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VOLTAGE-TO-CURRENT CONVERTER

BACKGROUND
Field

[0001] This invention relates generally to voltage-to-current converters, and more
specifically, to voltage-to-current converters configured to minimize current and output

voltage reference error.

Background

[0002] Low-noise, low-power, wideband, and high-resolution digital-to-analog
converters (DACs) are important for advanced wireless standards such as long term
evolution (LTE). To support output power control of a power amplifier (PA), the full
scale current of the DAC is required to be tuned from -18dB to 0dB with 1dB/step
accuracy. To achieve this precise current requirement for the DAC, a voltage-to-current
converter in the DAC needs to be very stable and precise. However, the output voltage
and current of a conventional voltage-to-current converter typically show large
variations as well as inaccuracies due to the on-resistance variation across process-
voltage-temperature (PVT) and the leakage current of switches in the voltage-to-current
converter. This causes the output full current calibration of the DAC to be inaccurate

and limits the DAC performance.

SUMMARY

[0003] The present invention provides for a reference-tag-tuning-based voltage-to-
current converter in the DAC architecture configured to minimize the current error and
the output voltage reference error due to gain setting switch leakage and on-resistance

variation of the switches across process-voltage-temperature (PVT)

[0004] In one embodiment, a converter is disclosed. The converter includes: an
amplifier having first and second input terminals and an output terminal, the first input
terminal configured to receive a reference voltage; an array of resistors configured to

generate a tuning voltage; and a first plurality of switches coupled to the second input
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terminal of the amplifier and the array of resistors, the first plurality of switches
configured to adjust a gain of the amplifier by selecting at least one resistor in the array

of resistors to connect to the second input terminal of the amplifier.

[0005] In another embodiment, an apparatus is disclosed. The apparatus includes:
means for comparing first and second signals received at first and second input
terminals, respectively, wherein the first signal is a reference voltage; and means for
selecting and coupling at least one resistor in an array of resistors to the second input

terminal of the means for comparing.

[0006] In another embodiment, a method is disclosed. The method includes: comparing
first and second signals received at first and second input terminals, respectively, of an
amplifier, wherein the first signal is a reference voltage; and selecting and coupling at

least one resistor in an array of resistors to the second input terminal of the amplifier.

[0007] In a further embodiment, a voltage-to-current converter is disclosed. The
voltage-to-current converter includes: an amplifier having positive and negative input
terminals and an output terminal, the positive input terminal configured to receive a
reference voltage; first, second, third, fourth, and fifth resistors configured to generate a
tuning voltage; a first switch coupled to the negative input terminal of the amplifier and
the first resistor, the first resistor coupled to the second resistor which is coupled to the
ground voltage, wherein the tuning voltage is generated at a coupling node between the
first resistor and the second resistor; a second switch coupled to the negative input
terminal of the amplifier and the third resistor, which is coupled to the first resistor; a
third switch coupled to the negative input terminal of the amplifier and the fourth
resistor, which is coupled to the third resistor; and a fourth switch coupled to the
negative input terminal of the amplifier and the fifth resistor, which is coupled to the

fourth resistor.

[0008] Other features and advantages of the present invention should be apparent from

the present description which illustrates, by way of example, aspects of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The details of the present disclosure, both as to its structure and operation, may
be gleaned in part by study of the appended further drawings, in which like reference

numerals refer to like parts, and in which:

[0010] FIG. 1 is an exemplary wireless device communicating with a wireless

communication system;

[0011] FIG. 2 is a block diagram of an exemplary design of wireless device that is one

embodiment of wireless device of FIG. 1;

[0012] FIG. 3 is a schematic diagram of a typical implementation of a voltage-to-

current converter block;

[0013] FIG. 4 is a functional block diagram of a digital-to-analog converter (DAC) in

accordance with one embodiment of the present disclosure;

[0014] FIG. S is a schematic diagram of a voltage-to-current converter in accordance

with one embodiment of the present disclosure;

[0015] FIG. 6 is a comparison plot of tuning reference voltages (Viune rer) Of a typical
implementation shown in FIG. 3 versus an improved implementation shown in FIG. 5

across PVT variations.

