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ABSTRACT

A predictive decision feedback equalizer using body bias of one or more field effect
transistors (FET's) to provide an offset for a predictive tap. In one embodiment, a predictive tap of
the predictive decision feedback equalizer includes a differential amplifier composed of two FETs
in a differential amplifier configuration, and the body bias of one or both FETs is controlled to
provide an offset in the differential amplifier. In one embodiment a current DAC driving a DAC
resistor is used to provide the body bias voltage, and a feedback circuit, including a replica circuit
forming the maximum possible DAC output voltage, is used to control the bias of the current

sources of the current DAC.
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A BODY-BIASED SLICER DESIGN FOR PREDICTIVE DECISION FEEDBACK

EQUALIZERS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] The present application claims priority to and the benefit of Provisional Application No.
61/898,421, filed October 31, 2013, entitled “BODY-BIASED SLICER DESIGN FOR
PREDICTIVE DECISION FEEDBACK EQUALIZERS”, the entire content of which is hereby

incorporated by reference.

FIELD
[0002] The following description relates to transmission of digital data over a non-ideal (e.g.,
lossy) channel, and more particularly to a predictive decision feedback equalizer for mitigating

inter-symbol interference resulting from transmission through a non-ideal channel.

BACKGROUND

[0003] High-speed digital data links may suffer from inter-symbol interference, especially in
situations in which loss, reflections or other imperfections exist in the transmission channel. Inter-
symbol interference may have the effect that the signal received during a given clock cycle is a
linear combination of the bit transmitted during the corresponding clock cycle at the transmitter,
and of the bits transmitted during a number of preceding clock cycles. The effects of inter-symbol

interference may be mitigated using a technique referred to as decision feedback equalization
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(DFE) which involves correcting the received signal at the sampling point, during each clock cycle,
with a linear combination of the bits received during a number of preceding clock cycles.

[0004] The contribution from the immediately preceding received bit, which is referred to as
the first tap, may be generated using a technique referred to as predictive decision feedback
equalization (predictive DFE, which may also be referred to as speculative DFE or loop-unrolled
DFE), in which two correction terms are calculated, one corresponding to a received 1, and one
corresponding to a received O in the immediately preceding received bit; the appropriate one of
these two correction terms is then selected using a multiplexer (MUX) once a binary value for the
bit received on the immediately preceding clock cycle is available.

[0005] In particular, a current digital to analog converter (DAC) may be used to add a current
to the output current of a comparator, which may be implemented as a differential pair, within a
clocked comparator used to sample the received signal. The current added to the output effectively
implements the preceding bit with the right scaling factor. This approach has several disadvantages.
A DAC consumes power and, because it represents a capacitive load, it limits the speed of the
circuit.

[0006] Thus, there is a need for a system for predictive feedback equalization that achieves

improved speed, with acceptable power consumption.

SUMMARY

[0007] In a predictive decision feedback equalizer, body bias of one or more field effect

transistors (FETs) is used to provide an offset for a predictive tap. In one embodiment, a predictive

2062656v1



01 Oct 2014

2014240238

73957/ S1421

tap of the predictive decision feedback equalizer includes a differential amplifier composed of two
FETs in a differential amplifier configuration, and the body bias of one or both FETs is controlled
to provide an offset in the differential amplifier. In one embodiment a current DAC driving a DAC
resistor is used to provide the body bias voltage, and a feedback circuit, including a replica circuit
forming the maximum possible DAC output voltage, is used to control the bias of the current
sources of the current DAC.

[0008] According to an embodiment of the present invention there is provided a receiver with
predictive decision feedback equalization, the receiver including: a first differential amplifier
including a first field effect transistor (FET) and a second FET, the first FET and the second FET
being connected in a differential pair configuration; and a voltage-mode digital to analog converter
(DAC) including a first DAC output, the first DAC output being connected to a bulk terminal of the
first FET; and a DAC voltage limit circuit connected to the DAC.

