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Wherein the voltage-to-current converter produces a sub 
( * ) Notice: This is a publication of a continued pros- stantially linear output When the at least one control voltage 

ecution application (CPA) ?led under 37 is varied betWeen Zero volts and a rail supply voltage. Since 
CFR 1_53(d)_ the ring oscillator operates from a low voltage source, it can 

be used in applications Where poWer supply (e.g., battery 
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LOW VOLTAGE DIFFERENTIAL 
VOLTAGE-CONTROLLED RING OSCILLATOR 

FIELD OF THE INVENTION 

[0001] The present invention relates to oscillators, and in 
particular, to voltage-controlled ring oscillators. 

DESCRIPTION OF THE RELATED ART 

[0002] The voltage-controlled oscillator (VCO) is an 
important building block in PLLs, clock recovery circuits, 
and frequency synthesiZers. High frequency and radio fre 
quency (RF) voltage-controlled oscillators can be imple 
mented monolithically as LC oscillators, as relaxation oscil 
lators and ring oscillators. Although ring oscillators tend to 
have poor phase noise characteristics compared to high Q 
LC oscillators, they have the advantage of a Wider range of 
oscillation, and ease of monolithic integration Which results 
in small semiconductor die siZe. Ring oscillators are par 
ticularly attractive for quadrature clocks and multiphase 
clock signal generation required for conventional clock 
recovery circuits and high-speed sampling systems. 

[0003] Ring oscillators are frequently used in the prior art 
to generate high frequency clock signals. As referred to 
above, ring oscillators may be controlled by a voltage or 
current source to generate a variable frequency signal. Most 
conventional voltage or current-controlled ring oscillators 
are nonlinear in frequency. In particular, as the input control 
voltage or current signal to these ring oscillators varies, the 
oscillation frequency of the circuit does not respond linearly. 

[0004] Brie?y, a ring oscillator consists of multiple stages 
of ampli?cation and delay that are connected in tandem, 
With the last stage coupled back to the ?rst stage in the form 
of a ring around Which the signals propagate. Each stage of 
the ring oscillator provides a phase shift. In particular, each 
half period the signal Will propagate around the delay cell 
ring With an inversion. Ring oscillators can be implemented 
using differential pair or current-starved single-ended 
inverter structures. HoWever, While differential pair struc 
tures reject poWer supply noise Well, the frequency range 
and voltage sWing may not be suf?cient for some applica 
tions (particularly loW voltage applications). Current 
starved single-ended inverter structures are also sensitive to 
poWer supply noise. Although a voltage regulator can be 
utiliZed to reduce the effect of poWer supply noise, it is 
typically undesirable to use a regulator in loW voltage 
applications. 
[0005] It has been recogniZed in the prior art that it is 
bene?cial to use differential ampli?ers for each of the stages 
of the ring oscillator in order to cause the oscillator to be 
more immune to the in?uence of spurious noises in the form 
of voltage and current spikes that might be coupled to both 
sides of the differential circuit. Such a spurious noise from 
the poWer supply, for eXample, Would be coupled to both 
sides of the differential ampli?er, and it Would therefore 
affect both of the sides of the differential stages substantially 
equally. Consequently, the effect of such spurious noise is 
minimiZed on the output of the oscillator, Which can be taken 
as the difference of the outputs of any one of the stages. 

[0006] TWo problems associated With using differential 
ampli?ers in a ring oscillators are differential mode lockup 
and common mode lockup. Differential mode lockup refers 
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to the phenomenon that occurs Where each stage (differential 
ampli?er) of the ring oscillator Would end up With its output 
at either the opposite voltage limits or at the same voltage 
limit as the other stages. HoWever, differential mode lockup 
typically only occurs in a ring oscillator With an even 
number of stages (e.g., 2, 4, 6, etc.). For eXample, in a simple 
tWo stage ring oscillator, differential lockup could occur 
With the ?rst output of stage one and the second output of 
stage tWo sitting at one voltage limit While the second output 
of stage one and the ?rst output of stage tWo are sitting at the 
opposite voltage limit. Common mode lockup could occur 
With the ?rst and second outputs of stage one sitting near one 
voltage limit While the ?rst and second outputs of stage tWo 
are sitting near the opposite voltage limit. 

