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(57) Abstract: A receiver (305) comprises a differential common-gate amplifier (310) having a differential input and a differential
output, wherein the differential input comprises a first input and a second input, and the differential common-gate amplifier (310) is
configured to amplity an input differential signal at the differential input into an amplitied difterential signal at the differential out-
put. The receiver also comprises a common-mode voltage sensor (322) configured to sense a common-mode voltage of the input dif-
ferential signal, a replica circuit configured to generate a replica voltage that tracks a direct current (DC) voltage at at least one of the
first and second inputs, and a comparator contigured to compare the sensed common-mode voltage with the replica voltage, and to
adjust a first bias voltage input to the differential common-gate amplifier (310) based on the comparison, wherein the DC voltage de -
pends on the first bias voltage.
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COMMON-GATE AMPLIFIER FOR HIGH-SPEED DC-COUPLING
COMMUNICATIONS

BACKGROUND
Field
[0001] Aspects of the present disclosure relate generally to amplifiers, and more particularly, to

common-gate amplifiers.

Background

[0002] A device may include a front-end analog receiver for receiving an incoming signal from
another device. The front-end receiver may perform front-end processing on the
received signal (e.g., amplification, equalization, etc.) before forwarding the signal to
other components in the device for further processing. A current mode logic (CML)

amplifier is typically employed in the front-end receiver to amplify the received signal.

SUMMARY

[0003] The following presents a simplified summary of one or more embodiments in order to
provide a basic understanding of such embodiments. This summary is not an extensive
overview of all contemplated embodiments, and is intended to neither identify key or
critical elements of all embodiments nor delineate the scope of any or all embodiments.
Its sole purpose is to present some concepts of one or more embodiments in a simplified
form as a prelude to the more detailed description that is presented later.

[0004] According to an aspect, a receiver is described herein. The receiver comprises a
differential common-gate amplifier having a differential input and a differential output,
wherein the differential input comprises a first input and a second input, and the
differential common-gate amplifier is configured to amplify an input differential signal
at the differential input into an amplified differential signal at the differential output.
The receiver also comprises a common-mode voltage sensor configured to sense a
common-mode voltage of the input differential signal, and a replica circuit configured to
generate a replica voltage that tracks a direct current (DC) voltage at at least one of the
first and second inputs. The receiver further comprises a comparator configured to
compare the sensed common-mode voltage with the replica voltage, and to adjust a first
bias voltage input to the differential common-gate amplifier based on the comparison,

wherein the DC voltage depends on the first bias voltage.
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[0005] A second aspect relates to a method for operating a differential common-gate amplifier
having a differential input and a differential output, wherein the differential input
comprises a first input and a second input. The method comprises sensing a common-
mode voltage of a differential signal input to the differential input of the differential
common-gate amplifier, generating a replica voltage that tracks a direct current (DC)
voltage at at least one of the first and second inputs, comparing the sensed common-
mode voltage with the replica voltage, and adjusting a first bias voltage input to the
differential common-gate amplifier based on the comparison, wherein the DC voltage
depends on the first bias voltage.

[0006] A third aspect relates to an apparatus for operating a differential common-gate amplifier
having a differential input and a differential output, wherein the differential input
comprises a first input and a second input. The apparatus comprises means for sensing
a common-mode voltage of a differential signal input to the differential input of the
differential common-gate amplifier, means for generating a replica voltage that tracks a
direct current (DC) voltage at at least one of the first and second inputs, means for
comparing the sensed common-mode voltage with the replica voltage, and means for
adjusting a first bias voltage input to the differential common-gate amplifier based on
the comparison, wherein the DC voltage depends on the first bias voltage.

[0007] To the accomplishment of the foregoing and related ends, the one or more embodiments
comprise the features hereinafter fully described and particularly pointed out in the
claims. The following description and the annexed drawings set forth in detail certain
illustrative aspects of the one or more embodiments. These aspects are indicative,
however, of but a few of the various ways in which the principles of various
embodiments may be employed and the described embodiments are intended to include

all such aspects and their equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] FIG. 1 shows an example of a communication system including a transmitter and a
receiver.
[0009] FIG. 2 shows a transmitter according to an embodiment of the present disclosure.
[0010] FIGS. 3A and 3B show a front-end receiver including a differential common-gate
amplifier according to an embodiment of the present disclosure.
[0011] FIG. 4 shows an exemplary implementation of a common-mode feedback circuit

according to an embodiment of the present disclosure.
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[0012] FIG. 5 shows a common-gate amplifier comprising a plurality of amplifier slices
according to an embodiment of the present disclosure.

[0013] FIG. 6 shows a common-gate amplifier with shunt capacitors to extend bandwidth
according to an embodiment of the present disclosure.

[0014] FIG. 7 is a plot showing an example of gain of a common-gate amplifier over frequency
according embodiment of the present disclosure.

[0015] FIG. 8 shows an example of a primary electrostatic discharge (ESD) protection circuit
according embodiment of the present disclosure.

[0016] FIG. 9 is a flowchart illustrating a method for operating a common-gate amplifier

according to an embodiment of the present disclosure.

DETAILED DESCRIPTION
[0017] The detailed description set forth below, in connection with the appended drawings, is
intended as a description of various configurations and is not intended to represent the
only configurations in which the concepts described herein may be practiced. The
detailed description includes specific details for the purpose of providing a thorough
understanding of the various concepts. However, it will be apparent to those skilled in
the art that these concepts may be practiced without these specific details. In some
instances, well-known structures and components are shown in block diagram form in

order to avoid obscuring such concepts.

