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(57) ABSTRACT 

A novel apparatus for and method of acquisition and tracking 
bank cooperation in a digitally controlled oscillator (DCO) 
within an all digital phase locked loop (ADPLL). The acqui
sition bits of the acquisition bank are used as an extension of 
the modulation range. The PLL and TX tuning data are bro
ken up (i.e. apportioned) into acquisition components and 
tracking components. This permits the use of two different 
capacitor banks (i.e. the tracking and acquisition banks) for 
modulation rather than just a single capacitor bank as in the 
prior art schemes. Incorporating the tracking and acquisition 
bit varactors, the cooperation scheme of the present invention 
permits the re-centering of the tracking bank to handle natural 
frequency drift of the DCO and the widening of the modula
tion range. 
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APPARATUS AND METHOD FOR 
ACQUISITION AND TRACKING BANK 

COOPERATION IN A DIGITALLY 
CONTROLLED OSCILLATOR 

REFERENCE TO PRIORITY APPLICATION 

This application claims priority under 35 U.S.c. § 119( e) 
to U.S. Provisional Application Ser. No. 601728,270, filed 
Oct. 19, 2005, entitled "New ADPLL architecture for low
power cellular applications," incorporated herein by refer
ence in its entirety. 

FIELD OF THE INVENTION 

The present invention relates to the field of communica
tions and more particularly relates to an apparatus for and 
method of acquisition and tracking bank cooperation in a 
digitally controlled oscillator (DCO). 

BACKGROUND OF THE INVENTION 

In a digitally controlled oscillator (DCO) based RF fre
quency synthesizer, the frequency oscillation is typically set 
by switching on an appropriate number of varactors in the 
oscillator circuit. For frequency range coverage and fre
quency resolution purposes, the varactors are typically orga
nized in one or more banks. For example, there may be 
separate banks for acquisition and tracking modes of opera
tion of the synthesizer in addition to very coarse PVT varactor 
bank. For a desired output frequency, an appropriate com
mand word is generated and applied to the varactor banks. In 
this example, the DCO command word is divided between 
acquisition bit and tracking bits. 

Modulation of the data is typically achieved using tracking 
bank. Both the acquisition and tracking range, however, are of 

2 
By incorporating the tracking and acquisition bit varactors, 

the cooperation scheme of the present invention permits (1) 
the re-centering of the tracking bank to handle natural fre
quency drift of the DCO; and (2) the widening of the modu
lation range. These functions are split into two separate cir
cuits because (1) the frequency drift is very slow which 
permits an infrequent response with only one acquisition 
varactor added or subtracted; and (2) the modulation range 
widening is instantaneous, i.e. it can have large jumps from 

10 one cycle to the next. It is noted that if the limits of the 
tracking tuning range were allowed to be reached, the 
response of the AD PLL would no longer be linear and result
ing in huge distortion. Thus, the mechanism of the present 

15 

invention prevents this from occurring. 
To extend the DCO range to accommodate for voltage and 

temperature drifts, and to allow wide frequency modulation, 
the coarser-step acquisition bits are engaged by subtracting an 
equivalent number (generally fractional) of the tracking bank 
varactors. The varactor frequency step calibration is conve-

20 niently performed just before each burst with minimal over
head using dedicated hardware. 

Using best analog layout practices, the varactor matching 
precision economically obtained, without multiple silicon 
iteration cycles, is limited to 8 or 9 bits. In order to extend the 

25 DCO frequency modulation range, the present invention pro
vides a mechanism to employ cooperation between the track
ing bank and acquisition bank varactors. It is recognized that 
their frequency step ratio is not expected to be an integer. This 
ratio, however, is precisely determined through digital tech-

30 niques described infra. The mechanism adds or drops one 
acquisition bank (AB) varactor and determines how many 
tracking bank (TB) varactors are dropped or added by the 
PLL loop during the subsequent phase lock settling. In order 
not to be limited by the basic resolution of the TB step size, 

35 the oscillator tuning word, including the fractional part, is 
used instead. 

a finite width. If the input tuning word exceeds the range of 
the varactor banks, then the PLL loop within the frequency 
synthesizer becomes nonlinear and the output becomes cor
rupt. Thus, it is important that the DCO input tuning word 40 

never exceeds the available linear range of the varactor banks. 

