UNIVERSITY OF CALIFORNIA

Santa Barbara

1.0 - 2.0 GHz Wideband PLL CMOS Frequency Synthesizer

A thesis submitted in partial satisfaction of the
requirements for the degree of Master of Science

in Electrical and Computer Engineering

Chao W. Huang

Committee in charge:

Professor Forrest D. Brewer, Chair
Professor Steve E. Butner

Professor P. Michagl Melliar-Smith

June 2004



The dissertation of Chao W. Huang is approved.

Steve E. Butner

P. Michael Melliar-Smith

Forrest Brewer, Committee Chair

June 2004



1.0 - 2.0 GHz Wideband PLL CMOS Frequency Synthesizer

Copyright [0 2004

by
Chao W. Huang

All rights reserved



Abstract

1.0 - 2.0 GHz Wdeband PLL CMOS Frequen&ynthesizer

by

Chao W Huang

CMOS mixed-signaldesignhasbecomevery popularin today’s semiconductomdus-
try. This paperis to demonstrata CMOS frequeny synthesizedesign,whosepri-

mary purposeis to testthe designers high speedmixed-signalCMOS circuit design
skill. The designuses0.25um deep sub-micronCMOS processtechnology Thus
issuessuchasnoiserejection,high frequeng parasiticeffects,leakagecurrent,power
dissipationgetc.canbe exposedandthe designers problemsolving skills canbe exer-
cised.A new counterdesign,the “modified MObius counter”is alsopresentedn this
design.Furthermorethis designis usedto verify the usability of the previously setup
customdesignflow andstandarccell designflow, which may be usedfor future aca-

demic teaching purpose.



Table of Contents

1 INTRODUCTION ... s 1

2 INTRODUCTION TO THE FREQUENCY SYNTHESIZER . 4

21 INtrodUuCtioN . . ..o 4
2.2 Frequency Synthesizer BasSiCS. . .. ..o oo vttt 5
2.3 PhaseNoiseand Timing JitterIssues .. ........... ..., 12
24 CoNClUSIONS. . ..o 12
3 PHASE-LOCKED LOOP . ... . 14
31 INtroduCtion . . .. .o 14
3.2 Voltage-Controlled Oscillator. . .. ... 15
321 Desgnof VCOCHEIS. ... 16
3211 Circuit ANalySIS ..ot 18
3.22 Designof VCO SwitchingUnits. .......... .. ..., 22
3.3 ChargePumpandLoopFilter............ ... ... ... 25
331 Design AnalysSiS. ..o 25
332 Designimplementation .. ...........o it 28
3.4 Phase-Frequency Detector. .. ...t 33
35 PLLSIMUIELON . ... 34
36 Physical Layout. . ...... ..o 36
37 ConCluSIONS. . . ..o 38



4 COUNTERS. .. ... s 39..

4.1 IntroduCtion. . . ... ..o 30. ..
4.2 Designand Circuit Analysis. . . .......... .. 41 .
4.2.1 Modified MGbius Counter. . .......... ... ... 42 .
4.2.2 Circuit Implementation. . . ........... ... . ... 43 .
423 Timing Analysis . . ... 44. .
4.3 Simulation and Measurement . .. ......... ... . . . . .. 50.
4.4 Physical Layout. ... ... ... .. 52..
4.5 CONCIUSIONS . . ..ttt 55 ..
5 PADSAND PACKAGING . ...... ... . i o/.
5.1 IntroduCtion. . . ... .. o 57. ..
5.2 High Speed Differential Pads. . . ........................... 58.
5.3 General Purpose Pads. ......... ... i 61. .
5.3.1 ESD Protection CirCuit. . . . ...t 61 .
532 PowerPads. . ...... ... 62 . .
5.3.3 Analog Power Pads and ReferencePad . ................. 62
534 Digital /O Pads. . . ... 63..
5.4 Packaging. .. ... ... 65. . .
6 OTHERDESIGNISSUES ............ ... .. ... ...... 67.
6.1 Introduction. ............ ... 67. . .
6.2 PowerDissipation. ... ........... ... 67..

Vi



6.3 NOISEREAUCHION . . .ot e e e e e 69

6.4 Designfor Test .. ... 70
6.5 Dummy Meta/PadInsertion. ........... .. ... ... 71
7 WHOLE CHIP SIMULATION AND TEST PLAN......... 73
7.1 INtroduction. . ... ..o 73
7.2 WholeChipSimulation. .......... ... ... i, 73
7.3 TestandMeasurementPlan. ............. ... ... . .. 76
8 CONCLUSIONS . ... e 78
References. . ... 80

Vii



List of Figures

2-1 Simplified block diagram andaveforms for a frequencsynthesizer....... 5
2-2 PFD phase error VS gl PlOt.........oooiiiiiiiiiieiieee e G.....
2-3 State diagram and schematic of RED.............cccuiiiiiiiiii, 7....
2-4 Sample vaveforms for PFD/CP/LPF combination...............ccceevvevveennnne 1.
2-5 Schematic of a chge puUMP..........oooviiiiiiiiiiii e 8.
2-6 Linear model of the frequensynthesizer............ccccvviviiiiiiii, 10.
2-7 Schematic of modified loop filter..........oooiiiiii 10...
3-1 VCO block diagram............eeiiiiiieieeeeee e s e e e e e e e e e e eeeeeneees 15.....
3-2 n-stage imerter 0SCIllator VCO ().evvvveeeeeeeeeeiiiiiiiiiiiiiiiieeeeeeeeee e 17..
3-3 Schematic of ring oscillator delay stage............coovvviveiiiiiiiiiniiiiee, 17.
3-4 Step response When,V0->1.. ... 19...
3-5 RC model of a 2-stage ring 0SCIllator..............uuveiiiiiiiiiiiieiieeeeeee 20..
3-6 Example of the 2-stage VCO output as a function of \ctrl................ 22
3-7 Schematic of VCOs switch unit S1 (single-endetdsion)....................... 23
3-8 Schematic of VCOs switch unit S2 (single-endetsion)....................... 24
3-9 MATLAB Simulink PLL model.........cccooiiiiiiiiiieeeeeeeeeeeeee e 21...
3-10 Simulink simulation output for N=1000...........cccovviiiiiieeiieirieeeeiiiiinenes 27.
3-11 MOS capacitor structure and its characteristic plat...............c.eeeeeeee. 29
3-12 Differential CP/LPF UNIt...........uuuiiiiiiiiiiiiiiiieeeee e 30....
3-13 Current source for CP/LPF UNit.........cccuvvviiiiiiiiiiicee e 31..

viii



3-14 Common-mode feedback amplifier...........cccouveiiiiiiiie 32..

