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Abstract—This paper presents a voltage-mode loser/winner-
take-all circuit that has high speed and accuracy with low power
consumption and which is suitable for LED driver applications.
The implementation mixes analog and digital circuits in order to
help in improving precision. The design is based on a hysteretic
comparator and, as such, achieves a very fast response time. The
circuit is implemented in the IBM-180 nm process and operates
with a supply of 1.8 V and 20 µA current. Simulated results show
that the circuit can detect differences as low as 3 mV between
multiple inputs with almost no offset and maximum of 1.5 mV
offset if the input difference is less than 3 mV. The simulated
delay of the circuit is less than 10 ns during an input transition.

Index Terms—WTA, LTA, minimum or maximum voltage
detector, voltage-mode, mixed-signal.

I. INTRODUCTION

Loser-take-all (LTA) or minimum and winner-take-all
(WTA) or maximum voltage detection circuits are imple-
mented in many non-linear analog signal-processing applica-
tions [1]. These circuits are widely found in fuzzy logic and
neural network computation circuits [2].

LTAs are also gaining importance in multi-string light-
emitting diode (LED) driver applications in order to achieve
maximum efficiency with precise current matching. In [3], an
LED driver with two strings is implemented with a largely
digital LTA. However, the number of comparators increases
rapidly from 1 to 6 as the number of LED strings increases
from only 2 to 4, thereby increasing die area and power
consumption. The LED driver implemented in [4] adopts an
analog LTA designed in Bi-CMOS process. This specialized
process also increases cost and complexity of the design.

Several CMOS-compatible analog LTA circuits have been
proposed in [5]–[11] for various applications. The circuit in [5]
uses an operational transconductance amplifier (OTA) in a
voltage-follower configuration, whereas [6], [7] use flipped
voltage follower (FVF) and differential FVF and [9], [10] use a
2-stage amplifier in follower configuration as their basic cells.
OTAs consume higher power for fast response time. The other
designs have good performance, high speed and load driving
capability, but suffer from stability issues. Compensation for
each cell is required, which increases the die size. Another
analog circuit implemented in [11] does not have stability
issues but higher offsets. These offsets can only be reduced
with higher power consumption.
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Fig. 1: Architecture of multi-string LED driver from [3], [4].

Padash introduces the concept of mixing digital and analog
circuits in designing the LTA/WTA in [12]. In this work, the
core WTA is analog, which generates a digital output for each
input. The digital output drive transmission gates for passing
the winning input directly to the output. This achieves higher
accuracy but the delay of the core analog WTA is high, which
would consume considerable power in order to reduce it.

This paper proposes a novel mixed-signal LTA/WTA cir-
cuit that has high accuracy and high speed with low power
consumption. It is suitable for LED driver applications.

II. LED DRIVER APPLICATION

Currently most portable devices use LEDs as backlight for
displays. These LEDs should emit the same intensity of light
in order to preserve the perceived color of the display. That
means that all the LEDs must have the same amount of current
going through them. One way of achieving this is to connect
all of the LEDs in series. The limitation of this method is that,
as the number of LEDs increases, a higher voltage is required
to drive them. Generating a very high output voltage from a
Li-ion battery in portable devices is complicated, particularly
using low voltage CMOS processes. Another method is to use
parallel LED strings with a limited number of series LEDs in
each string in order to limit the required output voltage.

Fig. 1 shows the architecture of an LED driver for multi-
string LEDs. The boost converter is used to generate an
output voltage (VOUT ) to drive 2 or more LEDs in series.
The PWM controller monitors the feedback voltage (VFB)
and generates a PWM signal to the boost converter which
maintains sufficiently high VOUT . A current matching circuit
is used to maintain the same current in all of the LED strings.

LEDs exhibit mismatch in their forward voltage drops due to
temperature, forward current and manufacturing tolerances [3].
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Fig. 2: Schematic of high speed hysteretic PMOS-input comparator stage.

Therefore each string has a different total voltage drop across
the series LEDs, which in turn creates different sensing volt-
ages Vi1 to ViN . Most of the current matching circuits utilize
a regulated current mirror to precisely match the currents in
all strings, which requires that all transistors operate in the
saturation region. Therefore the boost converter has to generate
VOUT such that the Vi1 to ViN must be greater than or equal to
the minimum required voltage for the current matching circuit.

Hence the need for a minimum voltage selector. The feed-
back signal VFB to the PWM controller is the minimum
voltage of all the signals Vi1 to ViN . This configuration ensures
that the VOUT is minimally sufficient to maintain the current
matching circuit in saturation. This minimum voltage should
be detected accurately so that VOUT can be maintained at the
minimum required voltage. If VOUT is higher than necessary,
efficiency is reduced. If VOUT is lower, one or more of the
LED strings would have poorly matched currents.

