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(57) Abstract: The present invention is directed to electrical circuits and methods thereof. In a specific embodiment, an array of
differential amplifiers includes a number of amplifier devices configured in parallel relative to a pair of differential inputs and parallel
relative to a pair of differential outputs. A total gain of the array of differential amplifiers is based on the number of amplifier devices
and their respective auxiliary transistors being turned on. There are other embodiments as well.

[Continued on next page]



WO 2024/054213 A | [I00] 0000000 OO O 00O

Declarations under Rule 4.17:

— as to the identity of the inventor (Rule 4.17(i))

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— of'inventorship (Rule 4.17(iv))

Published:
—  with international search report (Art. 21(3))



—
L

20

)
o

30

WO 2024/054213 PCT/US2022/042922

DRIVER AMPLIFIERS WITH DIFFERENTIAL AMPLITIER ARRAYS

BACKGROUND OF THE INVENTION
{6001]  Driver amplifiers are widely used in small signal RF applications. Deploved in many
wircless conpmunication systems, such as WLAN, Wi, Bluetooth, or Cellular networks, the
driver amplifier has been required to deliver high performance in gain control and signal noise
reduction while keeping power consumption as low as possibie. A design objective to save
power while still trying to maintain the amplifier gain often causes the issue of output signal

noise or phase distortion.

{6002] Therefore, new and improved driver amplifier circuit topologies and corresponding

control schemes are desired.

BRIEF SUMMARY OF THE INVENTION
{6003]  In a specific embodiment, an array of differential amplifiers includes several
amplificr devices configured in parallel relative to a pair of differential inputs and parallel
relative to a pair of differential cutputs. A total gain of the array of differential aroplificrs is
hased on the number of amplifier devices and their respective auxdliary transistors being turned

on. There are other ernbodiments as well.

{0084] In one aspect, a driver amplifier apparatus is provided. A driver amplifier apparatus
includes a first differential input terminal. The apparatus also includes a second differential
input terminal. The apparatus also includes a controd logic configured to provide a first
plorality of control signals and a second plurality of control signals. The first plurality of
control signals includes a first control signal. The second plurality of conirol signals includes a
second control signal. The apparatus also includes a first differential output terminal. The
apparatus also inchides a second differential output terminal. The apparatus also includes an
array of differential amplifiers inchading a first differential amplifier device and a second
differential amplificr device, the first differcntial amplificr device and the second differential
amplifier device may include a parallel input configuration and a parallel output configuration.
The first differential amplifier device may inchide: a first input transistor may include a first
gate and a first drain, the first gate being coupled to the first differcntial input termuinal; a
second input transistor may include a second gate and a second drain, the second gate being

coupled to the second differential input terminal; a first output transistor coupled to the first
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drain and the first control signal; a second output transist

first control signal; a first auxiliary transistor may include a third gate and a third drain, the

third gate being coupled to the first differential input terminal, the thicd drain being coupled to

the second drain; a sccond auxiliary fransistor may include a fourth gate and a fourth drain, the
5 fourth gate being coupled to the sccond differential input terminal, the fourth drain being

coupled to the first drain; and a third auxiliary gransistor coupled to the first auxiliary transistor

and the sccond control signal.

{0085] In another aspect, a driver amplifier apparatus includes a first differential input
terminal. The apparatus also includes a second differential input terminal. The apparatus also
10 inclodes a first differential output terminal. The apparatus also includes a second differential
output terminal. The apparatus also includes an array of differential amplifiers including a first
differential amplificr device and a second differential amplificr device, the first differential
amplifier device and the second differential amplifier device may inclade a parallel mnput

configuration and a parallel output contiguration. The {fivst differential amplifier device may

[
[ & 4]

include: a first input fransistor may include a first gate and a first drain and a first source, the
first gate being coupled to the first differential input terminal; a second input transistor may
include a second gate and a second drain and a second source, the second gate being coupled to
the second differential nput terminal; a fivst output transistor may include a third gate and a
third drain and a third source, the thivd source being coupled to the first drain, and the thixd
20 gate being coupled to a first control signal; a second output transistor may include a fourth gate
and a fourth drain and a fourth source, the fourth source being coupled to the second drain, and
the fourth gate being coupled to the first control signal; a first auxiliary transistor may include
a fifth gate and a fifth drain and a fifth source, the fifth gate being coupled to the first
differential input terminal, the fifth drain being coupled to the second drain; a second auxiliary
23 transistor may include a sixth gate and a sixth drain and a sixth source, the sixth gate being
coupled to the second differential input terminal, the sixth drain being coupled to the first
drain; and a third asxiliary transistor may include a seventh gate and a seventh drain and a
seventh source, the seventh drain being coupled to the sixth source, the seventh gate being

coupled to a second control signal.