3-15 Schematic for phase-frequgndetector unit.............ccceeeeeiiniinnnniiinnnne. 33
3-16 Schematic of single-ended-to{@ifential signal coverter..................... 34
3-17 Simulated diferential VCO control gltage...........cccccevvviiiiiiiiiiiinnns 35.
3-18 Simulated reference and feedback signals...............ccccooeiiiiiiiiinnnnns 35.
3-19 Simulated control eltage after the PLL is lo€d................oovvvvnnnnnnnnnn. 35
3-20 Full-custom design fl@............oevviiiiiiiiiiiii 36....
3-21 Layout plot of PLL BIOCK..........uueiiiii e 37....
4-1 Pulse swllow frequeng divider. ..............oevvviiiiiieiiieeeeeeeeeeeeeeeeeiiennnn 400
4-2 Block diagram of COUNter UNit............coooiiiiiiiiiiiiiiiiieeeeeeee e 41...
4-3  4-bit MObius counter counting pattern............cccevvvvevviiiiiiiiinnneeeee . 430
4-4 schematic of a 4-bit MODIUS COUNEEL...........ccuviiiiieiiiiiecce e 43..
4-5 Pattern edge detection CirCUIL.........ccovvieeeeieeiiieieeeeeere e 45...
4-6 64-count 2 stages MODIUS COUNtErl...........cooiiiiiii e 46..
4-7 Schematic of 256-state programmable counter............ccceeeeeeeeeeeeen... a7,
4-8 (249/372)-state A COUNTEL........uuuiiiiiiiiiiiiiiiiieee e 48...
4-9  3/2 PrESCAIL ... ..o 49......
4-10 Sample vaveforms from 1-256 programmable counter..................... 51
4-11 Typical Standard Cell Design FD.............ccuvviiiiiiiiiiiiiee 53..
4-12 Layout plot of programmable counter design.............ccoeevviviiiiiiiinnnns 54
4-13 Layout plot of 8-bit Shift r@iSter.............ccceeeiiiiiiii e 54..
4-14 Layout plot of 4-16 decoder deSIgh............uurruiiiiiiiieieiieeeeeeeeeeeeenanns 55..



5-1 Schematic of high speed differential pad drivers.........ccccocvveeevcveceneecienene, 59
5-2 Layout plot of differential pads. ..........ccoooereererniniineeee e 60
5-3 ggMOS ESD protection SCNEME. ........ccccovieeiieece e 61
5-4 A pad structure with ggMOS ESD Protection. ..........ccecevveeereereseeseesensnens 62
5-5 Schematic Of POWEN PAAS. .......coeiiiriiiieie e 62
5-6 Schematics for analog power pads and reference pad. .........ccccoeeveeveieneee 63
5-7 Schematic of the bi-directiona digital pad..........cccoorirenininieier e 64
5-8 Layout plot of the bi-directional pad. .........cccccoeeveeiiiiieccee e, 64
5-9 Pinmodel of CLCC-44 PACKAGE. .......ccceeveeeeirieiieeieeeerie et ee e 65
5-10 Layout plot of frequency synthesizer design (including pads)................... 66
6-1 Metal and assembly stressrelief fill. ... 72
7-1  Setup of top-level SIMUIBLION. ........cceeiiieceee e 74



List of Tables

3-1 Thefrequency synthesizer's design specification...........ccccceveevcieeieeciveennen. 14

3-2 Parameters for manual model of generic 0.25CMOS process (minimum length

EVICE). ..t 16
3-3 Devicesizesfor the VCO delay CEllS. .....covieriininieeeeeeeeee e 21
3-4  Corner Case KVCO VAIUES. ........cccciririeirinieeeesieseee e 22
3-5 Devicesizesfor the SWitCh Unit S1.........cccooiiiiiiinine e 23
3-6 Devicesizesof VCOSSWItCh UNIt S2........cccooviiiiiiiniieeeeeeeeeee e 24
3-7 CPILPF deSIgN VAIUES......c.oeceeeceeeiececteeste ettt 26
3-8 Devicesizes of CP/ILPF UNIL.......cccooiiiiirieeceeeees e 30
3-9 Device SIZES Of CUITENE SOUICE. ......ccverviriirieeieceeiesie st 31
3-10 Device sizesfor common-mode feedback amplifier...........ccccoveveveeiincnee 32
4-1 Counting values for the pulse swallow frequency divider. ..........cccooerennee 40
5-1 Device sizes of high speed differential pad drivers. .........ccccoeeevcveieecieennen. 60
5-2 Devicesizesfor the bi-direction pad. .........ccccceevveieeeerecceseece e 64
7-1 Test result of whole chip SImMUIaLioNS. ..o 75

Xi



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, dueto the package electrical characteristics, building afrequency synthesizer with
discrete components to meet the advancing design speed constraint becomes more and

more difficult. Thisis more obvious in the growing wireless communications market.

In awireless communication system, to achieve higher speed, lower cost, smaller form
factor, and lower power dissipation, the frequency synthesizer is usualy integrated
together with other circuitsinlow-cost CMOS technology. Thisin 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 capacitanceis required. Since current CM OS technol ogies 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 ideais to partition



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-V CO structure, wider tuning range can be achieved with limited capacitance

area usage.

One of the core componentsin the frequency synthesizer is the programmable counter.
Traditional counter designs are normally based on either binary or one-hot design struc-
ture. Binary counter structureis 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, anew counter design structure is necessary.

In the following chapters, we will demonstrate the design and implementation of afre-
guency synthesizer by using the concepts described about. Also, we will present anew
counter design, the so-called modified Mobius counter. This counter structure can pro-
vide speed performance comparabl e to one-hot design while using limit amount of chip

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

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



design implementation complies with TSMC 0.25um CMOS technology and the pro-

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



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 rel ationship between two input signals. The
phases of areference signal, f,, and a feedback signal, fs,, are compared in a phase-
frequency-detector (PFD), and the phase difference isthen converted by a charge pump
and low pass filter (CP/LPF) circuit into a control voltage. This voltage controls the
VCO to generate asignal with the desired frequency. A divider isinserted on the feed-
back path, giving f,,= f,,+M . Sincein the locked condition, f,s and fz, must be equal,
fout IS SImply egual to the product of f,g 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 alinear model for the system. Aswe will see, the frequency

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



Figure 2-1. Simplified block diagram and waveforms for a frequency
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(a) Block diagram (b) Typical waveforms with M=4

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

Asseenin 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. Thisis best described with the PFD phase characteristics plot shown in



Figure2-2,in which, Ag= phase, ;—phase;eeqnack - 1NE PIOt Showsthatthe PFDis anonlin-
eardeviceandit hasalinearphaserangewithin 360 degreesWhenthe synthesizers
in locked state,the phaseerror betweenfeedbackandreferencesignalsare normally
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 g\ plot.

