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Abstract

This thesis contents two works. First, we.implement a fully I/Q Integer-N
Frequency Synthesizer for Bluetooth application. We begin from the design of
voltage controlled oscillator (VCO), devising it to generate quadrature phase
output. In the design of frequency divider part, we adopt integer-N topology
which provides a less power consumption for low current use consideration.

The measurement results are listed as following: the oscillation frequency
is tunable between 2392~2514MHz, locking time is approximately 100us,
phase noise is -102dBc/Hz@1MHz offset, spurious tones are less than carrier
40dB; the power consumption is 35.19mA using a 2.5V power supply.

Second, we describe an active double-balance sub-harmonic mixer. The
simulated conversion gain at an RF input of 5.2GHz with IF output at 20MHz
is 11dB.The mixer has a simulated IIP3 of -4dBm and an input 1dB
compression point of -13dBm at 5.2GHz. The mixer core consumes 2mA of
current and the output buffers consume 8mA current using a 2.5V power
supply. The application areas are in direct conversion transceivers for wireless

system. Two designs are all implemented in 0.25um CMOS technique.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

There is a growing demand for wireless,communication in today’s world.
The expansion of the market for portable wireless communication devices has
given tremendous push to the development of a new generation of radio
frequency integrated circuits (RFIC) products. As research over the recent
years, the CMOS technology has become the essential design targets for the
communication ICs due to the property of low-cost, low power consumption
and highly integration. Based on the above reason, the works are all
implemented with TSMC 0.25-um CMOS process to build up 2.4GHz

frequency synthesizer and 5GHz sub-harmonic mixer.

In RF transceiver, frequency synthesizer is one of the key components.
Frequency synthesizer actions as a local oscillator (LO) and converts signals
from base band to radio frequency or inversely (Fig. 1.1, Fig. 1.2). Wireless
system has demands on stringent specifications, such as high sensitivity,

narrow channel spacing, large output power and low bit error etc. These
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demand can refer to the performance requirement of frequency synthesizer,

such as low phase noise, low spur level, high frequency resolution, fast

settling time. Besides, we require a frequency synthesizer with accurate

quadrature signal phase to perform image rejection for integration

consideration. So the design of synthesizer remains one of the challenging

blocks in RF systems because it must meet very stringent requirement.

Recently, there are many works focusing on frequency synthesizer. Table 1.1

lists this work compared with that ones.

Center 2.4GHz 24GHZ 2.4GHz 2.4GHz
frequency
Settling time | 100p s e c 251rsec N.A 120us ec
Phase Noise | -102dBc@1MHz | -88dBc@1MHz | -97dBC@1MHz | -125dBC@3MHz
Power 32.5mW+ 58.6mW 49.5mW 15mW
consumption

55mW (buffer)
Supply 2.5V 2.5V 3.3V 1.8V
voltage




Technology | CMOS CMOS CMOS CMOS

0.25u m 0.25y m 0.35u m 0.18y m
Frequency 2.39~2.51GHz | 2.34~2.53GHz | 2.4~2.5GHz 2.26~2.66GHz
range
Reference This work [1] [2] [3]

Table 1.1 Freguency'synthesizer comparator

In 5GHz wireless LAN, the use of direct-downconversion techniques is a

promising approach for highly integrated wireless receivers due to their

potential for low-power fully monolithic operation and extremely broad

bandwidth. However, second-order distortion, 1/f noise, and local oscillator

self-mixing are the most vexing problem of the architecture [4]. Sub-harmonic

mixer provides an excellent solution to the above problems. However,

sub-harmonic mixers have historically been implemented in millimeter-wave

technology as a means of performing downconversion of the received signal

with an LO operating at a fraction of the frequency of the input signal. In the

thesis, we attempt to implement the sub-harmonic mixer with TSMC 0.25-um

CMOS process for 5GHz wireless LAN application. Table 1.2 lists the
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sub-harmonic mixer compared with recent ones.

Conversion 11dB 13dB 11.6dB 18dB
Gain
Noise Figure | 14dB 24.5dB 12dB 8dB
11P3 -4dBm -10.6dBm -13.5dBm -6.6dBm
P1dB -13dBm -19.9dBm.~  N.A N.A
LO frequency | 2.615GHz ~ [450MHz /|'1005MHz | 1.1GHz
RF frequency | 5.25GHz 900.056MHz 2012.2MHz 2.1GHz
Tech CMOS CMOS CMOS SiGe BiCMOS
0.25u m 0.35pu m 0.25pu m 0.35y m
Power 5mW(core) 5.16mW 5.1mW 12.6mW
Consumption




Supply 2.5V 3V 3V 3V

voltage

Reference This work [5] [6] [7]

Table 1.2 Mixer comparator
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Fig. 1.1 Block diagram of a typical transceiver without channel selection filter




Wanted Wanted

Signal LO Signal LO
(RF) t (RF) Fy
D own Up
conversion conversion
Wanted Wanted
Sigmnal Signal
(LO-RF) (LORF)

Fig. 1.2 Down/up ¢onversion.of signal

1.2 Thesis Organization

This thesis constructs a fully integrated 2.4GHz frequency synthesizer

and a 5GHz sub-harmonic mixer by TSMC CMOS 0.25-um technology.