30 {08086] In afurther aspect, a driver amplifier apparatus is provided in which a control logic is
configured to provide cither a first signal or a second signal. The first signal includes an
cnabling binary signal. The second signal includes a disabling binary signal. The apparatus
also includes an array of & differential amplifier devices, wherein N is an integer. Each

differential ampiifier device respectively includes an amplificr unit having a first control
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terminal and an auxiliary unit having a second control e

to a parallel input configuration and a parallel output configuration, and the avxiliary unit is
coupled to the amplifier unit and the parailel input configuration. The control logic is
configured to set m differential amplifier devices in a first state with the respective first control
terminals being supplied with the first signal and the respective second control terminals being
supplied with the second signal, and to set n differential amplificr devices in a second state
with the respective first control terminals being supplied with the sccond signal and the
respective second control terminals being supplied with the first signal, whereinm+n SN, 5>

1.

{6007]  Itis to be appreciated that embodiments of the present invention provide many
advantages over conventional techniques. Among other things, driver amplifiers according to
embodiments of the present invention with multi-sliced differential amplificr cells provide
improved AM-FM performance under control schemes designed according to the topology of
the individual differential amplifier. Additionally, improved AM-PM performance divectly
leads to improved error-vector magnitude (EVM), an iraportant metrie of driver amplificr
performance, even with a smaller nuraber of mirned-on differential amplifier cells with flexible
gain control and reduced power consumption. Vartous performance metrics are used (o
analyze the DA operation under different control schemes, demonstrating many advantages

over conventional amplifiers in various RF applications.

{0088] Embodiments of the present invention can be implemented in conjunction with
cxisting systems and processes. For cxample, driver circuits and differential amplifiers
according to the present invention can be used in a wide variety of systerns and applications,

including celhular, Wiki devices, and others. There are other benefits as well.

{000%]  The present invention achieves these benefits and others in the context of known
technology. However, a further understanding of the nature and advantages of the present
invention may be realized by reference to the latter portions of the specification and attached

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
{0018] Figure | is a simplified diagram illustrating a driver amplificr according o various

cmbodiments of the present invention.

{0011] Figure 2A is a simplified diagram iHustrating an exemplary driver amplifier with an

array of differential amplifiers according to various embodiments of the present inveation.
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{0012] Figure 2B is a siroplified diagram illustrating ;
amplifier with an array of differential amplifiers according to various embodiments of the

present invention.

{0013] Figure 3 is a simplified graph showing the performance of the driver amplifier
5  according to various embodiments of the present invention using gain variation, phase shifting,

and error-vector magnitude measurement.

{6014] Figure 4 is a simplified graph showing the performance of the driver amplifier
according to various alternative embodiments of the present invention using gain and phase

controf and error-vector magnitude measurement.

16
DETAILED DESCRIPTION OF THE INVENTION
{6035] The present mvention is directed to electrical circuits and methods thereof. Ina
spectfic embodiment, an array of differential amplificrs includes several amplifier devices
configured in parallel relative to a pair of differential inputs and paraliel relative to a pair of
15 differential outputs. A total gain of the array of differential amplifiers is based on the number
of amplifier devices and their respective auxiliary transistors being turned on. There are other

embodiments as well.

{6016] The following description is presented to enable one of ordinary skill in the art to
make and use the invention and to incorporate it into the context of particular applications.

20 Various modifications, as well as a variety of uses in different applications, will be readily
apparent to those skilled in the art, and the general principies defined hercin may be applied to
a wide range of embodiments. Thus, the present invention is not intended to be limited to the
embodiments presented but is to be accorded the widest scope consistent with the principles

and novel features disclosed herein.

25 [8317]  In the following detatled description, mimerous specific detais are outlined to
provide a more thorough understanding of the present invention. However, it will be apparent
o one skilled in the art that the present invention may be practiced without necessarily being
fimited to these specific details. In other instances, well-known strictures and devices are

shown in block diagram form, rather than in detail, to avoid obscuring the present invention.

30 [0018] The reader’s attention is directed to all papers and documents which are filed
concurrently with this specification and which are open to public inspection with this
specification, and the contents of all such papers and documents are incorporated herein by

reference. All the features disclosed in this specification, {including any accompanying clatms,
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abstract, and drawings} may be replaced by alternative ¢
similar purpose, unless expressly stated otherwise. Thus, unless expressly stated otherwise,
cach feature disclosed is one example ondy of a generic series of cquivalent or similar features.