[0009] In one embodiment, the DAC includes a DAC resistor, a plurality of branches, and a
bias control input; and the DAC voltage limit circuit includes a reference voltage input connected
to a common node of the first differential amplifier, and a replica circuit having a replica voltage
output, the replica circuit including a scaled replica of a branch of the plurality of branches of the
DAC.

[0010] In one embodiment, each of the plurality of branches of the DAC includes a branch
current source.

[0011] In one embodiment, the branch current source of a first branch of the DAC includes a

FET having a first gate width, the gate of the FET connected to the bias control input of the DAC,
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and the branch current sources of a remainder of the branches of the plurality of branches of the
DAC include FETs having gate widths of increasing powers of 2 times the first gate width.

[0012] In one embodiment, the replica circuit includes a current source replica FET, a
switching transistor replica FET, and a replica resistor, connected in series.

[0013] In one embodiment, each of the branch current sources of the plurality of branches of
the DAC includes a FET, each FET having a gate width; the resistance of the replica resistor is k
times the resistance of the DAC resistor, where k is a replica scaling factor; and the gate width of
the current source replica FET is the sum of the gate widths of the gate widths of the branch current
sources of the plurality of branches of the DAC.

[0014] In one embodiment, the bias circuit includes a feedback amplifier having a first input
and a second input, the first input being connected to the replica voltage output and the second
input being connected to the reference voltage input.

[0015] In one embodiment, the feedback amplifier is configured to maintain a voltage at the
first input that is substantially the same as that at the second input.

[0016] In one embodiment, the feedback amplifier includes an output, and the output is
connected to the gate of a first bias control FET, the first bias control FET being connected in
series with a second bias control FET, the second bias control FET being diode-connected.

[0017] In one embodiment, the second bias control FET is configured to operate as a reference
device in a current mirror, the current source replica FET and the FETs of the branch current

sources of the DAC being mirror devices in the current mirror.
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[0018] In one embodiment, the first FET and the second FET of the first differential amplifier
are n-channel FETs; the source of the first FET is connected to the common node of the first
differential amplifier; and the source of the second FET is connected to the common node of the
first differential amplifier.

[0019] In one embodiment, the receiver includes the first DAC output and a second DAC
output, the second DAC output being connected to a bulk terminal of the second FET.

[0020] In one embodiment, each of the plurality of branches of the DAC includes a branch
current source.

[0021] In one embodiment, the branch current source of a first branch of the DAC includes a
FET having a first gate width, the gate of the FET connected to the bias control input of the DAC,
and the branch current sources of a remainder of the branches of the plurality of branches of the
DAC include FETs having gate widths of increasing powers of 2 times the first gate width.

[0022] In one embodiment, the replica circuit includes a current source replica FET, a
switching transistor replica FET, and a replica resistor, connected in series.

[0023] In one embodiment, each of the branch current sources of the plurality of branches of
the DAC includes a FET, each FET having a gate width; the resistance of the replica resistor is k
times the resistance of the DAC resistor, where k is a replica scaling factor; and the gate width of
the current source replica FET is the sum of the gate widths of the gate widths of the branch current

sources of the plurality of branches of the DAC.
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[0024] In one embodiment, the bias circuit includes a feedback amplifier having a first input
and a second input, the first input being connected to the replica voltage output and the second
input being connected to the reference voltage input.

[0025] In one embodiment, the feedback amplifier includes an amplifier output, and the
amplifier output is connected to the gate of a first bias control FET, the first bias control FET being
connected in series with a second bias control FET, the second bias control FET being diode-
connected.

[0026] In one embodiment, the receiver includes a second differential amplifier including a
first FET and a second FET, the first FET and the second FET being connected in a differential pair
configuration.

[0027] In one embodiment, the first DAC output is connected to a bulk terminal of the second
FET of the second differential amplifier and the second DAC output is connected to a bulk terminal
of the first FET of the second differential amplifier.

