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57 ABSTRACT 
(76) Inventors: Yaohua Yang, Hillsboro, OR (US); ( ) 

Ruoxjn ‘I?ang>_H1HSbOrO> OR (Us); A frequency-to-current converter operative to convert a 
Rumm Ym’ Hlnsboro’ OR (Us) clock frequency to an output current is described; the 

Correspondence Address: frequency-to-current converter ensures that the output cur 
PERKINS COIE LLP rent increases linearly With the clock frequency. The fre 
P_()_ BOX 2168 quency-to-current converter may be incorporated in analog 
MENLO PARK, CA 94026 (US) to-digital converters driven by clocks With variable 

frequencies. The frequency-to-current converter employs an 
(21) Appl- N05 10/405,191 integrator circuit, used to compare an input reference voltage 

_ _ and a current feedback into a sampling capacitor. At steady 
(22) Flled' Apr' 1’ 2003 state, the feedback current is just sufficient to discharge the 

Publication Classi?cation sampling capacitor to a ?xed voltage. The core of the 
frequency-to-current conversion circuit includes one oparnp, 

(51) Int. Cl.7 .................................................... .. H03M 1/60 tWo capacitors, one feedback transistor and a feW switches. 
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SWITCHED-CAPACITOR 
FREQUENCY-TO-CURRENT CONVERTER 

FIELD OF THE INVENTION 

[0001] The invention relates to the ?eld of electronics, and 
more speci?cally to circuits for frequency to current con 
version. 

DESCRIPTION OF RELATED ART 

[0002] Frequency-to-voltage and frequency-to-current 
converters are employed in numerous types of applications. 
One such application is the ?eld of analog-to-digital con 
version, in Which poWer consumption by analog-digital 
processors is a persistent and increasingly complicated 
issue. Applications such as Analog-to-Digital converters 
(ADCs), require features such as an adaptive bias current, 
Which enable analog-to-digital conversion While saving 
poWer consumption. Tools such as a frequency-to-current 
converter may be employed in such applications to supply 
an adaptive bias current. 

[0003] Standard implementations of frequency-to-current 
converters, hoWever, are inadequate to such tasks. Fre 
quency-to-current converters are often implemented by cou 
pling a frequency-to-voltage converter to a voltage-to-cur 
rent converter. Many conventional frequency-to-voltage and 
voltage-to-current converters are Well knoWn in the art. This 
combination of circuits, hoWever, is often inadequate for the 
purposes outlined above; in particular, such combinations 
are complicated to be embedded in a single integrated 
circuit, and demand too much poWer for host applications, 
such as an ADC converter. 

[0004] As such, there is a need for a frequency-to-current 
converter Which is simple in implementation, and Which 
ensures that a linear relationship is maintained betWeen 
output current and input clock frequency, for suitability in 
host applications. 

SUMMARY OF THE INVENTION 

[0005] The invention comprises a frequency-to-current 
converter operative to convert a clock frequency to an output 
current, such that the output current increases linearly With 
the clock frequency. The frequency-to-current converter is 
designed to minimiZe poWer consumption in hardWare appli 
cations. Examples of hardWare applications Which may 
incorporate the converter of the present invention include 
digital-to-analog converters (DAC) or analog-to-digital con 
verters These applications may be driven by clocks 
With variable frequencies. 

[0006] In embodiments of the invention, the frequency 
to-current converter employs an integrator circuit, Which is 
used to compare an input reference voltage and a current 
feedback into a sampling capacitor. At steady state, the 
feedback current is just suf?cient to discharge the sampling 
capacitor to a ?xed voltage. Thus, the current only depends 
on the clock frequency, the sampling capacitor value and the 
reference voltage. The current is linearly proportional to 
each of the factors listed above. 

[0007] In many applications employing the frequency-to 
current converter—such as, by Way of non-limiting 
example, the analog-to-digital converter—the clock fre 
quency driving the circuit is variable. In one version of the 
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analog-to-digital converter, the clock frequency may vary 
from 7.5 MHZ to 22 MHZ. In embodiments of the invention, 
the variable clock frequency is accommodated by biasing 
the ampli?ers in the frequency-to-current converter With 
currents proportional to the clock frequency, thereby ensur 
ing that the unity-gain bandWidth of the ampli?ers is adap 
tively adjusted to track the clock frequency, and saving 
poWer concurrently. 