Since the TB and AB varactors are made of the same MOS 
devices with different sizes, it is expected that their capaci
tance ratio will be invariant to temperature changes. Conse
quently, the AB-to-TB frequency step ratio, llf4l11fT , once 
determined in a factory setting for a particular unit, could be 

Drifting of the center frequency caused by temperature, 
etc. poses a problem if the drift causes the DCO to creep 
towards the limits of its tracking range. When the desired 
center frequency hits the limits of the dynamic range, the 45 

tracking bits can no longer track those frequencies resulting 

used throughout its lifetime. In other cases, it might need to be 
periodically calibrated. 

There is thus provided in accordance with the invention, a 
method of cooperation between an acquisition varactor bank 
and tracking varactor bank in a digitally controller oscillator 
(DCO), the method comprising the steps of comparing a 
phase locked loop (PLL) tuning word to a threshold and if the 
PLL tuning word exceeds the threshold then apportioning bits 

in loss of lock and modulation distortion. A similar result 
occurs if the modulation range is larger than the entire track
ing range. This may occur in the implementation of wireless 
standards requiring very wideband modulation, e.g., 
WCDMA or Wireless LAN, wherein the required modulation 
range exceeds the tracking range. 

SUMMARY OF THE INVENTION 

The present invention overcomes the problems associated 
with the prior art by providing an apparatus for and method of 
acquisition (coarse frequency step) and tracking (finer fre
quency step) varactor bank cooperation in a digitally con
trolled oscillator (DCO) within an all digital phase locked 
loop (ADPLL). The acquisition varactors of the acquisition 
bank are used as an extension of the modulation range. The 
PLL and TX tuning data are broken up (or apportioned) into 
acquisition components and tracking components. This per
mits the use of two different capacitor banks (i.e. the tracking 
and acquisition banks) for modulation rather than just a single 
capacitor bank as in the prior art schemes. 

50 of the PLL tuning word between tracking PLL tuning and 
acquisition PLL tuning such that both the acquisition varactor 
bank and the tracking varactor bank contribute to the PLL 
tuning. 

There is also provided in accordance with the invention, a 
55 method of cooperation between an acquisition varactor bank 

and tracking varactor bank in a digitally controller oscillator 
(DCO), the method comprising the steps of comparing a TX 
tuning word to a threshold and if the TX tuning word exceeds 
the threshold then apportioning bits of the TX tuning word 

60 between tracking TX tuning and acquisition TX tuning such 
that both the acquisition varactor bank and the tracking var
actor bank contribute to the TX tuning. 

There is further provided in accordance with the invention, 
an apparatus for cooperation between an acquisition varactor 

65 bank and a tracking varactor bank in a digitally controller 
oscillator (DCO) comprising re-centering means operative to 
apportion bits of a PLL tuning word between tracking PLL 
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tuning and acquisition PLL tuning in response to slow drift of 
the DCO center frequency such that both the acquisition 
varactor bank and the tracking varactor bank contribute to 
PLL tuning and modulation widening means operative to 
apportion bits of a TX tuning word between tracking TX 
tuning and acquisition TX tuning in response to sudden large 
jumps in DCO center frequency such that both the acquisition 
varactor bank and the tracking varactor bank contribute to TX 
tuning. 

There is also provided in accordance with the invention, a 10 

method of cooperation between a plurality of banks of con
version devices in a digital to analog quantity converter 
(DAC) for converting an input word to the analog quantity, the 
method comprising the steps of comparing the input word to 
a threshold and if the input word exceeds the threshold then 15 

apportioning bits of the input word between the multiple 
banks such that the banks contribute to the conversion. 

Note that some aspects of the invention described herein 
may be constructed as software objects that are executed in 
embedded devices as firmware, software objects that are 20 

executed as part of a software application on either an embed
ded or non-embedded computer system such as a central 
processing unit (CPU), digital signal processor (DSP), micro
computer, minicomputer, microprocessor, etc. running a real
time operating system such as WinCE, Symbian, OSE, 25 

Embedded LINUX, etc. or non-real time operating system 
such as Windows, UNIX, LINUX, etc., or as soft core realized 
HDL circuits embodied in an Application Specific Integrated 
Circuit (ASIC) or Field Programmable Gate Array (FPGA), 
or as functionally equivalent discrete hardware components. 30 

BRIEF DESCRIPTION OF THE DRAWINGS 

Term 

CV 
DCO 
DRP 
DSP 
FCW 
FPGA 
GSM 
HB 
HDL 
LB 
LO 
PLL 
PVT 
RF 
TB 
TDC 
VCO 
WCDMA 

4 

-continued 

Definition 

CurrentIVoltage 
Digital Controlled Oscillator 
Digital RF Processor or Digital Radio Processor 
Digital Signal Processor 
Frequency Command Word 
Field Programmable Gate Array 
Global System for Mobile Communication 
High Band 
Hardware Description Language 
Low Band 
Local Oscillator 
Phase Locked Loop 
Process, Voltage, Temperature 
Radio Frequency 
Tracking Bank 
Time to Digital Converter 
Voltage Controlled Oscillator 
Wideband Code Division Multiple Access 