[0007] Differential mode lockup can be prevented in a ring 
oscillator using an even number of stages by crossing the 
connections made betWeen the outputs and the inputs for one 
pair (or an odd number of pairs) of connections in the ring 
oscillator. As a result, an additional phase inversion is 
provided in the differential signal path, and lockup of the 
oscillator on a differential basis is prevented. 

[0008] Voltage-controlled ring oscillators (VCROs) are 
Well knoWn and are used for various purposes in the art. 
Although there are many different types of voltage-con 
trolled ring oscillators are knoWn in the prior art, most 
operate at relatively high input voltages (e.g., 3-10 Volts). In 
some applications (e.g., pagers, cellular phones), it may be 
necessary to operate a VCRO from a loW voltage source 
(e.g., 1-2 Volts) to reduce the poWer consumption. 

[0009] LoW poWer is a key requirement in PLLs Which use 
batteries as a poWer supply, since battery lifetime can affect 
talk time in portable Wireless communication (e.g., cellular) 
devices. As stated above, conventional differential pair and 
current-starved single-ended inverter structures are not Well 
suited for loW voltage applications. 

[0010] Therefore, there is currently a need for a voltage 
controlled ring oscillator structure Which operates from a 
relatively loW voltage source. 

SUMMARY OF THE INVENTION 

[0011] The present invention is a ring oscillator including 
a voltage-to-current converter for producing at least one 
control current from at least one control voltage and, a 
plurality of delay cells coupled to the converter, Wherein at 
least one output of the one of the delay cells is coupled to the 
input of another of the delay cells, Wherein the voltage-to 
current converter produces a substantially linear output 
When the at least one control voltage is varied betWeen Zero 
volts and a rail supply voltage. 

[0012] The above and other advantages and features of the 
present invention Will be better understood from the folloW 
ing detailed description of the preferred embodiments of the 
invention Which is provided in connection With the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 is a voltage-controlled ring oscillator 
according to a ?rst exemplary embodiment of the present 
invention. 

[0014] FIG. 2 shoWs the structure of the voltage-con 
trolled oscillator of FIG. 1 in detail. 
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[0015] FIG. 3 is a voltage-controlled ring oscillator 
according to a second exemplary embodiment of the present 
invention. 

[0016] FIG. 4 shoWs the structure of the voltage-con 
trolled oscillator of FIG. 3 in detail. 

DETAILED DESCRIPTION 

[0017] Referring to FIG. 1, there is shoWn a voltage 
controlled ring oscillator (VCRO) 100 according to a ?rst 
exemplary embodiment of the present invention. The VCRO 
100 includes a voltage-to-current converter 110 Which con 
verts a control voltage Vcont into a control current loom, and 
thereafter to a bias voltage Vbias. In the present invention, the 
control voltage Vcont is preferably Within a range from Zero 
(0) to a rail supply voltage Vdd (e.g., 2 volts), to alloW loW 
voltage operation of the VCRO 100, but it should be noted 
that the control voltage may be in any suitable range. The 
voltage-to-current converter 110 includes a input terminal 
111 (for accepting the control voltage VCOUQ, and tWo output 
terminals 112, 113 (for providing a bias voltage Vbias on 
lines bias1 and bias2). The VCRO 100 also includes a ring of 
delay cells 120-140. Although only three delays cells 120 
140 are shoWn in FIG. 1, those of ordinary skill in the art 
Will recogniZe that any number of delay cells (e.g., 3, 4, 5, 
etc.) may be utiliZed With the present invention. 

[0018] A ?rst set of inputs 121, 122 of the ?rst delay cell 
120 are coupled to the outputs 112, 113 of the voltage-to 
current converter 110. Additionally, a ?rst set of inputs 131, 
132 for the second delay cell 130 and a ?rst set of inputs 141, 
142 for the third delay cell 140 are also coupled to the 
outputs 112, 113 of the voltage-to-current converter 110. As 
Will be understood, the outputs 112, 113 provide a bias 
voltage Vbias (generated from the control current I Q to all 
the delay cells 120-140. 