Chapter 2 introduces synthesizers” architectures, simulation information,

system bandwidth considerations and designing tips.

Chapter 3 presents the measurement results of each building block of the

frequency synthesizer, and of course the measured data of whole system.

Chapter 4 introduces sub-harmonic architectures, simulation information,

and designing tips.



Finally, we discuss our measurement results, self-criticisms of the

shortcomings in specifications, and future prospects in Chapter 5.




Chapter 2

FREQUENCY SYNTHESIZER

2.1 Architectures

In this chapter, we discuss.about allithe functional blocks in integer-N
frequency synthesizer and:how to design “them. Fig 2.1 presents the
architecture of integer-N frequency. synthesizet. The frequency synthesizer
contains five functional blocks; including voltage controlled oscillator(VCO),
divider, phase frequency detector(PFD), charge pump and low pass loop
filter(LPF). Except the reference oscillator and LPF, all blocks are done on chip.
We separate the power supplies of all the blocks in order to avoid substrate
cross talk and for testing consideration [8]. We will discuss how to design all

functional blocks latter.



@ Charge Loop
PFD » ¥CO » Fout

Pump Filter

¥

Divider

N

Fig. 2.1 The architecture of integer-N frequency synthesizers

2.2 VCO Design

2.2.1 Design Issues and Introduction

VCO is the core circuit in the frequency synthesizer. In most RF design,
we use LC-tank oscillator instead of‘ring oscillator for better phase noise. For
image cancellation, we hope VCO can provide quadrature phase output
signal. There are three ways to generate quadrature signals: divide-by-two
circuit [9]; RC-polyphase network [1]; and two VCOs cross connect with each
other [10]. Using divide-by-two circuit needs to design a VCO operate at the
double frequency of original frequency. VCO operating at higher frequency
will consume more power and have poor phase noise. Besides, this structure
also shows poor quadrature accuracy because of the requirement of 50% duty
cycle VCO. A VCO with RC-polyphase network consumes less power than
others, but RC-polyphase is signal power hungry. Besides, the bandwidth of

RC-polyphase is too small to cover the band from 2400MHz to 2481MHz.

-9-



Based on the former reasons, we choose two VCOs cross connect with each
other here to generate quadrature signal which have accurate quadrature
phase signal and large output signal power. The whole schematic of the
quadrature VCO is shown in Fig. 2.2(a). The architecture of cross-coupled pairs
adopts both NMOS and PMOS transistors to enhance negative conductance
and LC-Resonator to conclude the resonance frequency. Four inverters

cascade to create quadrature phase output as Fig. 2.2(b) shows.

f
1.

Fig. 2.2(a) Quadrature phase VCO schematic
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+*

SSsPs—

L~ P L~

Fig. 2.2 (b) Four inverters cascade to generate quadrature phase

When designing the frequency range of VCO, large tuning range
enhances the sensitivity of VCO to substrate noise. However, small tuning
range is hard to cover the band.of Bluetooth. from 2.4~2.483GHz. In order to
guarantee the whole tuning range-of-implemented VCO is exactly as we
require, we add capacitor banks‘at:the two ends of LC-tank. This can help us

to adjust the tuning range of the implemented chip.

This design adopts 3 sets of capacitor bank, i.e. there’s three control bits
and enables us to set the oscillator under 6 operating conditions: 000, 001, 010,
011, 100, 101, and 111. Different control bit is connected to different amount of
parallel capacitors; higher bit is connected to a larger capacitance. When a
control bit of capacitor bank is at high level, the capacitor is enabled and the

capacitance of LC-tank is increased.

Bank design gives a stronger guarantee to avoid the shifting of oscillating

frequency, however, it worsen the phase noise of VCO due to the turn on
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resistance of switch MOS [1].

2.2.2 Simulation Results of VCO

The simulated output transient waveform of VCO is shown as Fig. 2.3. In
the design, the phase error is almost zero if no device mismatches. Fig. 2.4
shows the tuning range of the VCO at bank 100 is approximately linear from
frequency 2.4~2.483GHz which implies a constant Kvco in the operation range;
it is an advantage for phase-locked loop. Fig. 2.5 shows the simulated phase
noise at oscillation frequency 2.448GHz. At 3MHz offset from the carrier,

phase noise is -120dBc/Hz. This specification satisfies Bluetooth standard.