DESCRIPTION OF THE PRESENT INVENTION 

The present invention is an apparatus for and method of 
acquisition (coarse frequency steps) and tracking (finer fre
quency steps) bank cooperation in a digitally controlled oscil
lator (DCO) within an all digital phase locked loop (AD PLL). 
The acquisition bits of the acquisition bank are used as an 
extension of the modulation range. The PLL and TX tuning 
data are broken up (i.e. apportioned) into acquisition compo
nents and tracking components. This pennits the use of two 
different capacitor banks (i.e. the tracking and acquisition 
banks) for modulation rather than just a single capacitor bank The invention is herein described, by way of example only, 

with reference to the accompanying drawings, wherein: 
FIG. 1 is a block diagram illustrating a DRP transmitter 

based on an all digital PLL and incorporating the tracking and 
acquisition cooperation scheme of the present invention; 

FIG. 2 is a diagram illustrating an example tuning range of 
tracking and acquisition banks for a Bluetooth case; 

35 as in the prior art schemes. Incorporating the tracking and 
acquisition bit varactors, the cooperation scheme of the 
present invention pennits the re-centering of the tracking 
bank to handle natural frequency drift of the DCO and the 
widening of the modulation range. 

FIG. 3 is a block diagram illustrating an example embodi
ment ofDCO interface of the present invention; 

FIG. 4 is a block diagram illustrating the two methods of 
cooperation of the acquisition and tracking varactor banks in 
accordance with the present invention; 

FIG. 5 is a block diagram illustrating the DCO PLL tuning 
re-centering mechanism of the present invention; 

FIG. 6 is a block diagram illustrating the DCO TX modu
lation widening mechanism of the present invention; and 

40 
Digital RF Processor (DRP) Transmitter 

A block diagram illustrating a DRP transmitter based on an 
all digital PLL and incorporating the tracking and acquisition 

45 cooperation scheme of the present invention is shown in FIG. 
1. The transmitter, generally referenced 20, comprises com
plex pulse shaping filter 22, amplitude modulation block 24, 
low and high band digital pre-power amplifiers 28, 30, 

FIG. 7 is a block diagram illustrating the tuning ratio cali- 50 

bration technique of the present invention. 

respectively, andADPLL 21. The transmitter is operative to 
perfonn quadrature modulation in the polar domain in addi
tion to the generation of the local oscillator (LO) signal for the 

DETAILED DESCRIPTION OF THE INVENTION 

Notation Used Throughout 

The following notation is used throughout this document. 

Term 

AB 
ADPLL 
ASIC 
CDMA 
CMOS 
CPU 

Definition 

Acquisition Bank 
All Digital Phase Locked Loop 
Application Specific Integrated Circuit 
Code Division Multiple Access 
Complementary Metal Oxide Semiconductor 
Central Processing Unit 

receiver. Almost all clocks in the system are derived directly 
from this source. Note that the transmitter is constructed 
using digital techniques that exploit the high speed and high 

55 density of the advanced CMOS, while avoiding problems 
related to voltage headroom. TheADPLL circuit 21 replaces 
a conventional RF synthesizer architecture (based on a volt
age-controlled oscillator (VCO) and a phase/frequency 
detector and charge-pump combination), with a digitally con-

60 trolled oscillator (DCO) system (containing the digital logic 
interface) 46 and a time-to-digital converter (TDC) system 
58. All inputs and outputs are digital and some even at multi
GHz frequency. 

TheADPLL 21 comprises adders 34, 44, frequency detec-
65 tor 36, frequency error accumulator 38, loop filter 40, coarse 

DCO gain nonnalizer 42, fine DCO gain nonnalizer 26, DCO 
46, LB divider 48, variable phase accumulator 50, sampler 
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52, FREF retimer 60, TDC 58, variable phase differentiator 
54 and TDC DCO-period nonnalizer 56. 

