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Abstract

1.0 - 2.0 GHz Wideband PLL CMOS Frequency Synthesizer

by

Chao W. Huang

CMOSmixed-signaldesignhasbecomevery popularin today’s semiconductorindus-

try. This paperis to demonstratea CMOS frequency synthesizerdesign,whosepri-

marypurposeis to testthedesigner’s high speed,mixed-signalCMOScircuit design

skill. The designuses0.25um deepsub-micronCMOS processtechnology. Thus

issuessuchasnoiserejection,high frequency parasiticeffects,leakagecurrent,power

dissipation,etc.canbeexposedandthedesigner’s problemsolvingskills canbeexer-

cised.A new counterdesign,the “modified Möbiuscounter”is alsopresentedin this

design.Furthermore,this designis usedto verify theusabilityof thepreviously setup

customdesignflow andstandardcell designflow, which maybeusedfor futureaca-

demic teaching purpose.
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1 INTRODUCTION

PLL-based frequency synthesizers are used in many electronic applications. In the past,

frequency synthesizers were mainly implemented by using discrete components. How-

ever, due to the package electrical characteristics, building a frequency synthesizer with

discrete components to meet the advancing design speed constraint becomes more and

more difficult. This is more obvious in the growing wireless communications market.

In a wireless communication system, to achieve higher speed, lower cost, smaller form

factor, and lower power dissipation, the frequency synthesizer is usually integrated

together with other circuits in low-cost CMOS technology. This in turn requires enough

supply-noise isolation for the synthesizer to provide low phase-noise output. Because

of its good supply noise and common-mode noise rejection properties, the differential

structure is commonly used in on-chip frequency synthesizer design.

Another issue of on-chip synthesizer design is the difficulty of generating output with

wide frequency tuning range. This is because to have wider output frequency tuning

range, larger capacitance is required. Since current CMOS technologies do not provide

good capacitance/area ratio, it is expensive to build a large capacitor and therefore,

limits the synthesizer’s output tuning range. In order to increase the tuning range with-

out increase the chip area usage, multi-VCO unit can be used. The idea is to partition
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output frequency range into sections, one VCO is responding to one section. A multi-

plexer unit is used to direct the valid VCO output to the synthesizer output. Therefore,

with multi-VCO structure, wider tuning range can be achieved with limited capacitance

area usage.

One of the core components in the frequency synthesizer is the programmable counter.

Traditional counter designs are normally based on either binary or one-hot design struc-

ture. Binary counter structure is chip-area efficient but gives slow performance. On the

other hand, one-hot design provides good speed performance, but is chip-area expen-

sive. Due to these limitations, in a high-speed and wide-tuning-range synthesizer, nei-

ther binary nor one-hot design structure may be usable for programmable counter

design. Therefore, a new counter design structure is necessary.

In the following chapters, we will demonstrate the design and implementation of a fre-

quency synthesizer by using the concepts described about. Also, we will present a new

counter design, the so-called modified Mobius counter. This counter structure can pro-

vide speed performance comparable to one-hot design while using limit amount of chip

area. It also gives the benefits of lower power consumption and glitch-free output.

We will also briefly discuss the custom design flow and standard design flow that are

used in this design. To complete the demonstration, we will also cover the design and

construction of high-speed differential pad and generic pads circuits. Lastly, we will

discuss the IC test and measurement plan for the design. The complete synthesizer
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design implementation complies with TSMC 0.25 CMOS technology and the pro-

totype is sent out on May 17th, 2004 for fabrication.

µm
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2 INTRODUCTION TO
THE FREQUENCY
SYNTHESIZER

2.1 Introduction

The frequency synthesizer’s simplified block diagram is shown in Figure 2-1. In the

frequency synthesizer, the PLL block is responsible for generating an output signal

whose frequency is dependent on the phase relationship between two input signals. The

phases of a reference signal, fref, and a feedback signal, ffb, are compared in a phase-

frequency-detector (PFD), and the phase difference is then converted by a charge pump

and low pass filter (CP/LPF) circuit into a control voltage. This voltage controls the

VCO to generate a signal with the desired frequency. A divider is inserted on the feed-

back path, giving . Since in the locked condition, fref and ffb must be equal,

fout is simply equal to the product of fref by M. Shown in Figure 2-1(b) are the simple

waveforms with M=4. By changing the multiplication factor, M, signals with desired

frequency can be generated.

In order to understand and analyze the functional behavior of the frequency synthesizer,

it is necessary to construct a linear model for the system. As we will see, the frequency

synthesizer is a non-linear device but it can be modelled as a linear device since under

f fb fout M÷=
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normal operation, the system behaves fairly linearly. In this chapter, we will start by

briefly discussing each building block and its linear model. We will then combine the

models and analyze the synthesizer system as a whole. Since we intend to concentrate

on circuit design here, an in-depth discussion of each building block and its model is

beyond the scope of this thesis. More information can be acquired from [Dai03] and

[Rabaey02].

2.2 Frequency Synthesizer Basics

As seen in Figure 2-1(a), the frequency synthesizer has four sub blocks: PFD, CP/LPF,

VCO, and feedback divider blocks. The PFD block is used to determine the phase dif-

ference between the reference and feedback signals. Depending on the input signals’

phase relationship, i.e. one leads or lags the other, the PFD produces an appropriate

output signal. This is best described with the PFD phase characteristics plot shown in

(a) Block diagram (b) Typical waveforms with M=4

Figure 2-1. Simplified block diagram and waveforms for a frequency
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Figure2-2,in which, . Theplot showsthatthePFDis anonlin-

eardeviceandit hasa linearphaserangewithin 360degrees.Whenthesynthesizeris

in lockedstate,the phaseerror betweenfeedbackandreferencesignalsarenormally

small, which is well within the PFD’s linear operatingregion.Therefore,in locked

mode, we can consider the PFD block a linear device.

Figure 2-2. PFD phase error vs. Vout plot.

The phasefrequencydetectordescribedabovecanbe implementedby a digital state

machine,whosestatediagramandschematicareshownin Figure2-3.ThePFDdesign

producesnon-complementaryoutputsUPandDN. TheUPsignalis usedfor increasing

thevalueof controlvoltageandtherefore,increasingtheoutputfrequencyof theVCO.

A DN signaldoesthe exactlyoppositejob, and is usedfor lowering the output fre-

quency.Theduty cycleof eachsignalis dependenton thephaserelationshipbetween

thetwo inputsignalsandtheirphasedifference.Assumingfref is leading,theDN signal

∆φ phaseref phase– f eedback=
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remains inactive while the UP signal become active with a duty cycle of , as shown

in Figure 2-4. When ffb leads, the UP and DN signals behave exactly the opposite.

Figure 2-3. State diagram and schematic of PFD

Figure 2-4. Sample waveforms for PFD/CP/LPF combination.

Since the UP and DN signals are digital signals, they must be converted into an analog

voltage to control the VCO. A charge pump and a low-pass filter unit serves the pur-

pose. Shown in Figure 2-5 is one possible implementation of a CP/LPF unit. It consists

of two switched current sources that pump charges into or out of the low-pass filter

∆φ
2π
-------

(a) State diagram (b) Schematic
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accordingto thePFDoutputs.VCO controlvoltage,Vout, riseswhenUP is activeand

theamountof voltagechangeis dependenton theduty cycleof theUP signal,which

can be seen in Figure2-4. Similarly, Vout decreases when DN is active.

Figure 2-5. Schematic of a charge pump

Let usconsiderthecasewhenthe referenceclock is leadingthe feedbackclock. The

average output current from the charge pump is then given by

. ( 2-1)

In which,T is theperiodof thereferencefrequency.Therefore, is simply the

duty cycle of UP signal. Thus, we have

. ( 2-2)

Equation2-2canbeappliedto thecaseswhenthefeedbacksignalis leadingtherefer-

enceclockaswell, with bothphaseerrorandoutputcurrentnegative.Hence,thetrans-

fer function of the PFD and charge pump can be expressed as

Vdd

Gnd Gnd

UP

DN

Vout

CP

Icp

Icp

Iout Icp

tUP acti ve–

T
-------------------------⋅=

tUP acti ve–

T
-------------------------

Iout Icp
∆φ
2π
-------⋅=
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. ( 2-3)

In simplest case, a low-pass filter can be made as one capacitor connected from limited-

impedance signal line to ground, as shown in Figure 2-5. Its transfer function is then

given by

. ( 2-4)

The output voltage from the low-pass filter is fed into the voltage-controlled oscillator

unit. There are two types of VCO designs that are widely used in the industry, ring

oscillator VCO and LC VCO. An LC VCO offers good phase noise performance. How-

ever, its requiring special fabrication process, occupies much bigger area, and narrow

tuning range properties make it unsuitable to be used in our design. Therefore, we

choose to use a ring oscillator for the VCO. The transfer characteristic of a VCO unit

can be described as

. ( 2-5)

Integrating on both sides, we have

, ( 2-6)

yielding the transfer function

. ( 2-7)

The output signal generated by the VCO unit is then fed back to the PFD via a divider unit.

The feedback divider carries the function , which is in our case, .