1.05 0’ 90° 180° 270°
1.00
. 53
0.80
D.85
0.80
0.75
0.70
0.65

1 2 | 4 ] L Te-10

Fig. 2.3 Simulated output transient waveform
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Fig. 2.5 Simulated phase noise at oscillation frequency 2.448GHz
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2.3 Fully Programmable Frequency Multi-Modulus
Divider

2.3.1 Design Issues and Introduction

7 1] 1 Progr.
j oy — £ =
in -I'IFH-_. -I'IFH‘I‘I. 'Eﬂl_lntEI' Fﬂﬂ't
/P
]
Hodulus
Lortrof
Resat +
| owallow
" Counter
P
Fig. 2.6(a) Traditional prescaler and Program, Swallow counter
23 Divader 23DHvider 20DNwider 20DNvider 20DNwvider 20Dhwider Z5Divider 23Diwider 2A3DHvider 2[R DNwider Z3Diwidern
!nff uuuuuu foss==s pmmm=g FEssaSgpaam=g e B | e B T el
1

-
1 Lfomt
]

Fig. 2.6(b) Fully programmable frequency divider

Fig. 2.6 (a) shows the traditional prescaler with two counters to perform

-14 -



frequency divider. However, the extendibility of this architecture is low for
having to determine the divide number of P-counter and S-counter for
different range of divider. Fig. 2.6(b) presents another architecture which we
adopt in this work [16]. It is composed by 11 cascaded dual modulus
asynchronous divide-by-2/3 circuits. This architecture only requires change
the number of divide-by-2/3 block for different range of divider. This design
assures only the first two stages of the divider operate at the frequency over
GHz. We can set divide modulus N by changing the input level of each
program bits (bo, by, b2...). In this work, divider can be programmed to all

integers between 2048 and 4095, depending on the input bits bo to ba. [11]:

10
N =2048+> f- 2" (2.1)

n=0

Frequency divider is a ctitical partbesides VCO due to its high operating
speed. The maximum operating frequency is limited by the parasitic
capacitance of the layout connection path and the load of the first stage to the
second one. In order to reach a maximum operating frequency at 2.5GHz, the
tirst two stages are realized in a differential Source Coupled Logic (SCL) and
we scale down the NMOS transistor size of the second stage to minimize the
first stage’s capacitor load. Carefully choosing the transistor sizes and
accurately counting the parasitic capacitor are all critical to the correct
operation of divider. Fig 2.7 is the SCL circuit which works as a high speed

NAND-DFF.

The following 9 stages are realized with digital cells which can operate at

frequency up to several hundred MHz and consume less power than the first

-15 -



two stages.

Fig. 2.7 Differential source.coupled logic

2.3.2 Simulation Results of Divider

Simulating 11 stages of dual modulus asynchronous divide-by-2/3 circuit
takes long time. So we first take the first five stages to simulate. Fig. 2.8 shows
the simulation result of divide by 31. We see the input clock even with 0.25 V

peak to peak swing and frequency up to 2.6GHz still working well.

-16 -
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Fig. 2.8 Frequency divider simulate divide by 31 output waveform

=1
"1

The co-simulation result . of

11)':‘_7":‘ programmable  frequency
multi-modulus divider and VCOrs as shc';x./:m in Fig. 2.9. The VCO output
frequency is set at 2448MHz and the divide modulus is set at 2448, too. We
can obviously observe the period of output divided signal is 1us, this figures

out our divider is working regularly.

¥ Y{PRECU
a0 L T

2.5

20 lus
1.5
1.0
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Fig.2.9 Frequency divider simulated with VCO

2.4 Phase/Frequency Detector

Phase frequency detector can detect both phase and frequency
difference between the reference signal and the output signal of the frequency
divider. As shown in Fig. 2.10, if the frequency of input A is greater than that
of B, QA is high, but QB is still low. On the contrary, if the frequency of input B
is greater than that of A, QB is high, but QA is still low. If the frequency of A
equals that of B, the circuit will check the phase difference between the two

inputs and generate a pulse that equals the phase difference at QA or QB.

A —ep — (s

PFD

Fig. 2.10 (a) PFD block diagram

State 2 BT State 0 5T State 1

Fig. 2.10 (b) PFD state diagram
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Qa____ 1 1 1 I [
Qe [ LTI 1 1 1 1 1 0 1 1 ] /]

State: 0 L D L D1 D 202020202020 2020202020202

Fig. 2.10 (c) PFD timing diagram

In the thesis, we choose three state phase/frequency detector (PFD)
for detecting both phase and frequency difference. Fig 2.11(a) shows the
conventional circuit of three state PFD circuit. The circuit consists of two
D-flip flops and an AND gate./We set the initial condition of the two D-flip
flops” output QA=0QB=0. If B=0 but A is from 0 to 1, then QA=1 until B is also
from 0 to 1 which makes QB-becomes-high-and resets the two D-flip flops to
low. The PFD’s characteristic is'ideally linear for the entire range of input
phase differences from -211 to 21t as Fig. 2.12 shows. When the inputs differ
in frequency, the phase difference changes each cycle by 2m ( TCKref
-TCKout)/max(TCKout, TCKref)). On every clock cycle during frequency
acquisition, the phase differences steps across the PFD transfer curve from 0
to +21 and repeats as the output clock cycle slips. So the control voltage of

VCO is pumped monotonically toward that of the desired frequency.