Average V
out

The phasefrequencydetectordescribedabovecanbe implementedoy a digital state

machinewhosestatediagramandschemati@areshownin Figure2-3. ThePFDdesign
producesion-complementargutputsUP andDN. TheUP signalis usedfor increasing
thevalueof controlvoltageandthereforejncreasinghe outputfrequencyof theVCO.
A DN signaldoesthe exactly oppositejob, andis usedfor lowering the outputfre-
guency.Theduty cycle of eachsignalis dependenbn the phaserelationshipbetween

thetwo inputsignalsandtheir phasaifference Assumingf,q¢is leading theDN signal



remains inactive while the UP signal become active with a duty cycle of g—‘r‘; , as shown

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

Figure 2-3. State diagram and schematic of PFD

L. —w>ck o}l—e»—

fﬂ) arrives fref arrives UpP
f arrives _
fb D
UP=0 rst
f  arrives f, arrives rst DN
el D Q _‘_
L —»>ck
(a) State diagram (b) Schematic

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

frer

upP

Sincethe 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



accordingto the PFD outputs.VCO controlvoltage,V,,; riseswhenUP is activeand
the amountof voltagechanges dependenbn the duty cycle of the UP signal,which

can be seen in Figu&4. Similarly, \4,; decreases when DN is active.

Figure 2-5. Schematic of a chge pump

UP Oy
Vout
DN O——7vy CP
Icp
Gnd Gnd

Let us considerthe casewhenthe referenceclock is leadingthe feedbackclock. The

average output current from the charge pump is then given by

t .
I = DUP—actlve. (2_1)

out — 'cp T
In which, T is the periodof thereferencefrequency.‘l’herefore,tUF"TaCtive is simply the

duty gscle of UP signal. Thus, we &

=1 Re (2-2)

Iout cP 271
Equation2-2 canbe appliedto the casesvhenthefeedbacksignalis leadingtherefer-
enceclockaswell, with bothphasesrrorandoutputcurrentnegative Hence thetrans-

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



Lout _ Icp
EP(S) = E’[ (2‘3)

In simplest case, alow-passfilter 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

\%
lLUt(s) =

out

r::p. (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 aring oscillator for the VCO. The transfer characteristic of a VCO unit
can be described as

fueo = Kyeo X Vour(t) - (2-5)

Integrating on both sides, we have
(R/co(t) = cho ;Vout(t)dt’ (2'6)

yielding the transfer function

qDOUt KVCO
(s) = . 2-7
Vout S (27

The output signal generated by the VCO unit is then fed back to the PFD viaadivider unit.

The feedback divider carriesthe function f,,, = m 5., which isin our case, f,, = = O

1
M —veco®

out?



With each sub system’ s linear model defined, we can now construct alinear 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

lﬂ) 1 Ky

®,ui(9) _ 21 sECp S
cl)in(s)

H(s) = (2-8)

1l 1 Kieo
1+MD2_T[ s[C S

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

| ¢
Cfm ;/\ lcp 1 Kveo ;’)Ut

L s
y

A

1
M
Figure 2-7. Schematic of modified loop filter.
Icp Vout lep Vout
- With C2 << Cp R
, =
l T
% Gnd Gnd
(a) Second order filter (b) simplified filter
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The closed-1oop system contains two imaginary poles, which suggest that the systemis
unstable. In order to stabilize the system, amodified |oop-filter unit isused to add azero

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

1
Q)Z:E (2'9)
P
C,+C
-t -
Wy RC,C, (2-10)

Capacitor C, is used for suppressing the ripple noise caused by R-C,, loop and can be
neglected aslong asit is much smaller than C,,. Thus, the loop filter can be simplified
to the circuit shown in Figure 2-7(b). The pole of the system becomes

1

(A)p DR—CZ , ( 2-11)
the loop filter’ s transfer function becomes
Vout 1+sRC,
Zoutigy = 2-12
o (s) s, (2-12)
yielding the new frequency synthesizer’s close loop transfer function
' 1
ﬁ |:cho%R + C_E
H(s) = P (2-13)

2 cp cp
s +sR ™ Echo + 21IMC vco
p

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

written as

W, = ZH'\(;'pCp [cho (2—14)
R [lepCp X
(= 2N 21tM l:cho (2 15)
I Ky .oR
Wypr = 200, = %. (2-16)



To keep the system stable yet to have fast settling time, «, = 40,; and w, = %wlpf 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, aring 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 regjection, such as one using
differential circuit structureisdesirable. In our design, we have adopted the differential
VCO circuit topology in [Dai03] and charge pump/loop filter’ sin [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

12



and timing jitter in afrequency synthesizer and one of the possible solutions, which we
used in our design. This chapter servesasafoundation for design analysisin 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
isthe 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 afull-custom design flow for the PLL block layout. Before presenting the PLL

design, let usfirst look at the design specification for the frequency synthesizer .

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 <1.0ms
Power consumption <200 mwW
Process technol ogy comply with TSMC 0.25um CMOS
Supply voltage 25+0.2V

Since one of thisdesign intentionsisto test the standard cell set and pads that were pre-
viously created, an output frequency rangefrom 1.0to 2.0 GHz with 2.0MHz resol ution
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 anumber of divide-by-two

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

14



DC upto 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 L C-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 thisissue, we came up with aVCO unit

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

Figure 3-1. VCO block diagram.

low

— frequency —

Select veo Select
Vout D—E—J/O_ _Q\I;E—D f
O O out
Ss1 sS2

high

— frequency —
VCO
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Unlike atypical VCO unit, the one in our design contains two VCO cells, each gener-
ating asubset of the frequency range, i.e. thelow frequency V CO generatesfrequencies
from 1.0GHz to 1.49GHz; and the other one generates the frequencies from 1.49GHz
t0 2.0GHz. A SEL signal isused to choose which VCO to use. By carefully design these
V CO 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 %’ lep @nd 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 arere-listed in Table 3-2. These values will be used in later chapters.

