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Abstract

This thesis presents the design’ of a fully integrated CMOS delta-sigma ( AY)
fractional-N frequency synthesizer with quadrature phase outputs intended for the
local oscillator in WLAN 802.11a system using 0.18-um CMOS technology and
1.8-V single power supply. The proposed synthesizer can provide 16Hz frequency
resolution within synthesized frequency range from 5.120GHz to 5.376GHz and
meanwhile achieve fast locking time which is no more than 6us. Furthermore, its
phase noise also improved by AX Fractional-N technology.

The designed AX fractional-N synthesizer is composed of a LC-tuned
voltage-control oscillator (VCO), a divide-by-16 prescaler, a multi-modulus divider
(MMD), a phase-frequency detector (PFD), a charge pump with third-order passive

loop filter and third-order AX modulator.



The VCO is an LC-tuned negative-resistance oscillator. Its output frequency can be
adjusted by P+/N-well varactor and can be varied from 4.88 to 5.436 GHz at 1.8-V
power supply.

For low power and high speed consideration, the feedback high-speed divide-by-16
prescaler i1s composed of a pseudo-NMOS type divider and a
True-Single-Phase-Clock (TSPC) based frequency divider. The multi-modulus divider
has a frequency divide ratio, ranging from 16 to 31. The highest input-frequency of
the frequency divider is 5.9GHz.

The charge pump receives the UP and DN signals from the PFD and output
successive dc-like analog signal for the VCO through the third-order passive loop
filter.

The third-order all-digital: AZ MASH< modulator is implemented in FPGA
which operates together with ‘the multi-moedulus divider that is be used in this
frequency synthesizer. To achieve the desired operation frequency range (16 MHz or
higher) while providing low-power dissipation and small area. The pipelining
technique was utilized in the design. The third-order MASH modulator measurement

results confirm the 60 dB per decade increase in the spectrum, validating the
third-order noise shaping. Furthermore, for 2'® samples of modulator output the

fraction was represented to an accuracy of 99.999 . The pipelining technique was

utilized in the design
The AXY fractional-N frequency synthesizer has been fabricated with UMC 0.18-um
CMOS (1P6M) 1.8V technology except for the AYX modulator. The total chip area is

2500x 2500 um®. The total power consumption is 49mW from a single 1.8V supply.

vi



wSPT

WOEfIR A EEGY B ARR A R A L A RE R
FELREO 2 PHADRE RAEZLS > TP REEF L TR
SEEGEREAY ) TR R R LS S TR AR o A Sk it
BECRBEBRIFHEAFEEADTFLR > OB RS LK TREFT L
Lo RERBTEUL o

EHAHZEAFE MEFLRE P EFRLE AREA L Fnfe
MEFETRHE O BAIZLS oREHIREIAPFTLEG BB AL AT
v BT FH 2 v RN B b ek LT ipesd o EA g A
B ERE R

R#amMET 3 27 FHPEA T p BB £ s fld

= I - | =1 A N, e V2 N ks ~ 5y N
AH Rt o 23 E GRS A PRIBaGSER Y T iAo R A Bt ABR

AR RBAPTA B PRSREDGD > B A RFERY RIS

B WA B ADRA R S L R A TS TR RR s P AGRT & P
@~ 2004

vii



Table of Contents

B i
ADSIIACE. ...t il
B BT v
Table Of CONENTS .....evuiiiieiieieiieeee ettt vii
LSt Of FigUIES ... vt e e e e ix
LSt OF Tables. .. uene et Xiii
Chapter 1 INtrodUCLION ......cc.eiiiiieiiieiie ettt ettt et sae et e sebeeaee e 1
L1 MIOTIVALION ..ottt ettt sttt s saees 1

1.2 Thesis Organization ......... i e e s e eeeeeeeeenseeereeseeesseesseesseessseesssesses 2
Chapter 2 Frequency Synthesizer For IEEE 802.11a...............coccoooiiinininiininn 4
2.1 Role of Frequency Synthesizer for IEEE 802:11a Transceiver ........c...c..c...... 4

2.2 Specification of Frequency Synthesizer: ... .......coooiiiiiiiiiiiiiiiiiinnan 5
Chapter 3 Review of Frequency Synthesizer Architecture...........cccvveevvveeeciieenreeenee. 8
3.1 Basic PLL OPEration..........ccccuveeeiieeeiiieeiieeecieeeeieeeeteeesteeesveeeeeaeesaneesnneeens 8

3.2 Linear Model of PLL ......ooouiiiiiie e 9

3.3 PLL NOISE€ ANALYSIS ...vvieeiiiieciiieeeiieeeieeeeieeeeieeesveeesteeesteeessseeessseeessseeesnneas 11

3.4 Direct Digital Frequency Sysnthesizer..........cccoevvveeviiieeeiiieeniieeeiee e 186

3.5 Integer-N and Fractional-N Frequency Synthesizer ...........ccccoeeveeiiieninnnnn. 18

3.6 Delta-sigma Fractional-N Frequency Synthesizer ...........ccccoceeevveniveeiiiennnnns 20
3.6.1 AX Modulator BasiCs .......ccceeverieiiiniiieiierieeeieee e 20

3.6.2 Higher-Order AX Modulator for Divider Control.............c..cc.u...... 22

viii



3.6.3 High-Order AZ -Controlled Fractional-N Synthesizer........................ 28

Chapter 4 Circuit Level Implementation of Frequency Synthesizer........................ 30
4.1 Synthesizer ATCRItECTUIE ........ooueiiuiiiiniiiieieeicree e 30

4.2 The Phase DEteCtOr ......ccuieuieiiieiieiiieiie ettt 31

4.3 Charge PUMP .....oooeiieeiieeee ettt et e e e e e e 33
oY) o B S LS RSP 35

4.5 Spiral-Inductor LC-Tank VCO ........ccccciiiiiiiiiiiieiiieeeee e 38

4.6 Frequency DIVIAET........coouieiiieiiieiiecieeciie ettt 46
4.6.1 Divide-By-16 Prescaler.........ccoooieiiiiiieeiienieciieeeeeeeee e 46

4.6.2 Multi-Modulus DIvider .........ccooceerieiiiniienieieeieeeeeese e 51

4.7 Design for Third-Order MASH AYX Modulator...........cccooevvveiiencieenieennne 53
4.7.1 The block diagram;of the third<order MASH AX modulator-........... 53

4.7.2 Accumulator CIrCUIL . i irmrmrmmmm. s doue e veeeeesreeieeeesiee st et etesiee e 55

4.7.3 Noise Cancellation Networke i oo 57

4.8 ESD ProteCtiON....ccueeiuiiiieiiiriieieeieeitete ettt sttt 59

4.9 Package TOPOLOZY ...cccveeruiieiieeiieiie ettt ettt 60
4.10 Integration of Building BIOCKS.........ccccueeiiiiiiiiiiiiiieceeee e 62
Chapter 5 Behavior Simulation for Frequency Synthesizer.........cccccoccveevinicnenne. 64
5.1 Open-Loop ANALYSIS ....ccoeeiiriiniiiiiieeierieee ettt 64

5.2 Closed-Loop ANALYSIS......cccecuiiiiiiieeiiieeiieeeriieeecreeesireeeereeesreeesereeesveeesneeas 66
Chapter 6 Measurement Results and DiSCUSSIONS ........cc.eeeviieeiiieeiiieeieeciee e 69
6.1 Measurement SETUP ........eeeeeiriiieeeeiiiiee et eeeete e e e e e e e e saeee e eseteeeeesnneeeeas 69

6.2 Frequency DIVIAET........ccocuiiiiiiiieiieecie e 70

X



0.3 VCO CRATACLETISTICS wevvvneeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeareaaeeseeeeeeearaaaeseeeeeeeenas 72

6.4 Third-Order MASH Delta-Sigma Modulator............cccceeveieniiniiiniieiiieeee 76
Chapter 7 Conclusions and Future Works...........cccccuveeiiieiiiieeiiieeciee e 80
7.1 CONCIUSIONS ...ttt ettt ettt ettt e st e st e e nbeeenneenee 80
7.2 FULUIE WOTKS....ceiiiiiiiiee et 81



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

2.1. 802.11a wireless LAN direct-conversion architecture.............ccceeveevereennnee 4
2.2. The spectrum of the system specification.............ccceevveevienieinienieeieeeeeee. 6
2.3. Out-band calculation of the phase NOISe. .........ccceecverieniriienienieinicrecene 7
3.1. The block diagram of the Synthesizer. ..........c.cccecvieeiiieeiiieeieeeee e, 8
3.2. Linear model of a PLL synthesizer..............ccoooiiiiiiiiiiiiiiiiiiiienns 10
3.3. Periodic signal With JItET. .......cccovuiiiiiiiieciieeciie e 11
3.4. Frequency spectrum of a signal with phase noise...........ccccceevveeeceeercieeennnnn. 12
3.5. Simplified PLL model with n0iS€ SOUICES. ........cccvrercrieeriieeriieeeiieeeiee e 13
3.6. Output phase noise of a charge pump PLL with a frequency divider........... 15
3.7. Direct-digital frequency synthesis architecture. .............cccccceevveeiienieenenne. 18
3.8. The block diagram of the synthesSizer..........o.cc.ooviieiiienieiiiieeeeeieeee, 18
3.9, SPUTIOUS TOMNE. ..eoueveeneiee it et eesifan Fae et eeieeeteeeiteeteeenbeeseaeenseesaseeseeenne 19
3.10 (a) general AYX modulator and (b) linear model of the AX modulator.... 21
3.11 Sigma-delta Modulator ...........coccoieviriiniinieieieeeeeeeeee e 23
3.12 Sigma-delta modulator for fractional-N synthesizer. ..........cccccocvvevuieennenn. 23
3.13. Multistage noise shaping, in the MASH 1-1-1. ....ccooviiiiiniiiiiieeeee, 24
3.14. Multi-order delta-sigma noise shapers for reference frequency of 16MHz.27
3.15. MASH 1-1-1 implementation using digital accumulators. .............c........... 28
3.16. The block diagram of the AX fractional-N synthesizer. .........ccccecevveneenee. 29
4.1. The block diagram of the designed synthesizer...........c.ccccceeevverieeciieneenneens 30
4.2. (a) PFD dead zone and (b) PLL Jitter. ......c.ccccveeviieriieiieeiieieeieeee e 31
4.3. The schematic of the phase detector. ...........cccueeviieriiiiieiiiieiecee e 32

X1



Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.4. Waveform of the phase detector. .........cccceeveriiriininiiniiniceeceec 32
4.5. Physical layout of phase detector...........oooiiriiiiiiiiiiiiieeeee e, 33
4.6. (a) Conventional charge pump (b) The schematic of the current source

employed in the charge Pump. .......oocveeeiiieecieeee e 34
4.7 Simulation result of charge and discharge current..........ccccceeeeveeenieeenneenne. 35
4.8. Physical layout of charge pump. .........ccccoeevieviieiienieeeecieeeecve e 35
4.9. Third-order 100p fIILET. ......ccueeriieiiieiieieece e 36
4.10. Differential LC-tank oscillator schematic............ccoceveeveriienieneenenieneene 39
4.11. VCO SChEMALIC. ...evveiiiiieiieiieciiesieee sttt 41
4.12. Schematic of the output buffer............ccoecieiiiiiiiniii e 41
4.13. Physical layout of the spiral-inductor LC-tank VCO. .........cc.ccocceviniinen 41
4.14. Physical layout of VCO (enlarge the center-part)............ccccceeveerieeneennenne 42

