. With all these extra elements, if we chose the size of M12 in a way its VGS is 

more or less similar to Va’, we will guarantee VDS8 = VDS9 and VDS,10 = VDS,11 , ensuring M8 and 

M11 currents are perfectly matched. 
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7.4 Output Stage and Output Power Control (OPC) 

Output stage is designed to drive a differential 100Ω termination. This is the equivalent to 50 Ω 

terminations singleended and most of the circuits for highspeed applications use this value. We 

assume this termination will be the impedance seen at the input of the receiver circuit (i.e.  Local

oscillator input for an upconversion mixer, the clock input in a data converter, etc). There are 

different styles for CML output stages, as shown in figure 7.13. 

Figure 7.13 different CML output stages 

Both figure 7.13a and 7.13b are currentmode output stages: the output is provided as current to 

be injected directly into the resistive load. 

In Figure 7.13a the driver is not capable to define the output commonmode level, so it must be 

defined at the receiver side. This can be done by injecting the commonmode voltage at the 

middle point of the load (100Ω resistor is halved for such a purpose), although this means the 

receiver must be able to generate VCM with a sourcing current capability as high as the output 

stage biasing current, which can mean too much penalty for the receiver. 
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Figure 7.13b sets the output commonmode locally, by using two pull up current sources (actually, 

this could be done with any other type of highimpedance load). This circuit will require an output 

commonmode control to set the proper value of the top current sources and ensure the output 

commonmode level is OK. This would add some extra complexity to the output stage. 

However, the main drawback of these currentmode output stages is they show a highimpedance 

output. For highspeed applications, is very convenient driver output impedance to be adapted 

(this is, presenting 50Ω singleended or 100Ω differential output impedance) this way, it can driver 

transmission lines without suffering from reflection effects, which can hurt signal integrity. 

The condition to consider the interconnection as a transmission line is that its length must be 

larger than the signal wave length λ, which is calculated with the formula: 

rf

c

)
* � (7.6)

Being c the speed of light, f the signal frequency and εr the relative permittivity of the material. 

Although is very improbable to satisfy this condition for a onboard application running at few 

GHz, we do want to provide an adapted output impedance for out clock driver design, in order to 

consider further applications if necessary. In the same way, must of commercial clock driver 

designs present a 50Ω singleended or 100Ω differential output impedance. 

In order to provide adapted output impedance, figure 7.13c is terminated with 50Ω pullup 

resistor, showing 100Ω differential output impedance. Also, the output commonmode is now 

easily defined as: 

2
,

Dbias
DDCMOUT

RI
VV �                                                        (7.7) 

The prize to pay for a terminated output stage is the efficiency is reduced to 50% when compared 

with currentmode output stage. Some solutions have been proposed to overcome this drawback, 

like active impedance synthesis concept (reference [7.1]), although it is very complicate to extend 

this technique to GHz rates. 

As it has been already mentioned, design shown in figure 7.13c can be used to drive the load when 

considering the interconnection as an adapted transmission line (figure 7.13d). If the generated 

output commonmode is not suitable for the receiver, it can be decoupled using external 

capacitors as shown in figure 7.13e. However, in such a case, the receiver will have to generate the 

commonmode internally. 
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For all those reasons, figure 7.13c will be used as clock driver output stage, presenting the beast 

tradeoff between versatility and complexity. 

Another important aspect to consider is the power levels the output stage has to deal with. The 

designed clock driver can be programmed to deliver different output power levels, as shown in 

table 7.8. Here, the output stage biasing current as well as the voltage peaktopeak singleended 

seen at each of the CML stage outputs are summarized.  

Power Mode Ibias (mA) Vpp singleended (mV) 

3dBm 12.5 312.5 

0dBm 18 450 

+3dBm 25 625 

+6dBm 36 900 

Table 7.8 Output stage programmable power levels 

Once determined the termination style to be used in the output stage, alongside the power levels 

specification, we can determine both the minimum supply required as well as the device type 

(1.0V core or 3.3V overdrive) to be used. 