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

; ; 2 =
Vo(V) y(v®) Vpsat(V) k'(A/V) AV

NMOS 043 04 0.63 11510 ° 0.06

PMOS 0.4 04 -1 —30x10°° 0.1

3.2.1 Design of VCO Célls

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

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

16



range output. For theinverter delay stage design, we usethe 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 (nO1,n=2)

9 Ve+
Ve+ n 2 Ve+
L i+ G—1 i+
o— o—
o+ o+
—t i- 1 i~
Ve- Ve-
0 ve-

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

vdd
Vi [ M1 M3 pk aq M5 M7 ] v
© S o & DV
[ M2 M4 l/— _J M6 M8 ]
Gnd
Ve+ D—\‘ Vo

Shown inthefigure, transistorsM1, M2, M7 and M8 together form differential inverter
pairs, M9 and M 10 arethe 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 changesthe delay stage into adesign with hysteresis. This

17



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 thisisthe requirement for aring oscillator to oscillate, an oscillator
containing only 2 stagesis possible. As mentioned before, the VCO isthe biggest phase
noise and timing jitter contributor in the system. Since phase noise and timing jitter are
accumul ated by each delay stage in the ring, minimizing the number of stagesinaVvCO

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 astage. If we can change the effective widths of the inverter pair, we can
also change the output frequency of the ring oscillator. M9 and M 10 are used exactly
for this purpose. Increasing the differential control voltages applied at the inputs of M9
and M10isequivalent to increasing the effectivewidthsof 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 M 10 from the circuit.

3.2.1.1 Circuit Analysis

To understand how the oscillator circuit works, let usfirst 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,V0->1

M3 5 M7 Vi
current path 1

Vit M2 M6 current path 2
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At t=0, bothM2 andM7 areon, andcreatingthetwo currentpathsshowvn in thefigure.
SinceM3 andM6 arestill on, the outputstatesremainunchangedintil whenVg + =
V1N OF Vg- = Vgt V1p At thatmomenteitherM4 or M5 turnson. Dueto the positive
feedbackformed by the latch pairs, both outputsswitch statesrapidly. Now, let us
defne thisis thethresholdpoint of the delaystagejn which, Vi+ = Vy, andVi- =V g4
- Vi At thresholdpoint, M2 andM7 arein saturationandM3 andM6 arein linear

mode. On “current path 1”7, we v&a

2
Kn' W2 2 W3l Vel
lq = ?L_MZ(Vth_VTN) = kp L_WE(VTN_Vdd_VTP)VTP_TH' (3-1)

Solving for V,, we get

2
Wyws w2 O VIO
Vi = Vo + |2 043 (V- =V — Vo)V p— —20, (3-2)
th ™ J Cos EW‘MZ BV Ve~ VrelVre— 5

WheneachNMOS andPMOSpair have equalstrength Equation3-1 andEquation3-
2 alsoapplyto “currentpath2”. Noticethatwhenthesizeof thelatchesandall thegate

lengths stay constant\s just a function of the werters’ efective width.
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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. Ry is the equivalent drive resistor and Cy isthe
equivalent input capacitor of a delay stage. In order for the system to oscillate, Vpg
must cross over the delay cell threshold voltage Vy, at t = % after V1pg startsrising, 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

2]

o WAy VN E
T T

Gnd Gnd

aaaaaaaaa

(d) RC model (b) Waveforms at nodes TPA and TPB

.
T 0 amracgd, V
Vip = Vrpg [ = Vg —e 19090+ — 20—

“4RdCg
e . 3-3

Solving for T, we get

Vgt A/(3Vdd—2Vth)(2Vth—Vdd)E

T = 4RdCg On3 3-4
9 O 2(Vgg—Vin) 0 (34)

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

threshold voltage, V. Thus, to minimize noise, we want ddTT to beassmall aspossible.
th
Solving Vy, from Equation 3-4, we get
Vi, 008V 4y = 20V. (3-5)
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Combining it with Equation 3-2, we have

Wus Lmz
— W 021, 3-6
Lms M2 (3-6)

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

a3-stage oscillator is V,=1.8V. Therefore,

\%"33' Ebl_v'\:i 016. (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 cellswe use in our design.

Table 3-3. Device sizesfor the VCO delay cells.

Cdl Device(s) M1M7 M2/M8 M3/M5 M4/M6 M9 M10
Delay cell M 3 3 3 3 2 2
for
2 stage W (um) 35 14 15 6 52 21.4
VCO L (um) 0.24 0.24 0.24 0.24 0.24 0.24
Delay cell M 12 12 2 2 2 2
for
3 stage W (um) 8.75 35 10 4 175 7
VCO L (um) 0.24 0.24 0.24 0.24 0.24 0.24

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

(Dout

7 isamonotonic function within -0.1V to 2.5V control volt-

voltage, confirming that
ctrl

age range. Acquired corner case Ko, values from simulation are listed on Table 3-4.
Notice the K,,.,/M values of thetwo VCO types are very closeto each other. This gives

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

21



Figure 3-6. Example of the 2-stage V CO output as afunction of V .
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Table 3-4. Corner case K, ., values.

Sampling frequency 20GHz 1.49 GHz 1.49 GHz 1.0GHz
VCO type 2-stage VCO 3-stage VCO
Kyeo (MHZ/V) 120 540 90 440
M 2000 1490 1490 1000
Kyed/M (MHZ/V) 0.06 0.36 0.06 0.44

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-
ysisfor both units. For simplicity, we use single-ended version designsin 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 VVCO control signal isrouted to either the

A or B output. In order to reduce cross-coupling noise generated by the unused VCO
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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 VCQOs, 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 13k@ and 31k 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).
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Table 3-5. Device sizes for the switch unit S1.

Devices M1/M3 M2/M4 M5/M6
M 12 12 12
W (um) 10 25 2
L (um) 0.24 0.24 0.24
Reg (Q) 26 25 130
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To lower the equivalent resistance, Ry, We can simply increase the transistors’ W/L
ratio, since Rgy is inversely proportional to the W/L ratio. The target Re is chosen to
be less than 30 Ohm, which is compareable to interconnect wire resistance. Increasing
the device sizesalso increase their paracitic capacitances. In out final design, the overall
paracitic capacitance of Switch Sl is approximately 210fF, which can be neglected,
since C, in the LPF unit which isin the picofarad range and hence dominates. The final
device sizes are shown in Table 3-5. Notice that the sizes of M5 and M6 aresmall. This
is because they are not on the L PF path, and therefore, their sizes do not affect the L PF
gain and can be kept minimum.

Figure 3-8. Schematic of VCOs switch unit S2 (single-ended version).
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Table 3-6. Device sizes of VCOs switch unit S2.
Devices M1/M3 M2/M4
M 1 1
W (um) 2 5
L (um) 0.24 0.24

Switch unit S2 uses a pass gate structure similar to that of S1. Its schematicisshownin
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,
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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 K|, values, we can move on

to the charge pump and loop filter designs.