{0019] Furthermore, any clement in a claim that does not explicitly state ""means for™"

e

performing a specified function, or "'step for™" performing a specific function, i8 not to be

IRl

interpreted as a ""means”" or "step™" clause as specified in 35 U.S.CL Section 112, Paragraph

W

6. In particular, the use of ""step of ™" or ""act of"" in the Claims herein is not itended to

inveoke the provisions of 35 U.S.C. 112, Paragraph 6.

{6028] Morecover, when an element is referred 1o herein as being "connected” or "coupled” to
another clement, it 1s to be understood that the elements can be directly connected o the other
clement, or have intervening clements present between the elements. In contrast, when an
clement is referred to as being "directly connected” or “directly coupled” to ancther clement, it
should be understood that no intervening elements are present in the "divect” connection
between the elements. However, the existence of a direct connection does not exclude other

connections, in which intervening elements may be present.

16021] Please note, if used, the labels left, right, front, back, top, bottom, forward, reverse,
clockwise, and counterclockwise have been used for convenience purposes only and are not
intended to imply any particular fixed direcuon. Instead, they ave used to reflect relative

locations and/or directions between various portions of an object.

{6022]  In some embodiments, a driver amplifier apparatus is provided. The apparatus
includes a first differential input terminal. The apparatus also includes a second differential
input terminal. The apparatus also includes a control logic configured to provide a first
plurality of control signals and a second plurality of control signals. The first plurality of
control signals includes a first conwol signal. The second plurality of control signals inclades a
second control signal. The apparatus also inchudes a first differential output terminal. The
apparatus also includes a second differential output terminal. The apparatus also includes an
array of differential amplifiers inchuiding a first differential amplifier device and a second
differential ampiificr device, the first differential amplifier device and the sccond differential
amplifier device may include a parallel input configuration and a parallel output configuration.
The fivst differential amplifier device may incluade: a first input transistor may inchude a first
gate and a first drain, the first gate being coupled to the first differential input terminal; a
sccond input transisior may include a second gate and a second drain, the second gaie being

coupled to the second differential input terminal; a first ouiput ransistor coupled to the firse
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drain and the first control signal; a second output transist

first control signal; a first auxiliary transistor may include a third gate and a third drain, the

third gate being coupled to the first differential input terminal, the thicd drain being coupled to

the second drain; a sccond auxiliary fransistor may include a fourth gate and a fourth drain, the
5 fourth gate being coupled to the sccond differential input terminal, the fourth drain being

coupled to the first drain; and a third auxiliary gransistor coupled to the first auxiliary transistor

and the sccond control signal.

{6023] In some examples, implementations may include one or more of the following
features. The first differential amaplificr device further may include a fourth auxiliary transistor
10 coupled to the second auxiliary transistor and the second control signal. The third auxiliary
transistor may include a fifth drain and a fifth gate, the fifth gate being coupled to the second
control signal. The fifth drain is directly coupled to the first auxiliary transistor. The fifth drain
is divectly coupled to the second muxiliary transistor. The driver amplificr apparatus may
inchude a fourth auxiliary transistor, the fourth axxihary transistor may inchide a sixth drain

3

and a sixth gate, the sixth drain being dircctly coupled to the second auxiliary transistor, and

[
[ & 4]

the sixth gate being coupled to the second controf signal. The first output transistor s turned
off based on the first control signal, and the third asxiliary transistor is turned on based on the
second control signal. The first differential amplifier device is operated in an off mode with
phase correction. The control logic may include a look-up table for gencrating the first control
20 signal and the second control signal. The driver amplifier apparatus may include a feedback
loop path, the control logic being contigured on the feedback loop path and coupled to the first
differential output terminal and the second differential cutput terminal. The first input
transistor 18 characterized by a first device area and the first auxiliary fransistor s characterized
by a second device area. The second device area is no greater than 80% of the first device area.
23 Implementations of the described techniques may include hardware, a method or process, or

computer software on a computer-accessible medium.