[0018] FIG. 1 shows an example of a communication system 100 comprising a transmitter 110
and a receiver 120. The transmitter 110 may be located on a first device and the
receiver 120 may be located on a second device, in which the transmitter 110 and the
receiver 120 are used to transfer data from the first device to the second device over first
and second transmission lines 125 and 130. The first and second transmission lines 125
and 130 may comprise traces on a printed circuit board and/or chip, conductors in a
coaxial cable or another type of cable, a twisted wire pair, etc. The transmitter 110 may
transmit a differential signal to the receiver 120 over the first and second transmission
lines 125 and 130. The receiver 120 may perform front-end processing (e.g.,
amplification, equalization, etc.) on the received signal before forwarding the signal to
other components in the second device for further processing.

[0019] The transmitter 110 and the receiver 120 may be used for short-haul communication
between the first and second devices. For example, the first and second devices may be

located on separate chips, in which the transmitter 110 and the receiver 120 are used for
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inter-chip communication between the devices. For high-speed communication, the
transmitter 110 may transmit data (e.g., serial data) to the receiver 120 over the
transmission lines 125 and 130 at speeds in the gigahertz range. This allows the devices
to communicate at higher data rates using fewer pins and transmission lines.

[0020] FIG. 2 shows an exemplary implementation of the transmitter 110. In this example, the
transmitter 110 comprises a first output driver 212 and a second output driver 222. The
first output driver 212 is coupled to the first transmission line 125 (not shown) via a first
resistor 232, and the second output driver 222 is coupled to the second transmission line
130 (not shown) via a second resistor 234. The first and second resistors 232 and 234
may cach have a resistance (denoted “Rs”) of approximately 50 Q or another resistance.

[0021] The first output driver 212 comprises a first switch 215 and a second switch 220, in
which the first switch 215 is coupled between a voltage source 210 and node 217, the
second switch 220 is coupled between node 217 and ground, and the first resistor 232 is
coupled between node 217 and the first transmission line 125. In one example, each of
the first and second switches 215 and 220 comprises an n-type metal-oxide
semiconductor (NMOS) transistor. In another example, the first switch 215 comprises
a p-type metal-oxide semiconductor (PMOS) transistor and the second switch 220
comprises an NMOS transistor. The voltage source 210 may provide a DC voltage Vs
(e.g., 160 mV, 200 mV, 400 mV, 480 mV, etc.).

[0022] In operation, the first output driver 212 drives node 217 high or low. To drive node 217
high, the first switch 215 is turned on and the second switch 220 is turned off. This
causes the first switch 215 to couple node 217 to the source voltage Vs. To drive node
217 low, the second switch 220 is turned on and the first switch 215 is turned off. This
causes the second switch 220 to couple node 217 to ground.

[0023] The second output driver 222 comprises a third switch 225 and a fourth switch 230, in
which the third switch 225 is coupled between the voltage source 210 and node 227, the
fourth switch 230 is coupled between node 227 and ground, and the second resistor 234
is coupled between node 227 and the second transmission line 130. In one example,
cach of the third and fourth switches 225 and 230 comprises an NMOS transistor. In
another example, the third switch 225 comprises a PMOS transistor and the fourth
switch 230 comprises an NMOS transistor.

[0024] In operation, the second output driver 222 drives node 227 high or low. To drive node
227 high, the third switch 225 is turned on and the fourth switch 230 is turned off. This

causes the third switch 225 to couple node 227 to the source voltage Vs. To drive node
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227 low, the fourth switch 230 is turned on and the third switch 225 is turned off. This
causes the fourth switch 230 to couple node 227 to ground.

[0025] To transmit data to the receiver 120 over the transmission lines 125 and 130, the first
and second output drivers 212 and 222 are driven in a complementary fashion. For
example, to transmit a bit value of one, the first output driver 212 may be driven high
and the second output driver 222 may be driven low. To transmit a bit value of zero, the
first output driver 212 may be driven low and the second output driver 222 may be
driven high. For high-speed communication, the switches 215, 220, 225 and 230 may
be switched at speeds in the gigahertz range.

[0026] The receiver 120 may employ a current mode logic (CML) differential amplifier to
amplify the signal from the transmitter 110. However, the CML amplifier may require
charged device model (CDM) electrostatic discharge (ESD) protection, which reduces
bandwidth. This is because the received signal is input to the gates of transistors (e.g.,
PMOS transistors and/or NMOS transistors) in the CML amplifier, in which the gates
require by-pass diodes to protect the gate oxides of the transistors from ESD current
(e.g., by shunting the current around the gate oxides). The by-pass diodes have parasitic
capacitances, which reduce the bandwidth of the CLM amplifier.

[0027] Embodiments of the present disclosure provide front-end receivers that employ a
differential common-gate amplifier as an alternative to a CML differential amplifier.
The common-gate amplifier advantageously alleviates the requirement of CDM ESD
protection. This is because the received differential signal is input to the drains/sources
of transistors in the common-gate amplifier instead of the gates of the transistors. The
drains/sources of the transistors typically do not require by-pass diodes for CDM ESD
protection, and therefore avoid the bandwidth reduction caused by the by-pass diodes
discussed above. Another advantage of the common-gate amplifier is that the input
differential signal is level-shifted up at the differential output of the common-gate
amplifier for next stage processing, as discussed further below.

[0028] FIG. 3A shows a front-end receiver 305 comprising a differential common-gate
amplifier 310 according to an embodiment of the present disclosure. The differential
common-gate amplifier 310 has a differential input comprising a first input (denoted
“inp”) coupled to the first transmission line 125, and a second input (denoted “inn”
coupled to the second transmission line 130. The receiver 305 comprises first and
second termination resistors 326 and 328 coupled in series between the first and second

inputs (inp,inn). The first and second termination resistors 326 and 328 may ecach have
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a resistance (denoted “Rt”) of approximately 50 Q or another resistance. In one aspect,
the resistance Rt may approximately match a characteristic impedance (e.g., 50 Q) of
the transmission lines 125 and 130.