Iout

∆φ
-------- s( )

Icp

2π
------=

Vout

Iout
----------- s( ) 1

s Cp⋅
-------------=

fvco t( ) Kvco Vout t( )×=

φvco t( ) Kvco Vout t( ) td
0

t

∫=

Φout

Vout
----------- s( )

Kvco

s
------------=

f in M fout⋅= f fb
1
M
----- fvco⋅=
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With each sub system’s linear model defined, we can now construct a linear model for

the frequency synthesizer system. The combined synthesizer’s linear model is shown

in Figure 2-6. The model gives a closed-loop transfer function

. ( 2-8)

Figure 2-6. Linear model of the frequency synthesizer.

Figure 2-7. Schematic of modified loop filter.

H s( )
Φout s( )
Φin s( )
-------------------

Icp

2π
------ 1

s Cp⋅
-------------

Kvco

s
------------⋅ ⋅

1
1
M
-----

Icp

2π
------ 1

s Cp⋅
-------------

Kvco

s
------------⋅ ⋅ ⋅+

-------------------------------------------------------------= =

Gnd

Cp

R

VoutIcp

Gnd

C2

Gnd

Cp

R

VoutIcp

With C2 << Cp

(a) Second order filter (b) simplified filter
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The closed-loop system contains two imaginary poles, which suggest that the system is

unstable. In order to stabilize the system, a modified loop-filter unit is used to add a zero

and pole to the system, as shown in Figure 2-7(a). The zero and the pole are given by

( 2-9)

( 2-10)

Capacitor C2 is used for suppressing the ripple noise caused by R-Cp loop and can be

neglected as long as it is much smaller than Cp. Thus, the loop filter can be simplified

to the circuit shown in Figure 2-7(b). The pole of the system becomes

, ( 2-11)

the loop filter’s transfer function becomes

, ( 2-12)

yielding the new frequency synthesizer’s close loop transfer function

. ( 2-13)

Therefore, the natural frequency , damping factor , and loop bandwidth can be

written as

( 2-14)

( 2-15)

. ( 2-16)

ωz
1

RCp
----------=

ωp

Cp C2+

RCpC2
-------------------=

ωp
1

RC2
----------≅

Vout

Iout
----------- s( )

1 sRCp+

sCp
-----------------------=

H s( )

Icp

2π
------ Kvco⋅ sR 1

Cp
------+ 

 

s
2

sR
Icp

2πM
------------ Kvco

Icp

2πMCp
------------------- Kvco⋅+⋅ ⋅+

----------------------------------------------------------------------------------------------=

ωn ζ ωlpf

ωn

Icp

2πMCp
------------------- Kvco⋅=

ζ R
2
----

IcpCp

2πM
------------- Kvco⋅=

ωlpf 2ζωn

IcpKvcoR

2π M⋅
-----------------------= =



12

To keep the system stable yet to have fast settling time, and are

used [Wolaver91].

2.3 Phase Noise and Timing Jitter Issues

Since most applications require clean and precise clock signals, making a frequency

synthesizer with low output phase noise and timing jitter is a major concern in this

design. Because the PLL as part of the synthesizer system is an analog circuit, it is

inherently sensitive to noise and interference. In particular, a ring oscillator, which is

used in our VCO design, is the biggest phase noise and timing jitter contributor

[Kim90]. Other analog blocks including the charge pump and the loop filter also pro-

duce significant effects on the system in terms of phase noise and timing jitter. There-

fore, a design with high supply and substrate noise rejection, such as one using

differential circuit structure is desirable. In our design, we have adopted the differential

VCO circuit topology in [Dai03] and charge pump/loop filter’s in [Li00]. Detail discus-

sion on the circuit topologies and their impact to the system phase noise and timing

jitter can be obtained from the sources.

2.4 Conclusions

In this chapter, we have reviewed the basic knowledge for a frequency synthesizer

design. We have also briefly studied each of the synthesizer’s building blocks and its

transfer function as well as the linear model and transfer function for the synthesizer

itself. In the end, we have shortly reviewed the importance of minimizing phase noise

ωp 4ωlpf= ωz
1
4
---ωlpf=
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and timing jitter in a frequency synthesizer and one of the possible solutions, which we

used in our design. This chapter serves as a foundation for design analysis in later chap-

ters. Circuit design and analysis for each building block of the frequency synthesizer

will be presented in the following chapters.
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3 PHASE-LOCKED LOOP

3.1 Introduction

In this chapter, we will demonstrate the phase-locked loop block design. A PLL block

is the core of our frequency synthesizer design. Because it is a system containing many

analog sub-circuits, it can be used to test the designer’s analog expertise. Also, since it

has many design constrains that will be shown in the following part of the chapter, we

will use a full-custom design flow for the PLL block layout. Before presenting the PLL

design, let us first look at the design specification for the frequency synthesizer .

Since one of this design intentions is to test the standard cell set and pads that were pre-

viously created, an output frequency range from 1.0 to 2.0 GHz with 2.0MHz resolution

is desirable, as can be seen from the table. Since the maximum output frequency is

twice as fast as the minimum output frequency, by inserting a number of divide-by-two

divider stages in the output path, the system is able to generate a frequency range from

Table 3-1. The frequency synthesizer’s design specification.

Input reference frequency 1.0 MHz

Output frequency 1.0 - 2.0 GHz, step 2.0 MHz

lock-in time < 1.0 ms

Power consumption < 200 mW

Process technology comply with TSMC 0.25um CMOS

Supply voltage V2.5 0.2±
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DC up to 2 GHz. Therefore, we can use the output signal to test the maximum frequency

the standard cell sets and pads can support. However, such a wide range can create a

number of potential issues, including the difficulty of building a VCO unit that covers

this output frequency range and an increase of loop filter size. In the following sections,

we will show how to conquer these issues.

3.2 Voltage-Controlled Oscillator

As mentioned before, we choose to use a CMOS ring oscillator rather than an LC-tank

for our VCO design. This is because it gives a wider tuning range and uses smaller

design area. However, it is still difficult to construct an oscillator that can provide 1.0

to 2.0 GHz output frequency. In order to solve this issue, we came up with a VCO unit

design whose block diagram is shown in Figure 3-1.

Figure 3-1. VCO block diagram.

Vout f

low

frequency

VCO

high

frequency

VCO

SelectSelect

out

S1 S2
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Unlike a typical VCO unit, the one in our design contains two VCO cells, each gener-

ating a subset of the frequency range, i.e. the low frequency VCO generates frequencies

from 1.0GHz to 1.49GHz; and the other one generates the frequencies from 1.49GHz

to 2.0GHz. A SEL signal is used to choose which VCO to use. By carefully design these

VCO blocks, we can have them cover the full range of frequency output while having

similar values of . This is important since it helps to reduce the system area.

Equation 2-16 on page 11, suggests that with constant , Icp and R can remain

unchanged. Therefore, we can use one charge pump and loop filter in the design rather

than two. As we shall see later, using one set of CP/LPF unit reduces system area by

40%.

In the following section we will cover the circuit design and component sizing calcula-

tions. For demonstration purposes, we use the design parameters given in [Rabaey02],

which are re-listed in Table 3-2. These values will be used in later chapters.

3.2.1 Design of VCO Cells

An n-stage inverter oscillator block diagram is shown in Figure 3-2. The VCO design

uses a fully differential structure in order to achieve good supply and substrate noise

rejection. Since we partition the output frequency range into two parts, we use a 3-stage

VCO to generate the lower range frequency output, and a 2-stage VCO for the upper of

Table 3-2. Parameters for manual model of generic 0.25 CMOS process (minimum length device).

NMOS

PMOS

Kvco

M
------------

Kvco

M
------------

µm

VT0 V( ) γ V
0.5( ) VDSAT V( ) k′ A V

2⁄( ) λ V
1–( )

0.43 0.4 0.63 115
6–×10 0.06

0.4– 0.4– 1– 30
6–×10– 0.1–
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range output. For the inverter delay stage design, we use the circuit topology in [Dai03].

The schematic of the inverter delay cell design is shown in Figure 3-3.

Figure 3-2. n-stage inverter oscillator VCO ( )

Figure 3-3. Schematic of ring oscillator delay stage.

Shown in the figure, transistors M1, M2, M7 and M8 together form differential inverter

pairs, M9 and M10 are the current limiting devices, which are used to control the output

frequency; and M3-M6 form a pair of latches. The additional of latches into the tradi-

tional inverter-only structure changes the delay stage into a design with hysteresis. This
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is due to the additional delay that is caused by the latches. With this extra delay, it is

possible to obtain a 180 degree signal phase shift at finite frequency with a minimum

of two stages. Since this is the requirement for a ring oscillator to oscillate, an oscillator

containing only 2 stages is possible. As mentioned before, the VCO is the biggest phase

noise and timing jitter contributor in the system. Since phase noise and timing jitter are

accumulated by each delay stage in the ring, minimizing the number of stages in a VCO

unit can greatly reduce the system phase noise and timing jitter.

It is can be shown that the size ratio between the latch and the inverter pair decides the

total delay of a stage. If we can change the effective widths of the inverter pair, we can

also change the output frequency of the ring oscillator. M9 and M10 are used exactly

for this purpose. Increasing the differential control voltages applied at the inputs of M9

and M10 is equivalent to increasing the effective widths of M1, M2, M7 and M8 by And

thus, causes the output frequency to rise. To simplify the circuit analysis that is shown

below, we are going to remove M9 and M10 from the circuit.