{0024] In further embodiments, a driver amplifier is provided. The driver amplifier inclades
a first differential input terminal. The apparatus also inchudes a sccond differential input
terminal. The apparatus also inclodes a fivst differential output terminal. The apparatus also
30 includes a second differential output terminal. The apparatus also inchudes an array of
differential amplificrs including a first differential amplificr device and a second differential
amplifier device, the first differential amplifier device and the second differential amplifier
device may incluode a paralie] input configuration and a parallel output configuration. The first

1

differential ampiifier device may inchade: a first input transistor may include a first gate and a
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first drain and a first source, the first gate being coupled

a second input transistor may include a second gate and a second drain and a second source,
the second gate being coupled to the second differential input terminal; a first output {ransistor
may include 2 third gate and a third drain and a third source, the third source being coupled to
the first drain, and the third gate being coupled to a first control signal; a second output
{ransistor may include a fourth gate and a tourth drain and a fourth source, the fourth source
being coupled to the second drain, and the fourth gate being coupled to the first control signal;
a first apxiliary transistor may include a fifth gate and a fifth drain and a fifth source, the fifth
gate being coupled to the first differential input terminal, the fifth drain being coupled to the
sccond drain; a second auxiliary transistor may include a sixth gate and a sixth drain and a
sixth source, the sixth gate being coupled to the second differential input terminal, the sixth
drain being coupled o the first drain; and a third anxiliary transistor may inclade a seventh
gate and a scventh drain and a seventh source, the seventh drain being coupled to the sixth
source, the seventh gate being coupled to a second control signal.

1

{6025]  In some examples, implementations may include one or more of the following
features. The seventh drain is coupled to the fifth source and the seventh source is grounded.
The driver amplifier apparatus may incluade a fourth auxiliary transistor. The fourth auxiliary
transistor may include an eighth gate and an cighth drain and an cighth source, the cighth drain
being coupled to the fifth source, the eighth gate being coupled to the second control signal,
and the cighth source being grounded. The driver amplifier apparatas may include a control
logic configured to gencrate the first control signal for turming on the first output transistor and
the second output transistor. The driver amplifier apparatus may inchude a control logic
configured to generate the second control signal for turning on the third auxiliary transistor.
Implernentations of the deseribed techniques may include hardware, a method or process, or

comypaiter software on a computer-accessible medivm.

{0026] In yet further embodiments, a driver amplifier apparatus is provided. The driver
amplifier apparatos inclades a conirol logic 1s configured to provide either a first signal or a
sccond signal. The first signal includes an enabling binary signal. The sccond signal includes
a disabling binary signal. The apparatus also inclodes an array of & differential amphifier
devices, wherein NV is an integer. Each differential amplifier device respectively includes an
amplificr unit having a first control terminal and an auxiliary unit having a second control
terminal. The amplifier unit is coupled to a paralie] input configuration and a paralle! output
configuration, and the avxiliary unit is coupled to the amplifier unit and the parallel input

configuration. The control logic is configured to set m differential amplifier devices in a first
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state with the respective first controd terminals being sup

respective second control terminals being supphed with the second signal, and to set »
differential ampiifier devices in a second state with the respective first control terminals being
supplied with the sccond signal and the respective sceond control terminals being supplied

5 with the first signal, wherein m+n <N, n2> 1.

{60271  In some examples, the amplifier unit includes a first input transistor coupled to a first
differential input terminal coupled to the parallel inpuot configuration. The amplificr unit also
includes a second input transistor coupled to a sccond differential input terminal coupled to the
parallel input configuration. The amplifier unit further inchides a first output transistor

10 coupled to the fivst inpuot transistor, a first differential cutput terminal coupled to the paraliel
output configuration, and the first control terminal. The amplifier unit sall includes a second
output fransistor coupled to the second input transisior, a second differential output terminal
coupled to the parallel output configuration, and the first control terminal. The awxiliary unit

inchudes a first auxiliary transistor coupled to the first differential input terminal and cross-

[
[ & 4]

coupled to the second input transistor. The auxiliary unit also includes a second auxiliary
transistor coupled to the second differential input terminal and cross-coupled to the first input
transistor. The auxiliary anit still includes a third auxiliary transistor coupled to the second
control terminal and both the first auxiliary transistor and the second apxiliary transistor. Uther
cmbodiments of this aspect include corresponding computer systems, apparatus, and compuier
20 programs recorded on one or more computer storage devices, each configured to perform the

actions of the methods.