[0019] The ?rst delay cell 120 also includes a second set 
of inputs 123, 124 (labeled in— and in+, respectively) Which 
are coupled to outputs 145, 146 of the third (last) delay cell 
140. A?rst set of outputs 125, 126 of the ?rst delay cell 120 
are coupled to second inputs 133, 134 of the second delay 
cell 130. A ?rst set of outputs 135, 136 of the second delay 
cell 130 are coupled to second inputs 143, 144 of the third 
delay cell 140. As stated above, the ?rst set of outputs 145, 
146 of the third delay cell 140 are coupled to the second set 
of inputs 123, 124 of the ?rst delay cell 120 to form a ring. 
As can be seen from the above, any suitable number of delay 
cells can be coupled to one another to form a ring, so long 
as the outputs of the last delay cell are coupled to the inputs 
of the ?rst delay cell. Further, if an even number of delay 
cells (e.g., 4) are utiliZed, the inversion required around the 
ring can be achieved by simply interchanging the outputs 
(out+, out—) of the last delay cell (e. g., delay cell 140) before 
feeding them back to the inputs (in+, in—) of the ?rst delay 
cell (e.g., delay cell 120). 

[0020] The operation of the VCRO 100 is as folloWs. As 
the control voltage Vcont is varied, the control current Icont 
(and a bias voltage Vbias provided on lines bias1 and bias2) 
supplied to the ring of delay cells 120-140 is altered, thereby 
altering the frequency of the signal presented at the outputs 
(e.g., 125, 126, 135, 136, 145, 146) of each of the delay cells 
120-140. Typically, an oscillating output signal Will be taken 
from the outputs (e.g., 145, 146) of last delay cell in the ring 

con 
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(eg cell 140). HoWever, it also often desirable to utiliZe all 
the outputs of the delay cells 120-140. 

[0021] FIG. 2 shoWs the details of the voltage-to-current 
converter 110 and the delay cells 120-140 shoWn in FIG. 1. 
As can be seen, the control voltage Vcont is coupled to a ?rst 
voltage-to-current converting stage 115 (labeled V-I con 
verter 1), Which is in turn coupled to a second voltage-to 
current converting stage 116 (labeled V-I converter 2). An 
output stage 117 couples the ?rst and second voltage-to 
current converting stages 115 and 116 to the lines bias1 and 
bias2, and thereby produces a bias voltage Vbias from the 
control current loom. As explained beloW, the output stage 
117 combines the currents generated in the ?rst and second 
stages 115, 116 to generate the control current loom, Which is 
used to create the bias voltage Vb on lines bias1 and bias2. 

[0022] The ?rst voltage-to-current converting stage 115 
includes a ?rst p-channel Metal-Oxide Semiconductor Field 
Effect Transistor (MOSFET) M11 Which has a gate coupled 
to the control voltage Vcont. A source of MOSFET M11 is 
coupled to a current source CS1, and a drain of the MOSFET 
M11 is coupled to ground. The current source CS1 is 
coupled to a rail supply voltage Vdd Which supplies the 
current source and the various transistors. In the preferred 
embodiment, the rail supply voltage Vdd is in a range from 
0.01 to 2 volts (for loW voltage operation of the VCRO 100), 
but it should be noted that the supply voltage may be Within 
any suitable range. Also coupled to the source of the 
MOSFET M11 is a ?rst n-channel MOSFET M12 Which has 
a source coupled to ground through a ?rst resistor R2. A 
drain of the MOSFET M12 is coupled to a drain of a second 
a p-channel MOSFET M21 and to a junction Which feeds a 
gate of MOSFET M21 and a gate of a third p-channel 
MOSFET M22. The sources of the MOSFETs M21 and M22 
are coupled to the supply voltage Vdd. 