4.15. The simulation I, Q channel-outputs-of the 'VCO with quadrature phase

output (a) single mode (b) differential. mode (c) I channel spectrum (d) Q channel

] 011018 Wb 14 USSR 44
4.16. The simulated VCO tuning characteristicC............ccceevvvrrvrreriieeirienreerieennens 45
4.17. The simulated VCO OULPUL POWET. ...c.eeevrieriieiieeiieiieeieeeieeree e eneeeseeeens 45
4.18. The phase noise simulation of VCO. ........ccccceeciiiriiiiiiiiiiieiecieeee e 45
4.19. Pseudo-NMOS divide-Dy-tWo0. ....ccceeevieiiiiiiieiierie et 48
4.20 Divide-by-2 circuit simulation output with 6GHz input........................ 48
4.21. Physical layout of divide-by-tWo. .......ccccecueriiririiniiniciinicneceeceeceee 49
4.22. Divide-by-16 circuit simulation output with 6.3 GHz input....................... 50
4.23. (a) multi-modulus divider (b) Logic cell (c) NAND-FF...........ccoeenneennne. 52

Xii



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

4.24 Timing diagram of the multi-modulus divider. .........c.cccoceeviniiniininncnnnne 53
4.25 Physical layout of multi-modulus divider.....................oo 53
4.26. The block diagram of the third-order MASH AXY modulator................... 54
4.27. Circuit realization of MASH 1-1-1. ..o, 55
4.28. Pipelined accumulator topology. ....cccuveeeiieeriiieeiieeeiieeeee e 56
4.29. 24-bit pipelined adder for MASH 1-1-1. ...cccoooiiiiiiiiiiiiieieceeee e 57
4.30. Logic design of error cancellation network. ...........cccceeevvieviiiiieniiieniiennns 58
4.31 ESD Protection CIrCUILS. ......eeueruierieenieeienienteeieste sttt sae e 60
4.32 Package MoOdel.......c..coouiiiiiiiieeiiee et 60
4.33 Pin-to-Pin Isolation for Package. ..........cccceeviiiiiiiniiiiiiiiieeee 61
4.34. Layout of frequency syntheS1Zer. .......coik.coiiniininiiniiniieeiceeeeeece 63
4.35. Frequency synthesizer pin @SSIZNMENt. .o i eoveeveerinienieeienieneeieeeeneeenee 63
5.1. Bode plots showing open loop-gain-and phase. ..............ccoceeiieniiiiienennnn. 66
5.2. Closed loop simulation of SYNthesizer:. ...........c.cccccveerciieeeieeciie e 66
5.3. Closed 100p freqUeNCY TESPOMNSE. ....vvveeerieeeiieeiieeeitieeeireeeieeeeereeeereeeneeeens 67
5.4. Worst case lock time characteristiCs. ........cocueevieriiiiniiiiieinieieeiceeeeeeen 68
6.1 Printed circuit board for (a) VCO test kit (b) frequency synthesizer............. 69
6.2 The instruments SEtuUp and OVETVIEW. .....cccueeruieeiierieeiienieeiee e enieeevee e enne 70
6.3 The measurement setup for frequency divider. ..........cccoecveeviencieenieniiennenne 70
6.4. Measured frequency divider output waveform with 5.9GHz input (a)+

384 (D) 320 ettt ettt ens 71
6.5. The measurement setup of VCO.......oocuiiiiiiiiiiiiiiieciieeeeee e 72
6.6. Measured VCO output spectrum at 5.25GHz with span=50MHz................ 73

xiii



[-channel (b) Q-channel. ............cccuiiiiiiiiiii e 73
Fig. 6.7. The measured VCO tuning characteristic. .........c.cceeveerrieereerneenieenieeneeenee. 74
Fig. 6.8. Measured VCO phase noise at offset frequency (a) 100K (b) IMHz........... 75
Fig. 6.9. The AX modulator output level with the values of static input K (a) K =
4194303 (b) K= 8388608 (C) K= 12582912 ..eireiieieeiesieeeeeeeeee e 77

Fig. 6.10. Output spectrum of the third-order delta-sigma modulator. ....................... 78

Xiv



List of Tables

Table 1 Performance summary of phase detector. ..........ccceevieeriiiiiieniieriecieeie e, 33
Table 2: PLL pole, zero and loop bandwidth parameters ............cccceeevverveeciieniennenns 37
Table 3 : Performance summary of VCO. .......ccccuviviiiiiiiiieiiieiecieee e 45
Table 4 Performance summary of divide-by-16. .........ccoccviriiiniiiiiiiiiiieceeee, 50
Table 5. The relationship between DSM output, division ratio and control code....... 51
Table 6. Performance summary of multi-modulus divider. .........c..cccooveniniinicnennne. 53
Table 7. Coding table for the MASH ouUtput.........cooieiiiiiiiiiieiceeee e, 59
Table 8. Summarize the VCO characteristics. ..........ceevueerieiiieiniiiiiieiieeieesee e 75
Table 9 Recent works of frequency synthesizer.at about SGHz ... 78

XV






Chapter 1 Introduction

1.1 Motivation

With the development of wireless communication, the demand for higher data rate of
transmission increasing. For all the wireless local area network (WLAN) applications,
there are several communication standards produced, such as Bluetooth, GSM, 802.1x
etc. Wireless LANs generally need to provide data rates in excess of 10Mb/s to
compete with existing wired LANs. For the IEEE802.11b standard, it provides data
rates of up to 11Mb/s in the 2.4GHz ISM band. In the US new spectrum, called the
unlicensed nation information infrastructure (U-NII) band, has been allocated for high
data rate wireless communications. [Fhe U-NII'band consists of a 300MHz span from
5.15GHz to 5.35GHz and 5.725GHz to 5:825GHz. The IEEE 802.11a standard is one
of the technology targets on developing of this band. This standard is based on
orthogonal frequency division multiplexing (OFDM) and can provide the maximum
data rate of 54Mb/s, minimum data rate 6Mb/s and minimum sensitivity —82dBm.
Besides, the carrier frequencies are from 5180MHz to 5320MHz with spacing 20MHz
(1], [2].

The rapid growth of mobile communication systems and wireless LANs (local
area network) have led to an increasing demand of low-cost high-performance and
compact communication integrated circuits. Integration of the analog RF part of
wireless transceivers in cheap digital CMOS technology seems a viable solution. A
major challenge in the design of future CMOS single-chip transceivers is the
frequency synthesizer. The most popular synthesizer type is the Phase Locked Loop

(PLL). The past years fractional-N, a PLL technology, allows improvement of phase



noise and switching speed. The fractional-N synthesis technique enables fine
frequency resolution with a high reference frequency by employing fractional division.
The fractional division of the synthesizer is mainly achieved by interpolation between
two integer modulus. However, the fractional spurs that come from the sawtooth
phase error of the phase detector degrade the output spectrum. The delta-sigma (AX)
modulator is used to suppress the fractional spurs and push the quantization noise to
out-of-band such that it can be filtered by the intrinsic low-passed characteristic of
PLL.

In this thesis, a fully integrated CMOS delta-sigma ( AX) fractional-N frequency
synthesizer with quadrature phase outputs intended for the local oscillator in WLAN
802.11a system will be proposed: This system'-is used for the direct-conversion
architecture. For the frequeney ,synthesizet, the -requirement of various center
frequencies provision, high accuracy'ef the-eutput of synthesizer, low noise, quadrate
phases for 1,Q paths and the stabilityissueés  makes the design goal of the RF
frequency synthesizer. In this thesis, the 5.12~5.436GHz frequency synthesizer was
realized in UMC 0.18-um CMOS one-poly six-metal (1P6M) process and runs off of
a 1.8-V supply. The frequency synthesizer is designed for specifications of the
WLAN 802.11a standard, generates the output frequency from 5.12 to 5.436GHz with

quadrature phases.

1.2 Thesis Organization

As described, the design goals of frequency synthesizer are: accuracy of the output

frequency, low noise, the prompt settling time, sufficient output power level and



lower power consumption. For solving these problems, the later chapters will have the
discussion about these issues and the optimizations for the design of the frequency
synthesizer.

Chapter2 introduces the specifications of frequency synthesizer for 802.11a
transceiver, including the frequency tuning range and locking time, frequency
accuracy, phase noise, output power, quadrate phase, sideband spurious tones,
stability, and power consumption.

Chapter3 introduces the basic component of PLL, including basic concept of PLL,
operation principles of PLL. The architecture of frequency synthesizer will be
discussed and there will have some analysis about their advantages and disadvantages
for wireless communications.

Chapter4 will have the discussions about .all: the circuits in the frequency
synthesizer such as voltage controlled-eseitlator (VCO), programmable frequency
divider, phase detector, charge pumpand loop filter. And each circuit has the
simulation results and some considerations in practice. The overall frequency
synthesizer based on real MOS design will be discussed also. Finally, layout, ESD
protection, package, PCB for the circuit implementation will be discussed.

Chapter5 provides the behavior simulations and circuit specifications about the
overall frequency synthesizer.

Chapter6 is the measurement results, including the VCO output power, frequency
tuning range, phase noise, locking time and third order MASH AX modulator
performance.

Chapter7 will come out the conclusions and the suggestions of future works.



Chapter 2 Frequency Synthesizer For IEEE 802.11a

2.1 Role of Frequency Synthesizer for IEEE 802.11a Transceiver

IEEE 802.11a is a popular wireless standard, and it has many specifications, of course,
including the RF part, the transmitter mask and the ability of rejection for adjacent
channel will define linearity and the sharp of signal. The receiver SNR will be
required for demodulated in baseband part and the system sensitivity for all kinds of
the date rate, and sensitivity and transmitter mask will define the dynamic range.
Therefore, there are some specifications for RF transmitter and RF receiver.

A generic wireless transceiver is shown in Fig. 2.1. The role of a frequency
synthesizer is to provide the local os‘ciﬂation frequency for transmitting and receiving

channel signals in IEEE 802.11a Transceiver. .

A/D

\ D/A
Synthesizer @ e
-face

\V/

Fig. 2.1. 802.11a wireless LAN direct-conversion architecture.