Highlevel and lowlevel voltages must be determined. For the calculation, output stage under full

switching condition is analyzed (figure 7.13). 

Figure 7.13 CML output stage under fullswitching conditions 
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Under this condition, the whole biasing current is passed through and equivalent resistor Req : 

� � +�+�++� 5.3710050//50eqR (7.8) 

The lowlevel voltage is then defined: 

biaseqoutREGL IRVV � , (7.9) 

The minimum power supply must allow allocating the whole voltage swing without incurring on 

violations of the conditions specified in chapter 2 for CML stages. It must be avoided for output 

voltage swing to force ON transistor to get out of saturation. Thus, lowlevel voltage VL cannot 

drop below Vin,H – Vth . Thus, the following restriction applies to output stage regulated voltage: 

biaseqthHinoutREG IRVVV �$ ,, (7.10) 

However, some margin from this condition is highly recommendable, in order to avoid driving 

capability loss at the switches. Taking into account this condition, and considering a maximum 

biasing current of 36mA (as specified in table 7.8), it can be shown at least VDS voltage for off 

device will necessary exceed 1.0V, making 3.3V overdrive devices a must for the output stage. 

From the point of view of device reliability, OFF transistor and output highlevel VH must be 

considered. For VH calculation: 

�
�

�
�
�

�
+


+�

50
50 LREG

biasREGH

VV
IVV                                          (7.11) 

Figure 7.14 illustrates a typical condition for the CML output stage at +6dBm output power mode 

(IBIAS = 36mA): 
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Figure 7.14 Device reliability analyses for +6dBm power mode 

In previous figure, we can see how both VDS and VDG for OFF device typically exceed 1.0V. Thus, 

core devices cannot be used for the output stage. We could consider using a cascoded output 

stage; however, it means several drawbacks, as it has been explained in section 7.2. For this 

reason, 3.3V overdrive devices are used in the output stage. 



137CMOS Lowjitter Clock Driver Design                               __________________________________     

7.4.1 Output Power Control (OPC) 

The clock driver offers the possibility of programming the output power level, this is, the 

output voltage swing. This way, power consumption can be optimized for different 

applications 

Output power level is controlled by means of the output stage biasing current. In order to 

achieve low additive phase noise, a resistorbiased output stage has been selected, and 

the Output Power Control (OPC) system must be designed according to this. 

For such a purpose, OPC system based on digitallyprogrammable tail resistor has been 

designed, as shown in figure 7.17.  

DRV_OPC<1:0>

DRV_OPC<1:0>

tune<4:0>;<31:0>

AUX_CLK_12M

DAC
Digitally 

Programmable

Resistor B

Digitally 

Programmable

Resistor A

50 Ω50 Ω

100 Ω

OUTPUT  STAGE OUTPUT  POWER CONTROL

VREG_1.5V

R tune2R tune1

tune2V
Vtune1

IBIAS

IREFIREP

 Figure 7.17 Output stage with Output Power Control 

OPC could be done with feedforward, coarsetuned scheme, simply controlling output 

stage’s tail resistor value with programming bits DRV_OPC<1:0>. Figure 7.18 shows how 

output voltage swing is varied for the different output power mode levels doing this. 
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Figure 7.18 Output voltage swing for 3dBm, 0dBm, +3dBm and +6dBm 

For the output stage tail bias, we have defined a unitary resistor of 358Ω (width=4.8um, 

length=2um); output power can be tuned just by connecting more or less units in parallel. 

For typmid27C corner, required output power levels can be achieved by connection the 

units specified in the following table: 

Output Power Mode 3dBm 0dBm +3dBm +6dBm

Tail biasing resistor 7 units         

RB, eq = 51Ω 

12 units         

RB, eq = 30Ω 

19units         

RB, eq = 19Ω 

39 units         

RB, eq = 9Ω 

Table 7.9 Configuration of digital programmable resistor (typmid27C) for different output 

power levels 

However, simple tuning of output stage biasing resistor will lead to significant variations in 

the output voltage level swings due to process and temperature variations. In chapter 4, a 

brief analysis of the sensitivity of resistorbiased CML circuits with resistor and MOS 

threshold voltage has been done. In addition to these parameters, we have to take into 

account the fact that input logic levels will vary with process and temperature as well, 

since 1.5V supply is adaptive and tracks process and temperature variations in order to not 

damage the core devices. 