[0029] FIG. 3A shows an example in which the transmitter 110 transmits a bit value of one to
the receiver 305. In this example, the first transmission line 125 is coupled to the
voltage source 210 at the transmitter side via resistor 232, and the second transmission
line 130 is coupled to ground at the transmitter side via resistor 234. This may be done,
for example, by turning on the first and fourth switches 215 and 230 shown in FIG. 2.
In this example, current flows through the transmission lines 125 and 130 and the
termination resistors 326 and 328 in the direction indicated by the arrow 315 in FIG.
3A. As aresult, a positive differential voltage forms across the first and second inputs
(inp,inn) of the differential common-gate amplifier 310.

[0030] FIG. 3B shows an example in which the transmitter 110 transmits a bit value of zero to
the receiver 305. In this example, the first transmission line 125 is coupled to ground at
the transmitter side via resistor 232 and the second transmission line 130 is coupled to
the voltage source 210 at the transmitter side via resistor 234. This may be done, for
example, by turning on the second and third switches 220 and 225 shown in FIG. 2. In
this example, current flows through the transmission lines 125 and 130 and the
termination resistors 326 and 328 in the direction indicated by the arrow 317 in FIG. 3B
(i.e., reverse of the direction shown in FIG. 3A). As a result, a negative differential
voltage forms across the first and second inputs (inp,inn) of the differential common-
gate amplifier 310.

[0031] Thus, the transmitter 110 transmits different bit values by reversing the polarity of the
differential voltage at the differential input (inp,inn) of the amplifier 310. The common-
mode voltage (denoted “vem”) of the differential voltage may be approximately equal to
half the source voltage Vs (assuming the resistances Rs and Rt are approximately
equal). For example, if the source voltage Vs equals 400 mV, then the input common-
mode voltage may be approximately equal to 200 mV. The voltage at the node 324
between the termination resistors 326 and 328 may be approximately equal to the
common-mode voltage of the input differential signal, and therefore may be used to
sense the input common-mode voltage, as discussed further below.

[0032] Referring back to FIG. 3A, the differential common-gate amplifier 310 has a differential
output comprising a first output (denoted “outp”) and a second output (denoted “outn”).

The differential common-gate amplifier 310 is configured to amplify the differential
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signal at the differential input (inp,inn) of the amplifier 310 into an amplified
differential signal at the differential output (outp,outn) of the amplifier 310. In the
example shown in FIG. 3A, the differential output (outp,outn) of the amplifier 310 is
coupled to a buffer 380, which may comprise an equalizer, a second-stage amplifier
(e.g., CML amplifier), or a combination thereof. FIG. 3A shows patristic capacitances
(modeled as parasitic capacitors Cp) between the differential output (outp,outn) of the
amplifier and the differential input of the buffer 380.

[0033] The differential common-gate amplifier 310 comprises a first amplifier 330 coupled
between the first input (inp) and first output (outp) of the differential common-gate
amplifier 310. The first amplifier 330 comprises a first transistor 332, a second
transistor 334, and first and second resistors 336 and 338 coupled in series between the
source of the first transistor 332 and the drain of the second transistor 334. Each of the
first and second resistors 332 and 334 may have a resistance (denoted “R0”) of 400 Q or
another resistance, and each of the first and second transistors 332 and 334 may
comprise an NMOS transistor. The resistors may be implemented using polysilicon
resistors or metal resistors.

[0034] The first transistor 332 is coupled between the first input (inp) and first output (outp) of
the amplifier 310 in a common-gate configuration, in which the source of the first
transistor 332 is coupled to the first input (inp) via the first resistor 336, the drain of the
first transistor 332 is coupled to the first output (outp), and the gate of the first transistor
332 is biased by a first bias voltage vbnl. As discussed further below, the first bias
voltage vbnl may be adjusted so that the DC voltage at the first input (inp) tracks the
common-mode voltage of the input differential signal. The DC voltage may also be
referred to as the bias voltage.

[0035] The drain of the second transistor 334 is coupled to the first input (inp) of the amplifier
310 via the second resistor 338, and the source of the second transistor 334 is coupled to
ground. The gate of the second transistor 334 is biased by a second bias voltage vbn2 to
provide a desired DC bias current for the first amplifier 330. The first and second bias
voltages vbnl and vbn2 are provided by a common-mode feedback circuit 350, as
discussed further below.

[0036] As shown in FIG. 3A, the differential common-gate amplifier 310 comprises a first load
resistor 360 coupled between the supply voltage Vdd (e.g., 0.9 V) and the drain of the
first transistor 332. The first output (outp) of the differential common-gate amplifier
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310 is taken at the node between the first load resistor 360 and the drain of the first
transistor 332.

[0037] The differential common-gate amplifier 310 also comprises a second amplifier 340
coupled between the second input (inn) and second output (outn) of the differential
common-gate amplifier 310. The second amplifier 340 comprises a third transistor 342,
a fourth transistor 344, and third and fourth resistors 346 and 348 coupled in series
between the source of the third transistor 342 and the drain of the fourth transistor 344.
Each of the third and fourth resistors 342 and 344 may have a resistance (denoted “R0”)
of 400 Q or another resistance, and cach of the third and fourth transistors 342 and 344
may comprise an NMOS transistor. In one aspect, the first and second amplifiers 330
and 340 may have substantially identical structures.