{6028] In further examples, the control logic associated with the driver amplifier is
configured to set &k (k < m) differential amplifier devices in the first state and { {{ > n})
differential amplificr devices in the second state to enhance system power saving while

25 maintaining a signal crror-vector magnitude below a preset value. The control logic is
configured to fix the number a1 of the m Gifferential amplifier devices in the first state while
only increasing the number » of the n differential amnplifier devices in the second state
reduce phase distortion while lowering a signal crror-vector magnitude at least by -4dB and
maintaining a nearly constant armplificr gain. Implementations of the described techniques

30 may include hardware, a method or process, or computer software on a computer-accessible

mediom.
{0029] Figare 1 is a simplified diagram illustrating a driver amplifier according to various
cmbodiments of the present invention. This diagram is merely an example, which should not

vnduly limit the scope of the claims. One of the ordinary skills in the art would recognize



(a3

(a3

4

WO 2024/054213 PCT/US2022/042922

many variations, alternatives, and modifications. In vark
(DA} 103 has a pair of input terminals configured to receive a first input signal Vi {ie., input
signal plus) at the first input terminal (+) and a second input signal Vim (i.c., input signal
minus) at the second input terminal (-} from a source 102, For example, A difference between
the first input signal Vip and the second input signal Vi forms a differential input Vip — Vim.
For example, the first input signal and the second input signal have opposite polarity. In the
embodiment, the DA is configured as a differential amplifier device to amplify the differential
inputs Vi — Vim to vield a differential output signal Voo with an amplifier gain. In some
implementations, for example, the differential output signal can be converted to an output
signal af a single output terminal through an inductive coupling load. As described in further
detail below, the DA 103 in Figure 1 includes several differential amplifiers (sometimes
referved to as "slices™) that are configured in parallel, and the number of differential amplifiers
that are enabled determines the total amplificr gain of the DA 103, According to various
cmbodiments, the amplificr gain may be variable under countrols from two control signals, a
first control signal VCAS and a second control signal ENT, generated by a control module
101, For example, the VCAS signal and the ENT signal each include several bits, and each hit
can be used to enable or disable a differential amaplifier 103, In some embodiments, control
module 101 is configured to flexibly use different combinations of the first control signal
/CAS and the second control signal ENT to adjust VA 103 operations for gain change. noise
reduction, phase correction, of the like. In an crobodiment, control module 101 includes a
{ook-up table (LUT)—predetermined o satisfy various performance metrics of the DA-—that is
used to determine the combination of the two control signals. In some embodiments, the
control module 101 is coupled to the output terminal via a feedback path 104 so that the
control modufe 107 can generate the first and the second control signals according 1o the DA
103 performance metric measured in real-time. For example, the DA may be used for driving
small signals in various RF applications, such as wireless comumnunication systems (Wi,
Bluctooth, cellular, or the like), with flexibly adjusted gains and improved amplitude-to-phase
{AM-PM) characteristics. Accordingly, the control modale 101 may include, in various
examples, control logic {such as a logic circuit, application specific integrated circuit {ASIC),
and/or progranmunable logic (e.g., a ficld programamable gate array)), and/or a controller, such as
a microcontroller, processor, ot other device configured to execute computer readable

instructions and perform processes as described herein.

{6036] DAs according to embodiments of the present invention may be suitable for various
purposes characterized by different loads, such as coaxial load, inductive coupling, and

resistance load, without specific limitation except that load matching is required for tunning
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the amplifier gain. The advantages of the DA disclosed |

the improvement of several performance metrics. Un a system level, the DA may operate by
setting the signal error-vector magnitade (EVM) below a certain threshold value with reduced
AM-PM distortion. In various impleraentations, by optimizing civcuitry design and control
scheme selection, the DA also achieves operation power saving while maintaining gain control
flexibiity. In some specific embodiments, the DA includes an array of differential amplifier
devices incorporated respectively with auxiliary switches. The control module associated with
the DA is designed to provide the first control signal VCAS to twrn on or off individuoal
differential amplifier devices as well as the second control signal ENT to enable or disable the
corresponding auxiliary switches for achieving improved phase correction and additional gain
control flexibility. Iroplementations of the described techniques may include hardware, 2
method or process, or computer software on a computer-accessible mediom. Further details of
the DA circuit topology and control scheme are described with refercnce to Figure 2A and

Figure 28 below,

{6031] Figure 2A is a simplified diagram diustrating an exemplary driver amplifier with an
array of differential amplifiers according to various erobodiments of the present invention.
This diagram is merely an example, which should not undaly fimit the scope of the claims.
Une of the ordinary skills in the art would recognize many variations, alternatives, and

modifications.