Because of these reasons, automatic fine tuning scheme is incorporated, as shown in 

figure 7.17. The system is based on a replica circuit and a mixedsignal control loop. A 

currentmode DAC generates a reference current which is a function of DRV_OPC<1:0>. 
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This digitally programable current reference is used to generated an IR drop, defyning 

voltage. This voltage referecne is compared with the output voltage Va generated by a 

replica of the outpyt stage, biased with a digitally programmable resistor, DRP from now 

on (Resistor B), which is embedded inside the mixedsignal loop. Finally, and by the action 

of the loop, DPR Resistor B is adjusted in order to make Vtune1 =Vtune2 . Once this point is 

achieved, DRP “Resistor B” behaves like a resistor tail bias with the value imposed by the 

output power control bits , even despite process and temperature variations. 

Finally, the effects of automating fine tuning of output power control is shown in figures 

6.19 and 6.20 (for the +3dBm output power configuration). 

Figure 7.19 250MHz Output waveform for +3dBm without automatic tuning 

Figure 7.20 250MHz Output waveform for +3dBm with automatic tuning 
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Output Power Mode Without OPC With OPC

3dBm ±12.9% ±9.9%

0dBm ±15.2% ±9.5%

3dBm ±21% ±8.8%

6dBm ±29.2% ±9.1%

Table 7.10 Output power level variation with and without automatic OPC tuning 

A more detailed view of different key elements of the output power control, like digitally 

programmable resistors, currentmode DAC or digital control is now provided. 

Digital programmable resistor comprises a first section where coarse tuning is provided 

and directly controlled by DRV_OPC<1:0> signal. The final value of the biasing resistor is 

obtained with the addition of fine tuned biasing resistor Rbt<31:0> (a 5bit scheme has 

been found enough for the application) 

For the replica circuit, same structure is used; with the only difference the 25 series units 

are used for each resistor, in order to reduced the overall replica consumption 

Figure 7.19 OPC digital programmable resistors (DPR’s) 
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Figure 7.20 Output Power Control (OPC) digital control block 

Figure 7.20 shows the digital control block of the OPC block. Signal DRV_OPC<1:0> is 

coded and converted form binary to thermometer (B2T_2bit) and applied to coarse 

section Rb<21:0>. The mixedsignal loop showed in figure 7.17 controls the fine tuning 

resistor part. The binary counter increases the count until comparator toggles, the count 

stops, defining the control word for the fine tuning section. 

A currentmode DAC (Power Tuning DAC) is used to generate the reference voltage. It is a 

2bit, thermometer coded DAC. Its design is shown in figure 7.21. 

 Figure 7.21 Power tuning currentmode DAC 

The Power Tuning DAC uses a regulated current mirror scheme (see figure 7.22) that 

allows very accurate current mirroring while lowvoltage at the input current branch. This 

way, no headroom issues are passed to previous block (a bandgap, a local biasing block, 

etc) and accuracy issues are not created there. An amplifier is used to sense drain voltage 

at both sides of the current mirror (M1 and M2) and force them to be equal by adjusting 

M2 drain voltage bu action of M3 (that forms a regulated source follower toghether with 

the ammplifier). This way, since VDS and VGS are perfectly replicated for M1 and M2, very 

accurate current copying is achieved. 
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 Figure 7.22 Regulated current mirror scheme used in Power tuning DAC 

In figure 7.21, the error amplifier is implemented with transistors M49. Some points are 

noteworthy in this amplifier. Basically it has been derived from a classic differential pair 

with current mirror load, although some modifications have been introduced. Firstly, tail 

current source has been removed. Transistors M45 are matched with M12, and its VGS is 

well defined, and biasing current is IBIAS. This way, very low input commonmode range is 

achieved and Va, Vb can be sensed with high accuracy. Additionally, transistors M67 forms 

a selfbiased cascode (technique has been explained in section 7.3, since it has been 

already used for the levelshifter circuit in the process adaptive supply control circuit) 

which reduces the systematic offset of the amplifier due to current mirror load. 