[0016] FIG. 7 is a flow diagram of an exemplary method for converting voltage to

current in accordance with one embodiment of the present disclosure; and

[0017] FIG. 8 is a functional block diagram of an exemplary apparatus configured for
converting voltage to current in accordance with one embodiment of the present

disclosure.

DETAILED DESCRIPTION

[0018] Certain embodiments as described herein provide for a reference-tag-tuning-
based voltage-to-current converter in the DAC architecture configured to minimize the
current error and the output voltage reference error due to gain setting switch leakage
and on-resistance variation of the switches across process-voltage-temperature (PVT).
The detailed description set forth below is intended as a description of exemplary

designs of the present disclosure and is not intended to represent the only designs in
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which the present disclosure can be practiced. The term “exemplary” is used herein to
mean ‘“‘serving as an example, instance, or illustration.” Any design described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
designs. The detailed description includes specific details for the purpose of providing a
thorough understanding of the exemplary designs of the present disclosure. It will be
apparent to those skilled in the art that the exemplary designs described herein may be
practiced without these specific details. In some instances, well-known structures and
devices are shown in block diagram form in order to avoid obscuring the novelty of the

exemplary designs presented herein.

[0019] FIG. 1 is an exemplary wireless device 110 communicating with a wireless
communication system 100. Wireless system 100 may be a Long Term Evolution
(LTE) system, a Code Division Multiple Access (CDMA) system, a Global System for
Mobile Communications (GSM) system, a wireless local area network (WLAN) system,
or some other wireless system. A CDMA system may implement Wideband CDMA
(WCDMA), CDMA 1X, Evolution-Data Optimized (EVDO), Time Division
Synchronous CDMA (TD-SCDMA), or some other version of CDMA. For simplicity,
FIG. 1 shows wireless system 100 including two base stations 120 and 122 and one
system controller 130. In general, a wireless system may include any number of base

stations and any set of network entities.

[0020] Wireless device 110 may also be referred to as a user equipment (UE), a mobile
station, a terminal, an access terminal, a subscriber unit, a station, etc. Wireless device
110 may be a cellular phone, a smartphone, a tablet, a wireless modem, a personal
digital assistant (PDA), a handheld device, a laptop computer, a smartbook, a netbook, a
cordless phone, a wireless local loop (WLL) station, a Bluetooth device, etc. Wireless
device 110 may communicate with wireless system 100. Wireless device 110 may also
receive signals from broadcast stations (e.g., a broadcast station 124), signals from
satellites (e.g., a satellite 140) in one or more global navigation satellite systems
(GNSS), etc. Wireless device 110 may support one or more radio technologies for
wireless communication such as LTE, WCDMA, CDMA 1X, EVDO, TD-SCDMA,
GSM, 802.11, etc.

[0021] FIG. 2 is a block diagram of an exemplary design of wireless device 200 that is
one embodiment of wireless device 110 of FIG. 1. In this exemplary design, wireless

device 200 includes a transceiver 210 coupled to an antenna 212, and a data

4
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processor/controller 214. The transceiver 210 includes antenna interface circuit 230, a
receiver path 240, and a transmitter path 250. Antenna interface circuit 230 may include
switches, duplexers, transmit filters, receive filters, matching circuits, etc. Data
processor/controller 214 may perform various functions for wireless device 200. For
example, data processor 214 may perform processing for data being received via
receiver path 240 and data being transmitted via transmitter path 250. Controller 214
may control the operation of the various circuits within the transceiver 210. Memory
216 may store program codes and data for data processor/controller 214. Data
processor/controller 214 may be implemented on one or more application specific
integrated circuits (ASICs) and/or other ICs. The receiver path 240 includes a low noise
amplifier (LNA) 242, a mixer 244, and a bandpass filter 246. An analog-to-digital
converter (ADC) 248 is placed subsequent to the bandpass filter 246 to digitize the
baseband signal. The transmitter path 250 includes a bandpass filter 254, a mixer 256,
and a power amplifier (PA) 258. A digital-to-analog converter (DAC) 252 is placed
between the data processor/controller 214 and the bandpass filter 254 to convert the

digital data to the analog baseband signal.