For the frequency synthesizer, only the locking time, center frequencies and



frequency accuracy have the specification to design. However, for typical wireless
system, lower phase noise and lower sideband spurious tones will make the design of
RF transmitter and RF receiver more easily because the transmitter mask and adjacent
channel rejection are hard to design if large phase noise and large sideband spurious
tones. In addition, output power is important issue because of the too small power of
the frequency synthesizer will have less ability to drive the switch of the RF mixer
and the actions for up-conversion and down-conversion will fail. In typical wireless
system, the in-phase and quadrate paths are used for good modulation and
demodulation, thus four phases synthesizer at least is required. Finally, the accuracy
of the frequency synthesizer is another issue, for IEEE 802.11a standard, the carrier
frequency offset is +20 ppm. Thus, the typical specifications for the frequency
synthesizer are tuning range and-locking time,. frequency accuracy, phase noise,
output power, quadrate phase, sideband—spurious tones, stability, and power

consumption.

2.2 Specification of Frequency Synthesizer

Locking Time

The locking time for the IEEE 802.11a standard is 224us, this means the carrier
switching time is less than 224us.

Phase Noise

The phase noise is the important performance for the frequency synthesizer. Bad
phase noise will block the desire signal due to the adjacent channel, thus, the good

control for the phase noise is important. Fortunately, the phase-locked loop has the



good performance on phase noise.

Considering the system specification as the Fig. 2.2, for the each date rate, the
each reference has given, for the worse case, minimum sensitivity is —82 dBm when
the date rate is 6MHz per second, and thus considering the adjacent channel, the
calculation about the phase noise is:

Liw, }=P,,,, —SNR,, —10log(20MHz) - P,
=-99dBc / Hz@20MHz offset frequency

djacent

For the non-adjacent channel, the phase noise can be calculated as —118dBc/Hz at
40MHz offset frequency. However, for the typical case, the phase noise of the desire
frequency falls in VCO 1/ f* region. Thus if the phase noise is ~99dBc/Hz at offset
frequency 20MHz, then the phase noise  at the offset frequency 40MHz
is —99-10log2’=-105dBc/Hz. ~Therefore, the ‘phase noise should be defined
as —118dBc/Hz at the offset frequen¢y 40MHz-or -112dBc/Hz at the offset frequency
20MHz, thus the specification about phase noise has been set.

Non-Adjacent

Channel %
-47 dBmé Adjacent -47 dBm

C‘gﬂneéﬁ
63d 3 dBm

Refergnce
L eve/

Reference Level:-79 /-78 /-76 /-74 /-71 /-67 /-63 /-62 dBm

Fig. 2.2. The spectrum of the system specification.



P

adjacent

Pdseire
Channel BW S‘:E\IR

Fig. 2.3. Out-band calculation of the phase noise.

The noise discussed above is from out-band calculation, however, the in-band
calculation should be taken in consideration, for non-ideal frequency synthesizer (with
phase noise), the received signal will be convoluted with non-ideal LO signal and then
the down converted signal will get worse SNR than ideal LO signal. Therefore, for
consideration of in-band phase noise, the specification about phase noise is based on
base-band modulation, for IEEE 802:11a standard, the signal modulation is OFDM
and the required phase noise is“about -90dBc/Hz at offset frequency 100kHz (From
BB simulation). For this specification, ts:strict than ouit-band specification. Therefore,
we will take in-band phase noise as specification.

Additional, I, Q phase mismatch should less than 5% for correct demodulation.



Chapter 3 Review of Frequency Synthesizer

Architecture

3.1 Basic PLL Operation

A basic PLL consists of a reference oscillator, phase/frequency detector, charge pump,
loop filter, voltage controlled oscillator(VCO) and divider. The reference oscillator is
obtained often from a quartz, with a very accurate frequency. With a constant divisor
of N, the loop forces the VCO frequency to be exactly N times the reference
frequency. The phase/frequency detector and charge pump deliver either positive or
negative charge pulses depending on whether the reference signal phase leads or lags
the divided VCO signal phase. These charge pulses are integrated by the loop filter to

generate a tuning voltage to move the VCO frequency up or down until the phases are

Charge
Ipti &*& Pump
Focr o—e ] v -
Phase ™ — | Loop - F
Detector | 2 . Y| Filter oo
Fp
o I %@ Yo

synchronized.

I
|'\'.
Divider

F3

Fig. 3.1. The block diagram of the synthesizer.

PLLs are used as frequency synthesizers in many applications where it is
necessary to generate a precise signal with low spurs and good phase noise. A VCO’s

frequency may be changed by varying either the reference frequency or the divisor.



But the reference is often a stable, fixed oscillator so it is the divisor that is varied in
integer steps, such that Fout = N * Fref.

One limitation with this type of PLL is that the VCO frequency cannot be varied
in steps any smaller than that of the reference. With a little more circuitry, though, a
1/M divider could be placed between the reference and the phase/frequency detector,
in which case the VCO output would be determined by the ratio of the integer divider,
such that Fout = (N/M)*Fref.

Even when the loop is locked the charge pump still outputs small charge pulses,
caused by mismatches in the PLL’s positive and negative charge pumps and other
factors such as non-ideal phase/frequency detection. These pulses create sidebands, or
spurs, in the VCO output spectrum:at offset frequéncies equal to the reference.

Dealing with these spurs requires designtradeotfs for fine frequency resolution
we want a low reference frequency, but this-will cause spurs to be generated closer to
Fout and a tighter loop filter bandwidth.is-required to filter them. PLLs with tighter
loop bandwidths have longer transient settling times (from one frequency to another.)
Also, the narrower the loop bandwidth the less suppression there is of the VCO’s

phase noise outside the loop bandwidth.
3.2 Linear Model of PLL

Although the PLL is nonlinear since the phase detector is nonlinear, it can accurately
be modeled as a linear device when the loop is in lock. When the loop is locked, it is
assumed that the phase detector output voltage is proportional to the difference in
phase between its inputs; that is,

Vd =K, (6, -0,,) (3-1)



where 6, and 6, are the phases of the input and divider output signals,

Phase Detector & Charge Pump

Loop Filter VCO
K
Z(3) > ‘;CO . 90
1 dl
NDiv
Divider

Fig. 3.2. Linear model of a PLL synthesizer.
Respectively. K, 1is the phase detector gain factor and has the dimensions of voltage
per radian. It will also be assured,that the VCO.can be modeled as a linear device
whose output frequency deviates from its free-running frequency by an increment of
frequency,
Aw = KyeoVe (3-2)
where V. is the voltage at the output of the low-pass filter and K ,1s the VCO

gain factor, with the dimensions of rad/s per volt. Since frequency is the time
derivative of phase, the VCO operation can be described as

do
Aw = dto =KycoV e (3-3)

With these assumptions, the PLL can be represented by the linear model shown in Fig.
3.2 [8]. Z(s) is the transfer function of the low-pass filter. The linear transfer function

relating @,(s) and 6, is

H(s)=0—0= KpZ(5)Kyco ! N
0, s+K,Z(s)Kyco/N

1

(3-4)
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If no low-pass filter is used, the transfer function is

H(s)ze—": KpKyco /N __K , K:KPKVCO
0, s+K,Kyo/N s+K N

1

(3-5)

which is equivalent to the transfer function of a simple low-pass filter with unity DC

gain and bandwidth equal to K.
3.3 PLL Noise Analysis

The job of any frequency synthesizer is to generate a spectrally pure output signal. An
ideal periodic output signal in the frequency domain has only an impulse at the
fundamental frequency and perhaps some other impulse energy at DC and harmonics.
In the actual oscillator implementation, the zero crossings of the periodic wave vary
with time as shown in Fig. 3.3..This varying of the zero crossings is known as

time-domain jitter.

V(t) Jitter

— 1

L J

Fig. 3.3. Periodic signal with jitter.

A signal with jitter no longer has a nice impulse spectrum. Now the frequency
spectrum consists of impulses with skirts of energy as shown in Fig. 3.4. These skirts

are known as phase noise.

11



P{l!]}

Carrier Power

MNoise Power

: 0

By WOu+A0

Fig. 3.4. Frequency spectrum of a signal with phase noise.
Phase noise is generally measured in units of dBc/Hz at a certain offset from the
desired or carrier signal. The formal definition of phase noise is the ratio of the
sideband noise power in a 1Hz bandwidth at'a.given frequency offset Aw from the
carrier over the carrier power as:shown in:the following.

Prebana @5 F A, 1HzBandwidth)
P

carrier

LiAw} = (3-6)

The PLL can be designed in such a way as to minimize the phase noise of the output
signal. Fig. 3.5 shows the simplified PLL model with noise sources. The major noise

sources of the PLL include an external reference input noise (8,,), VCO internal noise

0

vco

), phase detection noise (A7), and frequency divider noise (6, ). The way the

PLL is designed depends on what is the dominant source of noise in the loop.

12
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1
) N~ T
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Odiv

Divider Noise

Fig. 3.5. Simplified PLL model with noise sources.

The transfer function of the output noise (&

out

), due to each of the noise source, can

be calculated as follows.

0 - 1 0 4 1Ky Z(s)/(27s)
ot 1+ 1pKyco Z(5) ke At IpKycoZ(s) "
27tNs 27tNs

[pKycoZ(8) /sy +LIPKVCOZ(S)/(27B)
N 1pKycols) ™ Kp 1+ 1pKycoZ(s) P
27Ns 27Ns

(3-7)
1

where
N value of the output divider,
Kp =1, /2x, the gain of the phase detector
Kyco (dw/dv), VCO gain,
Z(s) transfer function of the loop filter,
I,  charge pump current.

If the transfer function Z(s) is denoted by Z(s) = %Z)) where both M (z) and
z

N(z) are polynomials, then the (3.7) can be rewrote as:

0 SN (s) 1K ycoM(s)/(2r)
out — [ K M vco I K M in
sN(s) + pKycoM(s) sN(s) + pKycoM (s)
27N 27N

13



IpKycoM(s)/(27) " 1 IpKycoM(s)/(27) Al (3-8)
div
1pKycoM(s) Kp SN(S)+IPKVC0M(S) i

272N 272N

SN(s)+

, when DC is under consideration, &

out

= N(9,, +6,, +(1/Kp)Al ), and this means
that the spectrum of phase noise will be N? times the input noise and hence
20log(N), and it is shown in Fig. 2.9. From equation (3-8), the output phase noise
due to phase noise of VCO is a high pass characteristic when N(s) is a function of
constant, or band pass behavior when N(s) and M (s) are higher order polynomial

than function of constant. And the output phase noise due to the other source is a low

pass characteristic. Taking third order PLL for example, the output phase noise is:

szq(“lﬂj
6 = r+ G+

out,3 — vco
sSCl -2 +1 +Mi(zs+l) s -2 +1 +1’K&L(zs+1)
r+1 27M r+1 r+1 27 r+1

1pKycoG ﬁ(zs +1)/(2) 9

120

IpKyeo Cy i(rs +1)/(27)

s2C, 24 +7]PKVCO S (z‘s+1)
r+1 2zM r+1

+ edl‘v

1pKyeoC i(m +1)/(27)

Kpszq( z +lj+[PKVCO " (z5+1)

Al (3-9)

27iM r+1

Phase noise 4 VCO only

| /
20logM+ /

Overall phase noise

i N4
Nonlinear ,\T : :
effect : : :
S

VCO after / L — Input after PLL

PLL 7 f ¢ = : > ¢
zl pl p2 m
Input only
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Fig. 3.6. Output phase noise of a charge pump PLL with a frequency divider.