3.2.1.1 Circuit Analysis

To understand how the oscillator circuit works, let us first look at the step response of

the delay cell. Figure 3-4 shows an example case where step signals arrive at the inputs

Vi+ and Vi-. Since transistors M1 and M8 are in cut-off mode in this example, they are

removed from the schematic.
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Figure 3-4. Step response when Vi+: 0->1

At t=0,bothM2 andM7 areon,andcreatingthetwo currentpathsshown in thefigure.

SinceM3 andM6 arestill on, the outputstatesremainunchangeduntil whenVo+ =
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feedbackformed by the latch pairs,both outputsswitch statesrapidly. Now, let us

define this is thethresholdpoint of thedelaystage,in which,Vi+ = Vth andVi- = Vdd

- Vth. At thresholdpoint, M2 andM7 arein saturationandM3 andM6 arein linear

mode. On “current path 1”, we have

.  (3-1)

Solving for Vth, we get

.  (3-2)

WheneachNMOS andPMOSpair have equalstrength,Equation3-1 andEquation3-
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’0’
’1’

current path 2

current path 1

Vdd

Gnd

M2

M3

M6

M7

Vi+

Vi−

Vo+
Vo−

M4

M5

Id

kn′
2

-------
WM2

LM2
------------ V th VTN–( )2

kp′
WM3

LM3
------------ VTN V–

dd
VTP–( )VTP

VTP
2

2
----------–

 
 
 

= =

V th VTN 2
WM3

LM3
------------

LM2

WM2
------------ VTN V–

dd
VTP–( )VTP

VTP
2

2
----------–

 
 
 

⋅ ⋅ ⋅+=



20

Now, let us study the relationship between the threshold voltage and oscillator output

frequency by using the 2-stage oscillator as an example. The basic RC model and exam-

ple waveforms are shown in Figure 3-5. Rd is the equivalent drive resistor and Cg is the

equivalent input capacitor of a delay stage. In order for the system to oscillate, VTPB

must cross over the delay cell threshold voltage Vth at after VTPB starts rising, so

that it can trigger the next stage. Therefore, we have the following equation:

Figure 3-5. RC model of a 2-stage ring oscillator

.  (3-3)

Solving for T, we get

.  (3-4)

According to [Dai03], the circuit noise can be viewed as equivalent to a variation in the

threshold voltage, Vth. Thus, to minimize noise, we want to be as small as possible.

Solving Vth from Equation 3-4, we get

.  (3-5)
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Combining it with Equation 3-2, we have

.  (3-6)

For a 3-stage oscillator, results can be obtained using similar analysis. Optimal Vth for

a 3-stage oscillator is Vth=1.8V. Therefore,

.  (3-7)

Equation 3-6 and Equation 3-7 only give the optimal size relationship between latch

and inverter pair. We thus use them as a guideline and use HSpice to find the transistor

sizes that give both similar oscillators gain and optimal noise performance. Table 3-3

lists the device sizes for the VCO cells we use in our design.

Figure 3-6 shows a sample HSpice plot of the 2-stage VCO output period vs. control

voltage, confirming that is a monotonic function within -0.1V to 2.5V control volt-

age range. Acquired corner case Kvco values from simulation are listed on Table 3-4.

Notice the Kvco/M values of the two VCO types are very close to each other. This gives

us the ability to one CP/LPF for both VCO blocks in our design.

Table 3-3. Device sizes for the VCO delay cells.

Cell Device(s) M1/M7 M2/M8 M3/M5 M4/M6 M9 M10

Delay cell
for

2 stage
VCO

M 3 3 3 3 2 2

W 35 14 15 6 52 21.4

L 0.24 0.24 0.24 0.24 0.24 0.24

Delay cell
for

3 stage
VCO

M 12 12 2 2 2 2

W 8.75 3.5 10 4 17.5 7

L 0.24 0.24 0.24 0.24 0.24 0.24

WM3

LM3
------------

LM2

WM2
------------ 2.1≅⋅

WM3

LM3
------------

LM2

WM2
------------ 1.6≅⋅

µm( )

µm( )

µm( )

µm( )

Φout

Vctrl
-----------
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Figure 3-6. Example of the 2-stage VCO output as a function of Vctrl.

3.2.2 Design of VCO Switching Units

As mentioned before, it requires two extra switching units, as shown in Figure 3-1, in

order to use one CP/LPF unit for multiple VCOs. We will now analyze the design anal-

ysis for both units. For simplicity, we use single-ended version designs in the following

analysis. Let us first look at the design for Switch S1, whose schematic is shown in

Figure 3-7. In the design, M1, M2, M3, and M4 form a passing gate MUX structure.

According to the select signal SEL, the input VCO control signal is routed to either the

A or B output. In order to reduce cross-coupling noise generated by the unused VCO

Table 3-4. Corner case Kvco values.

Sampling frequency 2.0 GHz 1.49 GHz 1.49 GHz 1.0 GHz

VCO type 2-stage VCO 3-stage VCO

Kvco (MHz/V) 120 540 90 440

M 2000 1490 1490 1000

Kvco/M (MHz/V) 0.06 0.36 0.06 0.44

Pe
ri

od
 (

se
c.

)

Vctrl (V)

0.7n

0.6n

0.5n

0.4n

0 2.51.0 1.5 2.00.5
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unit, we want to shut it off completely. Therefore, transistors M5 and M6 are added to

the design so that when the VCO is not chosen, its control voltages are set to reversed

maximum and thus, shut off the VCO completely. Because S1 connects the LPF unit

and the VCOs, its parasitic value is added to the LPF gain. Thus, it is extremely impor-

tant to keep the channel resistance down in order not to alter the LPF gain. In the tech-

nology we are using, a minimum size, W/L=1, fully on NMOS has an equivalent

resistance value of 13 and 31 respectively for PMOS. Using the minimum sizing

transistors for S1 will definitely break the linear model we use.

Figure 3-7. Schematic of VCOs switch unit S1 (single-ended version).

Table 3-5. Device sizes for the switch unit S1.

Devices M1/M3 M2/M4 M5/M6

M 12 12 12

W 10 25 2

L 0.24 0.24 0.24

Req 26 25 130

kΩ kΩ

SEL/ SEL/

GndGnd

M1
M2

M3
M4

M5 M6
SEL

IN

OUT1
OUT0

µm( )

µm( )

Ω( )
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To lower the equivalent resistance, Req, we can simply increase the transistors’ W/L

ratio, since Req is inversely proportional to the W/L ratio. The target Req is chosen to

be less than 30 Ohm, which is compareable to interconnect wire resistance. Increasing

the device sizes also increase their paracitic capacitances. In out final design, the overall

paracitic capacitance of Switch S1 is approximately 210fF, which can be neglected,

since Cp in the LPF unit which is in the picofarad range and hence dominates. The final

device sizes are shown in Table 3-5. Notice that the sizes of M5 and M6 are small. This

is because they are not on the LPF path, and therefore, their sizes do not affect the LPF

gain and can be kept minimum.

Figure 3-8. Schematic of VCOs switch unit S2 (single-ended version).

Switch unit S2 uses a pass gate structure similar to that of S1. Its schematic is shown in

Figure 3-8. Since S2 is used for passing high speed signals, we need to keep its input

parasitic capacitance as low as possible so as not to create extra loads on the VCOs,

Table 3-6. Device sizes of VCOs switch unit S2.

Devices M1/M3 M2/M4

M 1 1

W 2 5

L 0.24 0.24

SEL/ SEL/

S
E

L

M1
M2

M3
M4

IN1
IN0

OUT

µm( )

µm( )
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changing their gains. Thus, small size devices are used in S2, whose sizes are listed in

Table 3-6

Once we have constructed the VCO unit and acquired the Kvco values, we can move on

to the charge pump and loop filter designs.

3.3 Charge Pump and Loop Filter

From Equations 2-9, 2-11, and 2-16 we can see that the charge pump current Icp is

inversely proportional to R, while R itself is directly proportional to Cp and C2. Since,

in the process technology we are using, capacitors are expensive devices to make, we

want to avoid the use of very large capacitors. To reduce the sizes of Cp and C2 while

keeping , , and unchanged, we can cut down the charge pump current and

increase the R value. Since resistors use a decent amount of area as well, it is wise to

choose the values that give optimal space usage.

3.3.1 Design Analysis

Before carrying on with further calculations, we need to choose the appropriate loop

bandwidth for the filter. A rule-of-thumb selection is to make the loop bandwidth 1/10

of the PFD update rate [Razavi02], which is equal to the input reference signal in our

case. Therefore, . Thus, we have , and

. The lock-in time for a PLL with a PFD is approximated by Equation 3-

ωlpf ωz ωp

ωlpf

2πf ref

10
--------------- 2π 5×10

rad
Vsec

------------= = ωz
1
2
---π 5×10

rad
Vsec

------------=

ωp 8π 5×10
rad

Vsec
------------=
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8, in which feo is the initial frequency error, N is the feedback divider ratio, and K is the

loop bandwidth [Wolaver91].

.  (3-8)

In our case, the worst case frequency error is 1.0 GHz, and the divider ratio is 1000.

Therefore, the lock-in time is approximately 800 , which meets our design require-

ment.

With all the above data given, we now can calculate the values for the R and C compo-

nents and for the charge pump currents. Since the maximum overshoot of the control volt-

age occurs when the loop gain is minimum, we use the minimum Kvco/M, 0.06 MHz/V,

for component calculations. Table 3-7shows the values we use in our design.