[0022] For data reception, antenna 212 receives signals from base stations and/or other
transmitter stations and provides a received RF signal, which is routed through an
antenna interface circuit 230 and presented as an input RF signal to the receiver path
240. Within the receiver path 240, the LNA 242 amplifies the input RF signal and
provides an output RF signal to the mixer 244. The mixer 244 and the bandpass filter
246 downconvert the output RF signal from RF to baseband, amplify and filter the
downconverted signal, and provide an analog input signal to the ADC 248. The ADC
248 converts the analog input signal to the digital data and provides the digital data to
the data processor/controller 214. The receiver path 240 may include other elements
such as matching circuits, an oscillator, a local oscillator (LO) generator, a phase locked

loop (PLL), etc.

[0023] For data transmission, the data processor/controller 214 processes (e.g., encodes
and modulates) data to be transmitted and provides a digital data to the DAC 252. The
DAC 252 converts the digital data to an analog output signal and provides the converted
analog output signal to the transmitter path 250. Within the transmitter path 250, the
bandpass filter 254 and the mixer 256 amplify, filter, and upconvert the analog output
signal from baseband to RF and provide a modulated RF signal. The transmitter path
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250 may include other elements such as matching circuits, an oscillator, an LO
generator, a PLL, etc. The PA 258 receives and amplifies the modulated RF signal and
provides a transmit RF signal having the proper output power level. The transmit RF

signal is routed through antenna interface circuit 230 and transmitted via antenna 212.

[0024] FIG. 3 is a schematic diagram of a typical implementation of a voltage-to-
current converter block 300. In FIG. 3, a reference voltage (V.s) from the power
management integrated circuit (PMIC) is supplied to a positive input of an amplifier
310 which operates to maintain the voltage at the negative input (at node A) to be the
same as V. at the positive input. An array of resistors 320 is used to tune the output
current (Iy,s). A plurality of switches Sy to S,,; allows each resistor in the array of
resistors 320 to be applied for tuning. In one embodiment, the switches are configured

with CMOS transistors.

[0025] To tune the full range of the output current of the DAC from -18 dBto 0 dB in 6
dB increments, for example, resistors Rz, R4, and Rs are needed from the resistor array
320. Further, switches So, S1, Sz, and Ss3 allow the resistors to be applied for tuning. For
example, when switch Sy is closed (and all other switches are open), the tuning voltage
(Vitune ref) 18 equal to Vi * (Ro/Ryorar), where Rrorar, = Ry + Ry and Ipjas = Vier /
Ryorar. In another example, when switch S; is closed (and all other switches are open),
the tuning voltage (Viune ref) is €qual to Vi * ((R2 + R3)/Rrorar), where Rrorar = Ry +
R> + R3 and lpias = Vier / Rrorar. Thus, the tuning voltage is set according to the ratio of
the resistor array (according to the configurations of the switches). Generalizing the
above examples, Equations (1), (2), and (3) for parameters V une refs Ibias, and Ryorar,

respectively, using ideal switches are as follows:

R

Vtune_ref = Wjﬂ * Vref (1
. _ Vref
Iblas - RTOTAL (2)

RTOTAL = R + aoR + alzR + a24‘R + .-+ anan (3)
Constants ay, a,, a,, ...ayare each set to 0 or 1 depending on the gain setting code for
switches Sq, Sa, Ss, ..., Spit.

[0026] However, as stated above, the non-ideal switches (e.g., switches Sy, Sa, Ss, ...,

Sn+1) used in the configuration shown in FIG. 1 can exhibit on-resistance variations

6
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across PVT and cause the leakage of current during off states. These variations can
cause the output voltage and current to vary with PVT. These variations modify above

Equations (1) and (2) as follows:

Ry

* (Vref - Vrono) + Vrono (4)

[ tune_re
ref RroraL

I _ Vrer= boVrono— b1Vron1— b2Vronz— b3Vrons .- —bPn+1Vronn+1
bias —

+ Ileakage 5)

RroraL

where Vion s Vion,r Vronys Viongs =+ s Vronns1 are voltage drops across switches S,

Sa, Sa, ..., Sui1 when the switches are on, and Lieakge is the total leakage current of the

switches when the switches are in off states. Constants by, by, b,, ... by, are each set

to 0 or 1 depending on the gain setting code for switches S, S», S, ..., Spi1.