, the transfer function of output phase noise has some points, at low frequency,

1. K r
SZC(£+IJ<<M—ZS+1 , thus 6 ~N(, +60, +(1/Kp)Al ) and
1 2 7M. I"+1( ) out (zn div (/ p) p)

the input phase noise, or other noise 1is dominant, and at high

1. K
frequency,szCl(i—i-lj >> P—VCOL(TS-i-l), thus 6,5 ~6, . and the noise
r+1 2aM r+1 ’

from VCO is dominant. Although at low frequency, the output phase noise has been

times N2, the crystal oscillator for input source has an excellent phase noise, the
output phase noise has not caused much high phase noise. However, the choice of the
frequency divide ratio still should be taken care and should not be taken a too large
divide ratio. Additional, for high frequency ‘wireless system, the VCO has a high

frequency and large tuning range, this will make-gain constant of VCO, K,.,,

become very large. Therefore, the noise on controlvoltage of VCO is very important
for overall output phase noise, thus there are many points to be taken care, one is
layout consideration, the metal line of control voltage should be far from other circuit
elements, and the noise from supply and resister of loop filter should be made sure
that the thermal noise of these items do not cause too much noise peaking at low
frequency while maintaining the low noise at higher frequency. The noise sources

from the loop resister and supply can be expressed as follows:

ﬁ — SC1 — ¢n(),3 — SC1 i ¢no,3
RCs+1 v, RCs+1 ¢,

n

(3-10)
)

, where v , i1s the equivalent voltage noise of R, and the noise source from supply

is the same with (3-10). Thus, too large value of the resister will make large voltage
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noise and have the influence on phase noise.

From above analysis, we know that there are many kinds noise source in PLL
system, some of them have a low pass characteristic, such as frequency divider, phase
detector, resister of the loop filter, charge pump, and the other has a high pass
characteristic, such as VCO. Therefore, good choice for loop filter can make noise
optimized and makes the design of the mixer more easily in the whole transceiver.
There is a well-known trade-off in the design of a PLL [9] between the loop
bandwidth, jitter performance and the locking speed. If the loop bandwidth is large,
the PLL takes little time for locking and has large jitter reduction of the internal VCO
noise, but cannot have a good suppression of the external input noise. If, on the other
hand, the loop bandwidth is small,'the PLL can have large input jitter reduction, but
takes longer time for locking and leaves much of the internal VCO noise unreduced.
Therefore, it is desirable to optimize the-loop bandwidth such that the PLL has
sufficient noise reduction of both thé external input and the VCO.

3.4 Direct Digital Frequency Synthesizer

When extremely fast switching speed of the synthesizer is required, as is the case for
frequency-hopped systems, direct-digital frequency synthesis (DDFS) is a potential

solution. The basic architecture is depicted in Fig. 3.7.

Frequency 74> Phase 74> sin(p +> D AC > LPF > Output

Register Accumulator] (ROM) Sinwave

Fig. 3.7 Direct-digital frequency synthesis architecture.

The basic operation is straightforward sine it is purely a feedforward system. By
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changing the value (K) of the frequency register, the phase will accumulate at a
different speed and the frequency of the sine wave ROM output changes as a result.

Therefore the synthesized output frequency is given by

fout =fclk'_ (3-11)

ace
Where L, is the accumulator length and f.; is the reference clock frequency. The
digital sine wave is sent through a digital-to-analog converter (DAC) and lowpass
filtered to remove unwanted high-frequency content. Since DDFS is a feedforward
system, the switching time is essentially instantaneous. The frequency resolution is
determined by the word length in the phase accumulator and can be much less than 1
Hz. The output spurious tones are caused by truncation in the phase accumulator and

are approximately equal to

“2(k-1)
P, (dB) = IOIOg( S ] (3-12)

Where k is the input bit length of DAC. Therefore, if spurious levels of -56dBc are
specified, the accumulator and DAC would require 10 bits of dynamic range.

Several limitations to DDFS have restricted is application. First, the output
frequency of the sine wave ROM is limited by the Nyquist criterion to half of the
speed of the DAC. Furthermore, for low spurious levels, a very high-precision DAC is
needed. The combination of high-speed and high-precision makes the power
consumption too large to be useful in portable applications. To provide an RF carrier,
the output of the DDFS must be mixed up using a single-sideband mixer with a

fixed-frequency oscillator.
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3.5 Integer-N and Fractional-N Frequency Synthesizer

Fig. 3.8 shows the basic blocks of a PLL frequency synthesizer. For integer-N
phase-locked loop (PLL) frequency conventional synthesizers, the phase detector
comparison frequency must be equal to the channel spacing (frequency resolution)
because the main divider (N) can only increment and decrement in integer steps. In
this architecture of synthesizers the loop bandwidth and the frequency resolution are
closely interrelated. A high frequency resolution inherently implies a small reference
frequency, and thus a slow switching time [10]. As a rule of thumb, the loop

bandwidth should be less than one tenth of the reference frequency to achieve

adequate reference suppression [11].

SrprB—" Phase

o Detector
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-

Charge

Prump

.
o
o

Loop
Filter

Conventional

Synth
=N

Fractional-N

Synth
=N+
i

158
—@——l i _—

vco

Fig. 3.8. The block diagram of the synthesizer.

The fractional-N PLL architecture allows frequency steps far smaller than the
reference frequency. In other words, the main divider of the fractional-N synthesizer
is capable of generating steps to be a fraction of the comparison frequency. Now the

total divide ratio consists of an integer part (N ) and fractional part (NF/Q). The
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numerator ( NF ) and the denominator (Q , either 5 or 8) of a fraction are controlled

through software programming.

The advantage of fractional-N synthesizers is two-fold. Since the close-in noise
floor is directly related to total divided ratio (), reducing N five or eight time
theoretically implies a close-in noise floor improvement of 14dB(20log 5) or
18dB(20log8), respectively. At the same time, the comparison frequency will be 5 or
8 times great than it would be if a conventional synthesizer were used. This allows a
wider loop filter to be used, that is to say, the loop bandwidth can be larger,
alleviating the requirements for the voltage-controlled oscillator (VCO) phase noise
and achieving a faster switching time. However, the fractional division causes

spurious tones is shown in Fig. 3.9:at offset frequencies of

= NI ASr2 .. b=
F

where F is the denominator of the fractional divisor:

. Phase
Jitt )
et Noise
I ||| m I Il ||| g ; Spurious
« Tone
el - 1
At
——— e ————
t "l ®

Fig. 3.9. Spurious tone.

The loop filter attenuates these spurs, which restricts the loop bandwidth to reduce the
spurs to an acceptable level. The result compared to integer-N is a wider loop
bandwidth and an improvement in phase noise but at the cost of introducing unwanted

spurs.
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3.6 Delta-sigma Fractional-N Frequency Synthesizer

Since the spurious noise of fractional-N synthesizer comes from periodical phase error
contributed by PFD, eliminating the phase error before modulating the VCO is a
possible solution. Several methods to overcome the spurious problem have been
proposed [12], [13], [14], out of which the method of reducing the noise by using a
delta-sigma (AX) modulator has shown to be most promising and to be widely

accepted as the best one.

3.6.1 AX Modulator Basics

A general delta-sigma modulator and its linear model are shown in Fig. 3.10. Fig.
3.10(a) shows a block diagram of how the system is implemented with integrator
circuits. The integrator is a switch-capacitor discrete-time integrator. The A/D
converter can be implementedinymany ways. In ofder to simplify the explanation,
assuming the A/D converter 1§ a simple~l=bit quantizer or comparator. The D/A
converter take the digital output and convert“it back to an analog signal that is
subtracted from the input signal at the input to the integrator. This system can be
represented by the discrete-time equivalent linear model shown in Fig. 3.10(b). The
switch-capacitor integrator is represented by its transfer function H(z), and the

feedback path represents the 1-bit D/A converter.

integrator
X + J‘ |, AD

converter

D/A
converter

(@
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_I_
X(z) H(z)

+ i Y(z)

(b)
Fig. 3.10 (a) general AX modulator and (b) linear model of the AX modulator

Treating the linear model shown in Fig. 3.10(b) as having two independent inputs,
input signal X(z) and quantization noise Q(z). We can derive a signal transfer function,
Str (2), by setting Q(z)=0.

H(z)

S = ———% 3-13
77 (2) 1+ H(2) ( )
We can also derive a noise transfer-function, Ntg(z), by setting X(z)=0.
1
NeA(- Wt 3-14
1w (2) 14 H() ( )

From equation (3-14), as we have seen, the zero of the noise transfer function, Ntp(z),
will be equal to the poles of H(z). In other words, Then H(z) goes to infinity, we see
equation (3-14) that Ntp(z) will go to zero. We can also write the output signal as the
combination of the input signal and the noise signal, with each being filtered by the
corresponding transfer function. In the discrete frequency domain, we have
corresponding transfer function. In the discrete frequency domain, we have

Y(z) = S (2)- X(2) + Ny (2) - O(2)

A xiz+

:m' m'Q(z) (3-15)

To noise-shape the quantization noise in a useful manner, H(z) are properly chosen

such that its magnitude is large from DC to f; (i.e., over the frequency band of
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interest). With such a choice, the signal transfer function, Str (z), will approximate
unity over the frequency band of interest. Furthermore, the noise transfer function,
Nrr(z), will approximate zero over the same band. In other words, Ntr(z) will have a
high-pass response. Thus the quantization noise is reduced over the frequency band of

interest while the signal itself is unaffected.
3.6.2 Higher-Order AX Modulator for Divider Control

Ideally the divisor would be continuously variable, set arbitrarily, which would attain
continuous frequency resolution, without spurs. Of course this is not possible because
the divider must be set to integer values. In the fractional-N PLL, the desired fraction
is converted by the accumulator to a sequence of 1s,0s and with overflow, which
could be considered a coarse, 1-bittADC.

Fig 3.10 shows the basic modulator used in sigma-delta A-D converters x(k) is the
modulator input, y(k) is the modulator output, and eq(k) is the quantization error
added by the 1-bit A/D. In fractional-N synthesis application, the input to the
delta-sigma modulator is the desired fractional offset, which i1s a digital word.
Consequently, the integrator may be digitally implemented and the 1-bit D-A is not

required.

eql(k)

)

1-bit A/ID

X0 (k)

1-bit DIA 7!
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Fig. 3.11 Sigma-delta Modulator

Fig.3.11 shows a sigma-delta modulator suitable for fractional-N synthesizer.