Since the CP/LPF design decides the functional correctness of a PLL design, wrong cal-

culations can almost certainly guarantee the failure of a design. Thus, we decided to use

MATLAB Simulink to verify the correctness of the loop filter design. Simulink allows

us to create a mathematical model for the system and simulate the system’s behavior.

The simulation speed is incredibly fast compared to Spice simulation. Better yet, it

comes with a generic PLL model so that we can modify the model to suit our design

needs. Figure 3-9 and Figure 3-10 show the modified PLL model we used in Simulink

Table 3-7. CP/LPF design values

Icp R Cp C2

157 255pF 16pF

TP

8feo

NK
2

-----------≅

µs

10µA kΩ
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and one of its output example, in which, we fr=1.0 MHz and fq=100MHz. With all four

Kvco corner cases, which are shown in Table 3-4, being simulated, the proper choice of

loop filter component values is verified. Now, we can continue with the circuit imple-

mentation.

Figure 3-9. MATLAB Simulink PLL model.

Figure 3-10. Simulink simulation output for N=1000.
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3.3.2 Design Implementation

Thehardestdecisiontomakefor theLPFimplementationiswhattypeof capacitorstruc-

tureto use.In theprocesstechnologyweareusing,wehavetheoptionsof usingspecial

Poly-Insulator-Poly (PiP) or Metal-Insulator-Metal (MiM) structureto build the high

precisioncapacitors,or usingMOS structurefor area-efficient but substrate-noise-sen-

sitivecapacitors.SincetheMOScapacitorstructuregives6 timesmorecapacitanceper

areathanthePiP/MiM structurefor thesamearea,we decidedto useit in our design.

Furthermore,this leadsto a moreportabledesignsincePiP/MiM structureis not avail-

ablein someprocesses.To reducethenoiseeffects,we usethefollowing techniquesin

the layout design:

• place the capacitors as far away as possible from all digital units, including VCO
and the PFD

• place double guard-rings around the capacitor units

• use dedicated analog power and ground supplies

A MOScapacitorstructureis shown in Figure3-11.Theoverallcapacitanceis thegate

capacitancewhentheMOSis turnedonplustheparasiticcapacitancesthatexist onthe

sourceanddrainterminals.Whenthegatecapacitanceis substantiallylargerthanpar-

asiticcapacitances,theoverall capacitancecanbeapproximatedby C=CoxWL. There-

fore, we want to construct the device with large gate length and small junction area.
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Figure 3-11. MOS capacitor structure and its characteristic plot.

From the characteristic plot we see that the capacitance value remains constant once the

device is on. HSpice simulation shows that the turn-on voltage is 1V for a PMOS device

and 0.7V for a NMOS device. Due to the body effect, they are bigger than the devices’

threshold voltages, as expected. Since the differential VCO control voltage ranges are

1.2-2.5V for Vctl+ and 0-1.3V for Vctl-, we use PMOS capacitors on the Vctl+ path and

NMOS ones on the Vctl- path to ensure the devices are on during normal operation.

For the charge pump unit, we use the design suggested in [Li00]. The complete sche-

matic of the CP/LPF unit is shown in Figure 3-12 and the device sizes are listed in

Table 3-8. In this design, transistors M1 to M12 form a charge pump, which takes dif-

ferential input signals UP, UP/, DN, and DN/ from PFD units. Controlled by the input

signals, transistors M9 to M12 act as current steering switches, deciding which of 4

charge-pump current paths are on. Since they don’t draw much current, these four tran-

sistors are designed to be weak devices. Keeping them weak also helps reduce load on

the input signals, which allows for faster switching times. The amount of current

pumped in or drained out from the LPF units is regulated by the current mirror circuit

formed by transistors M1 to M8, with the current source shown in Figure 3-13. The cur-
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rent source circuit is a modified Vt-referenced self-biased cascode design, which has

nice features such as power supply rejection and large voltage swing.

Figure 3-12. Differential CP/LPF unit.

Table 3-8. Device sizes of CP/LPF unit.

Devices M1/M2 M3/M4 M5/M6 M7/M8 M9/M10 M11/M12 M13 M14 M15 M16

m 1 1 1 1 1 1 5 10 10 5

W 24 24 9.6 9.6 0.48 0.48 24 50 20 9.6

L 0.96 1.44 1.44 0.96 0.48 0.96 0.96 0.24 0.24 0.96

M1 M2

M3 M4

M5 M6

M7 M8
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Figure 3-13. Current source for CP/LPF unit.

Shown in Figure 3-13, the value of current Ics is given by

.  (3-9)

For a current mirror system, we have

.  (3-10)

Applying it to our design, as an example, we have Iout=Icp, IREF=Ics, Mout=M1/M3 in

Figure 3-12, and MREF=M8/M7 in Figure 3-13. The relationship applies to each corre-

sponding device pairs. By choosing the correct device size ratios, a 10 charge-pump

current can be generated.

Table 3-9. Device sizes of current source.

Devices M1/M2 M3/M4 M5/M6/M8 M7 M9/M10 M11/M12 M13/M14/M16 M15

m 1 1 1 1 1 1 1 1

W 30 6 24 24 75 2.4 9.6 9.6

L 0.96 1.44 0.96 1.44 0.96 1.44 0.96 1.44
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Continuing with the CP/LPF design, we see that a differential amplifier, U1, as well as

two 281 kOhm resistors are also included in the design. They act as a common-mode

feedback circuit to maintain the common mode voltage level of the differential output

pair. The design schematic is shown in Figure 3-14. Large value resistors are used so

that they won’t draw current levels significant enough to alter the loop gain values. The

final stages of the CP/LPF are two source-follower units. Their purpose is to shift the

LPF output voltages to within the VCO control voltage range requirements, which are

from 1.2V to 2.5V for Vctrl+ and from 0V to 1.3V for Vctrl-. The amount of voltage shift

is equal to the Vgs of the device, which can be found by solving the equation

.  (3-11)

Figure 3-14. Common-mode feedback amplifier.

Table 3-10. Device sizes for common-mode feedback amplifier.

Devices M1 M2 M3/M4 M5/M6 M7/M8

m 1 1 24 1 1

W 40 40 9.6 9.6 9.6

L 0.96 1.44 0.96 1.44 0.96

Id
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L
----- Vgs VT–( )2
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3.4 Phase-Frequency Detector

Since the PFD update rate is 1.0MHz, which is in the low frequency range, the circuit

implementation of the functional block shown in Figure 2-3 is rather straightforward.

The design we use is from [Maneatis96] with added inverter delay units to eliminate the

hazard conditions and the dead zone issue, as suggested in [Dai03]. The schematic dia-

gram and device sizes (with L=0.24 ) are shown in Figure 3-15.

Figure 3-15. Schematic for phase-frequency detector unit.

Notice that the outputs of PFD are UP/ and DN/. Since the CP/LPF requires UP, DN,

UP/, and DN/ signals, two single-ended-to-differential signal converters are used to

generate the UP and DN signals. The schematic and each gate sizes of the converter are

shown in Figure 3-16. Again, we use L=0.24  for the devices.
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Figure 3-16. Schematic of single-ended-to-differential signal converter.

In the signal converter design, extra inverters and a pass gate are used to ensure mini-

mum delay between the complementary outputs.

3.5 PLL Simulation

To verify the functionality of the PLL block, we can complete the loop by using some

fixed divider counters, then perform real time simulations on the system. It is worth-

while to do this before finishing the complete frequency synthesizer design for the

reason of reducing the simulation time. This is because the PLL unit is an analog

device, and the VCO units produce high frequency outputs, it requires a small time step

in simulation to achieve high accuracy. However, the PLL unit locking time is

extremely long compared to the output frequency period, microseconds vs. picoseconds

in this case. Full real time simulation would require huge amounts of CPU time. To cut

down the simulation time, we uses fixed dividers on the feedback loop rather than the

more complicated programmable divider unit. Thus, simulation can be done without the

programmable divider being built. The following are some sample waveforms captured

from the HSpice simulation results.
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Figure 3-17. Simulated differential VCO control voltage.

Figure 3-18. Simulated reference and feedback signals.

Figure 3-19. Simulated control voltage after the PLL is locked.
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From Figure 3-19 we can see there are two noises showing on the output signals, one

with 1 period and the other with 10 . The high frequency one is the noise coupled

from the phase-frequency detector outputs to eliminate the “dead-zone” and the low fre-

quency one is the noise passed through the low pass filter since it has the bandwidth of

.

3.6 Physical Layout

As mentioned at the beginning of this chapter, the PLL is an analog system with tight

constraints, including substrate and power noise rejection, power dissipation and

crosstalk. Hence, the design needs to be done using a full custom design flow. The flow

we use is shown in Figure 3-20.

Figure 3-20. Full-custom design flow.

In this custom flow, we have created scripts, including scripts for DRC, LVS, ERC, and

simulation, as well as global rule files to minimize human interaction with the flow.

The following is a list of guidelines we used during the PLL design.

µs µs

ωlpf

2πf ref

10
--------------- 2π 5×10

rad
Vsec

------------= =
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• Wide transistors are “folded” to reduce S/D junction area and gate resistance;

• layout differential circuits symmetrically to suppress the effect of common-mode
noise and even-order nonlinearity;

• digital signals are distributed in complementary form to reduce the net amount of
coupled noise;

• floorplan the noise sensitive analog elements away from digital noise sources;

• use dedicated analog power and ground supplies for the analog elements;

• place double guard ring around all sensitive circuits and noise source circuits;

• fill unused area with de-coupling capacitors to reduce power and ground noise.

