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( 58 ) 

( 57 ) ABSTRACT 
A frequency reference generator includes ( i ) an integrated 
frequency source having drive circuitry that drives a reso 
nant ( e.g. , non - trimmable LC ) tank to generate an oscillator 
signal , ( ii ) at least one temperature sensor that generates at 
least one measured temperature signal , and ( iii ) a frequency 
adjustment circuit that adjusts the oscillator signal frequency 
to generate the frequency reference based on the measured 
temperature signal and a ( e.g. , sample - specific ) mapping 
from temperature to a corresponding frequency - adjustment 
parameter ( e.g. , a divisor value for a fractional frequency 
divider ) . In some embodiments , a Colpitts oscillator gener 
ates the oscillator signal based on the measured temperature 
signal , where the Colpitts oscillator has voltage / tempera 
ture - compensation circuitry that compensates for variations 
in power supply voltage and operating temperature . Such 
frequency reference generators achieve substantial PVT 
insensitivity with as little as a single 1T - trim or even no trim 
at all . 
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FREQUENCY REFERENCE GENERATOR FIG . 8 is a schematic circuit diagram of a frequency 
divider that can be used to implement the frequency divider 

TECHNICAL FIELD of FIG . 1 according to certain embodiments of the disclo 
sure ; 

The present disclosure is related to electronics and more FIGS . 9A and 9B show simulated C , versus temperature 
particularly to circuitry for generating frequency reference ( i ) with constant 1 - V gate voltage V , and ( ii ) with tempera 
signals . ture - compensated gate voltage VG ( T ) , respectively , over 

process corners ; 
BACKGROUND FIGS . 10A - 10C show measured fosc and its frequency 

10 deviation over temperature and supply voltage for 16 
Frequency reference signals ( also referred to as frequency samples ; and 

references ) compliant with wired communication standards FIGS . 11A - 11B show measured frequency deviations 
( e.g. , 10/100/1000 Ethernet ) require 3100 ppm absolute after applying perature correction polynomials and 
frequency accuracy over their operating temperature . Wire 1T - trimming at room temperature for 16 samples . 
less standards require even stricter accuracy . The traditional DETAILED DESCRIPTION solution is to use bulky and relatively expensive quartz 
crystal oscillators , which have ppm - level accuracy over Frequency Reference Generator temperature and lifetime , thus requiring no or at most a very FIG . 1 is a high - level block diagram of a frequency 
simple , single - temperature ( 1T ) trim . In an attempt to elimi- 20 reference generator 100 according to certain embodiments 
nate the bulky crystal oscillator and move to fully integrated of the disclosure . Frequency reference generator 100 has a 
solutions , several on - chip frequency reference generators temperature sensor 110 , a frequency source 120 , and fre 
have been developed . However , passive and active on - chip quency - adjustment circuitry 130 , where a temperature mea 
components in the processing front - end have a significant surement generated by the temperature sensor 110 is used to 
process spread as well as temperature and lifetime depen- 25 improve the stability of the frequency of the frequency 
dency . For such designs , absolute frequency accuracy source 120 and to control the operations of the frequency 
requires temperature trimming and re - trimming over time . adjustment circuitry 130. In particular , the temperature sen 
The state - of - the - art integrated solutions either ( i ) use a sor 110 generates a DC voltage VNTAT ( T ) whose voltage 
1T - trim that does not satisfy the absolute accuracy or ( ii ) level is dependent on the operating temperature of the 
achieve the required accuracy but only with an expensive 30 frequency reference generator 100. Based on this sensed 
multi - temperature trim or re - trimming over time . To realize temperature voltage VNTAT ( T ) , the frequency source 120 
a low - cost , high - accuracy , integrated frequency reference generates an oscillator signal 121 having an oscillator fre 
generator , minimizing process spread of frequency depen quency fosc . Note although the frequency source 120 
dence on temperature ( TC ) and maintaining frequency 35 described further below , the sensed - temperature voltage can function without the temperature sensor 110 , as 
stability over lifetime are indispensable . VNTA7 ( T ) enhances the oscillator performance of the fre 

DESCRIPTION OF THE DRAWINGS quency source 120 in terms of frequency stability . The 
frequency - adjustment circuitry 130 has a frequency divider 
132 that divides the frequency fose of the oscillator signal It is noted that the appended figures illustrate only 40 121 by a divisor value D that is selected based on the example embodiments and are , therefore , not to be consid sensed - temperature voltage VNTA ( T ) to generate a fre ered as limiting the scope of the present invention . Elements quency reference signal 133 having a desired reference in the figures are illustrated for simplicity and clarity and frequency fref . Note that any reference frequency fref lower have not necessarily been drawn to scale . than the oscillator frequency fose can be generated by adjust 

FIG . 1 is a high - level block diagram of a frequency 45 ing the divisor value . 
reference generator according to certain embodiments of the Depending on the implementation , one or more of the 
disclosure ; elements of the frequency reference generator 100 may be 
FIG . 2 is a schematic circuit diagram of a temperature implemented using integrated circuitry . For example , in 

sensor that can be used to implement the temperature sensor some implementations , the temperature sensor 110 and the 
of FIG . 1 according to certain embodiments of the disclo- 50 frequency source 120 may be fully integrated on the same 
sure ; integrated circuit ( IC ) die . Some of those implementations 
FIG . 3 is a block diagram of a frequency source that can may also have some or all of the frequency - adjustment 

be used to implement the frequency source of FIG . 1 circuitry 130 , such as the frequency divider 132 , integrated 
according to certain embodiments of the disclosure ; on that same IC die . 
FIG . 4 is a schematic circuit diagram of a single - ended 55 The processing used to select the divisor value D based on 