[0023] The second voltage-to-current converting stage 116 
includes a second n-channel MOSFET M10 Which has a gate 
coupled to the control voltage Vcont. A source of MOSFET 
M10 is coupled to ground through a second resistor R1. A 
drain of the MOSFET M10 is coupled to a drain of a fourth 
p-channel MOSFET M23, and to a junction Which feeds a 
gate of MOSFET M23 and a gate of a ?fth p-channel 
MOSFET M24. As With the MOSFETs M21 and M22, the 
sources of the MOSFETs M23 and M24 are coupled to the 
supply voltage Vdd. 
[0024] The drain of MOSFET M22 from the ?rst stage 115 
is coupled to the drain of MOSFET M24 as Well as a drain 
of a third n-channel MOSFET M13 and a junction Which 
feeds the gates of MOSFET M13 and a fourth n-channel 
MOSFET M14, Which is part of an output stage 117 of the 
voltage-to-current converter 110, explained beloW. 

[0025] As stated above, the voltage-to-current converter 
110 also includes an output stage 117 Which is coupled to the 
?rst and second voltage-to-current converting stages 115, 
116. Also as stated above, the output stage 117 includes a 
fourth n-channel MOSFET M14 Which is coupled to the ?rst 
and second stages 115, 116. The output stage 117 also 
includes a ?fth n-channel MOSFET M15 With a gate 
coupled to the gate of MOSFET M13. A source of the 
MOSFET M15 is coupled to ground, and a drain of MOS 
FET M15 is coupled to a drain of a sixth p-channel MOS 
FET M16 and to a gate of a seventh p-channel MOSFET 
M17. The drain of MOSFET M14 is coupled to a drain of a 
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eighth p-channel MOSFET M18, as Well as a junction Which 
feeds the gates of MOSFET M18 and M16. The sources of 
the MOSFETs M17 and M18 are coupled to the supply 
voltage Vdd. 
[0026] Each delay cell 120-140 has a structure as shoWn 
on the right-hand side of FIG. 2. The ?rst set of input 
terminals (121, 122; 131, 132; 141, 142) for each delay cell 
are coupled to the gates of ?rst through fourth p-channel 
MOSFETs M1-M4 as shoWn. The sources of the MOSFETs 
M1, M3 are coupled to the supply voltage Vdd, and the 
sources of the MOSFETs M2, M4 are in turn coupled to the 
drains of the MOSFETs M1, M3. The drains of the MOS 
FETs are coupled to the ?rst set of output terminals (125, 
126; 135, 136; 145, 146; labeled out+ and out—), as Well as 
to the drains of n-channel MOSFETs M5 and M7, and the 
gates of n-channel MOSFETs M6 and M8. Additionally, 
diodes D1 and D2 are coupled across the drain and source 
terminals of the MOSFETs M5-M8. The gates of the MOS 
FETs M6 and M8 are coupled to the second set of input 
terminals (123, 124; 133, 134; 143, 143; labeled in— and 
in+). 
[0027] The operation of the delay cells 120-140 is as 
folloWs. When a voltage (Vin_) applied to the input terminals 
123, 133, 143 of the delay cells 120-140 is high, and a 
voltage (Vim) applied to the input terminals 124, 134, 144 
of the delay cells is loW, MOSFET M5 turns “on”, sinking 
a left side portion of the biasing current Icont to ground. At 
the same time, MOSFET M7 turns “off”, and a right side 
portion biasing current Icont is directed through diode D2. 
The resistance of MOSFET M5 de?nes a loW level V1 of the 
output voltage, and the resistance of the diode D2 de?nes a 
high level V2 of the output voltage. Thus, the differential 
output voltage (VOUH, VOUF) has a voltage sWing of V2—V1. 
Similarly, When Vin_ is loW and Vin+ is high, MOSFET M5 
turns “off”, directing the left side biasing current Icont 
through diode D1, and the VOUF voltage is at the (high) V2 
level. At the same time, MOSFET M7 turns “on”, sinking 
the right side biasing current I to ground, and the V 
voltage is at the loW V1 level. 

[0028] In the VCRO 100 according to the exemplary 
embodiment of the present invention, a parasitic capacitance 
Which exists at each output node is alternatively charged and 

cont out+ 

Icon! : [cont] + IcontZ : (Vcont)/(R)s 

May 16, 2002 

f~1/(2*N*z(g=1wm/(2*N*C*vs), 

[0031] Where N is the number of delay stages (cells). 