However, the conventional PFD circuit has the drawback of dead zone
existed when it incorporates with charge pump. The dead zone generates
phase jitter since the control system does not change the control voltage when

the phase error is within the dead zone as Fig2.13 shows. Fig. 2.11(b) shows
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the PFD realized in this thesis. The delay inverter chain used in the circuit

which increases the delay of reset signal can eliminate dead zone [12].

| 1
D
AODCK Q 0 Qa
E
Eeset I—C_
E
E & CK Q 0O Op
[ 1

Fig. 2.11(a) Conventiofial PFD circuit

Fref,
* Up
{>—e Up
delay chain
Down
Frcom Down
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Fig. 2.11 (b) Modified PFD without dead zone

5

= - P A0
4n 21 . 4

Fig. 2.12 PFD characteristic

lep
F 3 fREF
— = " 8, faiv
Dead
Zone e
Can't be detected
in the Zone

Fig.2.13 Limitation caused by dead zone
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2.5 Charge Pump

The charge pump [11] (Fig. 2.14) adopted in this thesis works with a fixed
reference current. To achieve a high voltage output range at the charge pump,
the transistor size of the current mirror transistors (Mi-Mi1) must be chosen
carefully. Also an accurate layout of the charge pump is important to improve
the matching of the positive and negative current to avoid mismatch currents.
Mismatch currents produced when the two phase are compared cause
reference spur. Reference spur interferes with adjacent channel in RF receiver
and it also produces undesired spectral emission in RF transmitter. We
implement two additional transistors (Miz, Mu) to guarantee in case of
switching the transistors Mis ahd Mis, their sources are already precharged.
Above reduces current peaks during the switching time and suppressing the

spurious tones, too.

upp |* Mi» j-= upn
Mi3
My s s Mig
L
IrEr = —lcr
My M2 Ml M N7
Mis

L - = downn o[~ My, j=downp
1—II- I
-

Mip

Fig. 2.14 Charge pump
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2.6 Loop Filter and Loop Bandwidth Considerations

The characteristic of PLL helps frequency synthesizers partially alleviate
their phase noise contributed by VCO. Extending the bandwidth of PLL can
reduce phase noise in band of the loop and increase the settling time of the
whole loop. However, a wide band PLL suffers from higher level of spurious
tones. The loop filter can determine the bandwidth of PLL by introducing
poles and zeros in the close phase locked loop. The poles help degrade the
magnitude of reference spur and the zeros help PLL have enough phase

margin to guarantee the close loop’s stability.

Fig 2.15 shows the linear model of PLL; the transfer function is:

0, , s (2.2)

PFD LPF vCO

F(g) of Kveo » B,
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Fig. 2.15 Linear model of PLL

We use 3 order passive loop filter in this design. Fig. 2.16 shows a
standard third order loop filter used in most synthesizers. The filter comprises
a second order filter section and an R2and Cs section to provide an extra pole
to assist the attenuation of the side bands at multiples of the comparison
frequency that may appear. However, extra pole may make the whole loop

unstable. So, the design of loop filter is critical.

1.:1 %m Q{I
I L, 1
= :|=: =

Fig. 216 Third order loop filter

The element value of loop filter can be determined on the following step

[13].

First, we have to choose the loop bandwidth of PLL. The locking time of the
Bluetooth application is 200-usec.We assume the locking time Ts=100-usec(for a

over design). Two “rule of thumb”[25], which may help to approximate the frequency
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of the loop bandwidth, are

50

Switching..timex ——— (2.3)
comparison
Switching..time = 2 (2.4)
|oopbandwidth

From equation 2.3, the estimated comparison frequency is  500kHz. Our
reference frequency is 1MHz which satisfies the requirement. Equation 2.4 predicts

an estimated loop bandwidth 25kHz in order to achieve lock in time.

K. -l
C. = vco ' cp 25
’ wéw'N )

N
R = 2%9ge—as— = 2.6
1 cho'lcp'CZ ( )
C

C =2 2.7
= 27)

R -C

C: 1 2
3 20-R, (2.8)

Based on above equations, we can obtain a set of element values. Besides,
we can get another set of element values from the loop filter simulation tool

shown in Fig. 2.17. The values are all listed in Table 2.1

The two set element values slightly differ because the hand calculate do
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some approximation when analysis. We will see the approximation will not

have much influence on the settling time of whole circuit in section 2.7.

I PLL Loop Filter Design
File ¥iew Caloulate

Mational Semiconductor
Copyright 21996

/" PhaseDetFreq=[1000  kHz Kveo =100 MHzA
e 3= |742.00E+2  Ohms o
] WCO
| QF{ R 1= A N
| | |E.4262E-12 F 137 4BE-12 F =
lep = |0.036 mA $ - T IE4282E13 F
| | 1393 Ohms N7
| | Attenuation =20 dB
| 14N |
\\ N = 2445 /, Loop By = |50 kHz
______ — Phaze Margin =W =
Fig. 2.17 PLL loop filter design software
Calculated Result Simulated Result
Ci 5pF 6.5pF
C 60pF 138pF
R: 212kQ) 139kQ2
G 1pF 0.6pF
R 636kQ2 740kQ

Table 2.1 Loop filter elements
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2.7 Simulation results of whole frequency synthesizer

Finally, all the building blocks mentioned in previous sections and
chapter are combined to be a whole frequency synthesizer and simulated
together as Fig. 2.18 shows. Because frequency synthesizer circuit contains
many sub-circuits, simulating the settling time from circuit level takes a lot of
time. So at first,t we use ADS tool to perform behavioral simulation of

frequency synthesizer’s settling time and then use eldoRF to verify whether

the connections of whole loop are correct or not.