3.3 Charge Pump and L oop Filter

From Equations 2-9, 2-11, and 2-16 we can see that the charge pump current I¢, is
inversely proportional to R, while R itself is directly proportional to C, and C,. 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 C,, and C, while
keeping «w,, w,, and w, 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 iswise 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

ot
case. Therefore, o, = =% = 2ma0®22 . Thus, we have o, = sma0’ % and

w, = 8nx1053%3/ . Thelock-intimefor aPLL with aPFD isapproximated by Equation 3-
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8, inwhich f, istheinitial frequency error, N isthe feedback divider ratio, and K isthe

loop bandwidth [Wolaver91].

8f
%0, (3-8)

NK

TpO

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 800us, 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 K,,./M, 0.06 MHz/V,

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

Table 3-7. CP/LPF design values
lep R Co C,
10pA 157kQ 255pF 16pF

Sincethe CP/LPF design decidesthe functional correctnessof aPLL design, wrong cal-
culations can almost certainly guarantee thefailure of adesign. 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 ssimulation 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
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and one of its output example, in which, we fr=1.0 MHz and fg=100MHz. With all four
Kyco 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.
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Figure 3-10. Simulink simulation output for N=1000.
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3.3.2 Design I mplementation

Thehardestlecisionto makefor theLPFimplementations whattypeof capacitosstruc-
tureto use.In the procesgechnologywe areusing,we have theoptionsof usingspecial
Poly-InsulatofPoly (PiP) or Metal-InsulatorMetal (MiM) structureto build the high
precisioncapacitorspr usingMOS structurefor area-eficient but substrate-noise-sen-
sitive capacitorsSincethe MOS capacitorstructuregives6 timesmorecapacitanceer
areathanthe PiP/MiM structurefor the samearea,we decidedto useit in our design.
Furthermorethis leadsto a moreportabledesignsincePiP/MiM structureis not avail-
ablein someprocesseslo reducethe noiseeffects,we usethefollowing techniquesn

the layout design:

» place the capacitors aarfavay as possible from all digital units, including VCO
and the PFD

» place double guard-rings around the capacitor units
» use dedicated analogwer and ground supplies

A MOS capacitorstructures shavn in Figure3-11.Theoverall capacitancés thegate
capacitanc&vhentheMOS is turnedon plustheparasiticcapacitancethatexist onthe
sourceanddrainterminals.Whenthe gatecapacitancés substantialljargerthanpar-
asiticcapacitancesheoverall capacitanceanbe approximatedy C=C,,WL. There-

fore, we vant to construct the diee with lage gate length and small junction area.
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Figure 3-11. MOS capacitor structure and its characteristic plot.
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From the characteristic plot we see that the capacitance val ue remains constant once the
deviceison. HSpice simulation showsthat the turn-on voltageis 1V for aPMOS device
and 0.7V for aNMOS device. Dueto 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 Vy+ and 0-1.3V for V y-, we use PMOS capacitors on the V + path and

NMOS ones on the V - 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 alows for faster switching times. The amount of current
pumped in or drained out from the LPF unitsis regulated by the current mirror circuit

formed by transistors M 1 to M8, with the current source shown in Figure 3-13. The cur-
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rent source circuit is a modified V-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.
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Table 3-8. Device sizes of CP/LPF unit.

Devices | MU/M2 | M3/M4 | M5/M6 | M7/M8 | M9/M10 | M1U/M12 | M13 | M14 | M15 | M16
m 1 1 1 1 1 1 5 10 | 10 5

W (pm) 24 24 9.6 9.6 0.48 0.48 24 | 50 | 20 | 96

L (um) 0.96 1.44 144 0.96 0.48 0.96 096 | 0.24 | 0.24 | 0.96
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Figure 3-13. Current source for CP/LPF unit.
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Table 3-9. Device sizes of current source.
Devices | MUM2 | M3/M4 | M5/M6/M8 | M7 | M9/M10 | M11/M12 | M13/M14/M16 | M15
m 1 1 1 1 1 1 1 1
W (um) 30 6 24 24 75 24 9.6 9.6
L (um) 0.96 1.44 0.96 144 | 096 1.44 0.96 1.44
Shown in Figure 3-13, the value of current | ¢ is given by
%
los = logs = & - (39
For a current mirror system, we have
o - 0
Lout Ea/-_v[kEF = lrer Ea/__vq)ut ‘ (3-10)

Applying it to our design, as an example, we have | o=l ¢y, IrRgF=lcss Mou=M1UM3in

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

sponding device pairs. By choosing the correct device sizeratios, a10ua charge-pump

current can be generated.
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Continuing with the CP/LPF design, we see that a differential amplifier, U1, aswell 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 V4, + and from OV to 1.3V for V ,-. The amount of voltage shift

isequal to the V 4 of the device, which can be found by solving the equation

_ K'w

lg = ST (Vgs= VD) (1 +AVqy) . (3-11)
Figure 3-14. Common-mode feedback amplifier.
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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 (um) 40 40 9.6 9.6 9.6
L (um) 0.96 1.44 0.96 1.44 0.96
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3.4 Phase-Frequency Detector

Since the PFD update rate is 1.0MHz, which isin the low frequency range, the circuit
implementation of the functional block shown in Figure 2-3 is rather straightforward.
The design we use isfrom [Maneatis96] with added inverter delay unitsto eliminatethe
hazard conditions and the dead zone issue, as suggested in [Dai03]. The schematic dia-

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

Figure 3-15. Schematic for phase-frequency detector unit.
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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=0.24um for the devices.
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Figure 3-16. Schematic of single-ended-to-differential signal converter.

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

mum delay between the complementary outputs.

3.5PLL 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 ssimulation time. This is because the PLL unit is an analog
device, and the VCO units produce high frequency outputs, it requires asmall time step
in smulation to achieve high accuracy. However, the PLL unit locking time is
extremely long compared to the output frequency period, microsecondsvs. 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
programmabl e divider being built. The following are some sample waveforms captured

from the HSpice simulation results.

34



Voltage

Voltage

Voltage

Voltage

Voltages (V)

2.158 2.16 2.162

2.156

284m 285m 286m 287m

283m

Figure 3-17. Simulated differential VCO control voltage.

1-
200u 400u 600u Time (S
Figure 3-18. Simulated reference and feedback signals.
Time(S)
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From Figure 3-19 we can see there are two noises showing on the output signals, one
with 1 ps period and the other with 10 ps. The high frequency one is the noise coupled
from the phase-frequency detector outputsto eliminate the“ dead-zone” and thelow fre-
guency one is the noise passed through the low passfilter since it has the bandwidth of
5 rad

orif
el = onx10° o,
10 secV

Wypr =

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 afull custom design flow. The flow

we useis shown in Figure 3-20.