[0008] Circuits employed by embodiments of the inven 
tion are simple in design, particularly by comparison to 
standard frequency-to-current converters. In embodiments 
of the invention, the core of the frequency-to-current con 
version circuit includes one opamp, tWo capacitors, one 
feedback transistor and a feW sWitches. The elegant design 
facilitates loWer cost, complexity, and poWer consumption in 
the host application, and alloWs the frequency-to-current 
converter to be resident With the host application on a single 
integrated circuit. These and other embodiments are 
described in further detail infra. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] FIG. 1 schematically illustrates a circuit diagram 
for a frequency-to-current converter according to embodi 
ments of the invention. 

[0010] FIG. 2 illustrates a plurality of clock phases 
employed by the frequency-to-current converter according 
to embodiments of the invention. 

[0011] FIG. 3 illustrates a linear relationship betWeen an 
input clock frequency of a frequency-to-current converter, 
and an output current of the frequency-to-current converter 
according to embodiments of the invention. 

[0012] FIG. 4 schematically illustrates a clock detection 
circuit used by the frequency-to-current converter in 
embodiments of the invention. 

DETAILED DESCRIPTION 

OvervieW 

[0013] The invention comprises a frequency-to-current 
converter operative to convert a clock frequency to an output 
current, such that the output current increases linearly With 
the clock frequency. In embodiments of the invention, the 
frequency-to-current converter uses an integrator to com 
pare an input reference voltage and a current feedback into 
a sampling capacitor. At steady state, the feedback current is 
just enough to discharge the sampling capacitor to a ?xed 
voltage. Thus, the current only depends on the clock fre 
quency, the sampling capacitor value and the reference 
voltage. 
[0014] This circuit employed is simple in design, particu 
larly by comparison to standard frequency-to-current con 
verters. In embodiments of the invention, the core of the 
frequency-to-current conversion circuit includes one opamp, 
tWo capacitors, one feedback transistor and a feW sWitches. 
An output current of the frequency-to-current converter 
linearly increases With the clock frequency. The simplicity 
of the design facilitates loWer cost, complexity, and poWer 
consumption in the host application. 

[0015] The frequency-to-current converter is designed for 
use in applications such as an analog-to-digital converter, 
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Which are intended to operate at loW power. As a non 
limiting example, the frequency-to-current converter may be 
used to reduce poWer consumption in an analog-to-digital 
converter With a varying clock frequency. An illustrative, 
non-limiting example of such an analog-to-digital converter 
is the Max 1195TM ADC, produced by Maxim Integrated 
Products, Inc. of Sunnyvale, Calif. This ADC comprises a 
dual, 8-bit, ADC optimiZed for loW poWer, operating at a 2.7 
v to 3.6 v poWer supply, and Which consumes 87 mW, and 
has a sampling rate of 40 Msps. By providing an adaptive 
bias current, the frequency-to-current converter ensures that 
the current in critical analog blocks in the analog-to-digital 
converter varies proportionally to a sample clock frequency. 

The Frequency-to-Current Converter Circuit 

[0016] FIG. 1 schematically illustrates an example of a 
circuit 100 used to implement the frequency-to-current 
converter according to embodiments of the invention. The 
circuit 100 includes a ?rst opamp op1102, Which receives a 
?rst reference voltage VREF1104 at a positive input. The 
circuit further includes a sampling capacitor C5 128, and a 
feedback capacitor Cf 130. The feedback capacitor Cf 130 is 
operatively coupled to the negative input of a second opamp 
OP2125. A second reference voltage Vrefz 132 is operatively 
coupled to the positive input of the second op amp OP2125. 
The circuit 100 further includes multiple sWitches, SW1, 
SW2, SW3, SW4, SW5, SW6, SW7, SW8, SW9, SW10, 
SW11, Which are operated by clock pulses from a clock 
generator 116 coupled to a master clock 118; these clock 
pulses include phi1120, phi2122, phi3124, NCK, and NCK 
bar, Which are further described herein. The circuit also 
includes several MOSFET transistors M1134, M2138, 
M3140. 

[0017] In embodiments of the invention, the opamp 
op1102 is used as a buffer for a ?rst reference voltage, 
VREF1104. A resistor R1 106 and a capacitor C1 108 are 
speci?cally used to relax the driving capability of the opamp 
op1102. A clock detector 110 is used to turn off the fre 
quency-to-current converter When a clock 114 stops. This 
ensures that the circuit 100 Will not be biased at high current. 
When the clock detector 110 detects that the clock has 
stopped, the signal NCK 112 drops to a loW state, and all 
sWitches in the circuit 100 Which are controlled by NCK SW 
10 SW9 are subsequently opened. 