Ch R2
fREF o—»| PFD |— Pu‘fl%e vCco | fout
(1MHz) R1 (2.4AGHz)
Cy C
il
N g

T

Channel Selection
Fig. 2.18 Frequency synthesizer building blocks

We use different element values of loop filter derived from above section
to simulate and the outcome in Fig. 2.19 shows the settling time is less than

200us as the spec of Bluetooth required. Fig. 2.20 shows the close loop

spectrum of VCO.
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Fig. 2.19(b) Locking transient simulation element values of loop filter from simulation
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Fig. 2.21 and 2.22 show the lau and the die photo of whole chip. The

die size is 1400pumx950pum.
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Fig. 2.22 Whole chip die photo

-30 -

wrose



CHAPTER 3

MEASUREMENT RESULTS

3.1 Measurement Considerations

This work is measured on PCB, the measurement instruments include

8563E spectrum analyzer and 54602A oscilloscope as Fig 3.1 shows.

(b) 54602A oscilloscope

59 29

(c) E3611A power supply

Fig. 3.1 Measurement instruments



Fig. 3.2 shows the PCB layout and the testing board of the chip. The chip
is stuck on testing PCB, and wires are bonded from the pad on chip to feed
bias voltages. We use a DIP switch to switch the VCO capacitor Bank and
divider. An off-chip 1IMHz oscillator instead of function generator is used to
produce reference clock for suppressing the noise coming from reference
frequency. The loop filter is also designed out of chip for easily modifying

element values and decrease chip area although it introduces more noise than

designed fully on chip.

I e o

I & & & & 888

LABS 3 " !

surlZpta
JriZpta 1 MHz l-llll-l-l-ll
oscillator
Loop filter

DIF switch
o3 e .
mbZ - -
vl & .
D - ™
BE - -
oF L *

Fig.3.2 PCB layout
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3.2 VCO Measurement Results

The measured spectrum and tuning range of VCO used in this work is
shown from Fig. 3.4 to Fig. 3.5. The tuning range of Bank(100) covers the band
from 2.4GHz to 2.483GHz as we desire. Fig. 3.6 shows the tuning range of
measurement data compared with simulation results. The chips are
discovered falling on SF corner from WAT data provided by TSMC, so we

re-simulation with this condition.

The measured tuning range is 2.392 ~ 2.514GHz, comparing with our
simulation results which is 2.288~2.411GHz at TT corner and 2.343~2.478GHz

at SF corner. There are approximately 40~50MHz frequency differences
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between measurement and simulation. That means the parasitic effects are
evaluated more than reality. With careful examination, we find the parasitic
capacitor of RFMOS has been evaluated twice. Besides, the frequency using

two VCO connected to each other is more sensitive to corner variation than

that only using one VCO.
ATTEM 1048 W =ZT . Ty dEm — .
PL 0dBm 1048/  2,47653GHE [Pe_secH]
MARKER =
CE
i 4 ‘ MAPHKER
2.4AT6ES3 GHr _ - DELTA

=21,33 uBm

CEMTER 2.47700GHr SFAM 20.00M-
rRgw 3J00KHE vBw J00hMr oW 30, 0=

Fig. 3.4 The open loop Spectrum of frequency synthesizer
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Fig. 3.5 Measured tuning range of VCO under different bank conditions
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Fig. 3.6 Measured tuning range of VCO compared with simulation

After re-simulating the tuning range with reducing the parasitic capacitor
of VCO resulting from RFMOS, we can get better fit of the measurement data

with simulation results as Fig. 3.7 shows.
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Fig. 3.7 Measured tuning range of VCO compared with re-simulation

We use quadrature generator to measure the phase error of VCO output
signal. Fig. 3.8 shows the layout of quadrature generator. The s-matrix of

quadrature generator is [14]:

0

—_ O

_ -1}
sl= 7|, (3.1)
0

—_ O O .
—_ O O
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(a)The layout of quadrature generator (b)The layout of whole circuit

Fig. 3.8 The layout circuit for quadrature phase measurement

When the phase of inputsignal of port 1'is €° and port 4 is {°, portl port2
having phase difference roughly 90°, we can'get the s-parameter of port2 and

port3 as formulation from 3.2 to 3.4 presents.

S NN

2 (3.2)

1 r )
Port2= ———(je!’ +e)=—
V2

1 - . 1 0o
Port3= _ﬁ(ew +je') = —ﬁ[lJre“ge]Jemj

(33)
—L[1+e"9 e’
L E R O M (34
P, —L[l e]H]jejqj sin 6,
J2



The measurement shows the output power of port2 is -25dBm and
the output power of port3 is -10dBm. From formula 3.4, we can deduce the

phase error between port2 and port3 is 20°.

3.3 Whole Circuit Measurement Results

The measurement data of whole synthesizer are shown in following
tigures. Fig. 3.9 are the output spectrum when synthesizer are locked at 2400,

2401, 2448, 2449, 2480, 2481MHz.