[0028] In one embodiment, the receiver includes: a timing controller including a digital output;
and a driver integrated circuit (IC) including: an IC input; and a receiver input, of a receiver,
connected to the IC input, the digital output of the timing controller being connected to the IC input

of the driver IC.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] These and other features and advantages of the present invention will be appreciated and

understood with reference to the specification, claims and appended drawings wherein:
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[0030] FIG. 1A is an illustration of an input signal to a non-ideal (e.g., lossy) channel and an
output signal from the non-ideal channel, exhibiting the effects of inter-symbol interference;

[0031] FIG. 1B is a graph showing a signal exhibiting the effects of inter-symbol interference,
and a signal in which the effects of inter-symbol interference have been mitigated by feedback
equalization according to an embodiment of the present invention;

[0032] FIG. 2 is a schematic diagram of a system for direct decision feedback equalization;
[0033] FIG. 3 is a schematic diagram of a system for predictive decision feedback equalization
according to an embodiment of the present invention;

[0034] FIG. 4 is a schematic diagram of a system for predictive decision feedback equalization
using a current digital to analog converter (DAC) at the output of a slicer;

[0035] FIG. 5 is a schematic diagram of a slicer with body bias according to an embodiment of
the present invention;

[0036] FIG. 6 is a schematic diagram of a voltage-mode DAC for providing body bias
according to an embodiment of the present invention;

[0037] FIG. 7 is a schematic diagram of a circuit for regulating DAC bias according to an
embodiment of the present invention; and

[0038] FIG. 8 is a block diagram of a display employing predictive decision feedback

equalization using body bias according to an embodiment of the present invention.
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DETAILED DESCRIPTION

[0039] The detailed description set forth below in connection with the appended drawings is
intended as a description of exemplary embodiments of a body-biased slicer design for predictive
decision feedback equalizers provided in accordance with the present invention and is not intended
to represent the only forms in which the present invention may be constructed or utilized. The
description sets forth the features of the present invention in connection with the illustrated
embodiments. It is to be understood, however, that the same or equivalent functions and structures
may be accomplished by different embodiments that are also intended to be encompassed within
the spirit and scope of the invention. As denoted elsewhere herein, like element numbers are
intended to indicate like elements or features.

[0040] Referring to FIG. 1A, in one embodiment when a signal transmitted by a transmitter is a
single square pulse 110, which, after being transmitted through a non-ideal (e.g., lossy) channel
115 becomes a received signal 120, having a different shape from the transmitted signal. The
received signal 120 has a value Cj at the principal sampling time, i.e., at the sampling time
corresponding to the time at which the data is sampled in the receiver, and, because of the
imperfect characteristics of the non-ideal channel, the effect of the transmitted pulse 110 persists
for several sampling intervals, taking residual signal values referred to as residues C,, C,, and so
on. The residual signal causes inter-symbol interference because it is received at the same time as,
and superimposed on, the signal corresponding to subsequently transmitted data pulses.

[0041] Referring to FIG. 1B, decision feedback equalization may be used after a decision is

made in the receiver regarding whether the transmitted pulse was a 0 or a 1. Once this decision has
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been made, the shape of the transmitted pulse is inferred, the residues at various sampling time
delays are calculated, and the calculated residues are subtracted from the subsequently received
signal 120, to reduce the effects of inter-symbol interference in a corrected signal 125.

[0042] Referring to FIG. 2, in a related art embodiment, direct DFE is accomplished by
processing the received signal with a clocked comparator 210 followed by a shift register 220.
Each successive tap 230, including the output of the clocked comparator and the taps of the shift
register, contains the bit received at a previous sampling time. Each tap 230 is multiplied by a
constant, corresponding to the residue, and fed back and added to the received signal, to cancel the
residues from the previously received bits. The path from the first tap is referred to as the critical
path because timing along this path presents the greatest challenge in the operation of a direct DFE
circuit: in this path the previous bit is resolved and multiplied by its tap value (C,) and subtracted
from the current input in one unit interval (UI).