1
Y(z) = ﬁ(}f(z)ﬁ B

1+Z/(1—zl)

= x(2)+(1-2")E, (2) (3-16)

where Y(z), X(z) and Ey(z) are the Z-transforms of y(k), x(k), and eq(k),respectively.

eql(k)
&) : }K »()

1-bit Quantizer

Z—l

Fig. 3.12 Sigma-delta modulator for fractional-N synthesizer.
Higher-order delta-sigma modulators improve the noise-shaping characteristic at low
frequencies. The analysis of higher-order modulators are much more complicated than
first order ones and given in literatures [15] [16]. Because the mathematical
description for higher-order stability is difficult, the design of higher-order modulator
is usually based on several empirical rules rather than analytical solutions [17]. Higher
order modulators with several feedback are not always stables but this problem can be
solved as the MASH (Multistage noise shaping technique) structure, proposed in the
article [18]. A cascade of first-order modulator is used to shape progressively to a

high degree the input. If we filter out the high frequency component#,,,,., the

23



component X(z) remains.

The total order of the modulator is fixed by the number of first-order modulators
placed in cascade. Usually the third-order or fifth-order modulator is used. We will
develop the equation associated with a third-order structure as shown in Fig. 3.13 and

consider the practical implementation.

1 —
z7 ]« Nva
Fig. 3.13. Multistage noise shaping, in the MASH 1-1-1.

In Fig 3.12, the output y is expressed as a summation of different contributions

. K . . .
from the input x = = and several one-bit quantizers g1, g and g3, where for all 1, g;

1s a quantization noise not correlated with the input and with the other noise sources.

The expression of y is give by

Y(2)=X(z)+0,(1-z7")
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HEQ + 0, (12N -2
(0 + 01—z (-2
=X(2)+(1-2z")'0s(2)
= X(2)+ H 10 ()03 (2) (3-17)

From the equation (3-17) we can deduce the frequency noise introduced by fractional

division when the MASH3 controls the division ratio by N/N +1 with x =§ and

N given. Indeed [

vco

= (Ninteger T N practiona!) Jrer From this term the constant term

K . .
Nfver + = JSrer 1s removed and the fluctuating term

fnoise (f) = Hnoise (f)Q3 (f)fref - Nfref + (% + Hnoise (f)Q:S (f))fref (3'18)

remains, which is the expression of 'the frequency -fluctuation noise introduced by
fractional-N frequency synthesis.

A 1-bit quantizer produces a quantization g3 which is uncorrelated with x .

Furthermore if g3 is assumed to be a uniformly distributed white-noise sequence,
. . . 7 A . .

the mean of g3 is zero and the variance is 6(]3 = o’ with A =1. As the power is

spread over the bandwidth f,., , the power spectral density (PSD) of the quantization

2
g5 1

fref 12y

error g3 is

. This enables us to write the expression of the

frequency fluctuation f,,, ;.. (z) as
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—1 6
1 ‘I_Z ‘ fref
12frer 12

2
Sf,wise =H ypise (f)fref (3-19)

In terms of noise contribution, the expression of the phase noise is more relevant

than the frequency noise expression. Phase and frequency are related by an integration
as ¢ = J 27 instantaneous 4

S¢3N<—>N+1 (z)= anoise 'Sintegration

Jl‘z_lr T 2n)?

12 ‘1_2_] fref2
2 4
-7 1-z7Y rad? 1 Hz (3-20)
12fref

2f ref

In replacing z by e Sref , we can get:

4
@)’ S sie
12fref fref

Generalizing equation (3-20) to any number of modulator sections;

S¢ s NN+ (f) =

2
Sponena (f)= %[2 sin (7 / /o P rad * [ Hz (3-21)
ref

where m is the number of modulator sections. The phase noise contributed by the
quantization noise of modulator for a reference frequency of 16 MHz is plotted with

second-order, third-order and fourth-order structures is shown in Fig. 3.14.
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Fig. 3.14. Multi-order delta-sigma-noise shapers forreference frequency of 16 MHz.

When a MASH structure controls the fractional frequency division, the quantization
noise is shaped as shown by equation (3-21). Higher frequencies component are then
removed by the low-pass filter in the PLL. Obviously, the spurious performance is
improved.

A digital accumulator is a compact realization of DSM. The output of the accumulator
is delayed by a latch and fed back to the input of the accumulator as in a delta-sigma
modulator. The overflow is a 2-level signal corresponding to the quantized output of
the modulator. An example of MASH3 structure is implemented using digital

accumulators is shown in Fig. 3.15.

27



A
A

Z—l

i
ZA

Bit stream Z <
+
+ overflow
a overflow N verflow . a\
b / b
Z -1 Z -1 d -1
‘. | | |

div

Fig. 3.15. MASH 1-1-1 implementation using digital accumulators.

3.6.3 High-Order AZ -Controlled Fractional-N Synthesizer

The noise shaping technique can also be utilized in fractional-N frequency synthesis

applications. A block diagram of @@ AX fractional-N synthesizer is shown in Fig. 3.16.
The A modulator output is on‘average K /2™ cycles of the reference frequency Fres .

The resulting output frequency 1s the Fout = (N+K'/2™) Fret. The modulator output

controls the instantaneous division modulus of the prescaler, such that the mean

division modulus is (N+K/2™), with the number (m) of bits of the AYX modulator
and the input word (K). The corresponding phase changes at the prescaler output are
quantized, leading to possible spurious tones and quantization noise. By selecting
higher order AY modulators, the spurious energy is whitened and shaped to
high-frequency noise, which can be removed by the low-pass loop filter. As a result,
for a given frequency resolution, an arbitrary high Frf can be chosen, by assigning
the proper number of bits K to the modulator. The loop bandwidth is not restricted by
the reference spur suppression, resulting in faster settling and higher integratability.

2n17min

Additionally, the division modulus is decreased by a factor (with m_min the
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minimum number of bits for the frequency resolution), so that noise of the PLL
blocks, except for the VCO, is less amplified. It is worth pointing out that the
delta-sigma modulator can be implemented using all digital architectures thus is easily

integrated into single chip and is insensitive to process variation.

Fre
"~ PFD | LPF —> VCO —» Fuu

Multi-Modulus Divider
(N-P/ N+P)

TBit stream

> AY modulator
Channel selection : K e

m-bit

Fig. 3.16. The block:diagram of the AX fractional-N synthesizer.
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Chapter 4 Circuit Level Implementation of

Frequency Synthesizer

4.1 Synthesizer Architecture

The designed frequency synthesizer for 802.11a transceiver uses AX fractional-N
method. Fig. 4.1 shows the block diagram of the designed frequency synthesizer. It is
made up of multi-modulus prescaler and a third-order sigma-delta modulator, which is
one of the noise shaping techniques to suppress the fractional spurs occurring at all
multiples of the fractional frequency resolution offset. The input bit length of the
modulator is chosen as 24-bits which'leads to the

Srep Xeprescaler

224

Frequency resolution =

When the PLL is locked, the RF output frequency is

K = 24
Fout = [20 + 27)17,@]‘ ) Fref =1 6MHZ, K<2

Fret —— Charge

)| PFD — C o Fou

Multi-Modulus Divider
—17~24

?4-bits

__» Third-order
> modulator

Divide-by-16 prescaler

K —<>
24-bits

Fig. 4.1. The block diagram of the designed synthesizer.
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4.2 The Phase Detector

One of the critical building blocks of the PLL is the phase frequency detector (PFD).
An ideal phase detector produces an output signal whose DC value is linearly
proportional to the difference between the phases of two periodic inputs. A low
precision PFD has a wide dead zone (undetectable phase difference range), which
results in increased jitter [19]. The jitter caused by the large dead zone can be reduced
by increasing the precision of the phase frequency detector.

Fig. 4.2 shows the relation between dead zone of PFD and the phase error of PLL.
If the phase difference of Fref clock and Fdiv clock is smaller than the dead zone, the
PFD cannot detect the phase difference. So the phase error signal of PFD will remain
zero, resulting in unavoidable phase errot-between Fref clock and Fdiv clock.

Tperiod

Phase emror

Fref

- .
Phase Difference Fdiv ‘

_.'i of Fref and Fdiv
1 N -1—b- Phase Errer
il v of PLL(rad]}
¥
(a) (b)

Fig. 4.2. (a) PFD dead zone and (b) PLL jitter.

In order to speed up the operation frequency and to reduce the dead zone, a
dynamic logic style PFD was designed and shown in Fig. 4.3. From the circuit
diagram of the PFD we can see that the shortened feedback path delay and dynamic

operation allow high precision in the high-frequency. In order to avoid dead zone, the
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PFD asserts both UP and DW outputs as shown in Fig. 4.4. For in-phase inputs of
Fref and Fdiv, the charge pump will see both UP and DW pulse for the same short
period of time. If there is a phase difference between Fref and Fdiv, the width of UP
and DW pulse will be proportional to the phase differences of the inputs. The physical
layout of the phase detector is shown in Fig. 4.5 and the performance summary of

phase detector is listed in Table 1.

~C |
Fref 4 _ ! [: up

Fdiv = !
I

Fig. 4.3. The schematic of the phase detector.

Fref  / /
Fdiv I /—
uP /\ _/ \____
DW /\ /\

In phase Fref lead

Fig. 4.4. Waveform of the phase detector.
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Fig. 4.5. Physical layout of phase detector.

Table 1 Performance summary of phase detector.

Operation frequency 16MHz
Power consumption 3 00e,  0.36mW
Chip area = r S0y, s50x16.2 um’

"1
:
L "
| ]

4.3 Charge Pump

In a conventional CP of fig. 4.6(2;); several sﬁikes occur on the output when the
currents are switched on and off as switches M1 and M2 are directly connected to the
output. These spikes reflect into the output if no proper actions are taken. As these
spikes occur at the reference frequency, they will cause spurs in the PLL output
spectrum at an offset from the carrier equal to reference frequency.

In this design, to reduce the reference frequency spurs problem, we use indirectly
connected switches M1 and M4 with output and thus the drain node of M2 and M3 is
directly connected to the output which shown in Fig. 4.6(b). The current glitches that
now occur at the sources of M2 and M3 when switching M1 and M4 would not be

directly conveyed to the output node because M2 and M3 are still off when the
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glitches occur [20].

M1

ip

+—o Vetrl

M2

Vbias —|[

(b)

Fig. 4.6. (a) Conventional charge pump (b) The schematic of the current source

employed in the charge pump.

The simulated result of charge and discharge current is show in Fig. 4.7. In this
simulation UPB and DW signal are 1.8V 16MHz square waves. A capacitor 10nF
loads the output of the charge pump. The charge pump positively charges the load
capacitor with Iyp when M1 turn on, M4 turn off and negatively charges the load
capacitor with Ipw when M1 turn off, M4 turn on. From the simulation result, the

charge and discharge current is almost symmetric when referring to the vertical
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centerline (0.9V). It is means that the charge and discharge current match to each
other. This better matching between the charge and discharge current will improve the

sideband spurs. The physical layout of the charge pump is shown in Fig. 4.8.
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.p!,lt (Vetrl)

~ | Rl .
Fig. 4.7 Simulation result of charge and: discharge current.
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Fig. 4.8. Physical layout of charge pump.
4.4 Loop Filter

The loop filter schematic is shown in Fig. 4.9. It consists of two resistors (R; and

R;) and three capacitors (C;, C>, and C3).
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Fig. 4.9. Third-order loop filter.