7.5 Chapter Results 

Clock driver architecture and basic building blocks has been described. Performance has been 

characterized under different conditions, like clock frequency, or loading capacitance. Results are 

summarized in the different tables and figures 

Output Power Mode Corner: Typmid27 Corner: Slowhigh125

3dBm 97.01 110.59

0dBm 91.86 106.2

3dBm 88.55 101

6dBm 78.21 88.43

Table 7.11 Clock signal 1GHz, Cload=2.5pF for different Power Modes 
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Output Power Mode CLOAD = 2.5pF CLOAD = 10pF CLOAD = 25pF

3 dBm 105 fs 138.1 fs 191.3 fs

0 dBm 96.36fs 130.5 fs 186.1 fs

3 dBm 88.55 fs 121.09 fs 181.9 fs

6 dBm 78.21 fs 103 fs 176.42 fs

Table 7.12 Clock signal 1GHz, different CLOAD, typmid27 for different Power Modes 

RIN=10K, 

CLOAD=2.5pF 

RIN=50, 

CLOAD=2.5pF 

RIN=10K, 

CLOAD=25pF 

RIN=50, 

CLOAD=25pF 

25MHz 92.82fs 44.39fs 167.6fs 145.7fs

250MHz 93.63fs 45.04fs 199.3fs 183.7fs

500MHz 93.36fs 45.65fs 356.6fs 332.6fs

1GHz 88.48fs 49.11fs 180.8fs 113.2fs

2.5GHz 82.72fs 36.64fs 163fs 60.74fs

Table 7.13 Clock signal 1GHz, different CLOAD, typmid27, Power Mode = 3dBm for different 

operation frequencies 

From tables 7.11 to 7.13 it can be seen how driver intrinsic jitter contribution (originated from 

device noise) if below 200fs for a wide range of operation conditions. This means the design is 

competitive with stateofthe art products present in IC market nowadays. 

We must recall these results are from schematiclevel simulation, so some degradation may be 

expected after layout extraction. However, the results offer significant margin to degradation 

(considering a nonoptimized layout) if the final target is to maintain period jitter below 1ps. 

In terms of additive phase noise, the clock driver offers excellent performance thanks to the 

adoption of RCML circuit topology. It must be noticed that one of the major drawbacks for CMOS 

technology in terms of phase noise has been overcome thanks to the use of flickerless resistive 

biasing system. 
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Figure 7.23 Clock signal at 1GHz. Phase noise profile for CLOAD = 2.5pF 

Figure 7.24 Clock signal at 1GHz. Phase noise profile for CLOAD = 25pF 

Different sources of deterministic jitter have also being considered and the clock driver design has 

being optimized accordingly, by introducing a dedicated supply regulation section and the ICMRR

enhancement circuit. Table 7.14 summarized the impact of these different sources in terms of 

peaktopeak and RMS period jitter. 
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Deterministic jitter source Peaktopeak period jitter RMS period jitter

Input commonmode 

(200mVpp, 10KHz) 

511fs 137fs

Input commonmode 

(200mVpp, 10MHz) 

2.55ps 685fs

3.3V supply                

(200mVpp, 1MHz) 

914 fs 245.6fs

Table 7.14 Clock driver (fCLK = 1GHz) deterministic jitter from different sources 

In table 7.14, peaktopeak jitter has been converted into RMS jitter according the procedure 

explained in reference [2.4]. Although deterministic jitter is more suitable to be expressed in peak

topeak, expressing it in RMS allows comparison with random period jitter (tables 7.11 to 7.13). 