[0043] Referring to FIG. 3, in a predictive DFE according to one related art embodiment, the
two possible outcomes, corresponding respectively to a O or a 1 having been received, are pre-
calculated by adding a different offset to the input signal in two branches of the circuit, and
converting each result to a digital value in each of two clocked comparators 305, 310. The correct
outcome 1is selected, in a multiplexer 315, as soon as a decision is made in the receiver regarding
whether the previously received bit was a O or a 1. A predictive DFE may have one or more
predictive taps. Referring to FIG. 4, the pre-calculation may be accomplished using a circuit
including a differential amplifier 410, a latch 415, and a current DAC 420, each constructed from

field-effect transistors (FETs). The differential amplifier and the latch are clocked by
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complementary phases of the clock, to form a clocked comparator or “slicer,” and the current DAC
adds an offset current to the output of the differential amplifier. The current DAC used in this
approach consumes additional power, and, because the first tap may be the largest tap in the
system, the parasitic capacitance, and the corresponding degradation in circuit speed, imposed by
the connection of the current DAC to the slicer may be significant.

[0044] Referring to FIG. 5, in one embodiment, a predictive DFE circuit uses the insight that in
a predictive DFE circuit, a predictive tap, e.g., the first tap, is not actively switching so it is not
necessary to add the correction to a high-speed node. In this embodiment a slicer includes a
differential amplifier 510 and a latch 515. The differential amplifier 510 and the latch 515 are
clocked by complementary phases of the clock supplied at a first clock input 516 and a second
clock input 517. The fourth terminal, or “bulk” terminal, of one or both of the transistors in the
differential amplifier 510 of a slicer is used to implement the first tap offset without the first tap
being directly in the data path. The differential amplifier 510 includes two FETs 535, 545
connected in a differential pair configuration, with one terminal of each FET connected to a
common node, or “tail” 520. The differential amplifier offset is implemented by providing an offset
voltage as a bias applied to the fourth terminal of one or more FETs. This bias on the fourth
terminal, or “body bias,” may be applied in a single ended fashion, applied to one of the FETs of
the differential amplifier 510, or it may be applied in a differential fashion to ensure symmetry in
the circuit, with a first bias applied to the fourth terminal 530 of the first FET 535 of the differential
amplifier 510 and a second, complementary bias applied to the fourth terminal 540 of the second

FET 545 of the differential amplifier 510.

-10-
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[0045] A differential bias is generated, in one embodiment, by the differential DAC of FIG. 6.
In this DAC, each of a set of n current sources 610 provides a current, where n is the number of bits
of the DAC. Each current source 610 includes or consists of a FET; the gates of these current
source FETs are connected to a DAC current source bias voltage which may be externally supplied,
at a bias control input of the DAC. The gate width of each current source FET is equal to twice the
gate width of the preceding current source FET in the set, so that the current provided by each
current source 610 is equal to twice the current of the preceding current source 610 in the set. The
smallest of the current source FETs has a gate width referred to as the unit current source gate
width, and it supplies a branch current referred to as the unit branch current. Each current source
feeds two branches of the DAC, containing a first DAC switching transistor, e.g., switching FET
615 and a second DAC switching transistor, e.g., switching FET 620, connected to the first DAC
output 625 and the second DAC output 630, respectively. The switching FET in each branch may
be switched on or off by a respective control signal; these control signals control the output of the
DAC. In other embodiments the ratio of currents in consecutive current sources in the series may
be different from 2, or the currents supplied by the current sources may not form a geometric
progression. The first DAC branches are all connected to a first resistor 635, and the second DAC
branches are all connected to a second resistor 640, so that the total currents flowing in each of the
first resistor 635 and the second resistor 640 produce respective output voltages at the two
complementary DAC outputs 625, 630. In an embodiment using a single-ended DAC, each DAC
current source 610 feeds only one branch of the DAC, each branch containing one switching FET,

and the branches are connected to a DAC resistor, so that the total current flowing in the branches