Note that the clock input to the AM block may comprise 
CKR clock or CKV divided clock. The core oftheADPLL is 
a digitally controlled oscillator (DCO) adapted to generate 5 

the RF oscillator clock CKY. The oscillator core (not shown) 
operates at twice the 1.6-2.0 GHz high band (HB) frequency, 
which is then divided for precise generation ofRX quadrature 
signals. The single DCO is shared between transmit and 
receive and is used for both the high frequency bands (HB) 10 

and the low frequency bands (LB). An additional4-bits of the 
tracking bank varactors are dedicated for sigma-delta dither
ing in order to improve frequency resolution. 

6 

; 

RV[l] = ~1 
(3) 

1=0 

The index i indicates the DCO edge activity. The FREF 
sampled variable phase Rv/:kJ, where k is the index of the 
FREF activity edge activity, is fixed point concatenated with 
the nonnalized time-to-digital converter (TDC) output E[k]. 
The TDC measures and quantizes the time differences 
between the frequency reference (FREF) and the DCO clock 
edges. The sampled differentiated variable phase is sub
tracted from the frequency command word (FCW) by the 
digital frequency detector. The frequency error fE[k] samples 

fE[kJ=FCW- [(R v[kJ-E[k])-(R v[k-l]-E[k-l])] (4) 

are accumulated (i.e. integrated back to phase) via frequency 
20 error accumulator 40 to create the phase error <pE[k] samples 

The DCO tuning capacitance is split into a large number of 
tiny capacitors that are selected digitally. Advanced lithogra- 15 

phy processes available today permit creation of extremely 
fine variable capacitors (i.e. varactors) at approximately 40 
attofarads of capacitance per step, which equates to the con
trol of only 250 electrons entering or leaving the resonating 
LC tank (not shown). Despite the small capacitance step, the 
resulting frequency step at the 2 GHz RF output is 10-20 kHz, 
which is too coarse for wireless applications. Thus, the fast 
switching capability of the transistors is utilized by perform
ing programmable high-speed (225-900 MHz) dithering of 
the finest varactors. The duty cycle of the high/low capacitive 25 

states establishes the time-averaged resonating frequency 
resolution, now less than 1 kHz. All the varactors are realized 
as n-poly/n-well MOSCAP devices that operate in the flat 
regions of their CV curves. 

The ADPLL operates in a digitally synchronous fixed- 30 

point phase domain but employs frequency detection rather 
than phase detection. The expected variable frequency f v is 
related to the reference frequency fR by the frequency com
mand word (FCW) as follows. 

FCW[k] " E(fv[k]) 
fR 

(1) 

35 

k 

q,E[k] = ~fE[k] 
(5) 

1=0 

Acquisition and Tracking Tuning Range 

A diagram illustrating an example tuning range of tracking 
and acquisition banks is shown in FIG. 2. The frequency 
tuning of the DCO is accomplished by means of the quantized 
capacitance of an LC-based tank oscillator (not shown). 
There are three operational modes of the DCO: 

Process/voltage/temperature (PVT)-calibration mode: 
This mode is active during cold power up and on an as-needed 
basis. It places the nominal frequency of the DCO in the 
middle of the desired modulation band (e.g., Bluetooth, 
GSM, WCDMA, etc.). It is also possible to use this mode on 

The FCW is time variant and is allowed to change with every 
cycle T R=lIfR of the frequency reference clock. With W F=24 
fractional part word length ofFCW, theADPLL provides fine 
frequency control with 1.5 Hz accuracy, according to: 

40 a regular basis as an ultra fast acquisition before the regular 
acquisition mode. It uses an 8-bit binary weighted encoding 
which is obtained by means of finger multiplicity of a unit
sized varactor. The frequency resolution ll.:F' =2316 kHz for 
Bluetooth and 4 MHz for GSM. 

45 

(2) 

Acquisition mode: This mode is active during channel 
select. It uses an 8-bit binary weighted encoding (referenced 
10). For best matching, the binary weight is obtained by 
means of finger multiplicity of a unit-sized varactor. The 
frequency resolution ll.r=461 kHz for Bluetooth and 200 

The number of integer bits W I=8 was chosen to fully cover the 
GSM band frequency range of fv=1600-2000 MHz with an 
arbitrary reference frequency fR~8 MHz. 

50 kHz for GSM; frequency range ll.fma/=118 MHz for Blue
tooth and 12.8 MHz for GSM. 

TheADPLL sequencer traverses through the process, volt
age, temperature (PVT) calibration and acquisition modes 55 

during channel selection and frequency locking and stays in 
the tracking mode during the transmission or reception of a 
burst. To extend the DCO range to accommodate for voltage 
and temperature drifts, and to allow wide frequency modula
tion, the coarser-step acquisition bits are engaged by subtract- 60 

ing an equivalent number (generally fractional) of the track
ing bank varactors. The varactor frequency step calibration is 
performed just before each GSM burst with minimal over
head using dedicated hardware. 