[0018] A clock generator 116 is also illustrated in FIG. 1. 
The clock generator 116 receives input from a master clock 
MASTER CLK 118, and produces three timing Waveforms, 
phi1120, phi2122, and phi3124. FIG. 2 illustrates the clock 
timing of phi1202, phi2204, and phi3206, relative to that of 
the master clock 200. Note that in the embodiments shoWn 
in FIG. 2, phi2204 has a pulse Width Which is tWice that of 
ph1202 and phi3206. The clock pulse phi3206 has a period 
T 208 equal to four periods of the master clock MASTER 
CLK 200. These clock pulses operate various sWitches in the 
integrator circuit, as elaborated further herein. 

Operation of the Integrator 

[0019] With reference to FIG. 1, a second opamp op2125, 
a sampling capacitor C5 128, and a feedback capacitor Cf 130 
comprise an integrator. The sampling capacitor C5 128 is 
coupled via a sWitch SW7 to the negative input of the second 
op amp OP2125. The positive input of the second op amp 

Oct. 7, 2004 

125 receives a second reference voltage VREF2132. The 
feedback capacitor Cf 130 forms a feedback to the second op 
amp OP2125. 

[0020] During the clock pulse phi1120, the sampling 
capacitor Cs 128 is shorted. During the clock pulse phi2122, 
the top plate of the sampling capacitor C5 128 is connected 
to the ?rst reference voltage VREF1104, and the bottom 
plate of the sampling capacitor C5 128 is discharged by a 
drain current of a transistor M1130. At the end of the pulse 
phi2122, the voltage across the sampling capacitor C5 128 is 
reduced to a voltage VX. During the clock pulse phi3, the 
sampling capacitor C5 128 is connected to the negative input 
of the opamp op2125. The opamp Op2125 compares the 
voltage V5 With the reference voltage VREF2132 and 
adjusts the output Vout accordingly. At steady state, the 
voltage VX is identical to the reference voltage VREF2132. 
The drain current of M1134 is given by the relation Equation 
1 beloW: 

Equation 1 

[0021] Where 

4 

— fmasrer 

[0022] and fmaster 
shoWn in FIG. 2. 

[0023] Thus, per the relation given by Equation 1, the 
current I varies linearly With the frequency of the master 
clock, fmaster 200. The output voltage Vout 136 is loW-pass 
?ltered by a passive ?lter 150. The current of M1134 is 
mirrored to M2138. The transistors M2138 and M3140 form 
a high impedance current source, Which can be used, in 
embodiments of the invention, to bias other circuitry in the 
respective application. Since the current is proportional to 
the clock frequency 200, the bandWidth (or the gm/C) of the 
circuit 100 is proportional to the square root of the clock 
frequency 200. This implies that the circuit 100 saves poWer 
When the clock frequency 200 is loW, and speeds up as the 
clock frequency 200 increases. 

is the master clock frequency 200, as 

[0024] The stability of the frequency-to-current converter 
100 depends on the clock frequency 200. If the voltage Vin 
on the top plate of the capacitor C1108 is input and the 
output of the opamp op2125 Vout is the output, the transfer 
function is given by Equation 2 beloW: 

AZI/4 Equation 2 

[0025] Where A=CS/Cf, B=gm1*T/(2*Cf). Z“1 corresponds 
to a delay of period T 208; in the illustrative example shoWn 
in FIG. 2, the period T comprises four periods of the master 
clock 200. The factor grnl represents the transconductance of 
M1134, as shoWn in FIG. 1. Since the factor gm1 is propor 
tional to the square root of the current, 
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gmJzLA/T and Ian/7, 811%. 

[0026] When the frequency 200 increases, the pole Will 
asymptotically rise to Z=1 but Will never reach Z=1. When 
the frequency 200 decreases and B22, the pole Will go 
outside the unity circle. This indicates the existence of a 
minimum clock frequency, below Which the circuit Will be 
unstable. 