-11-
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of the DAC produces a voltage at the DAC output. In one embodiment, a differential DAC is used
to provide an offset voltage in one branch of the predictive DFE circuit, and the same differential
DAC is used to provide an opposite offset in the other branch of the predictive DFE circuit, by
reversing, in the second branch, the connection of the two DAC outputs to the fourth terminals of
the FETs in the differential amplifier. In one embodiment the offset voltage supplied as a body
bias, instead of being supplied by a DAC, is supplied by another source of offset voltage source, or
“offset voltage source”, which may be a fixed voltage source.

[0046] In one embodiment, it is necessary to avoid forward biasing the bulk of a FET device.
This may be accomplished by ensuring, using a circuit for limiting the maximum DAC output
voltage, or “DAC voltage limit circuit”, that the maximum DAC output voltage is less than the
voltage at the tail of the slicer, or at least that the maximum DAC output voltage exceeds the slicer
tail voltage by less than a diode drop, so that any leakage current resulting from slight forward-
biasing of the bulk is small. The maximum DAC output voltage corresponds to all of the first
switching FETs 615 being turned on, or all of the second switching FET's being turned on, resulting
in the maximum DAC current (the total current provided by the current sources 610) being driven
through one of the DAC resistors 635, 640. FIG. 7 illustrates a DAC voltage limit circuit according
to one embodiment. In this circuit current flows to ground through a replica circuit 705 including or
consisting of a current source replica FET 710, a switching transistor replica FET 715, and a replica
resistor 720, connected in series. The gate of the current source replica FET 710 is connected to the
gates of the current source FETSs in the DAC (i.e., to the bias control input of the DAC). The gate

width of the current source replica FET is (2n-1)/k times the unit current source gate width, and the

-12-
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switching transistor replica FET 715 is turned on, e.g., by grounding of the gate as illustrated. This
configuration results in a current flowing through current source replica FET 710, the switching
transistor replica FET 715, and through the replica resistor 720, that is equal to 1/k times the
maximum DAC current, where k is a replica scaling factor. The replica resistor 720 has a resistance
equal to k times the resistance of either of the DAC resistors 635, 640 so that the voltage at the
replica voltage output 722, i.e., the voltage drop across the replica resistor 720, is equal to the
maximum output voltage of the DAC. The resistor is connected to the inverting input of an
operational amplifier (op-amp) 725 configured as a feedback amplifier of a negative feedback loop
for controlling the DAC current source control voltage. The non-inverting input 727 of the
feedback amplifier 725 operates as a reference voltage input, and is connected to the slicer tail 520
(FIG. 5). The feedback amplifier 725 drives the gate of a current control FET 728, which controls
the current through a diode connected reference FET 730. The reference FET 730 is the reference
device of a current mirror that includes the current source replica FET 710 and the current source
FETs in the DAC as mirroring devices.

[0047] If the maximum DAC output voltage, present in the replica circuit as the voltage at the
inverting input of the feedback amplifier 725, begins to exceed the slicer tail voltage, the output of
the feedback amplifier will decrease, reducing the current flowing through the current control FET
728. This results in a reduction in the current flowing through the reference FET 730, and,
consequently, a reduction in the currents flowing through the DAC current source FETs and the
current source replica FET 710; in this manner feedback through the feedback amplifier 725

corrects any increase of the maximum DAC output voltage beyond the slicer tail voltage.