From this comparison, deterministic jitter shows as a critical factor for clock driver final jitter 

performance. Most of IC vendors use to specify jitter performance assuming deterministic jitter 

sources has been properly minimized (with supply decoupling, etc). Thus, is not easy to set up a 

comparison in these terms. However, taking deterministic jitter into account, the clock driver 

design is capable to maintain period jitter below 1ps RMS at 1GHz clock frequency: 

fsJ C 7506.2456858.180
222 
���                                     (7.12) 

Output waveforms of the differential output clock signal are shown in figures 7.25 to 7.27.  
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Figure 7.25 Differential output waveform for 25MHz clock at +3dBm power mode 

Figure 7.26 Differential output waveform for 1GHz clock at +3dBm power mode 
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Figure 7.27 Differential output waveform for 2.5GHz clock at +3dBm power mode 

7.6 Chapter Summary and Conclusions 

Resistor tailbiased CML circuit allows to overcome limitations of CMOS technology in terms of 

driver phase noise (about 20dB in phase noise reduction is achieved up to tens of MHz in 

comparison with conventional current source biased CML circuits). Some design overhead is 

required in order to compensate the weaknesses of RCML circuits, mainly, reduced CMRR and 

PSRR, which would make the driver more sensible to system disturbances and increasing 

deterministic jitter. However, these extra circuits can be designed with a little fraction of the driver 

power consumption and area, making worth the design effort. 

Benefits from using 40nm 1.0V core devices allow us to achieve a GHz design, for this reason, most 

of the driver chain has been implemented with such devices. In order to providing the clock 

system with the capability of driving external systems with voltage domains much higher than 1.0V 

(3.3V typically), voltage translation from 1.0V to 3.3 has been implemented using the “progressive

voltage domains” technique, allowing the extensive use of core devices until swing limitations 

arises (40nm core devices can not deal with swings larger than 1.0V without incurring in reliability 

issues). Thus, all the driver core but the output stage employs core devices, while the output stage 

is designed with 3.3V overdrive devices also available in this 40nm process. 

RCMLbased clock driver has been designed and optimized, alongside a set of auxiliary 

functionalities: supply regulation, ICMRRenhancement circuit and output power control. 
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Supply regulation allows us to provide a much robust design especially suitable for noisy mixed

signal environments. It also facilitates the different supply values required for implementing the 

progressive voltage domains technique 

ICMRRenhancement circuit actively compensates CMRR degradation of RCML circuits, minimizing 

the amount of deterministic jitter cause by input commonmode noise 

Output power control offers the possibility of trimming the clock driver output power (voltage 

swing), in order to maximize overall system performance with optimum power consumption. 

Finally, designed clock driver performance is comparable with stateoftheart products (sub1ps 

clock drivers), considering both intrinsic jitter and deterministic jitter. 
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The design process of an analog IC has been covered in this work, from systemlevel design to 

transistorlevel design of the different building sub blocks. The thesis has been focused on the 

design of a highperformance clock driver IP block 

Different circuitlevel design techniques and optimization methods have been investigated and 

proposed in order to achieve highperformance clock drivers in standard 40nm CMOS process. 

Taking advantage of the intrinsic highspeed performance of 40nm core devices, while overcoming 

the effects of excessive 1/f noise of these devices, both lowjitter and low phase noise has been 

achieved. In the same way, device reliability has been addressed in the design, providing 

considerations ant techniques that allow using core devices without incurring in device over

voltage stress.  

The achieved overall performance is comparable with stateoftheart products currently available 

in the IC market. 

As part of the future work, layout, extracted simulations and chip fabrication and characterization 

of the IC are than main tasks. Once these stages are completed, we will receive the necessary 

feedback to validate the different techniques proposed in this work. 

Although the design has been conceived as a versatile IP block, future potential applications of the 

clock driver may require its customization or slightly modifying some of its characteristics 

depending on the target application. 
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