The transimpedance of this loop filter is

l+s7,
Z(s):ﬂzl- C,+C,+C; (@-1)
I, s 1+SC173+C2(T1+T3)+C371+321113L
C, +C, +C; C,+C,+C;

In the filter, there are three poles and one finite'zero. The locations of the poles and

zero can be approximated for the case of €; >>.C>, C3and R; > R; as

w, = (42)
R,C,
©, =0 (4-3)
YUYV S (4-4)
P2 R/(Cy,+C5)
and
1
N 4-5
“r3 R;C,C, (+3)
C, +C;

One additional pole at the origin in the PLL comes from the VCO. The PLL -3dB

bandwidth @_,,;, which is equal to its open-loop unity gain ®,, must be placed

u>’

somewhere between @, and ®,, to obtain a reasonable phase margin for the PLL

loop stability. Assuming that o, = /@, ,, and ®,;>>®,, then the phase margin
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yields

@
D, = arctan( _sz - arctan[ Dz J (4-6)
o, pr

In Fig. 4.9, C; produces the first pole at the origin for the type-II PLL. This is the
largest capacitor, hence, it is a key integration bottleneck of the PLL. R; and C; are
used to generate a zero for loop stability. C, is used to smooth the control voltage
ripples and to generate the second pole. Usually, the loop filter of the PLL consists of
C;, Cyand R;. However, additional RC low pass filter is introduced to reduce any
“spurs” caused by the reference frequency and to reduce the high frequency noise
which is mainly caused by the undesired narrow pulses from the PFD due to the delay.
Table 2 gives the selected component values.

The design value of R, and Cjsis optimized based: on area on the chip and locking
time. The R,C; time constant should berlargeTfor a'low cutoff frequency. However, if
a large R, and C; is added, the total step response also changes a lot. When the value
of R; and C; is somewhat lower than the one of R; and (5, respectively, the whole
response does not change too much. Therefore, the product of R, and C; should be
about half of the R; and C.>.

Table 2: PLL pole, zero and loop bandwidth parameters

Reference frequency Sre 16 MHz

PLL loop bandwidth K 281 KHz

Zero frequency f. 113 KHz
Second pole frequency S 1.21 MHz
Third pole frequency S 7.96 MHz
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Phase margin @, 54°
Jrer Attenuation SpurAtten 63.65dB
Elements: R; 22 kQ
C 65 pF
&) 4 pF
R; 15 kQ
Cs 2 pF

4.5 Spiral-Inductor LC-Tank VCO

The quality of an LC-tank oscillator relies the quality of the LC-tank, which is the
most important part of the oscillator concerning its quality. Therefore, the ideal
oscillator would have infinite quality factor ZC-tank. In practice, the quality factor of
inductors is not very high in CMOS standard processes. The negative resistance is
needed to compensate the tank with energy and sustain the oscillator. A feedback
oscillator of Fig. 4.10 shows thé implementation of a basic current steered LC-tank
oscillator, which is designed to keep the transistors always in saturation. When the
cross-coupled pair is close to clip the amplitude, one node is high and the other one is
low. The negative resistance is typical provided by a cross-coupled pair of PMOS
transistors, Q; and Q,. Calculating the impedance seen at the drain of Q; and Q,, it is

noted that the positive feedback yields
R, =— (4-7)

Simultaneously, the frequency of this circuit is given by

1

Joe =5 TG

(4-8)
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where C represents the sum of all capacitance at the output node. Thus, if |Rm| is less

than or equal to the equivalent parallel resistance of the tank, the circuit oscillates.

This topology is called a “negative-g,, oscillator”.

Bosc Bosc

ENCI eV

[u]

t t

AY|
J1
@]
-
-
O
AY
J1

Fig. 4.10. Differential LC-tank oscillator schematic.

The relationship between oscillator phase noise and quality factor can be

expressed by Leeson’s phase-noise model which is shown in the following.

2FkT /. ? Afl/f3 j
L(Af) = 10log 1+ ( 0 J : (1 A (4-9)
Psig { 2QAf :l Af

Where L(Af) is SSB noise spectral density in units of dBc/Hz. The symbol £ is
Boltzman’s constant, 7 is temperature in Kelvin, F is the excess noise factor, f, is

the carrier frequency, Af E is the corner where the spectrum becomes proportional

to 1/f%,and P

wig 18 the output signal power of the oscillator.

The designed quadrature VCO schematic is shown in Fig. 4.11 [21]. Since the

constant Gm current source can improve the phase noise [22], the constant Gm
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current bias circuit is employed to mirror the biasing current into the VCO core. The
negative resistor in Fig. 4.11 is realized by two cross-coupled PMOS transistors
M1(M3) and M2(M4) to provide enough negative resistance for oscillation. The
cathodes of the two junction varactors are connected together. Through Ve, the dc bias
voltages of the two junctions can be adjusted to change the value of junction
capacitance and, thus, the VCO frequency. Since the quadrature error depends on the
duty cycle of the VCO, special attention is paid to the symmetry of the VCO layout
which is shown in Fig. 4.13, 4.14.

The pair of PMOS transistors is used to generate negative gm to overcome the loss
of the LC tank, for two reasons. First, in this fabrication process, PMOS has lower
device flicker noise than that of the NMOS. Furthermore, the PMOS resides inside an
N-well and is well isolated from the noisy Si substrate. Despite its lower mobility,
PMOS is favored in this design;due to-low-neise considerations. Fig. 4.12 shows the
output buffer used to amplify the VCO output. It is a regular open drain circuit with
an n-well resistor to bias the gate of the output transistor. The gate bias was set to
1.1V. The output was connected to a bias the tee and fed with 1.8V. The total current
dissipation of the output buffer is about SmA.

The LC tanks of the VCO are formed using a ~0.78313nH circular shape of spiral
inductor having center hole 165 pum, metal width 20 pm, turn 1.5, and 812.64fF

P+/N-well varactor.
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Fig. 4.11. VCO schematic.
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Fig. 4.13. Physical layout of the spiral-inductor LC-tank VCO.
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Fig.4.14. Physical layout of VCO (enlarge the center part).

The simulation I, Q channel outputs of the quadrature VCO at voltage control 0.8V

are shown in Fig.15. The phase error is less than 0.5° and the amplitude error are less

than 0.5%.
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m7
freq=5.299GHz
dBm(Spectrum2)=-3.3

ml10
freq=10.56GHz
dBm(Spectrum2)=-32.8

mi0

dBm(Spectrum2)

freq, GHz

(d)
Fig. 4.15. The simulation I, Q channel outputs of the VCO with quadrature phase
output (a) single mode (b) differential mode (c) I channel spectrum (d) Q channel
spectrum.

The simulated VCO tuning characteristic and output power is shown in Fig. 4.16, Fig.

4.17, respectively. Its tuning range is-about-6 l0MHz (from 4.92GHz to 5.53GHz) for

1.8V operation, which yields The VCO gain (Kyco) about 450MHz/V.

m1 m 2
Vbdc=0.400 Vbdc=1.000
freq[::,1]=5.149E9 freq[::,1]=5.357E9

m.2

Fig. 4.16. The simulated VCO tuning characteristic.
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dBm(PPOUT1]::,1])=-3.25(/dBm(PPOUT1][::,1])=-2.264

-1.
200 il
250
300 s

350 ]

dBmM(PPOUTL]:,1])

400

450

'5-0°:wwww'xww'wwwwwwwwww'
00 0102 03 040506070809 101112 1314151617 18

\bdc

Fig. 4.17. The simulated VCO output power.
Fig 4.18 is phase noise with tuning'voltage 0.8V,-and phase noise is -92.41dBc/Hz at

offset frequency 100KHz. The performance summary of VCO is tabulated in Table 3.

m5 m3
noisefreq=100.0 Hz noisefreq=100.0kHz
N2.pnfm=-7.730 dBq N2.pnfm=-92.41 dBq

100

50—~
a ms> m4
; . il g noisefreq=1.000MHz
€ ol N2.pnfm=-112.9 dBq
o m3
z v m4

-100—

150 \ \ \ \ \

1 1E1 1E2 1E3 1E4 1E5 1E6

noisefreq, Hz

Fig. 4.18. The phase noise simulation of VCO.

Table 3 : Performance summary of VCO.

Parameter Simulation (TT)
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DC supply voltage 1.8V

Varactor type P+/N-well varactor
Output Power ~-4dBm
Sweep frequency 4.92~5.53GHz
Sweep voltage 0V~1.8V
Turning range 610MHz
Maximum VCO gain(Kvco) 450MHz / V
-92.42@100KHz
Phase noise
-113@1MHz
) 6mW (core)
Power consumption
21mW (total)
Chip area 900 % 800 um”

4.6 Frequency Divider

4.6.1 Divide-By-16 Prescaler

The divide-by-16 circuit essentially. has 4 divide-by-2 blocks cascaded one after
another. In experience, the prescaler circuit will waste much more power if it direct
operates at SGHz RF signal without a divide-by-two circuit. The prescaler is actually
a high-speed digital circuit, implying that its power consumption is proportion to CV’
2f. The main trade-off in prescaler design is between speed and power. For low power
and high speed consideration, the feedback divide-by-16 prescaler is composed of a
pseudo-NMOS type divider and a true-single-phase-clock (TSPC) based frequency
divider [23]. The challenge was to design the first divide-by-2 circuits in such a
manner so that they will have differential outputs and will be able to divide a
frequency of around 5.4 GHz. In order to handle RF signal, the first divide-by-2

circuit apply pseudo-NMOS gates enables high-speed operation while providing large
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output swing. The pseudo-NMOS circuits use for a pull-up network only one PMOS
as resistive load. The PMOS is operated in the strong inversion region by connecting
its gate to ground, resulting in the advantage of reduced load capacitance, less
interconnection and smaller area over standard CMOS. For the improved performance,
we have to pay the cost of higher leakage current and less noise margin compared to
the standard CMOS. Fig. 4.19 shows two pseudo-NMOS D-flip-flop (DFF) whose

output are connected back to its inputs to form a + 2 stage. In order to have the inputs

vary around the switching threshold of the gates, CLK and CLKB are ac coupled
through 0.2pf capacitors. An inverter whose input and output are tied together biases
the DFF inputs to the correct dc level over process and temperature. Fig. 4.16 shows
the result of the simulation of the.divide-by-two citcuit. Since the divide-by-two input
are differential signal (CLK, CLKB), every differential signal path must match with
each other. This means we must be, carefil When device placement and routing. As
shown in Fig. 4.21, layout of this circuit is symmetric when referring to the horizontal

centerline.
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Fig. 4.19. Pseudo-NMOS divide-by-two.
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Fig. 4.20 Divide-by-2 circuit simulation output with 6GHz input.
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< — 94 ;‘um >

Fig. 4.21. Physical layout of divide-by-two.
= . =

Following figure shows the réﬁl_l,lt bf;iir:lﬁle-'éimulafti_t:)n of the divide-by-16 prescaler
circuit. It has been calculated that tflé ci"rcui@cdﬁsumes around 14mA of current. The

performance summary of divide-by-16 is listed in Table 4.
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Fig. 4.22. Divide-by-16 circuit simulation output with 6.3 GHz input

Table 4 Performance summary of divide-by-16.