[0038] The third transistor 342 is coupled between the second input (inn) and second output
(outn) of the amplifier 310 in a common-gate configuration, in which the source of the
third transistor 342 is coupled to the second input (inn) via the third resistor 346, the
drain of the third transistor 342 is coupled to the second output (outn), and the gate of
the third transistor 342 is biased by the first bias voltage vbnl. As discussed further
below, the first bias voltage vbnl may be adjusted so that the DC voltage at the second
input (inn) tracks the common-mode voltage of the input differential signal.

[0039] The drain of the fourth transistor 344 is coupled to the second input (inn) of the
amplifier 310 via the fourth resistor 348, and the source of the fourth transistor 344 is
coupled to ground. The gate of the fourth transistor 344 is biased by the second bias
voltage vbn2 to provide a desired DC bias current for the second amplifier 340.

[0040] As shown in FIG. 3A, the differential common-gate amplifier 310 comprises a second
load resistor 365 coupled between the supply voltage Vdd and the drain of the third
transistor 342. The second output (outn) of the differential common-gate amplifier 310
is taken at the node between the second load resistor 365 and the drain of the third
transistor 342. In one aspect, each of the first and second load resistors 360 and 365
may have approximately the same resistance (denoted “Ryp.”).

[0041] In operation, the differential common-gate amplifier 310 amplifies the differential
signal at the differential input (inp,inn) into an amplified differential signal at the
differential output (outp,outn) using the first and second amplifiers 330 and 340. In
certain aspects, the differential common-gate amplifier 310 may provide a low-

frequency gain of between 6 and 8 dB or another gain, as discussed further below.
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[0042] The differential common-gate amplifier 310 alleviates the need for CDM ESD
protection compared to a CML differential amplifier. This is because the incoming
differential signal is input to the sources/drains of the transistors 332, 334 342 and 344
in the common-gate amplifier 310 instead of the gates of the transistors. The
drains/sources of the transistors typically do not require by-pass diodes for CDM ESD
protection, and therefore avoid the bandwidth reduction caused by the by-pass diodes
discussed above.

[0043] Another advantage of the common-gate amplifier 310 is that the input differential signal
is level-shifted up for next stage processing. For example, the common-mode voltage
of the input differential signal may be level-shifted up to an output common-mode
voltage given by:

Vout em= Vdd — IRy, (1)
where Vou cm 18 the output common-mode voltage, and Iy, is the DC bias current of each
of the first and second amplifiers 330 and 340. Equation (1) assumes the first and
second amplifiers 330 and 340 have approximately the same bias current and the
resistance of each of the load resistors 360 and 365 is Ry..

[0044] The voltage level shift provided by the common-gate amplifier 310 may be useful when
the input different signal has a relatively low common-mode voltage. For example, the
common-mode voltage (¢.g., 200 mV) of the input differential signal may be below the
threshold voltages (e.g., 300 mV to 400 mV) of NMOS transistors (not shown) at the
inputs of the buffer 380. In this example, the common-gate amplifier 310 may level
shift the input common-mode voltage up so that the output differential signal is able to
properly drive the NMOS transistors.

[0045] As discussed above, the common-mode feedback circuit 350 provides the first bias
voltage vbnl to the gates of the first and third transistors 332 and 342. In one aspect,
the common-mode feedback circuit 350 senses the common-mode voltage of the input
differential signal, and adjusts the first bias voltage vbnl based on the sensed input
common-mode voltage such that the DC voltages at the inputs (inp,inn) of the
differential amplifier 310 are approximately equal to the input common-mode voltage.
This prevents DC current leakage from the inputs (inp,inn) of the amplifier 310. DC
current leakage is undesirable because it can lead to relatively large variations in the
input common-mode voltage. DC current leakage is a problem for the common-gate
amplifier 310 because the differential input signal is DC coupled to the inputs (inn,inp)
of the common-gate amplifier 310 rather than AC coupled (which blocks DC current).
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The common-mode feedback circuit 350 also provides the second bias voltage vbn2 to
the gates of the third and fourth transistors 334 and 344.

[0046] In the example shown in FIG. 3A, the common-mode feedback circuit 350 senses the
input common-mode voltage (denoted “vem™) at the node 324 between the termination
resistors 326 and 328. In this regard, the combination of the termination resistors may
be considered an input common-mode voltage sensor 322, in which the sensor 322 is
coupled between the inputs (inn,inp) of the differential amplifier 310, and the sensed
input common-mode voltage is provided at node 324.

[0047] FIG. 4 shows an exemplary implementation of the common-mode feedback circuit 350
according to an embodiment of the present disclosure. In this embodiment, the
common-mode feedback circuit 350 comprises a comparator 430, a current source 410,
and a replica circuit 420. The comparator 430 may comprise an operational amplifier.

[0048] The replica circuit 420 includes a fifth transistor 435, a sixth transistor 450, and fifth
and sixth resistors 440 and 445 coupled in series between the source of the fifth
transistor 435 and the drain of the sixth transistor 450. The replica circuit 420 may have
a structure similar to the structure of each of the first and second amplifiers 330 and
340. In this regard, the fifth transistor 435 may correspond to each of the first and third
transistors 332 and 342, and the sixth transistor 450 may correspond to each of the
second and fourth transistors 334 and 344. Similarly, the fifth resistor 440 may
correspond to each of the first and third resistors 336 and 346, and the sixth resistors
445 may correspond to each of the second and fourth resistors 338 and 348. The current
source 410 is coupled to the drain of the fifth transistor 435, and is configured to
provide a DC current to the replica circuit 420.