ATTEN 1048 ENT =18, 87 4B
T RN TP T VY T T

. (BN

CENTER P, 300000 ) BEAN 10, DEMHp
REW 100Ky VW 1Q8kHp GBWE 90, Gms

Fig. 3.9 (a) Measured locking spectrum at 2400MHz
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Fig. 3.9(b) Measured lockingspecttum at 2401MHz

ATTEN 1040 ENT =11.87dBm

RL 0dBm . 1068/ 2,44794 OMg |Px_gsmci]
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Fig. 3.9(c) Measured locking spectrum at 2448MHz
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Fig. 3.9(d) Mea d locking .—- 2449MHz

ATTEN 1049 ENT =12,00d0m

T 1048/ .
; 1008/ 2,47094 OWg [Px_gac]

CENTER 2, 4700050H2 SFAN 10, 00M-
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Fig. 3.9(e) Measured locking spectrum at 2480MHz

-41 -



ATTEN 1048 ENT =12.17d@n :
AL OdBm 1048/ 3,408004 GHs [P sAch)

MARKER «
CF

CENTER 2,480030H7 AN 10, 00MHs
AW 100kHE VBwW 1Q8KHE SwH 50 .0ms

,.‘..—\ = — ""'l

Fig. 3.9(f) Measured fQCklpﬂspeétrum at 2481MHz

' of fhe frequency synthesizer has
approximately 2dB variation from2 4GH§ to 2 481GHZ and the reference spur

of the frequency synthesizer is -40dB which satisfies the spec of Bluetooth

requires.

Fig. 3.10 presents the close loop phase noise of frequency synthesizer
which is -102dBC/Hz at 1IMHz offset. Fig. 3.11 is the waveform of VCO input
control voltage, it represents the locking transient waveforms of the

synthesizer. The locking settling time shown is less than 200us.
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Fig. 3.11 Locking transient of 2480MHz mode
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Fig. 3.12 is the frequency hopping transient between 2448 and 2480MHz
mode. We adopt function generator to feed a low frequency square wave as

mode switching. The hopping settling time is less than 200us.

fssssssssjusssssssafussminrnmEmrr rrr e Frr e ne e ———

(RS N: AR EES 'SANSE N

i,—'-l-l—l-i_-l"l—lriri'rlrl'-lll 1 i
__= -.-__-.___:T________I._-_._.- _.I:I__ _,____; é ...... =4
______ 32448 ot e -
tis = [R.0m b&t= ﬁ.ﬁ- Lot = 7.4 .
Sasce o~ Active Curser -  FResdout Clesr
B Tvie Um e Cursers

Fig. 3.12 Hopping transient between 2448 and 2480MHz

3.4 Summary of Measurement Results

The measured data in this chapter are summarized in Table. 3.1 and 3.2.

Simulation Measurement
Power supply 2.5V 2.5V
Tuning range of VCO 2.373 ~2.513GHz 2.392 ~2.514GHz
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Phase noise -108dBc/Hz@1MHz -102dBc/Hz@1MHz
Spurious tones N/A -40dB
Locking time About 80us About 100pus
Table. 3.1 Summary of specifications
Block Simulation Measurement
VCO 4mA 3.72mA
Buffer 20mA 22mA
Frequency divider 6.4mA 6.7mA
Charge pump 2.8mA 2.7mA
Rest parts of PLL 0.63mA 0.07mA
Total 33.83mA 35.19mA

Table. 3.2 DC current consumption

3.5 Measurement Discussions

The chip manufactured using TSMC 0.25-pum CMOS process suffers from
the problem of ESD severely. The gate oxide breaks down easily with inexact
operation procedure and without protection circuits. We should give voltage
on the gate of PMOS first then increasing voltage on the source side gradually,
conversely, give voltage on the source of NMOS first then increasing gate side
gradually when turn on the bias circuits. Besides, for decreasing the circuits

damaged by pulse, we should add protection circuits at each gate side of

biasing circuits as Fig. 3.13 shows.
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Fig. 3.13 Protection circuit

The power lines of the testing circuits are also a critical topic to the
performance of measurement. Digital or analog power supply is noisy power
source, so we add bypass capacitors from 1uF, InF, tolpF as near the pad of

chip as possible to suppress the noise coming from power source. Besides,
splLe, .
adding more via between the top and bottontof the test board and using GSG

= EH4l3

layout on the power lines an_gc:r';'l;‘,llbiég'llizjr{'_ il Caﬂhelp get more stable bias. Fig.

3.14 shows the testing board%ﬁtb“ak‘ :

o

(a) Testing board before (b) Testing board after modification

Fig. 3.14 Measuring board

Fig. 3.15(a) shows that the spectrum of the frequency synthesizer without

bypass capacitor is more unstable and noisy than with pure power source. Fig.
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3.15(b) measures the phase noise which is even -88dBC/Hz, -14dB worse than

with pure power source.