[0032] The above equation shoWs that the frequency of the 
VCRO 100 is in proportion to the control current loom. Thus, 
When Icont is increased, oscillation frequency of the VCRO 
100 increases, and When Icont is decreased, oscillation fre 
quency of the VCRO decreases. 

[0033] In the second voltage-to-current converter 116, the 
voltage to current conversion is realiZed using the n-channel 
MOSFET M10 connected in source-folloWer con?guration, 
and applying the voltage across the resistor R1. The 
transconductance is linear and has a positive slope. Thus, the 
control current Icont is calculated using the folloWing equa 
tions: 

0, When Vcont s Vth, 
[Eq- 11 

[0034] Where Vth is the threshold voltage of the MOSFET 
M10. 

[0035] The above equation shoWs that the second voltage 
to-current converter 116 has a ?rst order linear control 
voltage range from approximately Vth to Vdd. 

[0036] In the ?rst voltage-to-current converter 115, MOS 
FET M11 functions as a level shifter. With the proper bias 
and transistor siZe selection for MOSFETs M11 and M12, 
the gate-source voltage drop (Vgs) for MOSFET M11 equals 
the gate-source voltage drop for MOSFET M12, thus, 

IcontZ = (Vcont)/ (R2), When 0 < Vcont < (Vdd — Vth) 

0, When V60”, 2 Vdd — V,h 

[Eq- 21 

[0037] The above equation shoWs that the ?rst voltage-to 
current converter 115 has a ?rst order linear control voltage 

range from approximately 0 to (Va-Vth). Combining the 
above equations, We have: 

When 0 < V60," < V”, 

(zvcont — VIM/(R), When Vth 5 Vcont 5 (Vdd — Vth) 

(Vcont — Vth)/(R)s When (Vdd — Vrh) < Vcont < Vdda 

Where R = R1: R2 

discharged by the control current loom. The oscillation period 
of the VCRO 100 is determined by the total delay around the 
ring of delay cells (e.g., 120-140). The nominal delay per 
stage (or cell) is determined by the folloWing equation: 

[0029] Where V5 is the output voltage sWing (V2—V1), and 
C is the total parasitic capacitance at the output of each delay 
cell. 

[0030] From the above equation, the oscillation frequency 
(f) can be determined: 

[0038] Thus, With the combination of the ?rst and second 
voltage-to-current converters 115, 116, the voltage range is 
eXtended “rail-to-rail”, from 0 to Vdd (i.e., the supply volt 
age). The ability of the VCRO 100 to sWing from 0 volts to 
Vdd is important in loW poWer supply (Vcont) applications, 
and large tuning range applications. 

[0039] In order for the VCRO 100 to operate from a loW 
supply voltage (Vdd) and a loW control voltage (Vcont), only 
three MOSFETs (e.g., M1, M2, M5) are coupled serially 
betWeen the poWer supply (Vdd) and ground. MOSFETs M5 
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and M7 preferably comprise differential input transistors, 
and MOSFETs M6 and M8 preferably comprise cross 
coupled transistors used to maintain differential output and 
increase the gain of the delay cell. Diodes D1 and D2 are 
clamping diodes used to limit the output voltage sWing of the 
delay cell. The MOSFETs M5-M8 can be implemented With 
gate-drain connected n-channel MOSFETs (or alternatively 
p-channel MOSFETs; see FIGS. 3-4). The cascoded p-chan 
nel MOSFETs M1-M4 are used as an active load. Other 
techniques for increasing the output impedance of the cur 
rent sources knoWn in the art may be employed. 