[0049] The gate of the sixth transistor 450 is coupled to the drain of the fifth transistor 435, and
the source of the sixth transistor 450 is coupled to ground. The gate of the sixth
transistor 450 is also coupled to the gate of the second transistor 334 in the first
amplifier 330 and to the gate of the fourth transistor 344 in the second amplifier 340.
As a result, the second, fourth and sixth transistors 334, 344 and 450 form a current
mirror, in which the second and fourth transistors 334 and 344 mirror the current
flowing though the sixth transistor 450. Since the current flowing through the sixth
transistor 450 is approximately equal to the current provided by the current source 410,
cach of the second and fourth transistors 334 and 344 mirrors the current of the current
source 410. As discussed above, the second transistor 334 provides the bias current for

the first amplifier, and the fourth transistor 344 provides the bias current for the second
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amplifier 340. Thus, the bias current of each of the first and second amplifiers 330 and
340 is approximately equal to the current of the current source 410 (assuming the
second, fourth and sixth transistors 334, 344 and 450 have approximately equal channel
widths).

[0050] As shown in FIG. 4, the gate voltage of the sixth transistor 450 corresponds to the
second bias voltage vbn2 input to the gates of the second and fourth transistors 334 and
344. Thus, the second bias voltage vbn2 biases each of the second and fourth transistors
334 and 344 such that the bias current of each of the transistors 334 and 344 is
approximately equal to the current of the current source 410.

[0051] The comparator 430 has a first input coupled to node 324 of the common-mode voltage
sensor 322 (shown in FIG. 3A), and a second input coupled to the node 442 between the
fifth and sixth resistors 440 and 445 of the replica circuit 420. As a result, the first input
of the comparator 430 receives the input common-mode voltage vem from the common-
mode voltage sensor 322, and the second input of the comparator 430 receives the
voltage (denoted “v1”) at the node 442 between the fifth and sixth resistors 440 and 445
of the replica circuit 430. The output of the comparator 430 is coupled to the gates of
the first, third and fifth transistors 332, 342 and 435. Thus, the output voltage of the
comparator 430 provides the first bias voltage vbnl.

[0052] Because the replica circuit 420 has a similar structure as each of the first and second
amplifiers 330 and 340 and is biased by the same bias voltages (i.e., vbnl and vbn2), the
voltage (denoted “v1”) at node 442 of the replica circuit 420 is approximately equal to
the DC voltage at the input (inp) of the first amplifier 330 and the input (inn) of the
second amplifier 340. Thus, the voltage v1 from the replica circuit 420 tracks the DC
voltage at the input (inp) of the first amplifier 330 and the input (inn) of the second
amplifier 340.

[0053] In operation, the comparator 430 compares the difference between vl and vem, and
adjusts the first bias voltage vbnl output by the comparator 430 based on the
comparison in a direction that minimizes the difference between v1 and vem. In other
words, the comparator 430 adjusts the first bias voltage vbnl until the replica voltage v1
approximately equals the input common-mode voltage vem. As a result, the replica
voltage v1 tracks the input common-mode voltage vem. Since the DC voltage at each
input (inp,inn) of the differential amplifier 310 is approximately equal to the replica
voltage v1, this causes the DC voltage at each input (inp,inn) to also be approximately

equal to the input common-mode voltage vem. This prevents DC current leakage from
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the inputs (inp,inn) of the differential amplifier, and therefore variation in the input
common-mode voltage due to DC current leakage.

[0054] Thus, the replica voltage v1 provides the comparator 430 with feedback on changes in
the DC voltage at each input (inp,inn) in response to changes in the first bias voltage
vbnl output by the comparator 430. This allows the comparator 430 to adjust the first
bias voltage vbnl input to the gates of the first and third transistors 332 and 342 such
that the DC voltage at each input (inp,inn) approximately equals the input common-
mode voltage vem.

[0055] FIG. 5 shows the receiver 505 and the differential common-gate amplifier 510
according to another embodiment of the present disclosure. In this embodiment, the
differential common-gate amplifier 510 comprises a first set of amplifier slices 330(1)-
330(n) coupled in parallel, in which each slice may be a duplicate of the first amplifier
330 shown in FIG. 3A. For ease of illustration, FIG. 5 only shows the structure of slice
330(1) in the first set of slices 330(1)-330(n), although it is to be appreciated that each
of the other slices 330(2)-330(n) in the first set of slices may have substantially the
same structure. In one aspect, the number (denoted “n”) of slices in the first set of
slices 330(1)-330(n) equals four but may vary depending on implementation.

[0056] The first input (inp) of the differential amplifier 510 is coupled between the first and
second resistors 336 and 338 of each slice 330(1)-330(n) and the first output (outp) of
the differential amplifier 510 is coupled to the drain of the first transistor 332 of each
slice 330(1)-330(n). The source of the second transistor 334 of each slice 330(1)-330(n)
is coupled to ground.

[0057] The gate of the first transistor 332 of each slice 330(1)-330(n) is biased by the first bias
voltage vbnl, and the gate of the second transistor 334 of each slice 330(1)-330(n) is
biased by the second bias voltage vbn2. The first and second bias voltages vbnl and
vbn2 are provided by the common-mode feedback circuit 350, which may be
implemented with the circuit shown in FIG. 4. In this example, the replica circuit 420
may have a similar structure as each of the slices, and may therefore be referred to as a
replica slice. As a result, in this example, the common-mode feedback circuit 350 may
set the second bias voltage vbn2 such that the bias current of each slice 330(1)-330(n) is
approximately equal to the current of the current source 410. For example, if the current
of the current source 410 is equal to 25 uA, then the bias current of each slice 330(1)-
330(n) may be approximately equal to 25 uA. The DC current flowing through the first

load resistor 360 is approximately equal to the sum of the bias currents of the slices in
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the first set of slices 330(1)-330(n). For example, if there are four slices (i.e., n equals
four) and the bias current of each slice is 25 pA, then the DC current flowing through
the first load resistor 360 is approximately equal to 100 pA.