13-
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[0048] In operation, a system controller may set the DAC output either to a value determined
prior to operation based on a measurement or a simulation of the behavior of the non-ideal (e.g.,
lossy) channel, or the system controller may set the DAC channel empirically during operation,
adjusting the setting (and the settings of other DACs in the DFE) until the performance of the DFE
is acceptable or optimized. The performance of the DFE may be measured, for example, based on
the bit error rate, if error detection code is used on the transmitted data. A gradient descent process
may be used to find a minimum or acceptable bit error rate.

[0049] The voltage at the slicer tail 520 may fluctuate as a result of its being connected to
ground by a transistor controlled by a clock or switching of the input differential pair. These
fluctuations may be sufficiently above the bandwidth of the control loop implemented by the
feedback amplifier 725 to have little effect, or they may be suppressed by coupling the
complementary clock signal to the slicer tail with a capacitor selected to cancel the high frequency
fluctuations present in the slicer tail voltage.

[0050] The gain and bandwidth of the control loop implemented by the feedback amplifier 725
is influenced by several factors, including the gain and bandwidth of the feedback amplifier 725
and the value of the replica resistor. In one embodiment the unity gain frequency of this loop is
selected to be between 100 kHz and 10 MHz, being high enough to provide rapid start-up, but not
sufficiently high to compromise loop stability.

[0051] Referring to FIG. 8, in one embodiment a display 805 contains a timing controller 8§10
configured to send high-speed digital data to a driver integrated circuit (driver IC) 815, over a non-

ideal (e.g., lossy) channel 820. The driver IC receives a signal that is affected by inter-symbol

_14-
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interference, and includes a receiver constructed according to an embodiment of the present
invention to mitigate the effects of the inter-symbol interference.

[0052] Although exemplary embodiments of a body-biased slicer design for predictive decision
feedback equalizers have been specifically described and illustrated herein, many modifications
and variations will be apparent to those skilled in the art. For example, although in the circuits
described and illustrated, n-channel FETS are used in the slicer and p-channel FETs are used in the
voltage-mode DAC, complementary circuits using p-channel FETs in the slicer or n-channel FETs
in the voltage-mode DAC could be employed. Accordingly, it is to be understood that a body-
biased slicer design for predictive decision feedback equalizers constructed according to principles
of this invention may be embodied other than as specifically described herein. The invention is also
defined in the following claims, and equivalents thereof.

[0053] In this specification, the terms “comprise”, “comprises”, “comprising” or similar terms
are intended to mean a non-exclusive inclusion, such that a system, method or apparatus that

comprises a list of elements does not include those elements solely, but may well include other

elements not listed.

-15-
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WHAT IS CLAIMED IS:

1. A receiver with predictive decision feedback equalization, the receiver
comprising:

a first differential amplifier comprising a first field effect transistor (FET) and a
second FET, the first FET and the second FET being connected in a differential pair
configuration;

a voltage-mode digital to analog converter (DAC) comprising a first DAC output,
the first DAC output being connected to a bulk terminal of the first FET; and

a DAC voltage limit circuit connected to the DAC,

the DAC voltage limit circuit comprising:

a replica circuit to generate a replica voltage equal to a maximum DAC
output voltage of the DAC, and

a feedback amplifier to generate a control voltage to control the maximum
DAC output voltage, the control voltage being proportional to the difference between the

replica voltage and a voltage at a tail of the differential pair configuration.

2. The receiver of claim 1wherein the DAC comprises:
a DAC resistor,
a plurality of branches, and
a bias control input;
and wherein the DAC voltage limit circuit comprises:
a reference voltage input connected to a common node of the first
differential amplifier, and
the replica circuit comprises a scaled replica of a branch of the plurality of

branches of the DAC.

3. The receiver of claim 2, wherein each of the plurality of branches of the

DAC comprises a branch current source.

4, The receiver of claim 3 wherein the branch current source of a first branch

of the DAC comprises a FET having a first gate width, the gate of the FET connected to the

-16-
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bias control input of the DAC, and the branch current sources of a remainder of the
branches of the plurality of branches of the DAC comprise FETs having gate widths of

increasing powers of 2 times the first gate width.