[0027] Thus, it can be seen from the above equations that both the output reference
voltage and the bias current have been affected by the switch on-voltage drop and the

leakage current. Further, due to the mismatch between the sizes of the switches, the on-

voltage drops Vion,, Vron,s Vion, Vrongs s Vronne1 may not be same, which may

cause the tuning ratios (equal to 6 dB using resistors R, R4, Rs) to be inaccurate.

[0028] FIG. 4 is a functional block diagram of a digital-to-analog converter (DAC) 400
in accordance with one embodiment of the present disclosure. In one embodiment, the
DAC 400 is configured to be used in a transmitter for supporting the output power
control of a power amplifier having a precise current requirement, which is achieved by
an accurate voltage reference (Vi) received from the power management integrated

circuit (PMIC) 450. Thus, the DAC 400 can be configured as one embodiment of a
DAC 252 of the transceiver 210 shown in FIG. 2.

[0029] In the illustrated embodiment of FIG, 4, The DAC 400 includes a voltage-to-
current converter 410, a tuning current DAC 420, a finite state machine (FSM) 430, and
a comparator 440. The voltage-to-current converter 410 is configured to generate an
accurate tuned voltage reference (Viwne rer) to calibrate the output current to a preset
value (using the comparator 440 and the FSM 430) and generate an updated bias current
for the tuning current DAC 420 which provides accurate bias current steps (e.g., a 6 dB
step). The comparator 440 receives and compares the tuning voltage (Vywne rer) and the

output current of the tuning current DAC 420 and outputs a decision to the FSM 430,
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which generates a gain setting code and a tuning code based on the decision received
from the comparator 440. The gain setting code is sent to the voltage-to-current

converter 410 and the tuning code is sent to the tuning current DAC 420.

[0030] FIG. 5 is a schematic diagram of a voltage-to-current converter 410 in
accordance with one embodiment of the present disclosure. In the illustrated
embodiment of FIG. 5, the voltage-to-current converter 410 includes an amplifier 500, a
current regulating transistor 510, an array of resistors R to Re, gain setting switches S
to Sp+1, and short switches SSp to SSs. The output current can be mirrored to a current
mirror transistor 520. In one embodiment, the current regulating transistor 510 is
configured as a p-type metal-oxide—semiconductor field-effect (PMOS) transistor, and
the mirror transistor 520 is also configured as a PMOS transistor. In another
embodiment, the current regulating transistor 510 and the mirror transistor 520 can be

configured as any combination of PMOS and NMOS transistors.

[0031] To address the on-resistance variations across PVT and the leakage of current
during off states in the configuration of FIG. 3, the voltage-to-current converter 410
shown in FIG. 5 is configured to move the gain setting switches Sy, S,, Ss, ..., Spi1 to
the negative input side (at node A) of the amplifier S00. Thus, in this configuration, the
gain is set by setting select switches to appropriate positions to couple the selected
resistor(s) of the resistor array to the negative input side of the amplifier 500. For
example, by closing switch Sp and opening all other switches, the total resistance
coupled to node A is equal to R; + R,. In another example, by closing switch S; and
opening all other switches, the total resistance coupled to node A is equal to R; + Ry +
Rs. In yet another example, by closing switch S, and opening all other switches, the
total resistance coupled to node A is equal to R; + Ry + Rs+ R4, and so on. Thus, by
changing the tuning tag position, the resistance value from the negative input of the
amplifier 500 to ground can be changed so that the output current can be changed. An
advantage of this configuration of switches is that since the input of the amplifier 500
couples to the gate of a transistor (typically a CMOS transistor), the input (at node A)
can be regarded as an open terminal, and the amount of current flow from or into the on-
switch is very minimal, if any. Therefore, the voltage drop across the on-switch is
negligible and the tag voltage on the resistor array can be made accurate as shown in