{6032] As shown, the driver amplifier (DA} is configured as an array of N cells, labeled as
<I>, ..., <N-1>, and <N>, arranged to have a parallel input configuration and a parallel output
configuration. Hach cell is configured as an independent differential amplifier device,
optionally, with substantially the same topology including a pair of input transistors and a pair
of output fransistors plus several auxiliary transistors. It is understood that the N cells as
shown with corresponding labels might be arranged in any order visually, not being limited to
a serial order showsn in Figare 2A. Using the first differential amplifier device «<1> as an
example, it is configured with a first control terminal 31 coupled to a control module o receive
a first control signal VCAS and a second control terminal 32 coupled to the control module to
receive a second control signal ENT respectively. The parallel input configuration, as arrange
for individual cells, inclades a first differential input terminal 11 configured to receive a first
input signal Vi, and a second differential input terminal 12 configured to receive a second input
signal Vin, providing a differential input signal Vip-Vin. For example, Vi and Vi bave
opposite polarities. In various embodiments, each differential amplifier device in the DA may

receive the differential input signal with differential phases.

10
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{00331  The first differential amplifier device <i>, as sl
differential output terminal 21 and a second differential output terminal 22 respectively
outputting a first output signal OP<1> (putput "plus”) and a second output signal OM<l>
(output "minus”).  The parallel output configuration of the DA allows cach differential
5 amplifier device to contribute the output of individual differential amplifier devices to vield a
first output signal OP and a second output signal OM, resulting in a differential output signal
OP-OM. Optionally, via an inductive coupling ioad, an output signal Vout on a single output
terminal of the DA is obtaived from the differential output signal OP-OM. With more
differential amplifier devices in the DA being in use, output signal phase distortion may arise.
13 As shown below in more detail, the control module (not explicitly shown in Figure 2ZA)
associated with the DA disclosed herein is configured to implement an effective control
scheme for reducing phase distortion. The control module can at least use the first control
signal YVCAS to control how many (s differential amplificr devices are turned on among the
array of N differential amaplificr devices and use the sceond control signal ENT to enable a
15 selected mumber () of auxiliary devices among the (N-m) tarned-off differential amplifier
devices to make the DA's system-level performance o be opiimized in terms of several
metrics like a minimum EVM, signal amplitude or phase distortion level, and amplifier gain

level required for a certain load, or others.

{6034] In a specific embodiment, as illustrated in Figure 2 A, the first differential amplifier
20 device <I> includes a first input transistor 111 coupled to a first outpot transistor 113, and a
second input transisior 112 coupled to a second output transistor 114, The first input transistor
111 has a gatc terminal connected to the first differential input terminal 11, a drain terminal
coupled o the first cutput fransistor 113, and a source ferminal grounded. The furst output
transistor 113 has a gate terminal connected to the first control terminal 31, The first output
23 wansistor 113 also includes a drain terminal connected to the first differential output terminal
21 and a source terminal connected to the drain terminal of the first input transistor 111, The
second input transistor 112 inchides a gate terminal connected to the second differential input
terminal 12, a drain terminal connected 1o the second output transistor 114, and a source
terminal grounded. The second output transistor 114 has a gate {orminal connected to the first
30 control terminal 31, a drain terminal connected to a second differential output terminal 22, and
a source terminal connected to the drain terminal of the second input transistor 112, The gate
terminal of the first input transistor 111 is connected to the first differential input terminal 11
that is supplied with a furst input signal Vip. The gate terroinal of the second input transistor

112 15 connected to the second differential input terminal 12 which is supplied with a second

(a3
4

input signal Vis. The first control terminal 31 is supplied with a first control signal VCAS<1>»
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from the control module. The first control signal VCAS.

output transistor 113 and the second output wansistor 114, Additionally, the first differential
amplifier device <1> includes a first auxiliary transistor 121 coupled to the second input
transistor 112 and a sccond auxiliary transistor 122 coupled to the first input transistor 111,
The first auxiliary wansistor 121 includes a gate terminal connected to the first differential
input terminal 11 and a drain terminal connected to the dramn terminal of the second input
fransistor 112. The second auxiiary transistor 122 includes a gate terminal connected to the
second differential input terminal 12 and a drain terminal connected to the drain termunal of the
first input transistor 111, Purthermore, the fivst differential amplifier device <1 includes a
third auxiliary transistor 123 conunected to the first input transistor 111 and the second control
terminal 32, Morcover, the first differential amplifier device <> includes a fourth auxiliary
transistor 124 connected to the second input transistor 112 and the second control terminal 32.
Specifically, the gaie terminal of the third auxiliary transistor 123 and the gate terminal of the
fourth auxiliary transistor 124 arc both connected to the second control terminal 32 supplied
with a second control signal ENT<1> from the control module. The third auxiliary transistor
123 and the fourth auxiliary wansistor 124 are served as auxiliary switches, which are
controlled by the second control signal ENT<1>, as an enabling signal, to switch on or off.
Optionally, the third auxiliary transistor 123 and the fourth auxiliary transistor 124 can be

implemented using a single avxiltary switch transistor.