The plot of the PLL block layout is shown in Figure 3-21. It also indicates the final

placement of each sub-block. Notice that the loop filter occupies more than half the PLL

block area. Therefore, using one set of CP/LPF with multiple VCOs greatly reduces the

overall chip size in our design.

Figure 3-21. Layout plot of PLL block.
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3.7 Conclusions

In this chapter, we have demonstrated the design and circuit analysis of a PLL block.

Since a PLL is a complex analog device, this design provided challenges to the designer

in analog component design. These included the consideration of effects from digital

elements in a typical deep sub-micron CMOS process technology. The analog compo-

nents design includes design of differential operational amplifiers, analog filters, a

charge pump, a phase-frequency detector, current mirrors, a common-mode feedback

loop, and voltage-controlled oscillators.

Because of its complexity, the design of the PLL block uses a full custom design flow.

Therefore, it not only helps the designer to understand the flow structure, but also ver-

ifies the proper construction of the design flow for future uses.
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4 COUNTERS

4.1 Introduction

As we have discussed in Chapter 2, the VCO output frequency fout and the feedback fre-

quency ffb have the relationship that ffb = fout / M, where, M is the divisor of the feed-

back loop. Further, when the frequency synthesizer is in the locked state, fref = ffb.

Therefore, when the system is locked, fout = . By changing the value of M, the

synthesizer can generate a range of frequencies. A programmable frequency divider is

used to generate the divisor, M. It can be as simple as a high speed digital programmable

counter, which is what we use in our design.

The counter design we use for the frequency synthesizer is the so-called pulse swallow

frequency divider. Its block diagram is shown in Figure 4-1. The circuit is governed by

the following equation:

 (4-1)

In the equation, the S value is the number associated with the programmable counter.

By changing the S value, the total number of counts of the system can be programmed.

Since the output frequency range is divided between two VCOs, as explained in

Chapter 3, two sets of P and S are needed. The calculated P and S values are shown in

M f ref×

Mcount 2 P N S+⋅( )=



40

Table 4-1. Instead of building two separate sets of circuits, we used one general 1-256

programmable counter for S and a 249/372 variable counter for P. Based on the external

inputs, a decoder control circuit chooses which counting modes the counters should be

in.

Figure 4-1. Pulse swallow frequency divider.

As one of our design goals, we wanted to test the performance of the standard cell set

and the custom pads we were using. However, since the project was not intended to

characterize the cell set, the test was limited to checking how fast the cells and the pads

could be run, reliably. Therefore, it was desirable, for test purposes, to design a system

that could generate a set of frequencies ranging from one that the cells and pads could

most likely work under to one that would cause them to fail. For this reason, we put

another programmable counter on the high frequency prescaler outputs. The complete

Table 4-1. Counting values for the pulse swallow frequency divider.

Frequency range P (counts) (N+1)/N (counts) S (counts) Total counts

1GHz - 1.49GHz 249 3/2 1 to 247 998 to 1490, step 2

1.49GHz - 2GHz 372 3/2 1 to 256 1490 to 2000, step 2
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block diagram for the counter unit with the test structure is shown in Figure 4-2. The

signal flow is used to test the performance of standard cells and pads. Its value is defined

as: .

Figure 4-2. Block diagram of counter unit.

Currently we have two DFF designs on hand: one has clock-to-Q delay of 180ps and

the other’s is 300ps. Since timing constrains are generally the biggest issue in a high

speed digital design, to better simulate these issues, we choose to use the low speed

DFF with a clock-to-Q delay of 300ps in our counter design.

4.2 Design and Circuit Analysis

With the given fvco(MAX)=2.0GHz, Figure 4-2 shows that the counters S and P are

required to support up to 500MHz of input clock signal. For the design of these

counters, there are two types of counting schemes are commonly used: binary, and one-

f low
M1
M2
-------- f ref×=
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hot. An implementationusing the binary schemeprovides greaterareaefficiency

becauseit only requiresn registersfor 2n counts.However, dueto theextra decoding

logic overhead,sucha designmaynot besuitablefor high speedapplications.On the

otherhand,a one-hotcountereasilyout-performsany othercounterdesigndueto its

minimal decodinglogic overhead.But sinceit requiresoneregisterfor eachcounting

state,one-hotcountingschemebecomesextremelyarea-expensive for a designwith a

largenumberof countingstates.Dueto thehigh speedandnumberof countingstates,

neitherschemeprovidesa reasonablesolutionfor our design.By carefullyevaluating

the counter’s timing constraintand the characteristicof our cell set,we decideon a

modifiedMöbiuscounterdesignthatmeetstheperformanceconstraintswhile provid-

ing good area efficiency.

4.2.1 Modified Möbius Counter

Thebit patternof a 4-bit Mobiuscounteris shown in Figure4-3, in which eachletter

representsa countingstateof thecounterandthenumbersin a stateshow thestatusof

eachbit. The Möbius counterhastwo advantagesover a one-hotcounterdesign:it

occupieshalf thesizeanduseshalf thedynamicpower. Fromthecountingpatternwe

canseethatann-bit Möbiuscountercanrealize2ncounts.Thus,usinghalf thenumber

of registers,aMöbiuscounterachievethesamenumberof countsthataone-hotcounter

does.Thiscutsdown thedesignareausageby half.Further, sincethereis only onelogic

transactionon eachcountratherthanthetwo on theone-hotcase,theMöbiuscounter

consumes only half the switching power of the one-hot counter.
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Figure 4-3. 4-bit Möbius counter counting pattern.

A Möbiuscountercanbeimplementedasachainof DFFs,with theinputof eachDFF

connectedto theoutputof thepreviousone,exceptfor oneDFF, whoseinput is taken

from the complementedoutputsignalof the previous FF, asshown in Figure4-4. A

global resetsignalshown in the schematicis requiredto set the counterto its initial

state.

Figure 4-4. schematic of a 4-bit Möbius counter.

4.2.2 Circuit Implementation

From its uniquecountingpattern,the currentstateof the countercan be found by

detectingthe“edge”of thebit pattern.Herewedefinethefalling edgeof thepatternas

a transitionin which a bit completesswitchingfrom ‘1’ to ‘0’ state,while the rising

edgeis theopposite.Sinceonlyonetransitionoccursin eachcount,wecansimplycom-
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parethe two consecutive bits to detecttheedgeof thepattern.For instance,if we see

Bit [2] = ‘1’ and[3] =’0’, we know thebit pattern’s rising edgehasarrivedat StateD,

andtherefore,thecounteris in StateD. Anotherexampleis whenbothBit [3] and[0]

arein logic ‘0’ state,we know thefalling edgehasarrivedat StageA, andsodoesthe

counter. Thedetectioncircuit for eachcountstatecanbeimplementedwith two NAND

gates,onefor eachedge.Two typesof detectioncircuit areshown in Figure4-5. The

specialunit is for theDFF which input is connectedto thecomplementoutputof the

previousoneandthegeneraloneis for otherDFFs.A NAND gatecomparestheinput

andthecomplementoutputof a DFF. If specificpatternedgehasarrivedat the input,

theNAND will output‘0’, otherwise,its outputremains‘1’. Sincea NAND gatecan

only detectonetypeof edge,two gatesarerequiredto takecareof bothrisingandfall-

ing edges.Indeed,with addeddetectingunits, theMöbiuscounter’s outputis turning

into one-hot(or one-cold,in ourcase)style.Thisgivesusthebenefitof replacingexist-

ing one-hotdesigndirectly with our designaslong asthe timing requirementis ful-

filled.

4.2.3 Timing Analysis

Usingextradetectioncircuitsincreasesthecounter’sclock-to-Qdelay. Sincethedetec-

tion circuits areidenticalto eachother, this extra delayis independentof the present

stateof thecounter. Thus,regardlessof thecountingstate,theoverall clock-to-Qdelay

is equalto a DFF’s clock-to-Qdelayplus a maximumof onetwo-input NAND gate

propagationdelay. With approximately120psof propagationdelayonourNAND gate,
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it givesaround420psoverallclock-to-Qdelay. In contrast,in abinarycounter, in which

thedecodersarenormallybuilt usingmulti-level logic usinggateswith morethantwo

inputs,thepropagationdelaysaredifferentdependingonthecurrentstate.Sotheover-

all clock-to-Qdelayhasto accommodatetheworstcasedelay, which is expectedto be

much larger than the clock-to-Q value in our design.

Figure 4-5. Pattern edge detection circuit.

Both theP andS countersin our designneedto countmorethan200states.Usingthe

Möbiuscounterdesign,eachcounterstill usesmorethan100registers.To reducethe

counterarea,a two stage,self-timedMöbiuscountercircuit designis used.Thesche-

maticof a simplecircuit is shown in Figure4-6. We seethat thecountercontainstwo

Möbiuschains,with onechaintakingits clock signalfrom theflip outputof theother

one.Therefore,this examplecountercountsup to 8X8=64counts.This is gain goes

with a correspondingsacrificein the counter’s performance.The critical pathof the

systemis highlightedin the schematic,which now goesfrom the clock input of the
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bottomchainto oneof thetopchainoutputs.Thedelayis estimatedto beabout1ns,or

twicethedelayof onechainplusthedelayfrom thebuffers,whichareusedto takecare

of theheavy fan-outonthesecondclock tree.With the2-stagestructure,only 16DFFs

arerequiredfor the256-statecounterand20DFFsfor the249/372-statecounter. There-

fore,thestructuregivesgreatreductionsin area.Theschematicsof theSandPcounter

designs are shown in Figures 4-7 and 4-8 respectively.