Equation (6):
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R
“— % Vyor (6)

[ tune_re
ref RroraL

[0032] In the illustrated embodiment of FIG. 5, short switches SSq, SSi1, SS,, SS3 are
added and coupled between the drain terminal of the transistor 510 and nodes B, C, D, E
to keep enough headroom for the current source (including the current regulating
transistor 510). The short switches SSo, SS1, SS,, SS; are operated in synchronization
with the gain setting switches Sy, Sz, Ss, ..., Spi1 to short the unused resistors and keep
enough headroom for the current source. For example, when switch Sy is closed, short
switch SSy is also closed. This shorts resistors R3 through Re. In another example, when
switch S; is closed, short switch SS; is also closed. This shorts resistors Ry through Re.
In yet another example, when switch S, is closed, short switch SS; is also closed. This
shorts resistors Rs through Re, and so on. However, the short switches do not need to
have very small on-resistance since the output current is not related to the variation on
the drain terminal of the transistor 510. That is, although when short switch SS,, SS;,
SS,, or SS;is closed, node F should be as close as possible to node B, C, D, or E, the
voltage difference between node F and node B, C, D, or E can be as large as 20 mV of
each other without adversely affecting the level of the output current. Accordingly, the
size of switches SSy, SS;, SS,, SS; can be minimal which reduces the area occupied on
a chip. Equation (7) shows the formula for output bias current (Ipi,s) which adds a
leakage current of the short switches to the bias current calculated in Equation (2) as

follows:

Vref

Ibias -

(7

RTOTAL

[0033] FIG. 6 is a comparison plot 600 of tuning reference voltages (Viype ref) of a
typical implementation shown in FIG. 3 versus an improved implementation shown in
FIG. 5 across PVT variations. Plot 620 is Ve ref Of the typical implementation, while
plot 610 is Vygpe ref of the improved implementation. The improved implementation of
FIG. 5 shows a more stable voltage level for Viye ref Which closely tracks the 0.75 volt
of the reference voltage (V).

[0034] Further, Table 1 shown below summarizes the reference voltage variation across

device mismatch for the two implementations shown in FIG. 3 and FIG. 5. Table 1

shows the Monte Carlo simulation to compare Ve of Of the voltage-to-current

9
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converters shown in FIG. 3 and FIG. 5. It can be seen from the table that the improved

implementation shows a smaller standard deviation for Ve ref.

Reference Voltage Comparison in Monte Carlo Simulation of V2I block

(200 runs, 50°C)

Type Min Max Mean Sigma Unit
Vitune_ret in FIG. 3 738.7 744.4 741.1 0.9945 mV
Vitune_ref in FIG. 5 748.9 751.1 749.9 0.3789 mV

Table 1

[0035] FIG. 7 is a flow diagram of an exemplary method 700 for converting voltage to
current in accordance with one embodiment of the present disclosure. The method 700
is suitable for use with a voltage-to-current converter (e.g., 410 in FIG. 4) including an
amplifier (e.g., 500 in FIG. 5), a current regulating transistor (e.g., 510 in FIG. 5), an
array of resistors, (e.g., R; to Rg in FIG. 5), a plurality of gain setting switches (e.g., So
to Spy1 in FIG. 5), and a plurality of short switches (e.g., SSp to SSs in FIG. 5).

[0036] In the illustrated embodiment of FIG. 7, first and second signals are received at
first and second input terminals, respectively, of an amplifier, at block 710. In one
embodiment, the first signal is a reference voltage. At block 720, at least one resistor is
selected from an array of resistors and coupled to the second input terminal of the
amplifier. Current is sourced, at block 730, using a transistor having a gate terminal, a
source terminal, and a drain terminal. The gate terminal is coupled to the output
terminal of the amplifier. At least one non-selected resistor in the array of resistors is

shorted, at block 740, to the drain terminal of the transistor.