The variable phase Rv/:i] is determined by counting the 65 

number of rising clock transitions of the DCO oscillator clock 
CKV: 

Tracking mode: This mode is active during the actual trans
mit and receive. It uses 64-bit unit-weighted encoding for the 
integer resolution (referenced 14) and 8-bit unit-weighted 
encoding for the fractional resolution. The frequency resolu
tion MT=23 kHz for Bluetooth and 12 kHz for GSM; fre
quency range ll.fmax T = 1.4 72 MHz for Bluetooth and 1.5 MHz 
for GSM. 

Cooperation Between Tracking and Acquisition 
Varactor Tuning Banks 

Thus, the modulation is achieved using tracking bits. Hori
zontal line 10 in FIG. 2 denotes the acquisition bits and 
horizontal line 11 denotes the tracking bits. There are 64 
tracking bits, which translates to a tracking range of 1472 kHz 
(referenced 14). The modulation range of Bluetooth, for 
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example, is 320 kHz (referenced 16). Since the entire range of 
320 kHz is within the tracking range of 1472 kHz, there is no 
problem in handling the entire Bluetooth modulation range 
within the tracking range. 

A problem occurs when the DCO either starts drifting or 
attempts to implement a modulation scheme with very wide
band modulation, e.g., WCDMA. Consider that the modula
tion range begins drifting because the oscillator center fre
quency drifts due to changes in temperature and that change 
can be swift in case of a GSM system, which contains a 
2-Watt RF power amplifier. When the desired center fre
quency 12 hits the limits of the dynamic range, the tracking 
bits can no longer track those frequencies resulting in modu
lation distortion. A similar result occurs if the modulation 
range is bigger than the entire tracking range. 

Therefore, in accordance with the invention, to overcome 
the limitation of the tracking range, the acquisition bits are 
used as an extension of the modulation range. For practical 
purposes, the frequency range of the acquisition range is 
nearly infinite (many times more than the tracking bank 
range, and could further be extended with the PVT varactors). 
Thus, this technique is used to implement wireless standards 
with large modulation ranges, e.g., WCDMA, which requires 
approximately 60 MHz of modulation range. Considering 
only the tracking bits, 1.4 MHz can be covered. Thus, the 
tracking bits alone would not be sufficient to handle WCDMA 
modulation. The combination of tracking and acquisition bits 
can, however, be used to handle the large modulation range of 
WCDMA. 

8 
Similarly, threshold processing block 94 compares the 

PLL tuning word to a threshold and if it exceeds the threshold, 
some of the varactors of the new acquisition bank are added or 
subtracted in addition to the tracking bank varactors. Thus, 
the bits of the input PLL tuning word are apportioned or 
divided in a certain manner between the acquisition and track
ing banks. 

The acquisition bits output from both threshold blocks are 
combined via combiner 96 and output to the acquisition DCO 

10 bank. Similarly, the tracking bits output from both threshold 
blocks are combined via combiner 98 and output to the track
ing DCO bank. Note that the modulation threshold processing 
block outputs zero in the PVT and acquisition intervals of the 

15 

PLL settling. 
Thus, the tuning data being transferred enters circuit 90 

which functions to break it up into acquisition components 
and tracking components. It permits the use of two different 
capacitor banks (i.e. the tracking and acquisition banks) for 
modulation rather than just a single capacitor bank as in the 

20 prior art schemes. 
Therefore by incorporating the tracking and acquisition bit 

varactors, the cooperation scheme of the present invention 
permits (1) the re-centering of the tracking bank to handle 
natural frequency drift of the DCO; and (2) the widening of 

25 the modulation range. These functions are split into two sepa
rate circuits because (1) the frequency drift is very slow which 
permits a specific response with hysteresis; and (2) the modu
lation range widening is instantaneous, i.e. it can have large 
jumps from one cycle to the next-in this case the hysteresis 

30 is not desired. It is noted that if the limits of the tracking 
tuning range were allowed to be reached, the response of the 
ADPLL would no longer be linear and resulting in huge 
distortion. Thus, the mechanism of the present invention pre
vents this from occurring. 

A block diagram illustrating an example embodiment of 
DCO interface of the present invention is shown in FIG. 3. 
The DCO interface, generally referenced 70, comprises a 
PLL tuning word processing block 72 adapted to receive and 
process a PLL tuning word, a TX tuning word processing 
block 76 adapted to receive and process a TX tuning word, an 35 

AB/TB frequency step ratio register 74, combiner block 78, 
PVT varactor bank driver interface 80, acquisition varactor 
bank interface 82, integer tracking varactor bank interface 84 
and fractional tracking varactor bank interface 86. 