ATTEN 1048 MR -28.0048~

AL O dBm 1048/ :.ul[aum-u o [Cew ]

30 kHE | ! ! | | | ALTO MAN

b 13

CENTER 2.,448000+H% aEAN 10, 00M-E
“AEW JI0k-gE YBW J0kHE SWFP 33 ,0ms

Fig. 3.15 (a) Spectrum of frequency syﬁthesizer without bypass capacitor
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Fig. 3.15 (b) Phase noise of frequency. synthesizer without bypass capacitor

| _ ]

The measuring phase error of quadrature phase is 20° worse than

simulation. After analysis, we find the bond wire from the pad to the testing

board will induce much phase shift and influence the measuring result. If we

assume the chip inside and line of testing board all match to 50 Q, using

Microwave office tool to simulate the length of bond wire with 1um variation

shows that there will be 7° phase difference caused bond wire as Fig. 3.16

shows. Besides, the bond wire causes unbalance LO power in portl and port4.

There is approximately 28° phase error if the power difference between two

ports is 1dB.

There is another reason for bad phase error: the isolation port of
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quadrature generator is only -20dB at 2.4GHz which will have some power
leakages from portl to port4, reversely from port4 to portl and degrade the
ability of image cancellation. Moreover, the testing board actually is difficult
to match to 50Q f or  Wieercehsideration. After we calibrate the phase
error due to the LO input power difference which is approximate 0.4dB, bond
wire length variation which is roughly 1um, quadrature generator phase error
which is about 2°, the phase error can be less than 1° in really. So, the best
way to get the accurate phase error is to design a mixer circuit inside of the
chip to down convert the frequency to lower frequency to reduce the bond

wire effect.

PN 1L ¥ | 24 0Hz 24 0GH:
at [DaTLL TheTat ; fes |_ = I

——
& &
v
(a) Bond wire effect simulation (b) Phase error of S21

Fig. 3.16 Phase error simulation

When measuring the settling time of frequency synthesizer, we try to use
arbitrary element values of loop filter to see the impact on the settling time.
Fig. 3.17 shows the settling time compared with simulation using arbitrary
element values as listed in table 3.3. The result points out that the settling time
may be larger than 200usec if using unsuitable filter values. Besides, using too

long wire connecting to the VCTR will make the settling time longer than
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200psec, too.

Element value of loop filter
@ 47pF
C 470pF
Ri 15kQ
G 47pF
Ro 15kQ2

Table.3.3 Loop filter elements
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] .\:._.:..,.l'I
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i
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(a) Measured settling time (b) Simulated settling time

Fig. 3.17 The settling time using arbitrary loop filter values
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Chapter 4

Sub-harmonic Mixer

4.1 Architectures

In this chapter, we give the approach to the even-harmonic mixer,
present our analysis, and show its post simulation performance. Finally, we

compare the even-harmonic mixer with' the traditional Gilbert cell mixer.

4.2 Sub-Harmonic Mixer Core Circuit

Fig 4.1(a) shows the traditional Gilbert cell mixer which can be
divided into two part where M1 M2 are as RF signal amplifier and they also
can increase the LO to RF signal isolation ; M3-M6 is the actual frequency
mixing part. The even-harmonic mixer is modified from Gilbert cell mixer
which only replaces mixing mode MOS to differential pair as fig. 4.1(b) shows
[5]. The CMOS even-harmonic mixer provides down conversion mixing of the
differential RF input signal with even harmonic of the LO differential signal
while suppressing RF mixing with the LO fundamental and odd harmonics.

As shown, suppression of odd harmonic mixing is accomplished by summing
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the differential signals at the drains of M3 M4, M5 M6, M7 MS8, and M9
M10. The quadrature ~ FRF/2 signal applied to the LO inputs also allows the

RF signal to be switched on every quarter cycle of the LO drive waveform,

creating an effective 2*F'o signal. The inductor L1 is used to produce a pole at

5GHz to increase mixer conversion gain and L2 L3 is for RF input matching.

™
¥DD i
l I ! Iy
NN i) '
i 14 180 I’% M | M7 ,1__]
K] | s, | M9 |
LO :I.SET—I —ﬁ LOO ] B o T s "o
M1 M2 1 ‘-] HI
RF 0 — FE M1 ez
1Y i L1 :
RF150: Fhom o [
1 l
: | M
(a)Traditional Gilbert Cell Mixer (b) Sub-Harmonic Mixer

Fig. 4.1 The schematic of Gilbert Cell Mixer and Sub-Harmonic Mixer

4.3 Quadrature Phase Generator

For measurement consideration, we use poly-phase filter to generate
quadrature phase for LO input [15]. A simplified schematic of the poly-phase
filter is shown in Fig. 4.2. The poly-phase filter outputs phase and amplitude
vary with LO input frequency. Nevertheless, the LO quadrature signals

maintain a 90° phase difference and the same amplitude over a wide
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bandwidth. We can use 2-ord poly-phase filter to increase circuit bandwidth.

However, this will decrease the LO signal power further.