{0035] As seen in Figure 2A, the gate terminal of the first anxiliary transistor 121 shares the
first differential input terminal 11 with the gate termunal of the {ivst input transistor 111, and
the gate ferminal of the second auxiliary transistor 122 shares the second differential input
terminal 12 with the gate terroinal of the second input transistor 112, This topology provides a
source degeneration effect in the differential aroplifier configoration, reduces the amplifier
gain, improves signal crror tolerance, and enhances the linearity of the signal amplification. At
the same timae, the auxiliary transistors 121 and 122-—because their drain terminals are
crossover connected respectively with the drain terminal of the second input transistor 112 and
the drain terminal of the first input transistor 111—also provide a crossover effect to partially
cancel amplifier gain and to reduce non-linear capacitive noise from CGD coupling of
transistors. Auxiliary transistors 123 and 124 provide a switch function as their gate terminals
are connected to the second control terminal 32 and conoolled by the control moduie (e.g.,

control logic} to use the second control signal ENT<I> to turn on or off the auxiliary switches.

{6036] As shown in Figure 2A, in various embodiments, all other N cells «2>, ... <N-1>,

and <N> of the DA are configured in the same topology as the first differential amplifier
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device <1>. In general, the first differential amplifier de

the DA and may not be the first one as shown in Figure 2A. All the N differential amplifier
devices of the DA have a parallel input configuration and a parallel cutput configuration. The
control modufe {e.g., the control module 101 in Figure 1) is configured 1o provide an array of
first control signals YCAS<I>, ..., VCAS<N-1>, and VOCAS<N> respectively to
corresponding first control terminal 31 of the array of differential amplifiers <i>, ..., <N-I>,
and <N> and also provide an array of second control signals ENT<1>,. .., ENT<N-1», and
ENT<N> respectively to corresponding second control terminal 32 of the array of differential
amplifiers <I>, ..., <N-I>, and <N>. In various implementations, cach of the & first control

signals or the N second control signals is a binary enabling signal.

{60371 In an embodiment, the DA is operated with the control module configured to
implement a control scheme for achieving certain system-level performance metrics. In the
control scheme, sub-array m cells of the & cells of the DA are selected to be turned on by
setting VCAS = 1, ENT = 0, and next sub-array n = Xom (X < N} cells of the DA are set to
VCAS =0, ENT = 1 while remaining cells are turned off by setting to VCAS =0, ENT =0, In
some embodiments, m is preferred o be as small as possibie (i.c., let a mintmum number of
cells of the DA be turned on) to save system power consumption while n is preferred tobe a
larger value to minimize signal phase distortion and maintain the ervor-vector magnitude
(EVM) of the DA below a threshold (e.g., -40dB). Optionally, the control module {c.g., the
control logic) is configured to select s and n through a built-in look-up table based on various
performance metrics in applications, sach as power saving, amplifier gain, gain required for
matching the load, signal amplitude or phase distortion, EVM, ctc. The ENT = 1 seiting for
the next sub-array 1 celis s particularly used for achicving signal phase control with these cells
being set in an off state by VCAS ={. Any one of these cells with ENT = 1, compared to any
cell being set to ENT = (, has additional auxiliary transistors enabled in crossover connections
between the differential input fermainals and differential output terminals. Because of the cross-
coupling, the non-linear capacitance due to CGD coupling of transistors can be redoced. In an
example, the input capacitance variation is reduced from 17% to 6.9% for a single cell in an off
state. As a result, signal amplitude-to-phase distortion of the DA is reduced and
correspondingly the DA’s performance s improved with an improved EVM. For the DA with
a sub-array of m differential amplifier devices being set to a first state by two control signals
VCAS =1, ENT =0, and a sub-array of n differential amplificr devices being set to a sccond
state by two alternate control signals VCAS = 0, ENT = |, the DA can be adjusted by tuning m
and n to perform s best for corresponding application, e.g., to turn on the least number of

differential ampiifier devices to achicve an improved EVM under a required gain level. In
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general, a larger value of m alone may result in a smaller