Re-Centering of PLL Tuning 

A block diagram illustrating the DCO PLL tuning re-cen
tering mechanism of the present invention is shown in FIG. 5. 

40 The DCO PLL tuning re-centering circuit, generally refer
enced 100, comprises overflow check blocks 104, 112, adders 
102,106,110, threshold block 116 and multipliers 108, 114. 

The DCO interface circuit 70 functions as the driver block 
which receives its inputs from the loop filter (TUNE_PLL) 
and TX modulation blocks (TUNE_TX) and converts these 
signals into control for the individual DCO capacitor banks. 
In PVT and acquisition mode, the PLL tuning word directly 
drives the DCO capacitor banks. In tracking mode, the TX 
tuning word is added to the PLL tuning word to drive the DCO 
tracking bank. While in tracking mode, the DCO also has the 
capability, in accordance with the mechanism of the present 
invention, of updating the DCO acquisition value either via 
re-centering or wideband modulation. 

A block diagram illustrating the cooperation of the acqui
sition and tracking varactor banks in accordance with the 
present invention is shown in FIG. 4. The acquisition and 
tracking bank cooperation circuit, generally referenced 90, 
comprises a first threshold processing block 92, second 
threshold processing block 94 and adders 96, 98. 

In operation, the circuit 90 receives its inputs from the loop 
filter (TUNE_PLL) and TX modulation blocks (TUNE_TX) 
and converts these signals into acquisition bank DCO and 
tracking bank DCO control signals. Threshold processing 
block 92 compares the TX tuning word to a threshold and if it 
exceeds the threshold, some of the new varactors of the acqui
sition bank are used in addition to the tracking bank varactors. 
Thus, the bits of the input TX tuning word are apportioned or 
divided in a certain manner between the acquisition and track
ing banks. 

In operation, during tracking mode, the PLL portion of the 
signed 2's complement DCO tuning word enters the circuit 

45 100 which functions to break the input word up into a TB 
component and anAB component. Acquisition capacitors are 
used so as to maintain the tracking bank close to zero and to 
enable handling of relatively slow changes of the DCO center 
frequency (i.e. DCO drift), the combination of both functions 

50 referred to as 're-centering.' 
Assuming the output of the multiplier is initially zero, the 

PLL tuning word enters the threshold block 116 which is 
operative to compare it to a threshold THR1 and - THRl. The 
threshold is preferably set to a value less (but not much less) 

55 than the tuning ratio. The output of the threshold block is -1 
if the PLL tuning word exceeds the negative value of the 
threshold (assuming a 2's complement representation offre
quency range from negative to positive frequency); 0 if the 
PLL tuning word is within the threshold range; and 1 if the 

60 PLL tuning word exceeds the positive threshold. This output 
value is then multiplied by the tuning ratio and the product is 
subtracted from the input tuning range via adder 106 to gen
erate a re-centered tracking PLL tuning word. 

In addition, the output of block 116 is accumulated via the 
65 combination of adder 11 0 and clocked overflow check 112 in 

order to achieve the desired hysteresis function. The current 
accumulated threshold results are output as the acquisition 
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PLL tuning output. The accumulated acquisition tuning is 
also (with one clock cycle delay) multiplied by the tuning 
ratio, via multiplier 114, and subtracted from the input PLL 
tuning word via adder 102. This prevents large jumps in 
subsequent input PLL tuning words. Thus, from one clock 
cycle to another, the acquisition PLL tuning can only be 
incremented or decremented by one bit. This assumes the 
PLL tuning only undergoes slow drift in center frequency. 

10 
several banks, in which each bank consists of a number of the 
unit-weighted devices. Between the banks, however, the 
device size could be different. Some additional banks could 
be encoded in non-unit-weighted manner, such as binary 
encoding. In the embodiments described supra, the analog 
quantity ('A' in 'DAC') is capacitance, which gets further 
converted into frequency deviation through the LC resonating 
tank-based oscillator. The conversion device is a varactor. The 
banks are acquisition varactor bank and tracking varactor 

Modulation Range Widening of Tracking Range 10 banks, each comprising the same-size devices. 
In alternative embodiments, the methods of the present 

invention may be applicable to implementations of the inven
tion in integrated circuits, field programmable gate arrays 
(FPGAs), chip sets or application specific integrated circuits 

A block diagram illustrating the DCO TX modulation wid
ening mechanism of the present invention is shown in FIG. 6. 
The DCO TX tuning wide modulation circuit, generally ref
erenced 120, comprises a divider 122, adder 128, threshold 
block 124, gating function 126 and multiplier 130. 