Colpitts oscillator that can be used to implement the Colpitts the sensed - temperature voltage VNTAT ( T ) is represented in 
oscillator of FIG . 3 according to certain embodiments of the FIG . 1 as a first , linear ( i.e. , first - order ) mapping 134 from 
disclosure ; voltage VNTAT to temperature T followed by a second , 
FIG . 5 is a schematic circuit diagram of a buffer that can third - order mapping 136 from temperature T to divisor value 

be used to implement the buffer of FIG . 3 according to 60 D. Note that the first mapping 134 is not necessarily limited 
certain embodiments of the disclosure ; to being first order , and the second mapping 136 is not 
FIG . 6 is a schematic circuit diagram of a peak detector necessarily limited to being third order . In certain imple 

that can be used to implement the peak detector of FIG . 3 mentations , when at least the temperature sensor 110 and the 
according to certain embodiments of the disclosure ; frequency source 120 are integrated on the same IC die , 
FIG . 7 is a schematic circuit diagram of a current source 65 multiple samples ( i.e. , instances ) of that IC die are factory 

that can be used to implement the current source of FIG . 3 tested at different temperatures over the full operating 
according to certain embodiments of the disclosure ; temperature range for the frequency reference generator 100 
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to determine values of the divisor value D that achieve absolute temperature ) sensor that generates the sensed 
frequency reference signals 133 having the desired reference temperature voltage VNTAT ( T ) according to the following 
frequency fref at those different temperatures for those mul- Equation ( 1 ) : 
tiple samples . That data is then used to generate a first - order , 
sample - agnostic mapping from VAT ( T ) to T and a third- 5 
order , sample - agnostic mapping from T to D for a generic IC R3 R2 KT ( 1 ) VNTAT ( T ) - VYDDH -In ( n ) + die . For every subsequent sample of the IC die , the sample R2 + R3 ( R19 
is factory tested at a specific temperature ( e.g. , a standard 
room temperature ) to determine the sample - specific divisor 
value D that achieves the desired reference frequency frefat 10 where V Vpph is the supply voltage VDDH , R1 , R2 , and Rz 
that specific temperature . The difference between that are the resistances of the corresponding resistors , T is the 
sample - specific divisor value D value and the corresponding absolute temperature in degrees Kelvin , k is the Boltzmann 
divisor value D at the same temperature in the third - order , constant , q is the electron charge constant , n is the size ratio 
sample - agnostic mapping is then applied to the sample- between the n - type bipolar transistors Q , and Q2 , and V BE , Q3 
agnostic mapping to generate a sample - specific , third - order 15 is base - to - emitter voltage of the n - type bipolar transistor Q3 . 
mapping for that specific sample that is used as the third- A typical value for n is 8 , although other suitable values are 
order mapping 136 of FIG . 1 , while the sample - agnostic possible . The absolute VNTAT ( T ) value and its temperature 
mapping from Vytat ( T ) to T is used as the first - order slope ( TCVNTAT ) can be independently set via the resistors R2 mapping 134 of FIG . 1 . and Rz . As indicated by Equation ( 1 ) , the sensed - tempera 

In some implementations , the two mappings 134 and 136 20 ture voltage VNTAT ( T ) decreases with increasing tempera 
of FIG . 1 are implemented using suitable memory that ture , and vice versa . contains a single , sample - specific look - up table ( LUT ) that Although the disclosure has been described in the context maps different sensed - temperature voltages Vytar ( T ) of the temperature sensor being an NTAT sensor , in alter directly to corresponding divisor values D or an arbitrary native embodiments , other suitable types of temperature number of concatenated mappings . Depending on the imple- 25 sensors may be used , such as a PTAT sensor with or without mentation , the LUT may be implemented on - chip or off 
chip . In addition , interpolation processing may be imple subsequent ADC stage and digital processing . Furthermore , 
mented ( on - chip or off - chip ) to generate values of the divisor in some alternative embodiments , two different temperature 
value D for intermediate voltage levels Vytat ( T ) that are not sensors are implemented : one to stabilize the frequency 
explicitly represented in the LUT . Alternatively , instead of a 30 source 120 and another to determine the LUT - entry for the 
LUT , the mappings 134 and 136 could be implemented frequency divider 132 . 
using two closed - form equations that sequentially map Frequency Source 
VNTAT ( T ) to T and T D or a single closed - form equation FIG . 3 is a block diagram of a frequency source 300 that 
that maps VNTAT ( T ) directly to D. can be used to implement the frequency source 120 of FIG . 

In this way , the frequency reference generator 100 of FIG . 35 1 according to certain embodiments of the disclosure . As 
1 is factory - trimmed for process variations and field - com- shown in FIG . 3 , a current source 310 generates a bias 
pensated for temperature variations . In other words , an current Ig for a Colpitts oscillator 320 , which also receives 
individual IC die sample of the frequency reference genera- the sensed - temperature voltage VtAf ( T ) from the tempera 
tor 100 is tested in the factory to generate a sample - specific ture sensor 110 of FIG . 1 and generates , via a buffer 330 , the 
LUT that takes into account process variations between 40 oscillator signal 121 of FIG . 1 having the oscillator fre 
different samples , where that sample - specific LUT is then quency fose that is applied to the frequency - adjustment 
used during on - line operations of that sample ( i.e. , in the circuitry 130 of FIG . 1. The oscillator signal 121 is also field ) to take into account differences in the performance of applied to a peak detector 340 that generates a peak voltage that sample as a function of operating temperature . As 
described further below , the frequency reference generator 45 in the oscillator signal 121. The peak voltage signal V Peak is 

signal V Peak that is dependent on the peak AC voltage level 
100 also handles variation in power supply voltage level . As fed back and applied to the current source 310 , which a result , the frequency reference generator 100 of FIG . 1 is 
substantially insensitive to expected process , voltage , and generates the bias current 18 based on V 
temperature ( PVT ) variations over the lifetime of the gen As shown in the figures , the temperature sensor 200 of 
erator . FIG . 2 and the Colpitts oscillator 320 of FIG . 3 operate in a 