Operation frequency 3GHz
Power consumption 25 mW
Chip area 130x 120 um’
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4.6.2 Multi-Modulus Divider

In a MSAH 1-1-1modulator (3-bits output), in order to produce a fractional

division ratio of N =n+ £, where 0<[3<1, the divider must be capable of dividing

by, n-3, n-2, n-1, n, n+1, n+2, n+3 and n+4 [24] under the control of the delta-sigma
modulator output. Thus, to achieve a tuning range from n-3 ~ n+4, we require an eight
modulate (3-bits) from the programmable divider which consist of four
asynchronously cascaded dual-modulus-2/3-dividers shown in Fig. 4.23(a). In our
design, n = 20 and relationship between DSM output, division ratio and control code
is shown as Table 5.

Table 5. The relationship between DSM.output, division ratio and control code.

Division Ratio DSMOutput D3 D2 D1 DO

17 -3 0 0 0 1

18 i 0 0 1 0

19 -1 0 0 1 1

20 0 0 1 0 0

21 1 0 1 0 1

22 2 0 1 1 0

23 3 0 1 1 1

24 4 1 0 0 0

f . . c| . b . a . - )
dive— Logic cell <« Logic cell Logic cell Logic cell «— f;,

}
D

DO D1 D2

(@)
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Fig. 4.23. (a) multi-medulus divider(b) Logic cell (c) NAND-FF

The timing diagram of the multi-modulus divider presented as follows are directly
controlled by the given control word. In Fig. 4.24, the control word 0101 and 1010 are

given and the result is shown in 4.19(a) and 4.19(b), respectively.

g igpipiipupipipigupigipiphyipupipipipupigipipipipupipipigipiyli
220 S I I U I oy I O
b1 I R LI L1 1 L LI
R R — I

L

fdiv One period

(D3, D2, D1, DO = 0101, divider ratio = 21)
(a)
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(b)
Fig. 4.24 Timing diagram of the multi-modulus divider.

The physical layout of the multi-modulus divider is shown in Fig. 4.25 and the

performance is list in Table 6.

Fig. 4.25 Physical layout of rhulti-m:()dulus divider.
= P b l =

Table 6. Performzfﬁéq suthmary ;Bf r;iiﬂ"ti-modulus divider.

Operation frequency N 380MHz
Power consumption 1.8mW
Chip area 213%36 um’

4.7 Design for Third-Order MASH AX Modulator

4.7.1 The block diagram of the third-order MASH AX modulator
The MASH 1-1-1 architecture base on digital accumulators is depicted in Fig. 4.26
[25]. The output of the accumulator is delayed by a latch and fed back to the input of
the accumulator as in a delta-sigma modulator. The overflow from the accumulator is
usually one bit, i.e., either 0 or 1, so the noise has 8-levels and spreads from -3 to 4

with an average between 0 and 1. The stale input range normalized to the modulus is
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from 0 to 1. It’s inherently stable. This topology is suitable for pipeline operation for

very high clock frequencies.

Vn]
Bit stream
Co
a\overﬂow
b
z z™! z!

f. | | |
Fig. 4.26. The block diagram of the third-order MASH AX modulator.

Fig. 4.27 illustrates the circuitrealization of the MASH 1-1-1 of Fig. 4.21. Each
accumulator employs a pipelined 24-bit adder and a 24-bit register. It can be easily
seen that there is a long delay chainibetween the aceumulator overflow outputs, and,
therefore, they appear at different time instances: To provide synchronization among
the carry overflows, they are captured in 1-bit registers before being forwarded to the
error cancellation network. The error cancellation network performs the specific

function of canceling the quantization noise from the first two stages and produces a

4-bit wide output.
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Fig. 4.27. Circuit realization of MASH 1-1-1.

4.7.2 Accumulator Circuit

It should also be noted that in normal pipelined -adders, additional registers are
required to provide time alignment between the input, delayed carry information, and
the output. The bits of both inputs of the adder should be appropriately delayed to
synchronize them with the true carry signals. Conversely, the output bits are realigned
in time by likewise employing the appropriate delays. Previously, it was reported in
[26], that an accumulator is also pipelined in a similar way but without the need of
time alignment registers for the second input, since it is taken from the delayed output
of the accumulator. A 24-bit example of such a pipelined accumulator is shown in Fig.
4.28. Clearly, this topology operates on general time varying inputs. Since the
modulator input is constant for the entire time, the input and output alignment
registers can be completely eliminated in Fractional-N frequency synthesis

applications. This is because the magnitude of the input to the modulator does not
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change with time, and hence, there is no need at all to store the same input bits and
their corresponding output bits in the registers for synchronization. Consequently, a
pipelined accumulator as shown in Fig. 4.29, without including the time alignment
registers at the input and output of the adder, has been successfully utilized in the

design of our MASH modulator, resulting in considerable savings in area and power.

Time alignment register

_ LY
S[2:0] 7] —m = ——— — — — — — — — — — 5[23:20]
T, : ad &®

4-bit

B RV N

1-bit

Ce CLA®™

register
oo | [0
o TO, Ll
CLA register
REOD YR CLEK

Time alignment register

Fig. 4.28. Pipelined accumulator topology.

56



S[3:0] 74 m— ———m———— — — — — — §[23:20]

4-hit register <

CLK

1-bit 1-bit 4-hit
register register [~ &
P =
CLK
X[3:00 CLK Ml ————m—m—————— ——— - X[23:20]

Fig. 4.29. 24-bit pipelined adder for MASH 1-1-1.

4.7.3 Noise Cancellation Network

Fig. 4.30 depicts the logic diagram"of the error cancellation network used in the
realization of the MASH 1-1-1 of Fig. 4.27."The error cancellation network basically
performs the following function
VIn]=C,[n]+ Cy[n=2]1=2Cy[n=1]+ Ci[n] = Ci[n = 1]+ Co[n]. (4-9)
, where C,, Ci, Cy are the carry outs of the first, second and third accumulators,
respectively. Basically, there are three stages in the error cancellation network. The
first stage performs the following operation
Aln] = Cy[n]+ C2[n =21+ Ci[n]. (4-10)
This is accomplished by using a 1-bit two-input carry ripple adder and a simple
combinational logic, as shown in Fig. 7. It is clear from the equation (4-10) that can

only vary between 0 and +3 and that is why it is necessary to choose a 1-bit adder in

57



the first stage. In the second stage we desire to perform the A[n]+ B[n]operation,
where

Bln]=-2Cy[n—=1]-Ci[n-1]. (4-11)
The result obtained in the previous stage (ie., A[n]) is directly forward to the second
stage by taking the output summation bit and carry of the first stages as the input bits
of a 2-bit two-input half adder and a simple combinational logic in this second stage.

The third stage is designed to perform one more addition with the C;[#] to produce the

final output.
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Fig. 4.30. Logic design of error cancellation network.

The output of the MASH is a signed multi-bit (4-bit) number, and two’s
complement binary number representation was chosen since it allows simple addition
and subtraction. However, the 4-bit two’s complement system covers the numbers
between -8 and +7, while the MASH 1-1-1 produces output levels between -3 and +4.
In order to match the requirement, we have coded the output level. The coding table

of the MASH output indicating the output bits and their corresponding level is shown
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in Table 7.

Table 7. Coding table for the MASH output.

OUTPUT LEVEL D3 D2 D1 DO
-3 0 0 0 1
2 0 0 1 0
-1 0 0 1 1
0 0 1 0 0
1 0 1 0 1
2 0 1 1 0
3 0 1 1 1
4 1 0 0 0
4.8 ESD Protection

Electrostatic discharges subject the I/O pins of a semiconductor device to high-voltage,
high-current stresses. The stressesican cause. long-term reliability problems or
catastrophic failure the in I/O citcuitry of-a chip: ESD protection circuits provide low
resistance paths under high-voltage conditions.to dissipate the energy in ESD pulses.
For 0.18um process, the voltage limit that gate oxide can tolerate is only about 5V.
Without any protection circuit, the MOSFET can be damaged permanently in about
10V potential applied at gate. Fig. 4.31 illustrates the most popular ESD protection
circuits in commercial use. Diode chain protection guides the tremendous charge to
VDD or GND, and a large gate ground NMOS will break down once a large potential
across the VDD and GND, and induces the charge in VDD flows through NMOS to

GND.
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I/0 Pin ' ¢ MOS

ESDGND
Fig. 4.31 ESD Protection Circuits.

The devices used in ESD own special restrictions. The gate ground MOS shall
prevent lightly-doped-drain which is common in deep submicron process. The
distance between drain contact and boundary of gate and diffusion must be enlarge
too sustain higher static charge.-Contacts]on guard ring are also prohibited because
that makes the break down of ESD"device harder. The ESD circuits provided by UMC
ensure 3.6kV in human body mode (HBM)-test but induce about 40fF nonlinear
capacitance in each pad.

4.9 Package Topology
The package used for this design is QFN20D which is produced by SPIL™. The

package model for bond-wire is built as Fig 4.32.

I

Fig. 4.32 Package Model

The most important issue in bond-wire is serial inductance and parasitic
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capacitance between pads. The serial inductance results the DC supply in a non-ideal
ac ground while the capacitance between pads causes adjacent pin coupling. The
serial inductance is about InH/mm with the length of bond-wire and high quality
factor compared with on-chip inductor. The model given by SPIL™ explains about
InH serial inductance for every pin. For DC supply pin, especially VDD and GND,
the InH parasitic inductor may affect circuit performance or even induce oscillation.
So, the more bonds connect with DC supply pin to shunt the inductance smaller is
essential. For adjacent pin coupling, a simulation result as Fig. 4.33 shows about
-14dB coupling between pads, which is critical to layout design. The signal pads shall
be separated as far as possible, and some dc pads such as GND/VDD/Bias must

intervene.

Adjacent Pin Rejection (dB)
S
|

Frequency, GHz

Fig. 4.33 Pin-to-Pin Isolation for Package.
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4.10 Integration of Building Blocks

Encircling the die, pads with ESD circuits allocate equally in four sides. The final
layout and pin assignment of frequency synthesizer is shown in the Fig. 4.34 and Fig.
4.35, respectively except for the AX modulator which is implemented in FPGA. All
RF signal line is as short as possible to minimize the parasitic capacitance of the
signal line. All digital block and RF block have a grounded guarding-ring around

them.
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Fig. 4.34. Layout of frequency synthesizer.

a A
a
8 A a A
: B &5 7 A
DSM_CLK GND
I CH P 1 CHN
VDD VCO VDD
QCHP Q_CH_P
GND GND
= —_ N o 3
A A A [ ,.§

Fig. 4.35. Frequency synthesizer pin assignment.
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Chapter S Behavior Simulation for Frequency

Synthesizer

5.1 Open-Loop Analysis

In order to have confidence in the stability of the synthesizer, an open loop analysis is
performed to estimate the gain and phase margins. The analysis of theses parameter
was performed using the tool of ADS (Advanced design system). From the phase plot

in Fig. 5.1(a) we see there is 180° phase shift at=2.218MHz. The gain margin is the

value at this offset on the gain plot of 5.1(a). In general it is desirable for this value to
be greater than 15dB, the reading in this case being ~29.372dB.