[0040] Since the voltage sWings in the VCRO 100 are not 
exactly “rail-to-rail” due to the clamping diodes D1, D2, the 
loads M1-M4 are in a ‘saturated’ state at all times, thereby 
reducing the noise injected from Vdd to the output due to 
high output impedance. Alternatively, the cascoded MOS 
FETs (e.g., M1 and M2) can be replaced by a single 
MOSFET to simplify design, and to alloW the VCRO 100 to 
operate at even loWer poWer supply voltages (Vdd), hoWever, 
output impedance Will be decreased. Another bene?t of the 
present VCRO 100 is that any ground noise coupled from 
other circuitry Will be rejected by the delay cell as common 
mode noise since both outputs (out+, out—) and inputs (in+, 
in—) are referred to the same ground. 

[0041] FIGS. 3 and 4 shoW a voltage-controlled ring 
oscillator (VCRO) 200 according to a second exemplary 
embodiment of the present invention. VCRO 200 includes 
essentially the same components as VCRO 100 (Where like 
reference numerals indicate like elements), except that all 
the p-channel MOSFETs in VCRO 100 are n-channel MOS 
FETS in VCRO 200, and all the n-channel MOSFETs in 
VCRO 100 are p-channel MOSFETs in VCRO 200. Addi 
tionally, the connections With respect to ground and Vdd are 
reversed in VCRO 200 With respect to VCRO 100. The 
VCRO 200 provides essentially the same functionality as 
VCRO 100, and therefore a detailed description is omitted 
here. 

[0042] Thus, the present invention provides a voltage 
controlled ring oscillator (VCRO) Which operates from a 
loW voltage poWer source (e.g., VddzLS Volts), but Which 
also alloWs high speed operation (up to approximately 3 
GigahertZ (GHZ)). Further, the present invention alloWs 
“rail-to-rail” control of the input control voltage (Vcont) and 
has loW sensitivity to noise from the poWer supply. 

[0043] Although the invention has been described in terms 
of exemplary embodiments, it is not limited thereto. Rather, 
the appended claims should be construed broadly, to include 
other variants and embodiments of the invention Which may 
be made by those skilled in the art Without departing from 
the scope and range of equivalents of the invention. 

What is claimed is: 
1. A ring oscillator comprising: 

a voltage-to-current converter for producing at least one 
control current from at least one control voltage; and, 

a plurality of delay cells coupled to the converter, Wherein 
at least one output of the one of the delay cells is 
coupled to the input of another of the delay cells, 

Wherein the voltage-to-current converter produces a sub 
stantially linear output When the at least one control 
voltage is varied betWeen Zero volts and a rail supply 
voltage. 
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2. The ring oscillator of claim 1, Wherein the at least one 
control voltage is in a range from Zero volts to approxi 
mately 2 volts. 

3. The ring oscillator of claim 1, Wherein the at least one 
control voltage is in a range from 0.01 volts to 1.5 volts. 

4. The ring oscillator of claim 1, Wherein the voltage-to 
current converter includes at least tWo stages, a ?rst stage for 
producing a ?rst component of the control current, and a 
second stage for producing a second component of the 
control current. 

5. The ring oscillator of claim 4, Wherein the ?rst stage of 
the voltage-to-current converter comprises: 

a ?rst transistor having a gate terminal coupled to the at 
least one control voltage; and, 

a second transistor having a gate terminal coupled to a 
source of the ?rst transistor. 

6. The ring oscillator of claim 5, Wherein a ?rst stage of 
the voltage-to-current converter further comprises: 

a third transistor having a gate terminal and a drain 
terminal coupled to a drain of the second transistor; 
and, 

a fourth transistor having a gate terminal coupled to the 
drain of the second transistor. 

7. The ring oscillator of claim 6, Wherein the ?rst, second, 
third and fourth transistors comprise Metal-Oxide Semicon 
ductor Field Effect Transistors. 

8. The ring oscillator of claim 4, Wherein the second stage 
of the voltage-to-current converter comprises: 

a ?rst transistor having a gate terminal coupled to the at 
least one control voltage; 

a second transistor having a gate terminal coupled to a 
drain of the ?rst transistor; and, 

a third transistor having a gate terminal coupled to a drain 
of the ?rst transistor. 

9. The ring oscillator of claim 8, Wherein the second stage 
of the voltage-to-current converter further comprises: 

a fourth transistor having a drain terminal coupled to a 
drain terminal of the third transistor. 