To reducetheoverallclock-to-Qdelays,theoutputsof theSandPcountersareregister

buffered,asshown in Figure4-7andFigure4-8.With theaddedregistersat theoutput,

the overall clock-to-Q delay shouldagain be closeto a register’s clock-to-Q delay.

However, thefastestclockratethatthesystemcansupportis still restrictedby theinter-

nalcritical pathdelay. Carefulcalculationandsimulationshowedthattheoveralldelay

meets the system speed requirement.
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To make the counter programmable, each output of the counter is compared with the

corresponding external input by using a XOR gate. For a 256-state counter, two groups

of 16 pins are required. We use two design schemes to reduce the number of external

pins needed for counter programming: binary coding and a shift register system. In a

binary coding system, a decoder converts input binary digits into one-hot digits. There-
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fore, 8 I/O pins are needed for each 256-state counter. To further reduce the total

number of pins, a shift register system is inserted in front of the inputs of the decoder.

Therefore, with 4 pins, TRST, TCK, TIN, and TOUT, we can load any number of digits

into the chip. Since these circuits run in the low frequency digital regime, we have

decided to use a standard cell design flow for their designs. Detailed information will

be covered in Section 4.4.
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Since the clock-to-Q delay of the DFF is 300ps, fast enough to carry a 2GHz clock sig-

nal, it is directly used to construct the divide-by-two prescaler whose schematic is there-

fore not shown here. The schematic of 3/2 prescaler is shown in Figure 4-9. Because

any glitch during mode switching is unacceptable, we have designed this counter with

the unique counting pattern shown in the figure, which eliminates the glitch issue. The

details of the design implementation may be obtained from the figure.
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When C3, next will be 00
Thus, window for CTRL to change from 0 to 1 needs to be less than 2xCK−2x(NAND prop delay) − (Inv prop delay) −(setup time) 

CK(min) = 1ns

CTRL to D0 delay = 250ps

Will boost the performance

if connect QB to second FF

via an inverter.

i.e. CTRL needs to arrive within 
2ns − 0.24ns − 0.1ns = 1.57ns
after the output rise edge

Figure 4-9. 3/2 prescaler.
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4.3 Simulation and Measurement

Circuit simulations for a typical high speed digital circuit should include functional

simulation and timing simulation. Functional simulation is intended to verify the digital

circuit’s functionality under all possible input/output conditions. It is normally done at

the structural level, in which circuits under test are described using an HDL language

and are simulated using tools such as ModelSim. These simulations are performed in

the discrete time domain, detailed information such as interconnect delays and parasitic

components being usually neglected. This helps generate simulation results quickly. To

further analyze the circuit behavior for issues including but not limited to race condi-

tions and critical path delays, a detailed timing simulation is needed.

Initially, it was taken for granted that the functioning of the counter unit was simple

enough that it was admissible to skip the functional simulation. We only performed the

special case functional checks under HSpice while doing timing simulations. However,

doing so can greatly increase the chance of design failure, as the counter unit has a large

number of states, some of which may have input/output combination that can cause the

unit to malfunction. These may not surface until a complete check is done. Unfortu-

nately, we did not realize this issue until we were at the final stage of design, when the

tape-out date was approaching. Since we did not have the time to go back and fix the

issue, we had to take the risk which should not have existed in the first place.
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We had run more than 20 timing simulations with different input setups on the counter

units and all of them pointed for the proper functioning of the unit. Again, this cannot

guarantee functional correctness of the unit under all input/output conditions; rather, it

only gives us some hope for the proper function of the final design. The following fig-

ures show a few waveforms captured from the Spice simulation output. The measured

system’s clock-to-Q delay is around 340ps, close to a DFF module’s clock-to-Q delay,

which is around 300ps. This agrees with our previous conclusion.

Figure 4-10. Sample waveforms from 1-256 programmable counter.
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4.4 Physical Layout

For speed performance reasons, we use a custom design flow on the prescalers and other

counter designs. However, the layout of low performance circuit blocks such as 4-to-16

decoders are done using parts of the standard-cell design flow. Since we have described

the details of the custom design flow in Chapter 3, we are not going to repeat it here.

Let us take a look at the standard cell design flow we used for this design. The idea

behind a standard-cell-based design is to reuse a limited library of cells and replace the

labor intensive placement and routing work with CAD automated placement and rout-

ing. Figure 4-11 shows a typical ASIC standard cell design flow, in which, the grayed

blocks are the ones we used in this design. Other blocks are not used due to either soft-

ware access limitation or simplicity of the design itself, except for the construction of

the cell library, which has already been done prior to this design.

Here is the list of all the tools that are used for the flow. All the scripts and rule files that

were created for this project are based on these tools. However, similar tools from other

CAD tool vendors may be used as well.

• RTL coding: Verilog HDL;

• RTL simulation: ModelSim;

• logic synthesis and optimization: Design Compiler;

• placement and routing: SEDSM;

• Detailed routing: SEDSM and MAX;

• Post layout static timing analysis: HSpice.
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Notice that in the “Detailed routing” step, a custom layout tool, MAX, is used. The tool

is used for manually inserting extra vias for design reliability reasons. Once the ASIC

block is constructed, it is used in the custom design flow “as-is” for the rest of the

design.

The following figure shows the layout plot of the counter design.

Figure 4-11. Typical Standard Cell Design
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Figure 4-12. Layout plot of programmable counter design.

Figure 4-13. Layout plot of 8-bit shift register.
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Figure 4-14. Layout plot of 4-16 decoder design.

4.5 Conclusions

Due to the fast timing and large-numbercountingrequirements,traditional counter

designsincludingbinaryandone-hotdesignscannotprovide reasonablesolutionsfor

our design.Therefore,we have comeup a new type of counter, called the modified

Möbius counter. In this chapter, we have coveredthe conceptsinvolved in this new

designandits implementation.In ahighspeeddigital design,adesigner/designerteam

oftenhasto modify traditionalcircuit designsor comeupwith anew designin orderto

fulfill thedesigngoals.Ourcounterdesignis agooddemonstrationfor it. Also, to fur-

ther testthedesigner’s problemsolvingskills, we have tightenedthetiming constrain

by usinga low-speedDFFdesignin ourcounterimplementation.Thus,it canbeimag-

57um
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ined that by using a faster DFF design, better counter performance may be achieved. At

the end of this chapter, we have also briefly shown the use of a standard cell design flow.

It has been used on the low speed circuit block designs including the 4-16 decoders.
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5 PADS AND PACKAGING

5.1 Introduction

The design of the frequency synthesizer has been planned for fabrication so that we can

verify the design implementation and its performance. For this purpose, we need to

have a set of pads to use. Since most pads complying with TSMC 0.25um process tech-

nology are proprietary intellectual properties, there are a lot of regulations and restric-

tions to use them. Thus, we decided to design our own pads and make them public

accessible in the future. After all, the pad design falls into the mix-signal design area.

Furthermore, several design constraints that are associated to pad design, such as ESD

protection, are good to know from a designer’s viewpoint.

To shorten the design cycle, we decide to use the Tanner 0.25um pad package from

MOSIS as a reference. All the low-speed pads design that we need are included in the

package. However, we also need to build a new high-speed digital pad in order to sup-

port the signals generated from the VCO block. In our design, signals with frequency

as high as 2.0GHz are required to pass outside the package. Thus, it is impossible to use

traditional full swing digital output pads for these signals. This can be seen from the

following reason. Assuming the package we use has the pin electrical characteristic of
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5nH inductance and 10pF capacitance; for a 2Ghz, 2.5V signal swing, the switching

current is:

.

Therefore, even if we use dedicated voltage supply pins for these pads, the voltage drop

on the supply becomes:

.

With 2V supply variation, the devices will be put out of operation. To solve this prob-

lem, we can design the circuit to lower the output signal swing to 100mVpp. Thus, the

supply noise becomes 160mV. Further, we use differential structure in our design so

that the supply noise will be reduced as common-mode noise. Now, let us first look at

the implementation of the high-speed differential pad. Other pad designs will be cov-

ered in the latter part of this chapter.

5.2 High Speed Differential Pads

Because of the noise issue addressed before, it is a common practice to use low-swing

differential pad for high-speed signals. The pad circuit design we used is shown in

Figure 5-1. It is basically an ECL circuit structure. The output voltage swing is con-

trolled by the supply voltages. These voltages will be supplied by a pair of dedicated

power pins. Using dedicated supply voltages can 1) allow the user to set the desire

I C
td

dV
10pF

2.5V
250ps
---------------⋅ 100mA= = =

Vdrop L
td

dI
5nH

100mA
250ps

------------------⋅ 2V= = =
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output voltage swing; 2) increase the testability of the circuit; and 3) reduce the power

noise inference to the rest of the chip. From the schematic, one may argue the output

signals do not track each other during mode switching, and therefore, are not differen-

tial. Tracking during mode switching is not important in this case. This is because when

the digital signal’s voltage swing is reduced, the switching time of a signal become rel-

atively short by comparing with the signal period. Therefore, it can be neglected and the

signal pair are considered differential.