Figure 3-20. Full-custom design flow.
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In this custom flow, we have created scripts, including scriptsfor DRC, LVS, ERC, and

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

Thefollowing isalist of guidelines we used during the PLL design.
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* Widetransistors 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 signalsare 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. Noticethat the loop filter occupies more than half the PLL
block area. Therefore, using one set of CP/LPF with multiple VCOs greatly reducesthe

overall chip sizein 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.
SinceaPLL isacomplex analog device, thisdesign provided challengesto the designer
in analog component design. These included the consideration of effects from digital
elementsin atypical 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 afull 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

Aswe have discussed in Chapter 2, theVCO output frequency f; and the feedback fre-
quency fs, have the relationship that s, = fo s / M, where, M is the divisor of the feed-
back loop. Further, when the frequency synthesizer is in the locked state, fe = fyp,.
Therefore, when the system is locked, s = M xf,; . By changing the value of M, the
synthesizer can generate arange of frequencies. A programmable frequency divider is
used to generate the divisor, M. It can be assimple asahigh 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:

M = 2(PIN+9) (4-1)

count
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 setsof P and S are needed. The calculated P and S values are shown in
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Table 4-1. Instead of building two separate sets of circuits, we used one general 1-256
programmable counter for S and a249/372 variable counter for P. Based on the external
inputs, adecoder control circuit chooses which counting modes the counters should be
in.

Figure 4-1. Pulse swallow frequency divider.
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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 1to 247 998 to 1490, step 2
1.49GHz - 2GHz 372 3/2 1to 256 1490 to 2000, step 2

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
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block diagram for the counter unit with the test structure is shown in Figure 4-2. The
signal f|,, 1S used to test the performance of standard cells and pads. Itsvalue is defined
as flow = m_;xfref '

Figure 4-2. Block diagram of counter unit.
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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 f,,.o(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-
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hot. An implementationusing the binary schemeprovides greaterarea efficiency
becausét only requiresn registersfor 2" counts.However, dueto the extra decoding
logic overheadsucha designmay not be suitablefor high speedapplicationsOn the
otherhand,a one-hotcountereasily out-performsary othercounterdesigndueto its
minimal decodinglogic overheadBut sinceit requiresoneregisterfor eachcounting
state,one-hotcountingschemebecomesxtremelyarea-&pensve for a designwith a
large numberof countingstatesDueto the high speedandnumberof countingstates,
neitherschemeprovidesareasonableolutionfor our design.By carefully evaluating
the counters timing constraintand the characteristiof our cell set,we decideon a
modifiedM6bius counterdesignthat meetsthe performanceconstraintsvhile provid-

ing good area &tiengy.

4.2.1 Modified Mobius Counter

The bit patternof a 4-bit Mobius counteris shavn in Figure4-3,in which eachletter
represents countingstateof the counterandthe numberdn a stateshav the statusof
eachbit. The Mo6bius counterhastwo adwantagesover a one-hotcounterdesign:it
occupieshalf the sizeanduseshalf the dynamicpower. Fromthe countingpatternwe
canseethatann-bit Mobiuscountercanrealize2n counts.Thus,usinghalf thenumber
of registersaMobiuscounterachieve thesamenumberof countsthataone-hotcounter
doesThiscutsdownthedesignareausageby half. Further sincethereis only onelogic
transactioron eachcountratherthanthe two on the one-hotcase the Mbius counter

consumes only half the switchingwer of the one-hot counter
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Figure 4-3. 4-bit M6bius counter counting pattern.
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A Mobiuscountercanbeimplementedasa chainof DFFs,with theinputof eachDFF
connectedo the outputof the previous one,exceptfor one DFF, whoseinputis taken
from the complementeautputsignal of the previous FF, asshavn in Figure4-4. A
global resetsignalshavn in the schematids requiredto setthe counterto its initial
state.

Figure 4-4. schematic of a 4-bit M6bius counter
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4.2.2 Circuit Implementation

From its unique counting pattern,the currentstateof the countercan be found by
detectinghe“edge” of thebit pattern Herewe definethefalling edgeof the patternas
a transitionin which a bit completesswitchingfrom ‘1’ to ‘O’ state,while the rising

edgestheopposite Sinceonly onetransitionoccursin eachcount,we cansimply com-
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parethe two consecutie bits to detectthe edgeof the pattern.For instancejf we see
Bit [2] =1’ and[3] ='0’, we know thebit patterns rising edgehasarrived at StateD,
andtherefore the counteris in StateD. Anotherexampleis whenboth Bit [3] and[0]
arein logic ‘0’ state,we know thefalling edgehasarrived at StageA, andsodoesthe
counter Thedetectiorcircuit for eachcountstatecanbeimplementeadvith two NAND
gates,onefor eachedge.Two typesof detectioncircuit areshavn in Figure4-5. The
specialunit is for the DFF which input is connectedo the complemenbutputof the
previousoneandthegeneralboneis for otherDFFs.A NAND gatecomparegheinput
andthe complemenbutputof a DFF. If specificpatternedgehasarrived at the input,
the NAND will output'0’, otherwisets outputremainsl’. Sincea NAND gatecan
only detectonetypeof edge two gatesarerequiredto take careof bothrising andfall-
ing edgeslindeed,with addeddetectingunits, the Mdbius counters outputis turning
into one-hot(or one-cold,jn ourcase)style. This givesusthebenefitof replacingexist-
ing one-hotdesigndirectly with our designaslong asthe timing requirements ful-

filled.

4.2.3 Timing Analysis

Usingextradetectiorcircuitsincreaseshecounters clock-to-Qdelay Sincethedetec-
tion circuits areidenticalto eachother this extra delayis independenof the present
stateof thecounter Thus,regardlessof the countingstate the overall clock-to-Qdelay
is equalto a DFF’s clock-to-Qdelay plus a maximumof onetwo-input NAND gate

propa@tiondelay With approximatelyl20psof propagtiondelayonour NAND gate,

44



it givesaround420psoverallclock-to-Qdelay In contrastjn abinarycounterin which
thedecodersarenormally built usingmulti-level logic usinggateswith morethantwo
inputs,the propagtiondelaysaredifferentdependingnthecurrentstate Sothe over-
all clock-to-Qdelayhasto accommodatéhe worstcasedelay whichis expectedo be

much lager than the clock-to-Qalue in our design.
Figure 4-5. Pattern edge detection circuit.
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Both the P andS counterdn our designneedto countmorethan200 statesUsingthe
Maobius counterdesign,eachcounterstill usesmorethan100registers.To reducethe
counterarea,a two stage self-timedMobius countercircuit designis used.The sche-
matic of a simplecircuit is shavn in Figure4-6. We seethatthe countercontainstwo
Maobius chains,with onechaintakingits clock signalfrom theflip outputof the other
one. Therefore this examplecountercountsup to 8X8=64 counts.This is gain goes
with a correspondingacrificein the counters performanceThe critical path of the

systemis highlightedin the schematicwhich now goesfrom the clock input of the
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Figure 4-6. 64-count 2 stages Mobius counter
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bottomchainto oneof thetop chainoutputs.Thedelayis estimatedo beaboutlns,or
twicethedelayof onechainplusthedelayfrom thebuffers,which areusedto take care
of theheavy fan-outonthesecondlocktree.With the 2-stagestructure pnly 16 DFFs
arerequiredfor the256-statecounterand20 DFFsfor the249/372-stateounter There-

fore, thestructuregivesgreatreductionsn area.Theschematic®f the SandP counter

designs are sk in Figures 4-and 4-8respecirely.