Fig. 4.2 Poly-phase filter circuit

4.4 Simulation Result of Sub-Harmonic Mixer

The even harmonic mixer':r'ln'iasr li)ee;i : fabricated using TSMC 0.25-pm

mixed-signal CMOS process. The final layout-of fully integrated Mixer is

shown in Fig. 4.3. . % 1896 B -

Fig. 4.3 Layout of even harmonic mixer
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All elements are fully integrated on a chip including spiral inductors,
metal-insulator-metal (MIM) capacitors, multi-finger RF NMOS transistors,
poly resistors and decouple MOS capacitors. The total chip size including the
pads is about 850umx850um. At high frequencies, the drain and source of a
MOSFET, pads, inductors, and other element on the Silicon (5i) substrate have
resistive components due to resistivity of the Si substrate. These parasitic
resistances consume signal power, generate thermal noise, and thus noise
performance of the mixer is degraded a lot. To avoid these effects from pads,
we use shielding PAD at RF LO input and IF output to reduce coupling noise

from the noisy Si substrate. [16]

Fig. 4.4 shows the simulation output.waveform of mixer. The high

frequency component can be removed-by-off-chip filter.

B3

=6

Fig. 4.4 IF output waveform
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Fig. 4.5 shows the result of mixer conversion gain versus RF input
frequency with the LO input frequency from 2.5GHz to 2.7GHz and an LO
input power of 3dBm and IF frequency of 20MHz is selected. A two tone test
is performed to measure the input third order inter-modulation point of the
mixer. The two tones are at 5.2GHz and 5.205GHz resulting in fundamental
tones at 20MHz and 25MHz , and third order intermods at 15MHz and

30MHz at the IF output.

dA
147

13

12

B |
5.00 .10 8.15 0.20 5.23 5.30 5. 55 5.40 5. 503
H3

Fig. 4.5 RF input frequency versus conversion gain

Fig. 4.6 shows the fundamental and intermod powers with respect to the
two tone input powers. Extrapolation of the two curves results in an IIP3 of
-4dBm.The mixer has a simulated double sideband noise figure of 14dB at an
RF frequency of 5.25GHz with the LO input power of 3dBm and IF frequency
of 20MHz. Fig. 4.7 shows the mixer double sideband noise figure. Table 4.1

summarizes the post simulation performance.
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Fig. 4.7 Double sideband noise figure
Power Supply 2.5V

RF input frequency | 5.25GHz

LO input frequency | 2.615GHz

Conversion Gain 11dB

Noise figure 14dB
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IIP3 -4dBm
P-1dB -13dBm

Mixer Core power | 5mW

Table 4.1 : Performance Summary

4.5 Comparison to Fundamental Mixer

Careful examination of Fig. 4.1(b) will shows that the even harmonic
mixer(IF=RF-2*LO) can be converted to a fundamental mixer (IF=RF-LO) by
connecting the 0°and 180 LO inputs together ,and also the 90 and 270 LO
inputs together. The result is a fundamental LO Gilbert cell mixer whose
input stage is identical to the even harmonic mixer. Table 4.2 shows the
comparison of the even harmonicimiker, to the fundamental mixer. The
simulated NF for fundamental | mixer- is .\about 3dB lower than the even

harmonic mixer and conversion gain is‘about 5dB higher than it.

Parameter Even Harm. | Fundamental
Conversion 11dB 16dB
Gain
Noise figure 14dB 11dB
IIP3 -4dBm -5dBm
P-1dB -13dBm -14dBm
Core power 5mW 5mW
Table 4.2: Comparison of sub-harmonic mixer to
fundamental mixer
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Chapter 5

CONCLUSIONS AND
FUTURE PROSPECTS

5.1 Conclusions

A fully integrated 2.4GHz CMOS frequency, synthesizer is demonstrated.

Table 5.1 lists the measurement, data-compared to the spec of Bluetooth

requires. The data shows that we achieve the spec requirement of Bluetooth

except to phase error. However, this design suffered from strong spurious

tones, and consumed large power in VCO buffer.

Measurement Spec of Bluetooth
Power supply 2.5V N.A
Tuning range of VCO 2.392 ~2.514GHz 2.4~2.481GHz
Phase noise -102dBc/Hz@1MHz -120dBc/Hz@3MHz
Spurious tones -40dB N.A
Phase error 20° 5
Locking time About 100ps 220us
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Table. 5.1 Measurement data compared to spec requirement

5.2 Future Prospects

There’re several directions for future work. First, a more accurate method
must be set to measure the phase error. We should integrate the down
conversion mixer to convert the LO signal to lower frequency for decreasing
the bond wire effect to the measurement of phase error. Second, the spurious
tones are strong and seriously influence the signal. We have some tactics to
alleviate this problem, narrow the bandwidth of the loop filter or minimize
the interference of crystal oscillator by designing a current matching circuit in
Charge Pump. Through the above two ways, spurious tones can be
suppressed more effectively. Third, the VCO buffer should be re-designed to

lessen power consumption and counterwork process variation.

Besides, the architecture of conventional integer-N frequency synthesizer
suffers from many draw back. The limited bandwidth of integer-N frequency
synthesizer causes out off band noise from VCO. Large divide number
intensifies the in-band noise from the reference and phase detector noises. The
architecture of fractional-N frequency synthesizer solves the problems above.
Moreover, the settling time can be faster by using fractional-N frequency
synthesizer [20]. Therefore, the future research should be focused on the

architecture of fractional-N frequency synthesizer.
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