15 (ASICs), DSP circuits, wired or wireless implementations 
and other communication system products. 

It is intended that the appended claims cover all such fea
tures and advantages of the invention that fall within the spirit 
and scope of the present invention. As numerous modifica-

20 tions and changes will readily occur to those skilled in the art, 
it is intended that the invention not be limited to the limited 

The operation of the circuit 120, on the other hand, is 
adapted to handle large sudden jumps in the modulation 
range. During the tracking mode, the TX portion of the DCO 
tuning word enters the circuit 120 which functions to break 
the input TX tuning word into a tracking component and an 
acquisition component. The use of acquisition capacitors in 
addition to tracking capacitors for modulation allows for 
significantly wider modulation range. Note that the TX tuning 
word is handled differently than the PLL tuning word because 25 

its change can be quite extreme. 

number of embodiments described herein. Accordingly, it 
will be appreciated that all suitable variations, modifications 
and equivalents may be resorted to, falling within the spirit 
and scope of the present invention. 

What is claimed is: 
1. A method of cooperation between an acquisition varac

tor bank and tracking varactor bank in a digitally controller 
oscillator (DCO), said method comprising the steps of: 

comparing a phase locked loop (PLL) tuning word to a 
threshold; and 

if said PLL tuning word exceeds said threshold then appor
tioning bits of said PLL tuning word between tracking 
PLL tuning and acquisition PLL tuning such that both 
said acquisition varactor bank and said tracking varactor 
bank contribute to the PLL tuning. 

2. The method according to claim 1, wherein said tracking 
PLL tuning is maintained as close to zero as possible. 

The TX tuning word is input to the divider 122, threshold 
block 124 and adder 128. The divider functions to generate 
the integer portion of the quotient of the TX tuning word and 
the AB/TB tuning ratio (i.e. the number of TB varactors per 30 

one AB varactor). This eventually becomes the acquisition 
TX tuning bits if enabled by the gate 126. The threshold block 
compares the TX tuning word to both a positive and negative 
value of the threshold THR2 (preferably configured to a value 
less than the tuning ratio). If it exceeds this threshold, then the 35 

integer division results output as the acquisition TX tuning 
output. The remainder of the division is output as the tracking 
TX tuning output. The remainder is generated by subtracting 
the product of the tuning ratio and the integer result from the 
original input TX tuning word. 40 3. The method according to claim 1, wherein said step of 

apportioning comprises the step of re-centering said tracking 
PLLtuning. Tuning Ratio Calibration 

A block diagram illustrating the tuning ratio calibration 
technique of the present invention is shown in FIG. 7. The 
tuning ratio calibration circuit, generally referenced 140, 
comprises digital logic block 142, multiplier 144 and over
flow check 146. The calibration circuit 140 is used to calibrate 
the ratio between the number of tracking capacitors per acqui
sition capacitor (referred to as the tuning ratio). 

4. The method according to claim 1, wherein said step of 
apportioning is adapted to respond to slow drifting of DCO 

45 center frequency. 
5. The method according to claim 1, wherein said step of 

apportioning comprises either incrementing, decrementing or 
not changing the acquisition PLL tuning each clock cycle. 

To perform calibration, a positive step of one acquisition 

6. A method of cooperation between an acquisition varac-
50 tor bank and tracking varactor bank in a digitally controller 

oscillator (DCO), said method comprising the steps of: 

bit (i.e. one acquisition capacitor) is applied. The ADPLL 
loop is then allowed to settle. Applying a positive step of one 
acquisition bit should cause the tracking bank to settle at a 
negative value to compensate. The loop removes any addi- 55 

tional error. The amount of the negative step is used to calcu
late the tuning ratio. To shorten the ADPLL settling time, the 
initially estimated number ofTB varactors could be engaged 
at the same time with the AB varactor step. The AD PLL loop 
will then settle with the difference of the total number ofTB 60 

varactors. 
It should be noted that the methods and techniques pre

sented herein apply to a general class of a digital-to-analog 
converter (DAC), where the 'A' in 'DAC' denotes any analog 
quantity (voltage, current, resistance, capacitance, frequency, 65 

power, etc). The digitally-controlled conversion devices 
could also be arranged using similar philosophy of using 

comparing a phase locked loop (PLL) tuning word to a 
threshold set to a first threshold at the beginning of a 
packet and to a second threshold for a remainder of said 
packet; and 

if said PLL tuning word exceeds said threshold then appor
tioning bits of said PLL tuning word between tracking 
PLL tuning and acquisition PLL tuning such that both 
said acquisition varactor bank and said tracking varactor 
bank contribute to the PLL tuning. 