[0058] The amplifier 510 also comprises a second set of amplifier slices 340(1)-340(n) coupled
in parallel, in which each slice may be a duplicate of the second amplifier 340 shown in
FIG. 3A. For ease of illustration, FIG. 5 only shows the structure of slice 340(1) in the
second set of slices 340(1)-340(n), although it is to be appreciated that each of the other
slices 340(2)-340(n) in the second set of slices may have substantially the same
structure. In one aspect, the number of slices in the second set of slices 340(1)-340(n)
equals four but may vary depending on implementation.

[0059] The second input (inn) of the differential amplifier 510 is coupled between the third and
fourth resistors 346 and 348 of each slice 340(1)-340(n) and the second output (outn) of
the differential amplifier 510 is coupled to the drain of the third transistor 342 of each
slice 340(1)-340(n). The source of the fourth transistor 344 of ecach slice 340(1)-340(n)
is coupled to ground.

[0060] The gate of the third transistor 342 of each slice 340(1)-340(n) is biased by the first bias
voltage vbnl, and the gate of the fourth transistor 344 of cach slice 340(1)-340(n) is
biased by the second bias voltage vbn2. The first and second bias voltages vbnl and
vbn2 are provided by the common-mode feedback circuit 350, which may be
implemented with the circuit shown in FIG. 4. In this example, the common-mode
feedback circuit 350 may set the second bias voltage vbn2 such that the bias current of
cach slice 340(1)-340(n) is approximately equal to the current of the current source 410.
The DC current flowing through the second load resistor 365 is approximately equal to
the sum of the bias currents of the slices in the second set of slices.

[0061] In this embodiment, the output common-mode voltage of the amplifier 510 may be
given by:

Vout em= Vdd —n-Iy-Ry, (2)
where n is the number of slices in cither the first st of slices or the second set of slices,
I is the bias current of each slice in either the first set of slices or the second set of
slices, and Ry is the resistance of cither the first load resistor 360 or the second load
resistor 365. Equation (2) assumes that the second set of slices 340(1)-340(4) has
substantially the same structure as the first set of slices 330(1)-330(4).

[0062] The input resistance looking into first set of slices 330(1)-330(n) may be approximately
given by:
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1

R RO
R, = (1 + TL> + — (3)

n'gm

n

where Rj, is the input resistance, n is the number of slices in the first set of slices, gm 18
the transconductance of the first transistor 332 in each slice, rys is the drain-to-source
resistance of the first transistor 332 in each slice, Ry is resistance of the first load
resistor 360, and RO is the resistance of the first resistor 336 in cach slice. The input
resistance looking to the second set of slices 340(1)-340(n) may be similarly computed.

The low frequency gain of the differential amplifier 510 may be given by:

1 8m ‘RL
A, = . (4)
v Em RO 140, R
1+1+n'gds'RL 8ds kL

where Ay is the gain, n is the number of slices in the first set of slices, gn is the
transconductance of the first transistor 332 in each slice of the first set of slices, ggs is
the drain-to-source conductance of the first transistor 332 in each slice of the first set of
slices, Ry is the resistance of the first load resistor 360, and RO is the resistance of the
first resistor 336 in cach slice of the first set of slices. Equation (4) assumes that the
second set of slices 340(1)-340(4) has substantially the same structure as the first set of
slices 330(1)-330(4).

[0063] FIG. 6 shows the receiver 605 and the differential common-gate amplifier 610
according to another embodiment of the present disclosure, in which first and second
shunt capacitors 612 and 615 are used to extend the bandwidth of the amplifier 610, as
discussed further below.

[0064] In this embodiment, the first load resistor 360 comprises a seventh resistor 620 and an
eighth resistor 625 coupled in series. The seventh resistor 620 has a resistance of Ry,
and the eighth resistor 625 has a resistance of Ry, in which the sum of the resistances of
the seventh and eight resistors 620 and 625 is approximately equal to the resistance Ry,
of the first load resistor 360. The second load resistor 365 comprises a ninth resistor
630 and a tenth resistor 635 coupled in series. The ninth resistor 630 has a resistance of
R;; and the tenth resistor 635 has a resistance of Rj,, in which the sum of the
resistances of the ninth and tenth resistors 630 and 635 is approximately equal to the
resistance Ry, of the second load resistor 365.

[0065] The first shunt capacitor 612 is coupled between the first input (inp) of the differential
amplifier 610 and node 628, where node 628 is between the seventh and eighth resistors

620 and 625. More particularly, one terminal of the first shunt capacitor 612 is coupled
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to the first input (inp) and the other terminal of the first shunt capacitor 612 is coupled
to node 628. The second shunt capacitor 615 is coupled between the second input (inn)
of the differential amplifier 610 and node 638, where node 638 is between the ninth and
tenth resistors 630 and 635. More particularly, one terminal of the second shunt
capacitor 615 is coupled to the second input (inn) and the other terminal of the second
shunt capacitor 615 is coupled to node 638. The first and second shunt capacitors 612
and 615 provide an differential AC signal path between the differential input (inp,inn)
and the differential output (outp,outn) of the amplifier 610. The AC signal path adds a
zero to the frequency response of the amplifier 610 that extends the bandwidth of the
amplifier 610. This may be explained by way of the following example.