Note that , for some implementations , the same LUT may first voltage domain driven at supply voltage VDDH , while 
be able to be used for all of the samples manufactured on the the current source 310 , the buffer 330 , and the peak detector 
same substrate wafer or for all of the sample manufactured 340 of FIG . 3 operate in a second voltage domain driven by 
during the same batch . In those cases , the LUT would be supply voltage VDDL , where VDDL may be the same or 
wafer - specific or batch - specific instead of sample - specific , 55 different from VDDH . Those skilled in the art will under 
where the wafer - specific or batch - specific 1T - trimmed LUT stand that , in some implementations , the frequency reference 
would be generated by factory testing a single sample for generator 100 of FIG . 1 will operate with greater accuracy 
each wafer or batch . Furthermore , in some implementations , and greater efficiency when VDDH is greater than VDDL . 
a single sample - agnostic LUT may be sufficient for all of the Colpitts Oscillator 
samples . In that case , no factory testing would be needed and 60 FIG . 4 is a schematic circuit diagram of a single - ended 
the sample - agnostic LUT would be used with no trimming . Colpitts oscillator 400 that can be used to implement the 

Temperature Sensor Colpitts oscillator 320 of FIG . 3 according to certain 
FIG . 2 is a schematic circuit diagram of a temperature embodiments of the disclosure . As shown in FIG . 4 , the 

sensor 200 ( including its start - up circuit 210 ) that can be Colpitts oscillator 400 has the following elements : 
used to implement the temperature sensor 110 of FIG . 1 65 Operational amplifier ( op - amp ) 410 ; 
according to certain embodiments of the disclosure . The Non - trimmable LC tank 420 consisting of a ( passive , 
temperature sensor 110 of FIG . 2 is an NTAT ( negative to non - trimmable ) inductor L and two ( passive , non 

Peak 

50 
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trimmable ) capacitors CA and Cc , all of which have DC voltage level at the drain of the drive device My will 
inherent ( aka parasitic ) ( passive , non - trimmable ) resis- track the voltage level VDDH . At the same time , the op - amp 
tance levels ; 410 and the mirror circuitry 430 ensures that changes in the 

n - type transistor , LC - tank drive device M? ; voltage level VDDH will be tracked at the source of the 
Capacitor Cv , which shorts the gate of the drive device Mi 5 drive device Mj . In particular , the sensed - temperature volt 

to AC ground ; age VNTAT , copied to the negative terminal of CDB ( i.e. , the 
n - type transistor , replica device M , ' , which may be , but cathode of the diode DDB ) by the op - amp 410 and the replica 

does not have to be a scaled down version of My ; and device M? ' , tracks the supply voltage VDDH at the positive 
Current mirror circuitry 430 consisting of n - type transis- terminal of CDB ( i.e. , the anode of the diode DDB ) . As such , 

tor devices M. , M2 ' , and M2 , where Mz ' may be , but 10 the total ( parasitic ) capacitance is kept relatively constant 
does not have to be a scaled down version of M2 . over expected variations in the supply voltage level VDDH , 

As used herein , the term “ Colpitts oscillator ” refers to an and the operation of the Colpitts oscillator 320 of FIG . 3 and 
electronic oscillator ( i.e. , an LC oscillator ) that uses a thereby the frequency reference generator 100 of FIG . 1 will 
combination of inductors ( L ) and capacitors ( C ) to produce be substantially independent of such voltage variations . 
an oscillation at a certain frequency , where the feedback for 15 Meanwhile , the temperature - compensation circuitry ( e.g. , 
the oscillator drive device is taken from a voltage divider VNTAT , M , ' , 410 ) ensures a substantially constant capaci 
made of two capacitors in series across an inductor . In the tance over temperature and substantially constant capacitor 
Colpitts oscillator 400 of FIG . 4 , the feedback for the temperature coefficients over process for a parasitic diode of 
oscillator drive device ( i.e. , the device M? ) is the source the drive device M1 , and thereby the frequency temperature 
voltage at node 421 of the voltage divider made of the 20 coefficient of the frequency reference generator 100 of FIG . 
capacitors CA and Cc in series across the inductor L as long 1 will be substantially insensitive to process variations . 
as the gate of M_ is sufficiently AC - grounded . Those skilled Those skilled in the art will understand that , instead of the 
in the art will understand that the Colpitts oscillator 400 of Colpitts oscillator 320 of FIG . 3 being implemented using 
FIG . 4 is just one possible implementation of a Colpitts the single - ended Colpitts oscillator 400 of FIG . 4 , a differ 
oscillator . 25 ential Colpitts oscillator can be employed to generate a 
As used herein , the term “ passive , non - trimmable ” differential frequency reference signal . Furthermore , instead 

implies that the corresponding component ( e.g. , a capacitor , of using a non - trimmable single - ended or differential Col 
inductor , or resistor ) has characteristic features ( e.g. , capaci- pitts oscillator , other suitable types of non - trimmable single 
tance , inductance , and / or resistance ) that cannot be actively ended or differential oscillators , such as ( without limitation ) 
controlled either with a one - time factory trim or by on - line 30 Hartley , Pierce , or Clapp oscillators , can be used to imple 
compensation in the field . Note that those characteristic ment the frequency source 120 of FIG . 1 . 
features may , however , inherently vary with process , volt- Buffer 
age , temperature , and lifetime . FIG . 5 is a schematic circuit diagram of a buffer 500 that 