[0037] FIG. 8 is a functional block diagram of an exemplary apparatus 800 configured
for converting voltage to current in accordance with one embodiment of the present
disclosure. In the illustrated embodiment of FIG. 8, the apparatus 800 comprises a first
means 810 for comparing first and second signals received at first and second input
terminals, wherein the first signal is a reference signal. The apparatus 800 also includes
a second means 820 for selecting and coupling at least one resistor in an array of
resistors to the second input terminal of the means for comparing 810 using gain setting

switches. The apparatus 800 also includes a third means 830 for sourcing current having

10
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a gate terminal, a source terminal, and a drain terminal. The gate terminal is coupled to
the output terminal of the means for comparing. The apparatus 800 further includes a
fourth means 840 for shorting at least one non-selected resistor in the array of resistors

to the drain terminal of the means for sourcing current.

[0038] Although several embodiments of the present disclosure are described above,
many variations of the present disclosure are possible. For example, although the
illustrated embodiments described above configure the voltage-to-current converter for
a digital-to-analog converter, the voltage-to-converter described above can be
configured for other electronic circuits such as filters and loads. Further, features of the
various embodiments may be combined in combinations that differ from those
described above. Moreover, for clear and brief description, many descriptions of the
systems and methods have been simplified. Many descriptions use terminology and
structures of specific standards. However, the disclosed systems and methods are more

broadly applicable.

[0039] Those of skill will appreciate that the various illustrative blocks and modules
described in connection with the embodiments disclosed herein can be implemented in
various forms. Some blocks and modules have been described above generally in terms
of their functionality. How such functionality is implemented depends upon the design
constraints imposed on an overall system. Skilled persons can implement the described
functionality in varying ways for each particular application, but such implementation
decisions should not be interpreted as causing a departure from the scope of the present
disclosure. In addition, the grouping of functions within a module, block, or step is for
ease of description. Specific functions or steps can be moved from one module or block

without departing from the present disclosure.

[0040] The various illustrative logical blocks, units, steps, components, and modules
described in connection with the embodiments disclosed herein can be implemented or
performed with a processor, such as a general purpose processor, a digital signal
processor (DSP), an application specific integrated circuit (ASIC), a field programmable
gate array (FPGA) or other programmable logic device, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform the
functions described herein. A general-purpose processor can be a microprocessor, but in
the alternative, the processor can be any processor, controller, microcontroller, or state

machine. A processor can also be implemented as a combination of computing devices,

11
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for example, a combination of a DSP and a microprocessor, a plurality of
microprocessors, one or more microprocessors in conjunction with a DSP core, or any
other such configuration. Further, circuits implementing the embodiments and
functional blocks and modules described herein can be realized using various transistor

types, logic families, and design methodologies.

[0041] The above description of the disclosed embodiments is provided to enable any
person skilled in the art to make or use the invention described in the present disclosure.
Various modifications to these embodiments will be readily apparent to those skilled in
the art, and the generic principles described herein can be applied to other embodiments
without departing from the spirit or scope of the present disclosure. Thus, it is to be
understood that the description and drawings presented herein represent presently
preferred embodiments of the present disclosure and are therefore representative of the
subject matter which is broadly contemplated by the present disclosure. It is further
understood that the scope of the present disclosure fully encompasses other
embodiments that may become obvious to those skilled in the art and that the scope of

the present disclosure is accordingly limited by nothing other than the appended claims.

12
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CLAIMS

1. A converter comprising:

an amplifier having first and second input terminals and an output terminal, the
first input terminal configured to receive a reference voltage;

an array of resistors configured to generate a tuning voltage; and

a first plurality of switches coupled to the second input terminal of the amplifier
and the array of resistors, the first plurality of switches configured to adjust a gain of the
amplifier by selecting at least one resistor in the array of resistors to connect to the

second input terminal of the amplifier.

2. The converter of claim 1, further comprising
a first transistor having a gate terminal, a source terminal, and a drain terminal,
wherein the output terminal of the amplifier is coupled to the gate terminal of the

transistor.

3. The converter of claim 2, wherein the first transistor is a p-type metal—

oxide—semiconductor field-effect (PMOS) transistor.

4. The converter of claim 3, further comprising
a second plurality of switches coupled to the first plurality of switches and the

drain terminal of the PMOS transistor.