[0066] FIG. 7 is a plot showing an example of the gain 710 of the common-gate amplifier over
frequency without the shunt capacitors 612 and 615, and an example of the gain 720 of
the common-gate amplifier over frequency with the shunt capacitors 612 and 615. In
this example, the capacitance CO is equal to 400 fF, the resistance Ry is equal to 1.2
KQ, and the resistance Ry, is equal to 300 Q. As shown in FIG. 7, the gain 710 without
the shunt capacitors 612 and 615 rolls off at a lower frequency compared to the gain 720
with the shunt capacitors 612 and 615. This is because the shunt capacitors 610 and 612
add a zero to the frequency response of the amplifier that causes the gain to bend up,
and therefore extend the bandwidth of the amplifier. In the example shown in FIG. 7,
the bandwidth of the amplifier with the shunt capacitors is approximately 4.5 GHz,
where the bandwidth is defined by the frequency at which the gain of the amplifier
decreases by one dB from the low frequency gain of the amplifier. The low frequency
gain may be estimated from equation (4) above.

[0067] The location of the zero provided by the shunt capacitors 612 and 615 may be adjusted
by adjusting the resistances Ry, and Ry, and/or the capacitance CO. In one aspect, the
zero may be located before the first pole of the amplifier 610, an example of which is
shown in FIG. 7. As shown in FIG. 7, the gain 710 without the shunt capacitors 612
and 615 starts to roll off before one gigahertz due to the pole of the amplifier. In this
example, the zero provided by the shunt capacitors 612 and 615 bends the gain 720 up
before the pole, causing the gain to the roll off at higher frequencies and extending the
bandwidth of the amplifier. The amplifier may have one or more additional poles
located at higher frequencies.

[0068] FIG. 8 shows an example of a primary electrostatic discharge (ESD) protection circuit
810 that may be used to provide ESD protection (¢.g., Human Body Model (HBM) ESD
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protection) for the receiver 605 according to an embodiment of the present disclosure.
The primary ESD protection circuit 810 comprises a first ESD diode 812 coupled
between the first input (inp) and a power supply rail, a second ESD diode 815 coupled
between the first input (inp) and ground, a third ESD diode 820 coupled between the
second input (inn) and the power supply rail, and a fourth ESD diode 825 coupled
between the second input (inn) and ground. The ESD diodes 812, 820, 815, 820 and
825 protect the receiver 605 from ESD by shunting ESD currents to the power rail or
ground. The ESD circuit 810 may also be used to provide ESD protection for other
circuits on the same chip as the receiver 605.

[0069] In this example, the resistors 336, 338, 346 and 348 may be used to provide additional
ESD protection for the transistors 332, 334, 342 and 344. This is because the resistors
336, 338, 346 and 348 delay ESD current from entering the sources/drains of the
transistors 332, 334, 342 and 344. This delay provides the primary ESD circuit 810
with more time to shunt the ESD current to the power supply rail or ground. The
additional ESD protection allows the use of core transistors for the transistors 332, 334,
342 and 344 instead of input/output (I/O) transistors. Core transistors are typically
faster and operate at lower supply voltages than 1/O transistors, resulting in higher
performance and lower power consumption.

[0070] FIG. 9 is a flowchart illustrating a method 900 for operating a differential common-gate
amplifier according to an embodiment of the present disclosure. The differential
common-gate amplifier (e.g., amplifier 310, 510 or 610) has a differential input (e.g.,
inp,inn) and a differential output (e.g., outp,outn), wherein the differential input
comprises a first input (e.g., inp) and a second input (e.g., inn).

[0071] In step 910, a common-mode voltage of a differential signal input to the differential
input of the differential common-gate amplifier is sensed. For example, the common-
mode voltage may be sensed using two resistors (e.g., termination resistors 326 and
328) coupled in series between the first input and the second input. In this example, the
common-mode voltage is sensed at a node (e.g., node 324) between the two resistors.
The two resistors have approximately equal resistance.

[0072] In step 920, a replica voltage that tracks a direct current (DC) voltage at at least one of
the first and second inputs is generated. For example, the replica voltage may be
generated by a replica circuit (e.g., replica circuit 420) that has a structure similar to a
portion of the differential common-gate amplifier. In one example, the replica voltage

may be approximately equal to the DC voltage. The replica voltage may track the DC
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voltage at the first input, the DC voltage at the second input, or the DC voltage at the
first and second inputs (assuming the DC voltage at the first input is approximately
equal to the DC voltage at the second input).

[0073] In step 930, the sensed common-mode voltage is compared with the replica voltage.
For example, the replica voltage may be compared with the common-mode voltage
using a comparator (e.g., comparator 430).

[0074] In step 940, a first bias voltage input to the differential common-gate amplifier is
adjusted based on the comparison, wherein the DC voltage depends on the first bias
voltage. For example, the first bias voltage may be adjusted in a direction that reduces a
difference between the replica voltage and the common-mode voltage. In this example,
the replica voltage may be approximately equal to the DC voltage. Thus, reducing the
difference between the replica voltage and the common-mode voltage reduces the
difference between the DC voltage and the common-mode voltage, which, in turn,
reduces DC leakage current from the common-gate amplifier.

[0075] Those skilled in the art would appreciate that the circuits described herein may be
realized using a variety of transistor types, and are therefore not limited to the particular
transistor types shown in the figures. For example, transistor types such as bipolar
junction transistors, junction field effect transistor or any other transistor type may be
used. Those skilled in the art would also appreciate that the circuits described herein
may be fabricated with various IC process technologies such as CMOS, bipolar junction
transistor (BJT), bipolar-CMOS (BiCMOS), silicon germanium (SiGe), gallium
arsenide (GaAs), etc.