Moreover, almost all LED drivers are implemented with
dimming circuitry in order to improve efficiency at low-light
conditions. As such, LEDs are turned ON and OFF rapidly.
During the OFF to ON transition, the output voltage has to
settle very fast and therefore the minimum voltage should be
detected rapidly. Hence the requirement for a high precision
and high speed minimum voltage selector also known as a
Loser-Take-All (LTA) circuit.

III. PROPOSED VOLTAGE-MODE LOSER-TAKE-ALL

A hysteretic comparator is used as the basic block in
the design of the proposed LTA. Hysteresis is created in

comparators via positive feedback. Some comparators with
hysteresis presented in the literature use external and internal
resistors [13], [14] and internal feedback circuit [15].

A. Hysteretic Comparator

The author in [15] proposes a comparator with an internal
positive feedback circuit. The PMOS input version of that cir-
cuit is shown in Fig. 2. The circuit contains a differential pair
M1 −M2 with diode-connected loads M3 −M4. Transistors
M5 −M6 creates the positive feedback.

Without loss of generality, assume input voltage Vi1 is lower
than Vi2. Then the current in M1 is greater than M2. Diode-
connected transistor M3 mirrors the higher current to node
V2 through positive feedback transistor M6. Since the sinking
current from V2 is higher than the sourcing current, the voltage
at node V2 pulls down close to VSS . This turns OFF transistor
M5 and maintains node V1 at one VGS above VSS .

Now, when Vi1 goes higher than Vi2 then the current in M1

becomes lower than M2. But the nodes V1−V2 will not change
immediately because of the extra current in positive feedback
transistor M6. Until the current in M2 exceeds that in M1

by the extra current through M6, voltages V1 − V2 will not
shift. This behaviour provides hysteresis in the comparator.
The relative dimensions of M5 −M6 to M3 −M4 sets the
hysteresis band of the comparator. In particular, reducing M5−
M6 reduces the amount of positive feedback and hence, the
amount of hysteresis.

Since this comparator uses a PMOS input transistors, the
winner in current will be the loser in input voltage. Similarly,
an NMOS input version comparator can be used to detect the
winner in input voltage.

B. Proposed LTA

A top-level schematic of the proposed N -input LTA is
shown in Fig. 3(a). It consists of an N -cell core LTA circuit,
N common-source amplifiers with inverters and an N x 1
multiplexer as shown in Fig. 3(a).

Each cell is a half-sided circuit of the PMOS comparator has
one diode-connected transistor and N − 1 positive feedback
transistors from the other (N − 1) cells. All cells have a
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Fig. 3: Top level schematic of the proposed N -input (a) Loser-Take-All (LTA) and (b) Winner-Take-All (WTA).



common bias current. The operation is similar to that of the
comparator. The cell with lowest input voltage (Vi1 to ViN )
will have a detection voltage (V1 to VN ) that is one VGS

above VSS . The other (N − 1) cells’ detection voltages will
be pulled down to VSS . The common-source amplifiers with
bias currents equal to IBIAS/N generate select lines S1 to
SN based on the values of V1 to VN from the core block.
One of the inputs (Vi1 to ViN ) is MUXed to the output using
an N x 1 multiplexer as shown in Fig. 3(a). The multiplexer
is designed using N NMOS pass transistors and is controlled
through select signals S1 to SN .

Without loss of generality, assume that all the inputs volt-
ages are in increasing order from Vi1 to ViN . Since Cell-1 has
the lowest input voltage, this cell has the highest drain current.
This current is mirrored to all of the other cells through the
diode-connected transistor in positive feedback transistors. all
other cells have higher sinking currents because of positive
feedback transistors, which help in pulling down all N − 1
intermediate detection nodes (V2 to VN ) close to VSS . And
only cell-1, with the highest current, will have a detection
voltage V1 that is one VGS above VSS and mirrors current to
common-source amplifier. The amount of current mirrored to
the common-source amplifier is greater than the bias current
to pulls select line S1 up to VDD. The rest of the currents
in common-source amplifiers be nearly current pulling select
lines S2 − SN to VSS . Therefore only Vi1 is passed to VOUT

through the N x 1 MUX, which is the lowest voltage of all
inputs.

The positive feedback is an important feature in the circuit
in that it helps in turn OFF all the common-source amplifiers
except the one with highest current. Since the circuit generates
a digital signal that enables an NMOS pass gate to pass the
lowest input, the input-output offset voltage of the proposed
LTA is nearly zero. The circuit is designed with low hysteresis
(approximately 3 mV) and hence it is able to detect very low
differences in input voltages.