10. The ring oscillator of claim 9, Wherein the ?rst, 
second, third and fourth transistors comprise Metal-Oxide 
Semiconductor Field Effect Transistors. 

11. The ring oscillator of claim 1, Wherein each of the 
plurality of delay cells comprise: 

at least four transistors having their gates coupled to a bias 
voltage generated from the control current; and, 

at least tWo differential input transistors; and, 

at least tWo cross-coupled transistors. 
12. The ring oscillator of claim 11, Wherein each of the 

plurality of delay cells additionally comprise: 

at least tWo diodes for limiting voltage sWing. 
13. The ring oscillator of claim 11, Wherein the at least 

four transistors, the at least tWo differential input transistors 
and the at least tWo cross-coupled transistors comprise 
Metal-Oxide Semiconductor Field Effect Transistors. 

14. The ring oscillator of claim 1, Wherein each of the 
plurality of delay cells includes: 
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at least one ?rst input terminal; 

at least one second input terminal; and, 

at least one ?rst output terminal. 
15. The ring oscillator of claim 14, Wherein the at least 

one ?rst input terminal, the at least one second input 
terminal and the at least one ?rst output terminal each 
comprise a pair of terminals. 

16. The ring oscillator of claim 1, Wherein the rail supply 
voltage is in a range from Zero to 2 volts. 

17. A ring oscillator comprising: 

a voltage-to-current converter for producing at least one 
control current from at least one control voltage; and, 

a plurality of delay cells coupled to the converter, Wherein 
at least one output of the one of the delay cells is 
coupled to the input of another of the delay cells, 

Wherein the plurality of delay cells each include at least 
one transistor With a gate terminal biased by a bias 
voltage generated from the at least one control current. 

18. A ring oscillator comprising: 

a voltage-to-current converter for producing at least one 
control current from at least one control voltage; and, 

a plurality of delay cells coupled to the converter, Wherein 
at least one output of the one of the delay cells is 
coupled to the input of another of the delay cells, 

Wherein the voltage-to-current converter includes at least 
tWo stages, a ?rst stage for producing a ?rst component 
of the control current, and a second stage for producing 
a second component of the control current. 

19. The ring oscillator of claim 18, Wherein the voltage 
to-current converter includes at least one additional stage, 
said at least one additional stage generating a bias voltage 
from said at least one control current. 

20. A voltage-to-current converter comprising: 

a plurality of MOS transistors; and 

at least tWo resistors having approximately the same 
resistance, 
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Wherein the voltage-to-current converter produces a sub 
stantially linear output When an input voltage is varied 
betWeen Zero volts and a rail supply voltage. 

21. The voltage-to-current converter of claim 21, Wherein 
the input voltage is in a range from Zero volts to approxi 
mately 2 volts. 

22. The voltage-to-current converter of claim 20, Wherein 
the plurality of MOS transistors are formed in ?rst and 
second stages. 

23. The voltage-to-current converter of claim 22, Wherein 
the ?rst stage of the plurality of MOS transistors comprises: 

a ?rst MOS transistor having a gate terminal coupled to 
the at least one input voltage; and, 

a second transistor having a gate terminal coupled to a 
source of the ?rst transistor. 

24. The voltage-to-current converter of claim 23, Wherein 
the ?rst stage of the plurality of MOS transistors further 
comprises: 

a third transistor having a gate terminal and a drain 
terminal coupled to a drain of the second transistor; 
and, 

a fourth transistor having a gate terminal coupled to the 
drain of the second transistor. 

25. The voltage-to-current converter of claim 22, Wherein 
the second stage of the plurality of MOS transistors com 
prises: 

a ?rst transistor having a gate terminal coupled to the at 
least one input voltage; 

a second transistor having a gate terminal coupled to a 
drain of the ?rst transistor; and, 

a third transistor having a gate terminal coupled to a drain 
of the ?rst transistor. 

26. The voltage-to-current converter of claim 25, Wherein 
the second stage of the plurality of MOS transistors com 
prises: 

a fourth transistor having a drain terminal coupled to a 
drain terminal of the third transistor. 

* * * * * 