5. The converter of claim 4, wherein the second plurality of switches are
configured to short at least one non-selected resistor in the array of resistors to the drain

terminal of the first transistor.

6. The converter of claim 4, wherein the first plurality of switches and the

second plurality of switches are operated in synchronization.
7. The converter of claim 4, wherein the first plurality of switches and the

second plurality of switches are configured to program the array of resistors to provide a

second voltage at the second input terminal of the amplifier.
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8. The converter of claim 7, wherein the second voltage at the second input
terminal of the amplifier enables the amplifier to regulate current flowing through the

first transistor.

0. The converter of claim 1, wherein the first input terminal of the amplifier

is a positive input terminal and the second input terminal is the negative input terminal.

10. The converter of claim 1, wherein a connection of the at least one
selected resistor in the array of resistors to the second input terminal of the amplifier is
configured as an open terminal to minimize current flow from or into the first plurality

of switches.

11. The converter of claim 1, further comprising:

a tuning current digital-to-analog converter configured to generate an ouput
current;

a comparator configured to receive and compare the tuning voltage and the

output current.

12. An apparatus comprising:

means for comparing first and second signals received at first and second input
terminals, respectively, wherein the first signal is a reference voltage; and

means for selecting and coupling at least one resistor in an array of resistors to

the second input terminal of the means for comparing.

13. The apparatus of claim 12, further comprising

means for sourcing current having a gate terminal, a source terminal, and a drain
terminal,

wherein the gate terminal of the means for sourcing current is coupled to the

means for comparing.
14. The apparatus of claim 13, further comprising

means for shorting at least one non-selected resistor of the array of resistors to

the drain terminal of the means for sourcing current.

14
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15. The apparatus of claim 14, wherein the means for selecting and coupling

and the means for shorting are operated in synchronization.

16. The apparatus of claim 14, wherein the means for selecting and coupling
and the means for shorting are configured to program the array of resistors to provide a

second voltage at the second input terminal of the means for comparing.

17. The apparatus of claim 16, wherein the second voltage at the second
input terminal of the means for comparing enables the means for comparing to regulate

current flowing through the means for sourcing current.

18. A method, comprising:

comparing first and second signals received at first and second input terminals,
respectively, of an amplifier, wherein the first signal is a reference voltage; and

selecting and coupling at least one resistor in an array of resistors to the second

input terminal of the amplifier.

19. The method of claim 18, further comprising

sourcing current using a transistor having a gate terminal, a source terminal, and
a drain terminal,

wherein the gate terminal of the transistor is coupled to an output terminal of the

amplifier.

20. The method of claim 19, further comprising
shorting at least one non-selected resistor of the array of resistors to the drain

terminal of the transistor using a plurality of short switches.

21. A voltage-to-current converter comprising:

an amplifier having positive and negative input terminals and an output terminal,
the positive input terminal configured to receive a reference voltage;

first, second, third, fourth, and fifth resistors configured to generate a tuning
voltage;

a first switch coupled to the negative input terminal of the amplifier and the first

resistor, the first resistor coupled to the second resistor which is coupled to the ground

15
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voltage, wherein the tuning voltage is generated at a coupling node between the first
resistor and the second resistor;

a second switch coupled to the negative input terminal of the amplifier and the
third resistor, which is coupled to the first resistor;

a third switch coupled to the negative input terminal of the amplifier and the
fourth resistor, which is coupled to the third resistor; and

a fourth switch coupled to the negative input terminal of the amplifier and the

fifth resistor, which is coupled to the fourth resistor.

22. The voltage-to-current converter of claim 21, further comprising
a first transistor having a gate terminal, a source terminal, and a drain terminal,
wherein the output terminal of the amplifier is coupled to the gate terminal of the

transistor.

23. The voltage-to-current converter of claim 22, further comprising:

a fifth switch coupled to the first switch and the drain terminal of the first
transistor;

a sixth switch coupled to the second switch and the drain terminal of the first
transistor; and

a seventh switch coupled to the third switch and the drain terminal of the first
transistor, wherein the fourth switch also couples to the drain terminal of the first

transistor.
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