Assume now that the input difference between first two
cells is lower than the hysteresis band, that is, Vi1 ≈ Vi2 <
Vi3 < ... < ViN . Then the current in the first two cells are
close enough such that the positive feedback transistors pull
down all detection voltages to VSS , except cells 1 and 2. This
generates 2 select signals to be high and turns ON 2 NMOS
pass transistors in the MUX, passing both Vi1 and Vi2 to the
output. In this case, the output voltage will be the average of
Vi1 and Vi2. In this case the output will have an offset which is
equal to the difference between the lowest input to the average
of the lowest inputs. Since this case occurs only when inputs
are within the hysteresis band, the maximum offset that the
proposed LTA is roughly one half of the hysteresis voltage.

The proposed circuit has a low internal delay, which de-
pends mostly on bias current. As such, the proposed circuit is
a high-precision and high-speed voltage-mode LTA.

Replacing the cells with NMOS input transistors and PMOS
transistor loads, common-source amplifier with PMOS input
transistor and the MUX with PMOS pass gates modifies the
proposed LTA into a voltage-mode winner-take-all (WTA) as

shown in Fig. 3(b).

IV. SIMULATION RESULTS

The proposed LTA/WTA circuit is designed in the IBM 180-
nm process. The circuit operates with a supply voltage and bias
current of 1.8 V and 20 µA, respectively. All simulations used
4-input architecture with unused inputs set to 0.9 V.

Fig. 4: DC sweep simulation result of (a) LTA and (b) WTA.

A. DC Analysis

The DC characteristic of the LTA/WTA are evaluated by
sweeping one of the inputs (Vi1) and changing the second input
voltage (Vi2) in steps. Performing these DC sweeps determines
the input voltage range of the circuit. Figs. 4(a) and 4(b) show
the simulated results sweeping the LTA and WTA, respectively.
In the LTA simulation, input Vi1 is swept from 0 to 1.0 V at
different Vi2 voltages from 0.1-0.9 V with a fixed step size of
0.2 V. Similarly for the WTA, input Vi1 is swept from 0.8 to
1.8 V at different Vi2 voltages from 0.9 to 1.7 V with a fixed
step size of 0.2 V. The output transition looks smooth. The
LTA operates from VSS up to 0.9 V and the WTA from VDD

down to 0.9 V.

B. Transient Analysis

Time-domain simulations with 2 inputs and 4 inputs are
performed to evaluate the speed of the LTA/WTA circuits.

In Fig. 5(a), the LTA is simulated with a 1 and 5 MHz
triangular inputs with minimum and maximum voltages of 0
and 0.9 V, respectively. The WTA simulation of Fig. 5(b) is
similar, except that inputs range from 0.9 to 1.8 V. Glitches
are observed in the output voltage during transitions from one
input to the next. These glitches are largely due to the delay
in the circuit. The RMS error in tracking the minimum input
voltage is shown below each output in Fig. 5. It is 6.6 and
6.7 mV for the LTA and WTA, respectively.

Similarly a transient analysis with 4 inputs is performed
using a with 1, 2.5 and 5 MHz triangular, sinusoidal and
triangular inputs, respectively. The 4th input is a DC voltage in
the middle of the input-voltage range. Simulated result of the
LTA and WTA are shown in Figs. 6(a) and 6(b), respectively.
Recovery time during output transition is very fast with in
10 ns. The RMS error in tracking the 4 input voltages is 9 mV
for the LTA and 11 mV for the WTA.



Fig. 5: Transient response (a) LTA and (b) WTA, with 2-inputs.

Fig. 6: Transient response of (a) LTA and (b) WTA, with 4-inputs.

C. Hysteresis

Positive feedback in the proposed circuits creates hysteresis,
which resists change in the state of the output signal. To
quantify the hysteresis band, the LTA is simulated with a slow
moving ramp and a 0.45 V DC input. The hysteresis voltage
is measured as 2.6 mV and -3 mV, as shown in Fig. 7. As
discussed in the Section III, when two inputs are close to
each other, within the hysteresis band, then 2 select signals
will be high and the output voltage becomes the average
of the 2 lowest inputs. The overlapped select signals and
averaged output voltage can be observed in Fig. 7. To achieve
non-overlapping signals, bias currents in the common-source
amplifier should be set to IBIAS/N

2 rather than IBIAS/N ,
at the cost of reduced switching speed and higher RMS error.

V. DISCUSSION AND CONCLUSION

Some limitations exist in the proposed circuit. Positive
feedback helps in making fast decisions between the N inputs.
However, as the number of inputs in the LTA increases, the
number of transistors grows with N2. This increases the wiring
complexity as N becomes large. Therefore the circuit has a
limitation with number of inputs. Since LED applications for

Fig. 7: Hysteresis simulation of 2-input LTA slow ramp and 0.45 V DC.

portable devices have a limited number of LED strings (2-8),
this architecture is suitable. Another limitation comes from
the fact that the lowest input is directly coupled to the output.
Capacitive and resistive loading would adversely affect the
accuracy of the output voltage.
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