In operation , the op - amp 410 generates an output voltage can be used to implement the buffer 330 of FIG . 3 according 
CE as a function of the difference between the voltage level 35 to certain embodiments of the disclosure . The buffer 500 is 
of the sensed - temperature voltage VntA7 ( T ) from the tem- a source follower buffer with cascode current source . The 
perature sensor 110 of FIG . 1 and the source voltage 411 of buffer 500 converts the Colpitts oscillator output V. in the 
the replica device M ' . The op - amp output voltage 413 is VDDH voltage domain into the buffer output Vo buf in the 
applied to the gates of the LC - tank drive device M , and the VDDL voltage domain , while maintaining the same fre 
replica device M , ' . The drain of the drive device M1 , which 40 quency fosc . The buffer 500 isolates the oscillator core from 
includes a parasitic drain - to - bulk junction diode DDB , is succeeding circuitry and hence reduces parasitic capaci 
connected to the LC tank 420 , which resonates to generate tances . In some implementations , the buffer 500 may be 
the oscillator signal 321 of FIG . 3. The bias current 16 ( V Peak ) extended with subsequent frequency division , e.g. , a first 
from the current source 310 of FIG . 3 is applied to transistor few stages of a divider chain prior to the frequency divider 
M , and mirrored in both ( i ) the transistor M2 , which is 45 132 of FIG . 1 . 
connected in cascode to the drive device My , and ( ii ) the Peak Detector 
transistor M2 ' , which is connected in cascode to the replica FIG . 6 is a schematic circuit diagram of a peak detector 
device Mi ' . 600 with common - mode input rejection that can be used to 

During steady - state operation , the op - amp output signal implement the peak detector 340 of FIG . 3 according to 
413 at least partially turns on the drive device M? , which 50 certain embodiments of the disclosure . During the half cycle 
causes the LC tank 420 to resonate ( given that the transcon that the buffer output Vbuf from the buffer 330 of FIG . 3 is 
ductance of M , and therefore the bias current IB are suffi- positive , the n - type transistor device M4 is on , operating as 
ciently large ) , thereby generating the oscillator signal 321 . a source follower that charges the capacitor Cpl , and hence 
As described above , as temperature decreases , the voltage the peak detector output V tracks the peak of the buffer 
level of the sensed - temperature voltage VNTAT ( T ) from the 55 output Vbur of FIG . 3 with possibly a linear ( or first - order ) 
temperature sensor 110 of FIG . 1 increases , which is mir- attenuation factor within a specified input voltage amplitude 
rored to the source of My via the op amp 410 and the replica range . During the other half cycle when the buffer output 
device M ' , which will tune the junction capacitance CDB to is negative , M4 is off , and the output V Peak slowly 
compensate for variation over temperature , and vice versa . droops from the peak value to a somewhat smaller value 
In some alternative embodiments , the op amp 410 is omit- 60 ( e.g. , V min ) . As a result , the output V Peak ripples between the 
ted , and the sensed - temperature voltage VNTAZ ( T ) is applied peak value and V The dc offset caused by the gate bias 
directly to the drive device M , and to the replica device M , ' : V is removed in the differential output V Peak by introducing 

The purpose of the replica transistors M , ' and M2 ' is to a replica stage comprising an equivalent n - type transistor 
mirror the DC voltage levels at the transistor My . The device M5 and an equivalent capacitor Cp2 . The replica 
capacitance CDs of the junction diode DDB of the drive 65 device M5 , and its DC - voltages , tracks M4 , and its DC 
device My , which is in parallel with the ( smaller ) tank voltages , over PVT - variation . Note that ( i ) the devices M4 
capacitor Cc , is PVT - sensitive . Due to the inductor L , the and M5 work in weak inversion and ( ii ) the capacitance of 
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Cpi and Cp2 and the transconductance of M4 and M5 should Those skilled in the art will understand that there are other 
be properly chosen such that the output ripple in V Peak is suitable techniques for implementing the frequency - adjust 
reasonably small . The buffer output V buf is a buffered signal ment circuitry 130 of FIG . 1 , including , without limitation , 
of the oscillator output V As mentioned above , the peak multi - modulus and other types of frequency division and 
detector device M4 will act as a source follower , but , at some 5 frequency counting . In the case of a frequency counting , a 
point , the charge injected per period ( 1 / fose ) will be equal to look - up table that maps different operating temperatures to 
the amount that is subtracted from the capacitor Cpl by the corresponding counter threshold values would be employed 

instead of the LUT of FIG . 1. At least one frequency counter current sources at the bottom of FIG . 6 . 
Current Source that can be used in alternative embodiments of this disclo 
FIG . 7 is a schematic circuit diagram of a current source 10 sure is the comparison circuit 131 described in U.S. patent 

application publication no . 2019/0028106 A1 , the teachings 700 that can be used to implement the current source 310 of of which are incorporated herein by reference in their FIG . 3 according to certain embodiments of the disclosure . entirety . When the peak detector output V Peak increases above the Design Considerations specified threshold voltage ( V thresh ) , the differential input is Referring again to FIG . 1 , the frequency reference gen amplified , low - pass filtered , and applied to the gate of the erator 100 has two main parts : ( i ) the LC - based frequency PMOS current source M6 . As a result , the gate - to - source source 120 with well - behaved TC - over process and lifetime voltage V of M6 decreases , and hence the bias current IB and ( ii ) the standalone frequency - adjustment circuitry 130 
and the peak voltage V Peak will drop . When V outside of the frequency source 120. To obtain well - defined 
the V of M6 increases , and hence Is and the V Peak will 20 TC ; over process and time , the influence of doped semicon 
rise . Therefore , during the steady - state operation , V , is ductors ( such as poly - resistors , transistors , and diodes ) on 
regulated to the specified V thresh . the oscillation frequency is minimized . Therefore , the class 