[0076] The previous description of the disclosure is provided to enable any person skilled in the
art to make or use the disclosure. Various modifications to the disclosure will be readily
apparent to those skilled in the art, and the generic principles defined herein may be
applied to other variations without departing from the spirit or scope of the disclosure.
Thus, the disclosure is not intended to be limited to the examples described herein but is
to be accorded the widest scope consistent with the principles and novel features

disclosed herein.
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CLAIMS

WHAT IS CLAIMED IS:
1. A receiver, comprising:

a differential common-gate amplifier having a differential input and a
differential output, wherein the differential input comprises a first input and a second
input, and the differential common-gate amplifier is configured to amplify an input
differential signal at the differential input into an amplified differential signal at the

differential output;

a common-mode voltage sensor configured to sense a common-mode voltage of

the input differential signal;

a replica circuit configured to generate a replica voltage that tracks a direct

current (DC) voltage at at least one of the first and second inputs; and

a comparator configured to compare the sensed common-mode voltage with the
replica voltage, and to adjust a first bias voltage input to the differential common-gate
amplifier based on the comparison, wherein the DC voltage depends on the first bias

voltage.

2. The receiver of claim 1, wherein the differential output comprises a first output

and a second output, and the differential common-gate amplifier comprises:

a first transistor having a drain coupled to the first output, a source coupled to

the first input, and a gate biased by the first bias voltage; and

a second transistor having a drain coupled to the second output, a source coupled

to the second input, and a gate biased by the first bias voltage.

3. The receiver of claim 2, wherein the differential common-gate amplifier further
comprises:

a first resistor coupled between the source of the first transistor and the first
input; and

a second resistor coupled between the source of the second transistor and the

second input.
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4. The receiver of claim 2, wherein the differential common-gate amplifier further

comprises:

a first load resistor coupled between a supply voltage and the drain of the first

transistor; and

a second load resistor coupled between the supply voltage and the drain of the

second transistor.

5. The receiver of claim 4, wherein the first load resistor comprises two resistors
coupled in series between the supply voltage and the drain of the first transistor, and the
receiver further comprises a shunt capacitor having one terminal coupled to the first

input and a second terminal coupled to a node between the two resistors.

6. The receiver of claim 2, wherein the receiver further comprises a current source
coupled to the replica circuit, the replica circuit is configured to generate a second bias
voltage based on a current of the current source, and the differential common-gate

amplifier further comprises:

a third transistor having a drain coupled to the first input, a source coupled to a

ground, and a gate biased by the second bias voltage; and

a fourth transistor having a drain coupled to the second input, a source coupled

to the ground, and a gate biased by the second bias voltage.

7. The receiver of claim 6, wherein the replica circuit comprises:

a fifth transistor having a drain coupled to the current source, a source, and a

gate biased by the first bias voltage; and

a sixth transistor having a drain coupled to the source of the fifth transistor, a
source coupled to the ground, and a gate coupled to the gates of the third transistor and
the fourth transistor, wherein a gate voltage of the sixth transistor corresponds to the
second bias voltage, and the replica voltage is provided at a node between the source of

the fifth transistor and the drain of the sixth transistor.
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8. The receiver of claim 1, wherein the common-mode voltage sensor comprises
two resistors coupled in series between the first input and the second input, wherein the

sensed common-mode voltage is provided at a node between the two resistors.

9. The receiver of claim 1, wherein the differential output comprises a first output
and a second output, and the differential common-gate amplifier comprises:
a first shunt capacitor coupled between the first input and the first output; and

a second shunt capacitor coupled between the second input and the second

output.

10.  The receiver of claim 1, wherein the comparator is configured to adjust the first
bias voltage in a direction that reduces a difference between the replica voltage and the

sensed common-mode voltage.

11.  The receiver of claim 10, wherein the replica voltage is approximately equal to
the DC voltage.
12. A method for operating a differential common-gate amplifier having a

differential input and a differential output, wherein the differential input comprises a

first input and a second input, the method comprising:

sensing a common-mode voltage of a differential signal input to the differential

input of the differential common-gate amplifier;

generating a replica voltage that tracks a direct current (DC) voltage at at least

one of the first and second inputs;
comparing the sensed common-mode voltage with the replica voltage; and

adjusting a first bias voltage input to the differential common-gate amplifier

based on the comparison, wherein the DC voltage depends on the first bias voltage.

13.  The method of claim 12, further comprising generating a second bias voltage

input to the differential common-gate amplifier based on a current from a current
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source, wherein the second bias voltage controls a bias current of the differential

common-gate amplifier.

14.  The method of claim 12, further comprising providing an alternating current
(AC) shunt path between the differential input and the differential output to extend a

bandwidth of the differential common-gate amplifier.

15. The method of claim 12, wherein adjusting the first bias voltage based on the
comparison comprises adjusting the first bias voltage in a direction that reduces a

difference between the replica voltage and the sensed common-mode voltage.

16.  The method of claim 15, wherein the replica voltage is approximately equal to
the DC voltage.
17.  An apparatus for operating a differential common-gate amplifier having a

differential input and a differential output, wherein the differential input comprises a

first input and a second input, the apparatus comprising;:

means for sensing a common-mode voltage of a differential signal input to the

differential input of the differential common-gate amplifier;

means for generating a replica voltage that tracks a direct current (DC) voltage at

at least one of the first and second inputs;

means for comparing the sensed common-mode voltage with the replica voltage;

and

means for adjusting a first bias voltage input to the differential common-gate
amplifier based on the comparison, wherein the DC voltage depends on the first bias

voltage.

18.  The apparatus of claim 17, further comprising means for generating a second
bias voltage input to the differential common-gate amplifier based on a current from a
current source, wherein the second bias voltage controls a bias current of the differential

common-gate amplifier.
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19.  The apparatus of claim 17, further comprising means for providing an
alternating current (AC) shunt path between the differential input and the differential

output.

20. The apparatus of claim 19, wherein the means for adjusting the first bias voltage
based on the comparison comprises means for adjusting the first bias voltage in a
direction that reduces a difference between the replica voltage and the sensed common-

mode voltage.

21.  The apparatus of claim 20, wherein the replica voltage is approximately equal to

the DC voltage.
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