Shown in the schematic, two resisters are added in the output path. They act as the

source terminators to reduce the high-speed signal bouncing issue. Since the output

signal will be connected to 50 Ohm cable, the output impedance of the driver should be

as small as possible. Recall that Req is inversely proportional to W/L ratio. Thus, Req =

20 Ohm will give us reasonable small output impedance within affordable chip area. To

further reduce the size of the driver, device sizes of M2/M4/M5/M7 are reduced. This

is possible since current flowing through transistors M4 is mirrored by the combination

M1 M2

M3 M4

M5 M6

M7 M8

Gnd

Vdd Vdd

Gnd

IN−

IN+

OUT−
OUT+

20

20

Frequency Synthesizer
cell: diffpad file: /usr1/research/chao/freqsyn/doc/thesis/pic/diffpad.sue
owner: chao last modified by: chao Tue Jun 01 13:41:02 PDT 2004

Figure 5-1. Schematic of high speed
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of (M1-M2) and compared with the drain current of M3, device sizes of M2 and M4

can be reduced proportionally while maintaining the circuit functionality. Final circuit

design has a gain of around 5. High gain is not necessary since the circuit carries digital

swing signals. The final device sizes of the design is shown in Table 5-1.

To comply with TSMC process technology, additional ESD protection circuit is added.

Since it is similar to the protection circuits used in the general purpose pads, they will

be covered in the General Purpose Pads section. The plot of the differential pads layout

is shown in Figure 5-2.

Figure 5-2. Layout plot of differential pads.

Table 5-1. Device sizes of high speed differential pad drivers.

Devices M1/M6 M2/M5 M3/M8 M4/M7

M 28 4 28 4

W 14 14 5.6 5.6

L 0.24 0.24 0.24 0.24

µm( )

µm( )

glass
opening

glass
opening

ggPMOS ggNMOS
ECL

driver

300um
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5.3 General Purpose Pads

The general-purpose pads we use can be classified into three category: regular power

pads, analog power/reference pads, and digital I/O pads. To comply with TSMC

0.25um process technology, ESD protection circuit is added to each pad.

5.3.1 ESD Protection Circuit

The so-called ground-gate MOS (ggMOS) structure ESD protection circuit is used in

this design since it is one of the simplest MOS ESD protection device structures. The

circuit schematic is shown in Figure 5-3. The ggMOS ESD protection structure has the

advantage of providing “zero” leakage under normal operations and an active discharg-

ing path during ESD events. It is preferable also because the ggMOS is a nature option

in CMOS technologies. Detailed ggMOS scheme explanation can be found in

[Wang02]. To obtain higher ESD protection, high voltage devices and multiple-finger

structures are also used in this design. Figure 5-4 shows the layout of a basic pad struc-

ture. The structure dimensions are complied with MOSIS’ TinyChip rules.

Figure 5-3. ggMOS ESD protection scheme.

Vdd

Gnd

I/O

ggNMOS

Vdd

ggPMOS
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Figure 5-4. A pad structure with ggMOS ESD protection.

5.3.2 Power Pads

The structure of regular power pads is shown in Figure 5-5. Corresponding ggMOS

devices are removed since they are not used during ESD events.

Figure 5-5. Schematic of power pads.

5.3.3 Analog Power Pads and Reference Pad

Since dedicated power pins for analog circuits are used in this design, the interface

devices between the digital and analog circuits such as PFD and VCO become sensitive

ggPMOS ggNMOSglass
opening driver

I/O

circuit

300um

Vdd

Gnd

I/O

ggNMOS

Vdd

I/O

ggPMOS

Gnd



63

to ESD damage. To prevent the problem, we need to add ESD protection between the

digital and analog power lines, as well as between analog reference and power lines.

The schematics of analog power pads and the reference pad are shown in Figure 5-6.

Figure 5-6. Schematics for analog power pads and reference pad.

5.3.4 Digital I/O Pads

The digital input, output, and bi-directional pads are considered as digital I/O pads. In

fact, a bi-directional pad can also be used as a input or output pad, with control pin tie

to either logic ‘0’ or ‘1’. Therefore, we only need the bi-directional pad for our design.

The schematic of the bi-directional pad is shown in Figure 5-7. It is adopted from

Tanner digital bi-directional pad design. The device sizes we used in our design are

shown in Table 5-2. Confirmed with spice simulation, the pad functions properly at

10MHz frequency, which fulfills our design requirement. The maximum frequency this

pad can support will be measured with our test plan. The layout plot of the bi-direc-

tional pad is shown in Figure 5-8.

I/O
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Figure 5-7. Schematic of the bi-directional digital pad.

Figure 5-8. Layout plot of the bi-directional pad.

Table 5-2. Device sizes for the bi-direction pad.

Devices M1/M4 M2 M3/M6 M5 M7 M8 M9 M10 M11/M13 M12/M14

M 5 4 5 4 1 1 4 1 6 6

W 6.24 6.24 3.6 3.6 6.24 3.6 30 30 6.24 3.6

L 0.36 0.36 0.36 0.36 0.36 0.36 0.48 0.48 0.36 0.36

2
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5.4 Packaging

The die will be packaged in ceramic Leadless Chip Career (CLCC) 44 pin package pro-

vided by MOSIS. The ceramic package is used rather than plastic one for the similar

electrical characteristics over all of its pins. However, the pin characteristic and its

model is not provided by the vendor, which becomes an issue when we try to charac-

terize the pads. After evaluating the similar packages’ electrical characteristics that are

available to us, we have come out an estimated pin model for the CLCC-44 package,

which is shown in Figure 5-9.

Figure 5-9. Pin model of CLCC-44 package.

This model is used in all pads characterizations and the top-level chip simulation. The

chip is proven functional under this package model.

The CLCC-44 provided by MOSIS offers cavity size of . And the max-

imum die size can put in the package is . Since our design measures

, it can be easily fit into the CLCC-44 package. Figure 5-10 shows the

layout plot of our final design.

1

5pF

5nH

Gnd

OUTIN
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6.985mm 6.985mm×
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Figure 5-10. Layout plot of frequency synthesizer design (including pads).
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6 OTHER DESIGN
ISSUES

6.1 Introduction

In the previous three chapters, we have demonstrated the circuit design and implemen-

tation of the frequency synthesizer design. We have also covered most of the design

issues which are associated to our design and process technology it is complied with.

However, there are still some important design issues that have not been addressed. We

will discuss these issues in this chapter.

6.2 Power Dissipation

It is important to reduce the energy consumption of a chip design. Over budget power

dissipation can lead to several serious issues. Firstly, for a battery operated device, more

circuit power dissipation means less operation time. Secondly, the circuit may drain out

more current that a set of power and ground pins can supply, and therefore, part of the

circuit may not getting enough power to maintain its functionality. Thirdly, the circuit

performance may be reduced or circuit itself becomes unstable due to exceed heat gen-

erated. Lastly, exceed heat may even cause physical damage to the chip.
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In a deep-sub-micron CMOS digital circuit design, the primary contributors to power

dissipation are circuit switching (dynamic power dissipation) and leakage current

(static power dissipation). Amount of power consumed by circuit switching depends on

amount of charges being transferred during switching. Hence, shutting down the

unused circuit, reducing the clock rate, or using minimum device sizes can reduce the

circuit’s dynamic power dissipation. However, these techniques cannot be used in

reducing the static power dissipation caused by leakage current. This is because in a

defined process technology, the magnitude of a device’s leakage current mainly

depends on the device size. Its value can be estimated as , where K is a

function of the technology. Thus, to reduce the static power dissipation, devices with

larger than minimum channel length should be used. However, changing device sizes

can jeopardy the circuit’s performance and noise immunity, which may not be accept-

able in certain situations. Therefore, the designer has to evaluated the trade-offs during

the design. Trade-offs between speed, power dissipation, and noise are more obvious in

analog circuit design, since analog circuits require constant power consumption to

maintain their proper operations.

The following list shows the main techniques we used in our design to reduce the power

dissipation:

• shut down the VCO block when it is not being used;

• use less amount of reference current in a current source and choose correct ratio to
generate required supply current in an analog circuit;

• self timed counter to reduce the clock rate;

• reduce supply voltage on low voltage swing differential driver.

Ids leak– K
L
W
-----⋅=
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After applied these techniques, the system is expected to consume 175 mW of power:

50mW from all digital circuits and digital pads; 100uW from current source; 50mW

from all analog circuits, including VCOs; and 75 mW from low voltage swing differ-

ential pads. Thus, the design meets the power budget, which is less than 200mW.

6.3 Noise Reduction

As mentioned previously, analog circuits are extremely sensitive to noise. In a mixed-

signal environment, noise generated by digital circuit switching is the biggest noise

contributor. Such noise can pass through interconnect cross-talk, power lines, and sub-

strate to analog circuits and causes malfunction. Thus, it is very important to reduce the

noise interference between circuit blocks. To reduce the noise interference, we use the

following guidelines in our design:

• encircle all sensitive analog components with double guard-ring to reduce substrate
noise;

• place digital blocks far away from analog blocks encircle them with double guard-
ring to reduce substrate noise from escaping;

• apply separate power/ground pairs to analog and digital blocks, with ESD protec-
tion circuit connected between two sets of power;

• use differential circuit structure in a noisy environment to reduce the common-
mode noise;

• shut down the un-used VCO to reduce switching noise;

• distribute high speed digital signals in complementary form to reduce the net
amount of coupled noise;

• fill empty area with bypass capacitor cells to reduce the power line frustration
caused by circuit switching;

• Allocate enough power/ground pins and assign all unused pins for power or ground.
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Notice some of them have been mentioned in the previous chapters. We re-list them

here for the completeness of the list.