Note that the peak detector output V Peak of FIG . 6 is a of LC - based oscillators is employed since the oscillation 
differential signal , while the peak voltage input V peak of frequency is mainly determined by the value of L and C , 
FIG . 7 is single - ended . Those skilled in the art will under- 25 both of which can be easily implemented in the metal 
stand how to convert the differential output signal of FIG . 6 back - end . Further , the TC , contribution from the tempera 
into the single - ended input signal of FIG . 7 . ture / process - sensitive quality factor of the LC tank is 

Frequency Divider reduced , and the LC tank ( e.g. , 420 of FIG . 4 ) is non 
FIG . 8 is a schematic circuit diagram of a frequency trimmable to exclude lossy and PVT - sensitive tuning 

divider 800 that can be used to implement the frequency 30 switching components . 
divider 132 of FIG . 1 according to certain embodiments of Nominal frequency trimming and temperature compen 
the disclosure . Frequency divider 800 comprises a fractional sation outside of the frequency source 120 can be accom 
frequency divider 810 and a randomizer / noise shaper 820. A plished using a look - up table and the frequency divider 132 . 
fractional frequency divider is a component that divides the In addition , the process spread of TC , contributed by tran 
frequency of an incoming signal by a fractional divisor value 35 sistor parasitics ( e.g. , varying junction capacitance ) is mini 
Don average over time . In general , for the frequency divider mized . Consequently , the frequency reference generator 100 
800 of FIG . 8 , the divisor value D is a positive number requires only 1T - trim per sample and batch calibration using 
having an integer portion n and a fractional portion a . One a fixed temperature compensation polynomial or other suit 
type of fractional frequency divider is a dual - modulus able mapping 
frequency divider , which divides the frequency of an incom- 40 At lower - GHz frequencies , the oscillation frequency fosc 
ing signal by the integer value n a certain fraction of the time of the single - ended Colpitts oscillator 400 of FIG . 4 ( includ 
and by the next larger integer value ( n + 1 ) the rest of the time , ing the Groszkowski effect described in J. Groszkowski , 
where the fractional value a determines the fraction of time Frequency of Self - Oscillations , Oxford : Pergamon Press , 
that the dual - modulus frequency divider divides the fre- 1964 , the teachings of which are incorporated herein by 
quency fose of the incoming signal by ( n + 1 ) . For example , 45 reference in their entirety ) can be approximated as follows : 
using a dual - modulus frequency divider for the fractional 
frequency divider 810 , if the divisor value D is 3.2 , then n = 3 
and a = 0.2 , where the dual - modulus frequency divider 810 
will frequency divide the incoming signal by ( n + 1 = 4 ) 20 fose ² 
percent of the time and by ( n = 3 ) 80 percent of the time . 27V LCS Q 

The randomizer / noise shaper 820 determines specific , 
randomized , short time periods b ( t ) for the fractional fre 
quency divider 810 to frequency divide the incoming signal where L is the inductance of the inductor L , Cs is the 
by different integer divisor values ( e.g. , n - 1 , n , and n + 1 ) effective capacitance of the LC tank 420 ( i.e. , Cs = C?Cd 
such that the time - average divisor value will be the frac- 55 ( CA + Cc ) ) , Q. is the quality factor for the inductor L , Qc is 
tional divisor value D , where the resulting noise spectrum is the quality factor for the capacitor CA , Qce is the quality 
engineered by the noise shaper to shift the majority of the factor for the capacitor Co and hn = Ion / Idi is the relative 
energy to larger frequency offsets with respect to the result- nth - order harmonic content in the sustaining current I as 
ing reference frequency fref . In this way , the frequency shown in FIG . 4 . 
divider 800 performs fractional spur suppression . In certain 60 For the Colpitts oscillator 400 of FIG . 4 , the TC , contri 
implementations , the fractional frequency divider 810 bution from the temperature - sensitive quality factor of the 
divides the frequency of the incoming signal by n + b ( t ) , LC tank 420 ( assuming & Qc Qcc ) is proportional to 
where b ( t ) is 0 , when the frequency is to be divided by n and 2 / ( QcQL ) . This is inherently a factor Qd ( 2Qz ) better than 
b ( t ) is 1 , when the frequency is to be divided by n + 1 . In some the cross - coupled LC tank 420 at lower - GHz frequencies , 
applications , the frequency should be higher - order noise 65 where Q <<< Qc . To exploit this property , the layout of the 
shaped , where the noise - shaper order and topology deter- LC tank 420 should be optimized to maximize Qc , and Qcc 
mine the number of different integer divisor values needed . ( e.g. , a few hundred at 1-2 GHz in a typical modern CMOS 
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process ) for an improvement ( i.e. , Qd ( 2Q2 ) ) on the order of oscillator 400 of FIG . 4 to account for voltage and tempera 
10 in a typical modern CMOS process in the TC , LC - tank ture variation is another example of compensation . 
quality factor term . The frequency reference generator 100 of FIGS . 1-8 has 

To minimize frequency drift due to the Groszkowski temperature sensor 110 , frequency source 120 , and fre 
effect on fose , low amplitudes of V ( < 200 mV in a typical 5 quency - adjustment circuitry 130. The frequency source 120 
modern CMOS process ) in steady state should be main- has a non - trimmable drive device Mj , a non - trimmable LC 
tained to ensure that the drive device M , is kept close to its tank 420 , and replica circuitry M , ' and M2 ' that compensates 
bias point . In practice , oscillation amplitude control is for voltage and temperature variation . The frequency - adjust 
achieved by measuring the peak detector output V Peak and ment circuitry 130 is one - time ( 1T ) trimmable for process 
adjusting the bias current li accordingly . 10 variation and compensates for temperature variation . Those 