To reducetheoverall clock-to-Qdelaystheoutputsof the S andP countersareregister
buffered,asshawvn in Figure4-7 andFigure4-8. With theaddedregistersatthe output,
the overall clock-to-Q delay should again be closeto a registers clock-to-Q delay
However, thefastestlock ratethatthesystemcansupporis still restrictedoy theinter-

nal critical pathdelay Carefulcalculationandsimulationshavedthatthe overall delay

meets the system speed requirement.
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Figure 4-7. Schematic of 256-state programmable
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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, adecoder convertsinput binary digitsinto one-hot digits. There-
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Figure 4-8. (249/372)-state fixed
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fore, 8 1/O pins are needed for each 256-state counter. To further reduce the total
number of pins, a shift register system isinserted 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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Figure 4-9. 3/2 prescaler.
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Since the clock-to-Q delay of the DFF is 300ps, fast enough to carry a 2GHz clock sig-
nal, itisdirectly used to construct the divide-by-two prescal er whose schematic isthere-
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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4.3 Simulation and M easur ement

Circuit simulations for a typical high speed digital circuit should include functional
simulation and timing simulation. Functional simulation isintended 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 Model Sim. These simulations are performed in
the discrete time domain, detailed information such asinterconnect delays and parasitic
components being usually neglected. This hel ps generate simulation results quickly. To
further analyze the circuit behavior for issues including but not limited to race condi-

tions and critical path delays, adetailed timing ssimulation is needed.

Initialy, 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, asthe counter unit hasalarge
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 thisissue 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 al 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 modul€e’s clock-to-Q delay,
which is around 300ps. This agrees with our previous conclusion.

Figur e 4-10. Sample waveforms from 1-256 programmable counter.
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4.4 Physical L ayout

For speed performance reasons, we use a custom design flow on the prescal ers 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 alook at the standard cell design flow we used for this design. The idea
behind a standard-cell-based design isto reuse alimited library of cells and replace the
labor intensive placement and routing work with CAD automated placement and rout-
ing. Figure 4-11 shows atypical 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.

Hereisthelist of all thetoolsthat are used for the flow. All the scripts and rulefiles 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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Figure 4-11. Typical Standard Cell Design
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Noticethat inthe“Detailed routing” step, acustom layout tool, MAX, isused. 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.

Post layout

static timing analysis

!

Done

The following figure shows the layout plot of the counter design.
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Figure 4-12. Layout plot of programmable counter design.
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Figure 4-14. Layout plot of 4-16 decoder design.

4.5 Conclusions

Due to the fasttiming and large-numbercounting requirementstraditional counter
designgncluding binary andone-hotdesignscannotprovide reasonableolutionsfor
our design.Therefore,we have comeup a new type of counter called the modified
Mobius counter In this chapter we have coveredthe conceptsinvolved in this new
designandits implementationin a high speedligital design,adesigner/designeéeam
oftenhasto modify traditionalcircuit designor comeup with anew designin orderto
fulfill thedesigngoals.Our counterdesignis agooddemonstratiorfor it. Also, to fur-
thertestthe designers problemsolving skills, we have tightenedthe timing constrain

by usingalow-speedFF designin our counterimplementationThus,it canbeimag-
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ined that by using afaster DFF design, better counter performance may be achieved. At
the end of this chapter, we have also briefly shown the use of astandard cell design flow.

It has been used on the low speed circuit block designs including the 4-16 decoders.
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5 PADSAND 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 padsto use. Since most pads complying with TSM C 0.25um process tech-
nology are proprietary intellectual properties, there are alot 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 areference. 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
ashigh as 2.0GHz arerequired to pass outside the package. Thus, it isimpossible 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:

_ ~dv _ 25V _
I = Ca = 1OpFD250—ps = 100mA .

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

on the supply becomes:

_d 00mA _
Varop = L = 5nH Dggng = 2V

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 100mV ;. 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 usfirst 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
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Figure 5-1. Schematic of high speed

equency Synthesizer
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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. Thisis because when
the digital signal’s voltage swing is reduced, the switching time of asignal 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
assmall aspossible. Recall that Re isinversely proportional to W/L ratio. Thus, R =
20 Ohmwill 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
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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 hasagain of around 5. High gain is not necessary since the circuit carriesdigital

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

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

Devices M1/M6 M2/M5 M3/M8 M4/M7
M 28 4 28 4

W (um) 14 14 56 5.6

L (um) 0.24 0.24 0.24 0.24

To comply with TSM C process technology, additional ESD protection circuit is added.
Sinceit 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

isshown in Figure 5-2.

Figure5-2. Layout plot of differential pads.
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5.3 General Purpose Pads

The genera-purpose pads we use can be classified into three category: regular power
pads, analog power/reference pads, and digital 1/0 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 aso because the ggM OS is a nature option
in CMOS technologies. Detailled 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 abasic pad struc-
ture. The structure dimensions are complied with MOSIS' TinyChip rules.

Figure 5-3. ggMOS ESD protection scheme.
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Figure 5-4. A pad structure with ggMOS ESD protection.
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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.
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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 anal og circuits such as PFD and VV CO become sensitive

62



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.
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5.3.4 Digital 1/O Pads

The digital input, output, and bi-directional pads are considered as digital 1/0O pads. In
fact, a bi-directiona pad can also be used as ainput or output pad, with control pintie
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.
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Figure 5-7. Schematic of the bi-directional digital pad.
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Table 5-2. Device sizes for the bi-direction pad.