7. A method of cooperation between an acquisition varac
tor bank and tracking varactor bank in a digitally controller 
oscillator (DCO), said method comprising the steps of: 

comparing a TX tuning word to a threshold; and 
if said TX tuning word exceeds said threshold then appor

tioning bits of said TX tuning word between tracking TX 
tuning and acquisition TX tuning such that both said 
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acquisition varactor bank and said tracking varactor 
bank contribute to the TX tuning. 

8. The method according to claim 7, wherein said step of 
apportioning comprises the step of widening the modulation 
range of said tracking TX tuning. 

9. The method according to claim 7, wherein said step of 
apportioning is adapted to respond to requests for sudden 
large changes in DCO center frequency. 

10. A method of cooperation between an acquisition var
actor bank and tracking varactor bank in a digitally controller 10 

oscillator (DCO), said method comprising the steps of: 
comparing a TX tuning word to a threshold set to a first 

threshold at the beginning of a packet and to a second 
threshold for a remainder of said packet; and 

if said TX tuning word exceeds said threshold then appor- 15 

tioning bits of said TX tuning word between tracking TX 
tuning and acquisition TX tuning such that both said 
acquisition varactor bank and said tracking varactor 
bank contribute to the TX tuning. 

11. A method of cooperation between an acquisition var- 20 

actor bank and tracking varactor bank in a digitally controller 
oscillator (DCO), said method comprising the steps of: 

comparing a TX tuning word to a threshold; and 
if said TX tuning word exceeds said threshold then appor

tioning bits of said TX tuning word between tracking TX 25 

tuning and acquisition TX tuning such that both said 
acquisition varactor bank and said tracking varactor 
bank contribute to the TX tuning, wherein said step of 
apportioning comprises the step of increasing acquisi
tion TX tuning by multiples of a tuning ratio within a 30 

clock cycle. 
12. An apparatus for cooperation between an acquisition 

varactor bank and a tracking varactor bank in a digitally 
controller oscillator (DCO), comprising: 

re-centering means operative to apportion bits of a PLL 35 

tuning word between tracking PLL tuning and acquisi
tion PLL tuning in response to slow drift of said DCO 
center frequency such that both said acquisition varactor 
bank and said tracking varactor bank contribute to PLL 
tuning; and 40 

modulation widening means operative to apportion bits of 
a TX tuning word between tracking TX tuning and 

12 
acquisition TX tuning in response to sudden large jumps 
in DCO center frequency such that both said acquisition 
varactor bank and said tracking varactor bank contribute 
to TX tuning, wherein said modulation widening means 
comprises: 
means For comparing said TX tuning word to a thresh

old; 
means for generating said acquisition TX tuning as the 

integer result of the division of said TX tuning word 
by a tuning ratio if said TX tuning word exceeds said 
threshold; and 

means for generating said tracking TX tuning as the 
remainder result of the division of said TX tuning 
word by a tuning ratio if said TX tuning word exceeds 
said threshold. 

13. An apparatus for cooperation between an acquisition 
varactor bank and a tracking varactor bank in a digitally 
controller oscillator (DCO), comprising: 

re-centering means operative to apportion bits of a PLL 
tuning word between tracking PLL tuning and acquisi
tion PLL tuning in response to slow drift of said DCO 
center frequency such that both said acquisition varactor 
bank and said tracking varactor bank contribute to PLL 
tuning; 

modulation widening means operative to apportion bits of 
a TX tuning word between tracking TX tuning and 
acquisition TX tuning in response to sudden large jumps 
in DCO center frequency such that both said acquisition 
varactor bank and said tracking varactor bank contribute 
to TX tuning; and 

means for calibrating a tuning ratio as the ratio between 
tracking varactors per acquisition varactor. 

14. A method of cooperation between a plurality of banks 
of conversion devices in a digital to analog quantity converter 
(DAC) for converting an input word to said analog quantity, 
said method comprising the steps of: 

comparing said input word to a threshold; and 
if said input word exceeds said threshold then apportioning 

bits of said input word between said plurality of banks 
such that said banks contribute to said conversion. 

* * * * * 