With the aforementioned design considerations and mea- skilled in the art will understand that , in alternative embodi 
sures , the temperature - dependent tank inductance and ments , frequency reference generators of the disclosure may 
capacitance dominate the residual TC . The effective tank have a trimmable device driver M , and / or a trimmable LC 
capacitance is influenced by the PVT - sensitive parasitic tank . For example , suitable trimming circuitry for a trim 
capacitances of M , and M2 . The design choice of CA / Cc is 15 mable device driver M , may include a switchable transistor 
a compromise between ( i ) the influence of the parasitic array with on / off switches implemented at the gate termi 
capacitances on CA and ( ii ) the transconductance and current nals . In some embodiments , the current mirror transistor M2 
consumption of transistor M for oscillation . M , contains the may also be trimmable . Suitable trimming circuitry for an 
parasitic bulk - drain junction diode DDB , of which its capaci- LC tank may include two or more one - time programmable 
tance CDB is PVT - sensitive and is in parallel with ( the 20 capacitors connected in parallel for one or both of the 
smaller ) tank capacitance Cc . As shown in FIG . 4 , these capacitors CA and Cc of FIG . 4 , where the LC tank is 
dependencies of CDB are minimized by forcing a suitable 1T - trimmed by permanently connecting or disconnect each 
sensed - temperature voltage VNTAT on the source of M1 , programmable capacitor to or from the LC tank . In certain 
implemented by the replica circuit of M , ' and M , and the implementations , the frequency error introduced by the 
op - amp 410 . 25 trimming circuitry is at least one order of magnitude less that 

Simulation Results the frequency error of the untrimmed LC tank . 
FIGS.9A and 9B show simulated CDB versus temperature Although the disclosure has been described in terms of the 

( i ) with constant 1 - V gate voltage Vg and ( ii ) with tempera- frequency source 120 having a resonant LC tank , those 
ture - compensated gate voltage VG ( T ) , respectively , over skilled in the art will understand that , in alternative embodi 
process corners . Simulations show that the temperature- 30 ments , the frequency source may have a suitable resonant 
compensation technique described herein reduces the CDB- non - LC tank such as tuned transformers and quarter - wave 
variation over temperature by a factor of 6 , which translates length transmission lines . 
directly to a similar reduction of the frequency drift and its Although the disclosure has been described in the context 
spread . The well - defined residual frequency drift of the of the frequency source 120 having a peak detector 340 and 
Colpitts oscillator 400 of FIG . 4 can be compensated using 35 a current source 310 that generates a bias current 1g based on 
a 3rd - order polynomial in the temperature - to - divisor value the detected peak voltage V Peak in the buffer output V buf , in 
compensation of the frequency divider 132 . other embodiments , other suitable types of amplitude detec 
FIGS . 10A - 10C show measured fose and its frequency tors and amplitude - based bias current sources may be 

deviation over temperature and supply voltage for 16 employed . 
samples . The uncompensated frequency accuracy from -50 ° 40 Although the disclosure has been described in the context 
C. to 170 ° C. is within +5500 ppm ( see FIG . 10B ) , yielding of an oscillator having current - mirror circuitry 430 , in 
process - insensitive TCF44.5 ppm / ° C. ( box method ) . Over alternative embodiments , other suitable circuitry may be 
2.5-10 % V unregulated supply range , the frequency error is used to drive a current into the drive device M , based on the 
less than 60 ppm ( i.e. , 220 ppm / V ) . bias current . 
FIGS . 11A - 11B show measured frequency deviations 45 According to certain embodiments , the disclosure 

after applying the temperature correction polynomials and describes an article of manufacture comprising a frequency 
after 1T - trimming at room temperature for 16 samples . reference generator ( e.g. , 100 ) that generates a frequency 
Using the internal temperature sensor 110 , the worst - case reference signal ( e.g. , 133 ) having a reference frequency 
frequency error stays within +120 ppm from -50 ° C. to 170 ° ( e.g. , fref ) . The frequency reference generator comprises an 
C. , yielding TC1.0 ppm / ° C. ( box - method ) . With an exter- 50 integrated frequency source ( e.g. , 120 ) , at least one tem 
nal PT100 as the temperature sensor , to measure the ambient perature sensor ( e.g. , 110 ) , and a frequency - adjustment 
chip temperature , the frequency error stays within 270 ppm . circuit ( e.g. , 130 ) . The integrated frequency source com 

prises a resonant tank ( e.g. , 420 ) and drive circuitry ( e.g. , 
ALTERNATIVE EMBODIMENTS M1 , 410 , 430 ) that drives the resonant tank to generate an 

55 oscillator signal ( e.g. , 121 ) having an oscillator frequency 
As used herein , the term “ trimming ” refers to an off - line , ( e.g. , fose ) . The at least one temperature sensor ( e.g. , 110 ) 

static adjustment made to circuitry that affects the on - line generates at least one measured temperature signal ( e.g. , 
operations of that circuitry , while the term “ compensation " VNTAT ( T ) ) . The frequency - adjustment circuit ( e.g. , 130 ) 
refers to an on - line , dynamic adjustment made to circuitry adjusts the oscillator frequency of the oscillator signal based 
that affects the on - line operations of that circuitry . Thus , the 60 on one of the at least one measured temperature signal to 
off - line generation of a sample - specific LUT for the fre- generate the frequency reference signal having the reference 
quency - adjustment circuitry 130 of FIG . 1 to account for frequency 
process variation is an example of trimming , while the use According to at least some of the above embodiments , the 
of that sample - specific LUT during on - line operations of the drive circuitry drives the resonant tank based on one of the 
frequency - adjustment circuitry 130 to account for tempera- 65 at least one measured temperature signal . 
ture variation is an example of compensation . Similarly , the According to at least some of the above embodiments , the 
use of the replica circuitry M , ' and M2 ' in the Colpitts integrated frequency source further comprises an amplitude 
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detector ( e.g. , 340 ) that generates a detected amplitude a look - up table that maps the measured temperature signal to 
signal ( e.g. , V Peak ) based on the oscillator signal and a a specified counter threshold and a frequency counter that 
current source ( e.g. , 310 ) that generates a bias current ( e.g. , generates the frequency reference signal based on the oscil 
IB ) for the drive circuitry of the integrated frequency source lator frequency of the oscillator signal and the specified 
based on the detected amplitude signal . 5 counter threshold . 