[0027] Simulations demonstrate that the frequency-to-cur 
rent converter has a substantially linear relationship betWeen 
the master clock frequency 200 and the output current. FIG. 
3 illustrates the output current 302 as a function of the 
master clock frequency 200. In such embodiments, the 
non-linearity is Within a threshold of 0.5% With a 3x 
frequency variation. 

Clock Detection Circuit 

[0028] To prevent the circuit from generating a large 
output current When the clock stops, embodiments of the 
invention also employ a clock detection circuit 450. A 
schematic diagram illustrating the clock detection circuit 
450 is shoWn in FIG. 4. The clock detection circuit 450 
includes a plurality of Schmidt triggers 440442, Which 
comprise the input to a NOR gate. Capacitors C1400 and 
C2402 are charged and discharged periodically by the clock 
signal phi2404. As the clock frequency decreases, the peak 
voltages on node A 406 and node B 408 increase. 

[0029] In embodiments of the invention, When the fre 
quency is beloW a threshold frequency, the peak voltage on 
either node A 406 or node B 408 is high enough to trigger 
one of a plurality of Schmidt triggers 440442, and the output 
signal NCK 410 decreases accordingly. The Schmidt trig 
gers 440442 bistable device used to square-up Waveforms 
With sloW rise and fall times; the operation characteristics of 
the Schmidt triggers 440442 shall be apparent to those 
skilled in the art. 

[0030] When NCK 410 is suf?ciently loW, the opamp 
op2125 of the frequency-to-current converter 100 is tied in 
a voltage folloWer con?guration, the sWitch SWI1160 is 
opened, and the output current goes to Zero. 

[0031] In many of the applications Which may employ the 
frequency-to-current converter—such as, by Way of non 
limiting eXample, an Analog-to-Digital converter (ADC)— 
the clock frequency 200 may be variable. In such embodi 
ments, by biasing the ampli?ers With currents proportional 
to the clock frequency 200, the unity-gain bandWidth of the 
ampli?ers is adaptively adjusted to track the clock frequency 
200 and to save poWer concurrently. 

CONCLUSION 

[0032] The frequency-to-current converter described 
herein is particularly Well suited to loW poWer applications, 
of Which analog-to-digital converters are one -non-limiting 
eXample. The embodiments described herein are for illus 
trative purposes only; many equivalents and variants Will be 
apparent to those skilled in the art. 
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1. An integrator circuit, Wherein the integrator circuit is 
driven by a master clock, the integrator circuit comprising: 

an operational ampli?er; 

a feedback capacitor coupled to the negative input of the 
operational ampli?er and an output of the operational 
ampli?er; 

a sampling capacitor coupled to the negative input of the 
operational ampli?er, via a ?rst sWitch; 

a reference voltage coupled to a positive input of the 
operational ampli?er; and 

Wherein a current output of the integrator circuit varies 
linearly With a clock frequency of the master clock. 

2. The integrator circuit of claim 1, Wherein the current 
output is coupled to a frequency-to-current converter. 

3. The integrator circuit of claim 1, Wherein the clock 
frequency of the master clock varies Within a range of on or 
about 7.5 MHZ to on or about 22 MHZ. 

4. The integrator circuit of claim 2, further comprising: 

a clock detector, the clock detector operative to disable the 
frequency-to-current converter When the clock halts. 

5. The integrator circuit of claim 4, Wherein the fre 
quency-to-current converter is a component of an analog 
to-digital converter. 

6. The integrator circuit of claim 5, Wherein the analog 
to-digital converter has an operating voltage betWeen 2.7 
volts to 3.6 volts. 

7. The integrator circuit of claim 6, Wherein the analog 
to-digital converter consumes under 1 mW/MSPS. 

8. The integrator circuit of claim 7, Wherein the analog 
to-digital converter has an input frequency of on or about 22 
MHZ. 

9. The integrator circuit of claim 4, Wherein the analog 
to-digital converter is in communication With a second 
operational ampli?er, the second operational ampli?er buff 
ering a second reference voltage. 

10. The integrator circuit of claim 4, Wherein the output 
of the operational ampli?er is also connected to a loW-pass 
?lter. 

11. The integrator circuit of claim 4, Wherein the clock 
detector includes a plurality of Schmidt triggers. 

12. A multi-phase clock generator operative to time a 
frequency-to-current converter, the multi-phase clock gen 
erator comprising: 

an input from a master clock; 

a ?rst output for a ?rst phase of the multi-phase clock 
generator, the ?rst phase comprising a reset phase for 
the frequency-to-current converter; 

a second output for a second phase of the multi-phase 
clock generator, the second phase comprising a charge 
phase for the frequency-to-current converter; 

a third output for a third phase, the third phase comprising 
a comparison phase for the frequency-to-current con 
verter. 