5. The receiver of claim 3, wherein the replica circuit comprises a current
source replica FET, a switching transistor replica FET, and a replica resistor, connected in

series.

6. The receiver of claim 5, wherein:

each of the branch current sources of the plurality of branches of the DAC
comprises a FET, each FET having a gate width;

the resistance of the replica resistor is k times the resistance of the DAC resistor,
where k is a replica scaling factor; and

the gate width of the current source replica FET is the sum of the gate widths of the

gate widths of the branch current sources of the plurality of branches of the DAC.

7. The receiver of claim 5, wherein:
the DAC voltage limit circuit comprises a feedback amplifier having a first input
and a second input, the first input being connected to the replica voltage output and the

second input being connected to the reference voltage input.

8. The receiver of claim 7, wherein the feedback amplifier is configured to

maintain a voltage at the first input that is substantially the same as that at the second input.

9. The receiver of claim 8, wherein the feedback amplifier comprises an
output, and the output is connected to a gate of a first bias control FET, the first bias control
FET being connected in series with a second bias control FET, the second bias control FET

being diode-connected.

10. The receiver of claim 9, wherein the second bias control FET is configured
to operate as a reference device in a current mirror, the current source replica FET and the

FETs of the branch current sources of the DAC being mirror devices in the current mirror.

-17-
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11. The receiver of claim 10, wherein:

the first FET and the second FET of the first differential amplifier are n-channel
FETs;

the source of the first FET is connected to the common node of the first differential
amplifier; and

the source of the second FET is connected to the common node of the first

differential amplifier.

12. The receiver of claim 2, wherein the DAC is a differential DAC comprising
the first DAC output and a second DAC output, the second DAC output being connected to

a bulk terminal of the second FET.

13. The receiver of claim 12, wherein each of the plurality of branches of the

DAC comprises a branch current source.

14. The receiver of claim 13, wherein the branch current source of a first branch
of the DAC comprises a FET having a first gate width, the gate of the FET connected to the
bias control input of the DAC, and the branch current sources of a remainder of the
branches of the plurality of branches of the DAC comprise FETs having gate widths of

increasing powers of 2 times the first gate width.

15. The receiver of claim 13, wherein the replica circuit comprises a current
source replica FET, a switching transistor replica FET, and a replica resistor, connected in

series.

16. The receiver of claim 15, wherein:

each of the branch current sources of the plurality of branches of the DAC
comprises a FET, each FET having a gate width;

the resistance of the replica resistor is k times the resistance of the DAC resistor,

where k is a replica scaling factor; and

-18-
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the gate width of the current source replica FET is the sum of the gate widths of the

gate widths of the branch current sources of the plurality of branches of the DAC.

17. The receiver of claim 15, wherein:
the DAC voltage limit circuit comprises a feedback amplifier having a first input
and a second input, the first input being connected to the replica voltage output and the

second input being connected to the reference voltage input.

18. The receiver of claim 17, wherein the feedback amplifier comprises an
amplifier output, and the amplifier output is connected to a gate of a first bias control FET,
the first bias control FET being connected in series with a second bias control FET, the

second bias control FET being diode-connected.

19. The receiver of claim 12, further comprising a second differential amplifier
comprising a first FET and a second FET, the first FET and the second FET of the second

differential amplifier being connected in a differential pair configuration.

20. The receiver of claim 19, wherein the first DAC output is connected to a
bulk terminal of the second FET of the second differential amplifier and the second DAC

output is connected to a bulk terminal of the first FET of the second differential amplifier.

21. A display, comprising:
a timing controller comprising a digital output; and
a driver integrated circuit (IC) comprising:
an IC input; and
the receiver of any one of claims 1 to 20,
a receiver input, of the receiver, being connected to the IC input,
the digital output of the timing controller being connected to the IC input of the
driver IC.
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