According to at least some of the above embodiments , the According to at least some of the above embodiments , the 
integrated frequency source further comprises an oscillator mapping is based on a sample - agnostic mapping of tem 
( e.g. , 320 ) having the resonant tank and the drive circuitry perature values to counter threshold values generated based 
and a current source ( e.g. , 310 ) that generates a bias current on sample - specific mappings of temperature values to coun 
( e.g. , IB ) for the drive circuitry . The drive circuitry com- 10 ter threshold values for a number of example samples . 
prises a tank drive device ( e.g. , M ) connected to the According to at least some of the above embodiments , the 
resonant tank and bias circuitry ( e.g. , 430 ) that defines mapping is a specific mapping that is further based on a 
current into the drive device based on the bias current . sample - specific measured counter threshold at a specific 

According to at least some of the above embodiments , the temperature . 
oscillator is a Colpitts or Hartley oscillator . According to at least some of the above embodiments , the 

According to at least some of the above embodiments , the drive device and the resonant tank are non - trimmable . 
drive circuitry further comprises a replica device ( e.g. , M , ' According to at least some of the above embodiments , at 
that ( i ) enables a substantially constant voltage drop to be least one of the drive device and the resonant tank is 
maintained across a parasitic diode of the drive device for trimmable . 
different power supply voltage levels and ( ii ) ensures a 20 It is further noted that the functional blocks , components , 
substantially constant capacitance over temperature for the systems , devices , or circuitry described herein can be imple 
parasitic diode of the drive device . mented using hardware , software , or a combination of 

According to at least some of the above embodiments , the hardware and software along with analog circuitry as 
bias circuitry is current mirror circuitry that mirrors the bias needed . For example , the disclosed embodiments can be 
current into the replica device such that a voltage variation 25 implemented using one or more integrated circuits that are 
at the source of the drive device tracks a voltage variation at programmed to perform the functions , tasks , methods , 
the drain of the drive device to reduce dependence of the actions , or other operational features described herein for the 
integrated frequency source on power supply voltage varia- disclosed embodiments . The one or more integrated circuits 
tions . can include , for example , one or more processors or con 

According to at least some of the above embodiments , the 30 figurable logic devices ( CLDs ) or a combination thereof . 
drive circuitry further comprises an amplifier ( e.g. , 410 ) that The one or more processors can be , for example , one or 
controls the drive device based on the measure temperature more central processing units ( CPUs ) , controllers , micro 
signal . controllers , microprocessors , hardware accelerators , ASIC s 

According to at least some of the above embodiments , the ( application specific integrated circuit ) , or other integrated 
bias circuitry is current mirror circuitry that mirrors the bias 35 processing devices . The one or more CLDs can be , for 
current into the drive device . example , one or more CPLDs ( complex programmable logic 

According to at least some of the above embodiments , the devices ) , FPGAs ( field programmable gate arrays ) , PLAS 
frequency - adjustment circuit comprises memory containing ( programmable logic array ) , reconfigurable logic circuits , or 
a look - up table ( e.g. , 134 , 136 ) that maps the measured other integrated logic devices . Further , the integrated cir 
temperature signal to a specified divisor value ( e.g. , ) and 40 cuits , including the one or more processors , can be pro 
a frequency divider ( e.g. , 132 ) that generates the frequency grammed to execute software , firmware , code , or other 
reference signal based on the oscillator frequency of the program instructions that are embodied in one or more 
oscillator signal and the specified divisor value . non - transitory tangible computer - readable mediums to per 

According to at least some of the above embodiments , the form the functions , tasks , methods , actions , or other opera 
mapping is based on a sample - agnostic mapping of tem- 45 tional features described herein for the disclosed embodi 
perature values to divisor values generated based on sample- ments . The integrated circuits , including the one or more 
specific mappings of temperature values to divisor values for CLDs , can also be programmed using logic code , logic 
a number of example samples . definitions , hardware description languages , configuration 

According to at least some of the above embodiments , the files , or other logic instructions that are embodied in one or 
mapping is a specific mapping that is further based on a 50 more non - transitory tangible computer - readable mediums to 
sample - specific measured divisor value at a specific tem- perform the functions , tasks , methods , actions , or other 
perature . operational features described herein for the disclosed 

According to at least some of the above embodiments , the embodiments . In addition , the one or more non - transitory 
specified divisor value is a fractional divisor value , and the tangible computer - readable mediums can include , for 
frequency divider comprises a fractional frequency divider 55 example , one or more data storage devices , memory devices , 
( e.g. , 810 ) that selectively divides the oscillator frequency of flash memories , random access memories , read only memo 
the oscillator signal by a specified integer value and divider- ries , programmable memory devices , reprogrammable stor 
control circuitry ( e.g. , 820 ) that controls the selection of age devices , hard drives , floppy disks , DVDs , CD - ROMs , or 
different integer values for the fractional frequency divider any other non - transitory tangible computer - readable medi 
such that , on average over time , the fractional frequency 60 ums . Other variations can also be implemented while still 
divider divides the oscillator frequency by the fractional taking advantage of the techniques described herein . 
divisor value . Signals and corresponding terminals , nodes , ports , or 