6.4 Design for Test

During the design, we have applied several DFT techniques in order to make the fre-

quency synthesizer IC more easily testable. We will discuss each of them in the follow-

ing section.

From Chapter 2 we can see the differential VCO control voltages carry a lot of valuable

information, including the PLL settling time, proper operation of the LPF block, UP

and DN current matching in the CP block, and proper function of the common-mode

feedback loop. Therefore, it is useful if we can monitor the VCO control voltages exter-

nally. Pulling the control voltages straight out from the signal path is not an option since

extra parasitic capacitance can alter the gain of the LPF unit. To minimize the impact to

the control signals, two source follower circuits are used to generate the monitoring sig-

nals, which will pass through two analog reference pads to outside world. Therefore,

VCO control voltage signals can be monitored externally.

Second change we have made associated to DFT is using separate power/ground pins

for the high-speed differential pad. As mentioned in Chapter 5, one reason to use sepa-

rate power/ground pins on the differential pad is for better power noise rejection. More

importantly, we want to allow flexible change of the pad’s supply voltages. This is

because the differential pad we use is a completely new design, thus we do not know
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exactly under what condition the pad can operate properly. By using separate power and

ground supplies, we have the freedom of choosing different setup to test and character-

ize the pad more thoroughly.

The last change we have made is within the shift register block. We have used the DFF

with added asynchronous reset ability to construct the shift registers. Thus, in the event

that the register block stop shifting, we can hard reset the block externally to put it into

a know state so that the frequency synthesizer may remain partially functional. Without

the asynchronous reset ability, the programmable counter can be in any random states,

and therefore it is impossible to evaluate the synthesizer’s functionality.

The above three changes can help increasing the testability of the design. Hence, they

can reduce the time spending on IC test and measurement.

6.5 Dummy Metal/Pad Insertion

To comply with the TSMC assembly stress relief rules, dummy metal and pads are

inserted after the final placement and wiring. Dummy metal and pad insertion are

important since it can reduce the wire width and space variation [Bernstein02] and pre-

vent surface concavity from happening during chemical mechanical polishing (CMP).

TCL scripts are used to generate the dummy metal automatically and manual placement

are used for dummy pad insertion. Figure 6-1 shows some examples of dummy metal

and pad fill.
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Figure 6-1. Metal and assembly stress relief fill.

Dummy pad fill Metal fill
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7 WHOLE CHIP
SIMULATION AND
TEST PLAN

7.1 Introduction

Since the frequency synthesizer chip design is planned to be fabricated, a complete chip

simulation is required according to the vendor’s agreement. Also, a chip test and mea-

surement plan is necessary for design evaluation. The first part of this chapter is

intended to show the whole chip simulation setup we use and its result. Then we will

explain our test plan for the chip test and measurement.

7.2 Whole Chip Simulation

Whole chip simulation is necessary since it is required by the vendor, and more impor-

tantly, it is the last defence of a successful design. Besides testing the design function-

ality under normal condition, such simulation should also test the design’s temperature

and supply voltage noise tolerances. Before starting the simulation, we need to con-

struct the driver and load models of the circuits that will be connected to the chip under

test. Since each output of the design is planned to be connected to 50 Ohm coaxial

cable, a 50Ohm resistor with one terminal connected to the ground can be used for sim-



74

ulating an output load. Constructing input drivers are also simple since all input signals

are low frequency. Thus, simple spice pulse generators can be used as input drivers.

Figure 7-1 shows the actual test environment we use on the whole chip simulation.

Figure 7-1. Setup of top-level simulation.

Shown in the figure, Block “complete” is the spice model of the design with all parasitic

parameters extracted from the final layout GDS file. To better monitor the system’s

behavior, couple test points are inserted in the spice model of the chip design. Such test

points include current source outputs, low pass filter outputs, and outputs from each

VCO cell.
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Due to the fact that the core of the frequency synthesizer is a PLL unit, it becomes one

of the most difficult circuits for spice simulation. During the simulation, we have suf-

fered issues such as simulation convergence and time-step resolution that failed the sim-

ulation process. Thanks to new computer upgrade in Prof. Brewer’s lab, we have

managed to run a few cases detailed whole chip simulations to check the design func-

tionality after reducing the simulation accuracy. The simulation results are listed in

Table 7-1.

Notice that the system failed to lock when , Vdd=2.3V, and M=1490/2000.

Extra set of simulations are performed with while keeping everything else

the same. The extra simulations have confirmed that the system locks properly under

the new condition.

Based on the whole chip simulation results, we are confident to say the frequency syn-

thesizer circuit maintains its functionality in ambient temperature between and

with 5% supply voltage variation. Unfortunately, due to the spice limitation, sim-

ulation results cannot be used to validate the performance of the frequency synthesizer

such as phase noise. Validation of performance is to be covered in chip test and mea-

surement.

Table 7-1. Test result of whole chip simulations.

Temp

M counts 998 1490 1492 2000 998 1490 1492 2000

Vdd
(V)

2.7 passed passed passed passed passed passed passed passed

2.5 passed passed passed passed passed passed passed passed

2.3 passed passed passed passed passed failed* passed failed*

TEMP 30°C= TEMP 80°C=

TEMP 80°C=

TEMP 70°C=

30°C

70°C
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7.3 Test and Measurement Plan

The frequency synthesizer design has been submitted to the fabrication vendor on May

17th, 2004. Test chips will be sent back within eight weeks. We have prepared a test

plan for the design, which will be described in this section.

The plan is designed to validate the test chip’s functionality and measure its perfor-

mance. Performance measurements will include phase noise, timing jitter, operation

temperature range, and power dissipation measurements. Due to the output frequency

requirement, a printed circuit board (PCB) test platform is required to complete the

above test and measurements. The following is the list of the guidelines we will be

using on the PCB design.

• use crystal oscillator to generate input reference clock;

• keep short trace between the crystal oscillator and the input of the test chip, and
avoid using vias;

• high speed digital outputs will be route to surface-mount SMA connectors, again
keep the trace short and avoid using vias;

• test chip will be mounted on PCB by using surface-mount LCC socket with 1pF
max pin capacitance;

• digital input will be interfacing with PC’s parallel port;

• three sets of power and ground will be provided via external power supplies for
flexibility;

In the test environment, a computer with parallel port will be used to program the fre-

quency synthesizer’s programmable counter and scan registers. Output signals will be

fed into oscilloscope and spectrum analyzer to measure synthesizer’s timing jitter, set-

tling time, and phase noise. Three programmable power supplies will coordinate to the
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computer to provide supply voltages. VCO input voltages will be monitored constantly

by a digital multi-meter with PC interface and the results will be logged by the com-

puter.

Since the synthesizer operates in picosecond range, the jitter measurements can be dif-

ficult to measure. Courtesy of Teradyne, we will be able to access to high speed oscil-

loscope to complete the test and measurement. For future consideration, a build-in DFT

circuit will be useful in the measurement of PLL jitter and other specified parameters.

The complete IC test and measurement will be performed in Fall, 2004 and the final

result will be submitted to MOSIS as part of fabrication agreement.



78

8 CONCLUSIONS

In thisthesis,wefirstdiscussedthedesignandimplementationof frequency synthesizer

in adeepsub-micronCMOSprocesstechnology. Frequency synthesizersandPLLsare

widely usedin high-speeddigital andmixed-signalIC designs.Thus,it is especially

valuablefor adesignerworking in thisfield to haveknowledgefor frequency synthesis

andPLLs.More importantly, frequency synthesizersis acomplex systemthatinvolves

many generalhigh-speeddigital and mixed-signaldesignissues.By designingand

implementinga frequency synthesizer, the designer’s problemsolving skills in such

field canbewell exercised.Also thedemandof IC designsin deepsub-micronCMOS

technology make it desirable to use such kind of technology to implement the design.

Wealsointroducedanew typeof counterdesign,which is basedontraditionalMöbius

counterstructure.Suchdesignis provenproviding betterdesignareaandspeedperfor-

mancecombination.Pipelinestructureis alsousedin thedesignto furtherimprove the

counterperformance.Thestandardcell designflow wehavedevelopedpreviouslyhave

beenusedin partof thecounterdesign.Therefore,thesuccessof thisdesigncanbeused

to prove the correctness of the design flow.

Thenwereviewedtheconstructionof padsfor thetechnologyweareusing.Sincemost

of the padsare proprietaryIPs, it will be valuableto provide public accessiblepad
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designs to help future researches using complied process technology. The pad set we

created includes a high-speed differential pad that is to be characterized. Once its

parameters are captured, the set is complete for high speed design usage.

Finally, we provided the whole-chip simulation results. The theoretical work in this

thesis is supported by extensive simulation. We also described the test and measurement

plan for IC testing after the test chip is sent back from fabrication.

Due to its complexity, this frequency synthesizer design project has been quite over-

whelming for a novice designer. However, after completing the circuit design and

implementation, I have gained enough experience to feel comfortable with this high-

speed mixed-signal design.
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