The phase margin is also a measure of relative stability. From the gain plot in Fig.
5.1(b), we can see that 0dB gain occurs at 281.8KHz, which corresponds to a phase
margin of 53.4°, phase margin values‘of* 45%are usually sufficient.

Open Loop Amplitude Responses
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Fig. 5.1. Bode plots showing open loop gain and phase.
5.2 Closed-Loop Analysis

This was also performed using the tool of ADS, the circuit diagram of which is shown
in Fig. 5.2 in which the Id, Kv, N represent the current of charge pump, the gain of
VCO and divider respectively. This is a very simple model of a PLL, in fact the open
loop analysis was done with the same circuit, with the link back to the phase detector
model broken in order to “open” the loop. However, this linear approximation
provides an adequate model of a PLL in order to have confidence that the design is
close to that required. Fig. 5.3 shows the closed loop frequency response of the
synthesizer. The unity gain frequency is #281KHz, and the attenuation of the

sideband frequency is 64.82dB (the spurieus frequéncy is 1l6MHz).

Id

Wl

Fig. 5.2. Closed loop simulation of synthesizer.
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Closed Loop Amplitude Eesponses
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Fig. 5.3. Closed loop frequency response.
5.3 Switching Speed
The locking transient response simulation is shown in Fig. 5.4. The output frequency

is from 5.4GHz down to 5.121GHzand the-output frequency is from 5.0GHz up to

5.374GHz. We can evaluate the locking time i§ no more than 6us from the simulation

result.
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Fig. 5.4. Worst case lock time characteristics.
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Chapter 6 Measurement Results and Discussions

6.1 Measurement Setup

The designed chip, including the VCO test kit and frequency synthesizer are mounted

on the printed circuit board (PCB), respectively and shown in Fig. 6.1.

(b)
Fig. 6.1 Printed circuit board for (a) VCO test kit (b) frequency synthesizer.

Fig. 6.2 is the instruments setup and overview, including power supplies, spectrum
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analyzer, ESG, oscilloscope.

Oscilloscope

Power
e Supply *

Spectrum
Analyzer

6.2 Frequency Divider

The measurement setup for frequency divider and measurement results is shown in

Fig. 6.3, Fig. 6.4, respectively. The highest input-frequency of the frequency divider

is 5.9GHz.

Waveform
Generator
/_\ II’_\EIEE j—

S B 288
f~ rHioooo Quadrature i’ﬁnn og
IR | Generator |— | PUT [P _E&iE

Oscilloscope

Fig. 6.3 The measurement setup for frequency divider.
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Fig. 6.4. Measured frequency divider output waveform with 5.9GHz input (a) + 384

(b) +320.
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6.3 VCO Characteristics

There are some measurement setups for example, for the measurement of VCO, the
tuning node should be less noise because of the high sensitivity of this node, besides,
the shielding of the chip is required because of avoiding of the noise and spurious

tones form environment. There is the diagram of the measurement of VCO as Fig 6.4.

Spectrum
DC Power Analyzer
Supply L2
00.00 00.00 EEE )
vV o1 oY) DUT

Fig. 6.5 The measurement setup of VCO.
The measured output spectrums: are shown in Fig. 6.5, note that the output of
I-channel is -8.82dBm and Q-channel 1s=9.78. There’s abut 1dB gain error between
them which is the main cause of the cross-coupled pair mismatch of the quadrature
VCO. Fig. 6.6 shows the measured tuning range, the measurement result is very close
to our simulation curves. The oscillator is tuneable between 4.88~5.436GHz
(556MHz tuning range), the maximum Kyco is about 400MHz/V. The measured VCO
phase noise is shown in Fig. 6.7. The characteristics of the VCO are summarized in

Table 8.
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Fig. 6.6. Measured VCO output spectrum at 5.25GHz with span=50MHz

I-channel (b) Q-channel.
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VCO Transfer Characteristic

5.5
54
53
52 ¢
51 ¢

Frequency (GHz)

49 |
4.8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Tuning Voltage (V)

Fig. 6.7. The measured VCO tuning characteristic.
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Fig. 6.8. Measured VCO phase noise;at offset frequency (a) 100K (b) IMHz.

Table 8. Summarize ‘tlfle V‘(;O‘éharacteristics.

Spec. - Simulation ‘(TT) = Measurement
DC supply voltage A EIETTE A 1.8V
Varactor type P-+/N-well varactor P+/N-well varactor
Output Power -4dBm -8dBm
Sweep frequency 4.92~5.53GHz 4.88~5.436GHz
Sweep voltage 0V~1.8V 0.1V~1.8V
Turning range 610MHz 556MHz
Maximum VCO
450MHz/V 400MHz / V
gain(Kvco)
_ -92.42@100KHz -74.53@100KHz
Phase noise
-113@1MHz -95.12@1MHz
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6.4 Third-Order MASH Delta-Sigma Modulator
The third-order MASH AX modulator was measured for all possible values of static

input K for 2'® samples of modulator output, where a clock frequency of 32 MHz was

used. For instance, For a decimal input 4194303, the AX modulator output level is
between -3 to +4 is shown in Fig. 6.8a, which corresponds to 0.25 (65536/2'%) as a
fraction for 2'®samples of modulator output the fraction was represented to an
accuracy of 99.9999761 . For a decimal input 8388608, the AYX modulator output
level is between -1 to +2 is shown in Fig. 6.8b, which corresponds to 0.5 (131072/2'*)
as a fraction for 2'® samples of modulator'éutput the fraction was represented to an
accuracy of 100 . For a decimal input'12582912;the AX modulator output level is
between -2 to +3 is shown in Fig. 6.8¢, which corresponds to 0.75 (196608/2'%) as a

fraction for 2'®samples of modulator output the fraction was represented to an

accuracy of 100

Output level

(a)
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Fig. 6.9. The AYX modulator output.level with the values of static input K (a) K =

4194303 (b) K = 8388608 (c) K = 12582912.

Furthermore, these spectra were obtained by (Hanning) windowed 2-point FFT data
that was normalized to the single-bit quantization step size, which in our case was one.
The measurement results in Fig. 6.9 confirm the 60 dB per decade increase in the

spectrum, validating the third-order noise shaping.
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Fig. 6.10. Output spectrum of the third-order delta-sigma modulator.

Table 9 summarizes the performance of proposed synthesizer and some other CMOS

frequency synthesizers in recent ycars for cOmparisoﬂ. All of the reported designs are

operated at about SGHz.

Table 9 Recent works of frequency synthesizer at about SGHz

Author Ref.[3] Ref.[4] Ref.[5] This work
Power Supply 2.6V 1.5V&2.0V 3.3V 1.8V
Synthesized 2.6/5.2GHz | 4.84~4.994 | 5.17~5.33 5.12~5.38
Frequency 5 specing GHz GHz GHz

1’st Stage Prescaler

Type SCL ILFD [28] pseudo-NMOS
Architecture Integer-N Integer-N Integer-N AX Fractional-N
Reference frequency 11.5MHz 11MHz 5.875MHz 16MHz
frequency resolution 23.5MHz 22MHz 23.5MHz 16Hz
Locking Time 40us 7.3us 3us 6us
Power Consumption 47mW 25mW 30mW 49mW
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0.4-um

Technology CMOS

0.24-um
CMOS

0.25-um
CMOS

0.18-um
CMOS

Note: SCL represent the source-coupled logic.

ILFD represent the injection-locked frequency divider.

From the Table 9, obviously the proposed synthesizer is the only one which can

provide fine frequency resolution and meanwhile achieve fast locking time.

Furthermore, its phase noise also improved by AX Fractional-N technology.
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Chapter 7 Conclusions and Future Works

7.1 Conclusions

This thesis presents the design of a CMOS AX fractional-N frequency synthesizer
with quadrature phase outputs, which meets the specification for 5.15~5.35GHz
frequency band of IEEE 802.11a WLAN applications. The output power is about
-5dBm and the phase noise is -112.9 dBc/Hz at the offset frequency 1MHz, the
frequency range is about 5120MHz~5376MHz with spacing 16Hz, locking time is
about 6 us (simulation result), and total power consumption is about 49mW. The
measurement results of this chip show that the VCO tuning range is from 4.88 GHz to
5.436 GHz and the maximum VCO,gain is 400MHz/V. The maximum output power
is about -8dBm, phase noise is -95.12dB¢/Hz at offset frequency 1MHz and the VCO
power consumption including- output -buffer is about 21mW. Regarding to the
frequency divider part including® prescaler and multi-modulus circuit; the highest
input-frequency is 5.9GHz and power consumption is 27mW.

In this thesis also have undertaken the design and FPGA implementation study of
a third-order all-digital MASH modulator which operates together with a
programmable multi-modulus divider that is be used in this frequency synthesizer. To
achieve the desired operation frequency range (16 MHz or higher) while providing
low-power dissipation and small area. The pipelining technique was utilized in the
design, where the input alignment registers were eliminated by taking advantage of
the constant modulator input. The third-order MASH modulator measurement results

confirm the 60 dB per decade increase in the spectrum, validating the third-order



noise shaping. Furthermore, for 2'® samples of modulator output the fraction was

represented to an accuracy of 99.999

Over the last years there has been much interest in monolithically transceiver for
wireless local area networks, such as 802.11a and 11b [27]. For such multi-standard
applications, it is often difficult to cover multiple frequency bands using an integer
frequency synthesizer. In order to achieve fine step size to cover the multi-band
channel frequencies, one has to lower the reference frequency in an integer-N
synthesizer design, which results in high division ratio of the PLL and thus high
in-band phase noise. The fractional-N synthesizer allows the PLL to operate with a
high reference frequency and meanwhile achieve fine step size. However, this
improved performance comes at.the penalty=of fractional spurious tone. The best
solution to remove the fractional spurious components for a synthesizer with fine step
size is to employ a delta-sigma neise shaper in-the fractional accumulator. The
delta-sigma fractional-N architecture ‘will be" the best selection for dual-band or
multi-band synthesizer designs.

7.2 Future Works

In proposed AX fractional-N frequency synthesizer, there are still some efforts to do
for better system performance. Low power and low phase noise are also important for
the wireless local area network (WLAN) applications.

As mention in section 2.1, the spurious tone is one of the important performances in
frequency synthesizer. Beside the fractional division, the current mismatch of the
charge pump also causes spurious tones. The design of perfect current matching

charge pump is importance issue [29], [30].
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Dual band or multi-band design is a tendency, for the frequency synthesizer. To cover
the desired frequency range, the VCO can be controlled by a binary weighted array of
switchable capacitors, with N-bit control, is connected to the resonant tank. The
delta-sigma fractional-N architecture can be used for multi-band synthesizer designs

with a multi modulus-divider with the wide division range.
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