According to at least some of the above embodiments , the paths may be referred to by the same name and are inter 
divider - control circuitry performs fractional spur suppres- changeable for purposes here . 
sion . Transistors are typically shown as single devices for 

According to at least some of the above embodiments , the illustrative purposes . However , it is understood by those 
frequency - adjustment circuit comprises memory containing with skill in the art that transistors will have various sizes 
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( e.g. , gate width and length ) and characteristics ( e.g. , thresh- 6. The article of claim 4 , wherein the drive circuitry 
old voltage , gain , etc. ) and may consist of multiple transis- further comprises a replica device that ( i ) enables a substan 
tors coupled in parallel to get desired electrical characteris- tially constant voltage drop to be maintained across a 
tics from the combination . Further , the illustrated transistors parasitic diode of the drive device for different power supply may be composite transistors . voltage levels and ( ii ) ensures a substantially constant 

Unless stated otherwise , terms such as “ first ” and “ sec capacitance over temperature for the parasitic diode of the 
ond ” are used to arbitrarily distinguish between the elements drive device . 
such terms describe . Thus , these terms are not necessarily 7. The article of claim 4 , wherein the bias circuitry is intended to indicate temporal or other prioritization of such current mirror circuitry that mirrors the bias current into the elements . replica device such that a voltage variation at the source of Further modifications and alternative embodiments of the the drive device tracks a voltage variation at the drain of the described systems and methods will be apparent to those 
skilled in the art in view of this description . It will be drive device to reduce dependence of the integrated fre 
recognized , therefore , that the described systems and meth quency source on power supply voltage variations . 
ods are not limited by these example arrangements . It is to 15 8. The article of claim 4 , wherein the drive circuitry 
be understood that the forms of the systems and methods further comprises an amplifier that controls the drive device 
herein shown and described are to be taken as example based on the measure temperature signal . 
embodiments . Various changes may be made in the imple 9. The article of claim 4 , wherein the bias circuitry is 
mentations . Thus , although the invention is described herein current mirror circuitry that mirrors the bias current into the 
with reference to specific embodiments , various modifica- 20 drive device . 
tions and changes can be made without departing from the 10. The article of claim 1 , wherein the frequency - adjust 
scope of the present invention . Accordingly , the specifica- ment circuit comprises : 
tion and figures are to be regarded in an illustrative rather memory containing a look - up table that maps the mea 
than a restrictive sense , and such modifications are intended sured temperature signal to a specified divisor value ; 
to be included within the scope of the present invention . 25 and 
Further , any benefits , advantages , or solutions to problems a frequency divider that generates the frequency reference 
that are described herein with regard to specific embodi signal based on the oscillator frequency of the oscillator ments are not intended to be construed as a critical , required , signal and the specified divisor value . 
or essential feature or element of any or all the claims . 11. The article of claim 10 , wherein the mapping is based What is claimed is : on a sample - agnostic mapping of temperature values to 1. An article of manufacture comprising a frequency divisor values generated based on sample - specific mappings reference generator that generates a frequency reference of temperature values to divisor values for a number of signal having a reference frequency , the frequency reference example samples . generator comprising : 12. The article of claim 11 , wherein the mapping is a an integrated frequency source comprising a resonant tank 35 

and drive circuitry that drives the resonant tank to specific mapping that is further based on a sample - specific 
measured divisor value at a specific temperature . generate an oscillator signal having an oscillator fre 

quency ; 13. The article of claim 10 , wherein : 
at least one temperature sensor that generates at least one the specified divisor value is a fractional divisor value ; 

measured temperature signal ; and and 
a frequency - adjustment circuit that adjusts the oscillator the frequency divider comprises : 

frequency of the oscillator signal based on one of the at a fractional frequency divider that selectively divides 
least one measured temperature signal to generate the the oscillator frequency of the oscillator signal by a 
frequency reference signal having the reference fre specified integer value ; and 
quency . divider - control circuitry that controls the selection of 

2. The article of claim 1 , wherein the drive circuitry drives different integer values for the fractional frequency 
the resonant tank based on one of the at least one measured divider such that , on average over time , the fractional 
temperature signal . frequency divider divides the oscillator frequency by 

3. The article of claim 1 , wherein the integrated frequency the fractional divisor value . 
source further comprises : 14. The article of claim 13 , wherein the divider - control 

an amplitude detector that generates a detected amplitude circuitry performs fractional spur suppression . 
signal based on the oscillator signal ; and 15. The article of claim 1 , wherein the frequency - adjust 

a current source that generates a bias current for the drive ment circuit comprises : 
circuitry of the integrated frequency source based on memory containing a look - up table that maps the mea 
the detected amplitude signal . sured temperature signal to a specified counter thresh 

4. The article of claim 1 , wherein : old ; and 
the integrated frequency source further comprises : a frequency counter that generates the frequency refer 

an oscillator having the resonant tank and the drive ence signal based on the oscillator frequency of the 
circuitry ; and oscillator signal and the specified counter threshold . 

a current source that generates a bias current for the 60 16. The article of claim 15 , wherein the mapping is based 
drive circuitry ; and on a sample - agnostic mapping of temperature values to 

the drive circuitry comprises : counter threshold values generated based on sample - specific 
a tank drive device connected to the resonant tank ; and mappings of temperature values to counter threshold values 
bias circuitry that defines current into the drive device for a number of example samples . 

based on the bias current . 17. The article of claim 16 , wherein the mapping is a 
5. The article of claim 4 , wherein the oscillator is a specific mapping that is further based on a sample - specific 

Colpitts or Hartley oscillator . measured counter threshold at a specific temperature . 
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18. The article of claim 1 , wherein the drive device and 

the resonant tank are non - trimmable . 
19. The article of claim 1 , wherein at least one of the drive 

device and the resonant tank is trimmable . 
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