Devices | MUM4 | M2 | M3/M6 | M5 | M7 | M8 | M9 | M10 | M1UM13 | M12M14
M 5 4 5 4 |1 1] a1 6 6

Wum) | 624 [624] 36 |36 |624|36]| 30| 30 6.24 36

L(um) | 036 |036| 036 [0.36]036|036|048]| 048 0.36 0.36

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




5.4 Packaging

Thediewill be packaged in ceramic L eadless 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 al 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.
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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 MOSI S offers cavity size of 7.62mm x 7.62mm . And the max-
imum die size can put in the package is 6.985mm x 6.985mm . Since our design measures
1.5mmx 1.5mm, it can be easly fit into the CLCC-44 package. Figure 5-10 shows the

layout plot of our final design.
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Figure 5-10. Layout plot of frequency synthesizer design (including pads).
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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 isimportant to reduce the energy consumption of a chip design. Over budget power
dissipation can lead to several seriousissues. Firstly, for abattery 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 dependson
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. Thisis 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 1 |, = K q%/ , WhereK isa
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-
ablein certain situations. Therefore, the designer has to evaluated the trade-offs during
the design. Trade-offs between speed, power dissipation, and noise are more obviousin
analog circuit design, since analog circuits require constant power consumption to

maintain their proper operations.

Thefollowing 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;

» useless amount of reference current in a current source and choose correct ratio to
generate required supply current in an analog circuit;

» saf timed counter to reduce the clock rate;

* reduce supply voltage on low voltage swing differential driver.
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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 al 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-
signa 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 anal og circuits and causes malfunction. Thus, it isvery important to reduce the
noise interference between circuit blocks. To reduce the noise interference, we use the

following guidelinesin our design:

» encircleall sensitive analog components with double guard-ring to reduce substrate
Noise;

» placedigital 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;

» usedifferential circuit structure in anoisy environment to reduce the common-
mode noise;

* shut down the un-used V CO to reduce switching noise;

* distribute high speed digital signalsin complementary form to reduce the net
amount of coupled noise;

* fill empty areawith 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 thelist.

6.4 Design for Test

During the design, we have applied several DFT techniques in order to make the fre-
guency synthesizer |C more easily testable. We will discuss each of them in the follow-

ing section.

From Chapter 2 we can seethe differential VCO control voltages carry alot 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 isuseful if we can monitor the VCO control voltages exter-
nally. Pulling the control voltages straight out from the signal path isnot an option since
extra parasitic capacitance can alter the gain of the L PF 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,

V CO 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 isfor better power noise rejection. More
importantly, we want to alow 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
aknow 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 isimpossible 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 I C 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 scriptsare 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 stressrelief fill.
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{ WHOLE CHIP
SIMULATION AND
TEST PLAN

7.1 Introduction

Sincethe frequency synthesizer chip design is planned to be fabricated, acompl ete 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 sinceit is required by the vendor, and more impor-
tantly, it isthe 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, a500hm resistor with one terminal connected to the ground can be used for sim-
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ulating an output load. Constructing input drivers are also simple since al 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.
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and MAX
tso G—@-— tso
d tp2]
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A probe tran v(tso) trst o2 ~.IC tp2p = 2.5 tp2n=0 tp3p = 2.5 tp3n =0
tp2n [@P2"
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-probe tran v(trst) st 3 @ . probe tran v(tp2n) v(tp2p) v(tp3p) v(tp3n)
A vddp tck
probe tran v(tsi) d ok won ko,
vddp tp3n
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! 0 na o d s %e 3z
E E 3% 2
S 22 RrBEZR
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ddp (‘J‘g a. @g 9 @U @w @;
o 12v [+ =232 " " RB
and )
g ~ic xn1=1.908 xp1=0.475 xpt1=1.06 xnt1=1.115
A~ lib 'mix025_1.1' TT_3V. gnd A probe tran v(xn1) v(xp1) v(xntl) v(xptl)

1000u $ UIC

~.option post acct opts Ivitim=2 nomod DCSTEP=1

Frequency Synthesizer
_ U [Cell: test_completel Tile: Jusr 1lresearchichaolreqsyn/im_2g/sueliest_completelsue
option ACCURATE DELMAX = 10p ; E ‘ owner: chao last modified by: chao Wed Jun 02 14:57:53 PDT 2004

Shown inthefigure, Block “ complete” isthe 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 cdll.
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Due to the fact that the core of the frequency synthesizer isaPLL 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 resol ution that failed the sim-
ulation process. Thanks to new computer upgrade in Prof. Brewer’s lab, we have
managed to run afew cases detailed whole chip simulations to check the design func-

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

Table 7-1.
Table 7-1. Test result of whole chip simulations.
Temp TEMP = 30°C TEMP = 80°C
M counts 998 1490 1492 2000 998 1490 1492 2000

2.7 passed | passed | passed | passed | passed | passed | passed | passed
25 passed | passed | passed | passed | passed | passed | passed | passed
2.3 passed | passed | passed | passed | passed | failed* | passed | failed*

Vad
V)

Noticethat the system failed to lock when TEmP = 80°c, Vdd=2.3V, and M=1490/2000.
Extraset of simulations are performed with TEMP = 70°c 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 30°c and
70°Cc 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.
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7.3 Test and M easurement 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.

» usecrystal 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 L CC 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-
guency synthesizer’s programmable counter and scan registers. Output signals will be
fed into oscilloscope and spectrum analyzer to measure synthesizer’stiming jitter, set-

tling time, and phase noise. Three programmable power supplieswill 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 compl ete the test and measurement. For future consideration, abuild-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.
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8 CONCLUSIONS

In thisthesiswefirst discussedhedesigrandimplementatiorof frequenyg synthesizer
in adeepsub-micronCMOS procesgechnologyFrequeng synthesizerandPLLs are
widely usedin high-speedligital and mixed-signallC designs.Thus, it is especially
valuablefor adesigneworkingin thisfield to have knowledgefor frequeny synthesis
andPLLs. Moreimportantly frequeny synthesizerss acomple systenthatinvolves
mary generalhigh-speeddigital and mixed-signaldesignissues.By designingand
implementinga frequeny synthesizerthe designers problemsolving skills in such
field canbewell exercised Also thedemandof IC designsn deepsub-micronCMOS

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

We alsointroduceda new typeof counterdesignwhichis basedn traditionalM6bius
counterstructure Suchdesignis provenproviding betterdesignareaandspeedperfor-
mancecombinationPipelinestructureis alsousedin the designto furtherimprove the
countermperformanceThestandaraell designflow we have developedpreviously have
beenusedn partof thecounterdesign.Thereforethesuccessf thisdesigncanbeused

to prove the correctness of the desigmflo

Thenwe reviewedtheconstructiorof padsfor thetechnologywe areusing.Sincemost

of the padsare proprietarylPs, it will be valuableto provide public accessiblgad
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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
thesisis supported by extensive simulation. We al so 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, | have gained enough experience to feel comfortable with this high-

speed mixed-signal design.
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