13. The multi-phase clock generator of claim 12, Wherein 
a sampling capacitor in the frequency-to-current converter is 
shorted during the reset phase. 

14. The multi-phase clock generator of claim 13, Wherein 
the second phase a top plate for the sampling capacitor is 
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connected to a ?rst reference voltage in the frequency-to 
current converter during the charge phase. 

15. The rnulti-phase clock generator of claim 14, Wherein 
an integrator circuit in the frequency-to-current converter 
compares a reference voltage in the frequency-to-current 
converter to an input voltage during the compare phase. 

16. The rnulti-phase clock generator of claim 15, Wherein 
the input voltage and the reference voltage are coupled to an 
integrator in the frequency-to-current converter. 

17. The rnulti-phase clock generator of claim 16, Wherein 
the input voltage and the reference voltage are coupled to an 
operational arnpli?er in the integrator. 

18. A method of converting frequency-to-current in a 
frequency-to-current converter circuit, Wherein the fre 
quency-to-current converter circuit is driven by a varying 
clock frequency, the method comprising: 

receiving the variable clock frequency; and 

biasing one or more arnpli?ers in the frequency-to-current 
converter circuit With one or more currents proportional 
to the variable clock frequency. 

19. The method of claim 18, the biasing the one or more 
arnpli?ers further comprising adjusting a unity gain band 
Width of the one or more arnpli?ers With the one or more 
currents to track the variable clock frequency. 

20. The method of claim 18, Wherein the frequency-to 
current converter circuit is embedded in a hardWare appli 
cation. 

21. The rnethod of claim 20, Wherein the hardWare 
application comprises an analog-to-digital converter. 

22. The method of claim 21, Wherein the analog-to-digital 
converter operates beloW 1 rnW/MSPS. 

23. A frequency-to-current converter for converting a 
variable clock frequency to an output current, the frequency 
to-current converter comprising: 

an integrator circuit for determining the output current; 

an input reference voltage coupled to the integrator cir 
cuit; 

a current feedback from the integrator circuit; 

a sampling capacitor receiving the current feedback; and 

Wherein the feedback current is sufficient to discharge the 
sampling capacitor to a ?xed voltage. 

24. The frequency-to-current converter of claim 23, 
Wherein the output current is linearly proportional to the 
input reference voltage. 
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25. The frequency-to-current converter of claim 24, 
Wherein the output current is linearly proportional to a 
capacitance of the sampling capacitor. 

26. The frequency-to-current converter of claim 25, 
Wherein the output current is linearly proportional to the 
variable clock frequency. 

27. The frequency-to-current converter of claim 23, 
Wherein the variable clock frequency varies in a range of 7.5 
MHZ to 22 MHZ. 

28. The frequency-to-current converter of claim 23, 
Wherein the integrator circuit further includes an operational 
arnpli?er. 

29. The frequency-to-current converter of claim 24, 
Wherein the operational arnpli?er receives the current feed 
back as input. 

30. The frequency-to-current converter of claim 29, 
Wherein an input of the operational arnpli?er is coupled to 
the sampling capacitor. 

31. The frequency-to-current converter of claim 30, 
Wherein an output of the operational arnpli?er is coupled to 
a loW pass ?lter. 

32. An analog-to-digital converter adaptive to operate at 
loW poWer, the analog-to-digital converter comprising: 

a master clock; 

one or more analog circuit blocks operative to receive an 
analog input to the analog-to-digital converter; 

a frequency-to-current converter supplying a current to 
the one or more analog circuit blocks, such that the 
current is proportional to the frequency of the master 
clock. 

33. The analog-to-digital converter of claim 32, further 
comprising a poWer supply operative Within a range of 2.7 
volts to 3.6 volts. 

34. The analog-to-digital converter of claim 32, Wherein 
the converter is operative to consume less than 1 
rnW/MSPS. 

35. The analog-to-digital converter of claim 32, Wherein 
the frequency-to-current converter includes an integrator 
operative to ensure that the current is proportional to the 
frequency of the master clock. 

36. The analog-to-digital converter of claim 32, Wherein 
the converter is operative to convert eight bits. 