restriction of X — m) with fixed a tends to yield a smaller EVML

{6038]  In another embodiment, the conirel module (e.g., control logic) can he configured to
implement a control scheme for providing an additional level of gain control by taking
advantage of source degencration and crossover effects provided by the auxiliary transistors.
For example, setting both control signals VCAS and ENT to 1 directly adds an auxiliary unit
(consisting of all auxiliary transistors 121, 122, 123, 124 as shown in Figure 24 and a second
control terminal 32) o an amplifier unit {consisting of all input transistors 111, 112 and output
transistors 113, 114 as shown in Figure 2A and a first controf terminal 31) in each differcntial
amplificr device. The auxiliary ot contributes a negative gain on top of the positive gain
given by the amplifier unit. Generally, the auxiliary transistors have a smaller device area,
e.g., < 80%, than the inpuf transistors. Thus, the negative gain may partially cancel the
amplifier gain. By setting a state given by VCAS = 1 and ENT = 1, the gain level maintains a
generally lingar relationship with the number of differential amplifier devices in this state: the
gain level increases corresponding to an increasing number of differential amplifier devices in
such a state. By seiting a state given by VCAS = 0 and ENT = 1, the gain level still can be
affected by the increasing mumber of differensial amplifier devices in DA in such a state,
though the gain change may be negligibly small. As vsed herein, a device area may refer to

the two-dimensional arca of a substrate occupied by the component and/or device.

{0039] In various embodiments, the control module, implemented for the DA with &
differential amplifiers, is configured to make a selection of a combination of the first control
signal VCAS and the second control signal ENT out of 25 bits of binary enabling signals for
controlling cach of the & differential amphficrs individually. In some alternative embodiments,
the control module associated with the DA is configured to provide two signals: the first signal
is setto 1 as an enabling signal, and the second signal is set to 0 as a disabling signal. The
control module selects an array of m differential amplifier devices by sending the first signal 1
to the first control terminal of the amplifier units and the second signal § to the second control
terminal of the corresponding auxiliary units. The array of m differential amplifier devices is
set in a fivst state. The control module may also select an arvay of n differential amplifier
devices, with the first control terminal of the amplifier units being supplied with the second
signal O and the second control terminal of the auxiliary units being supplied with the first
signal 1. The array of # differential amplifier devices is set in a second state. For example, the
selection of an array of m or n differental amplifier devices in the first or second states may be

based on a look-up table pre-stored in the control module. In another example, the section is

14



[
[ & 4]

20

30

WO 2024/054213 PCT/US2022/042922

based on a feedback path formed between the control mc

illustrated in Figure 1. The feedback path allows the control module to receive a feedback
signal about the DA’s performance metric such as phasce distordon, EVM, amplifier gain
required for matching the load, ete. The control module may make some adjustments in the

controf signal setting for achieving optimization for the DA operation.

{0040] In Figure 2A, all transistors are shown as NMOS transistors. Yet, the differential
amplifier device circoitry in the DA disclosed herein is also suitable for using PMOS
transistors to achicve the same functions as claimed herein. In some embodiments, Bipolar
junction wansistors may be used instead. In various cmbodiments, the addition of the auxiliary
transistors (o each cell of the DA compared with conventional DA without using the auxiliary
transistors does provide advantages in redocing signal phase distortion and improving EVM. It
also allows a smaller number of cclls to be turned on with substantially the same amplifier
gain, which results in system power saving., Depending on the implementation, the number of
transistor devices per cell may depend on the device arca avatlability. For example, auxibiary
transistors may be smaller than the main transistors (1.¢., first and second input and output
transistors) in cach cell. Thus, a small device-area cost is always a goal of the DA design. For
example, the size of the first anxiliary transistor 121 is iroplemented with an area that is 80%
or smaller relative to that of the first input ransistor 111, For the DA disclosed herein to
operate in various small signal RF applications, the choice of the load has no limitation. For

example, the load can be inductive coupling type, coaxial cable type, or other alternatives.

{0041] Figure 2B is a simplified diagram illustrating an alternative exemplary driver
amplificr with an arvay of differential amplifiers according to varicus embodiments of the
present inventon. This diagram is merely an example, which should not unduly limit the
scope of the claims. One of the ordinary skills in the art would recognize many variations,

alternatives, and modifications.

{0042] The driver amplifier (DA) shown in Figure 2B shares a similar topology as the DA
shown in Figure 2ZA. It includes an array of N cells, labeled (1), ..., (N-1), and (N), arranged to
have a parallel input configuration and a pavallel output configuration.  Individual cells (or
sometimes referred to as "slices”) are configured as a differential amplifier device with the
same or substantially similar topology, where each includes a pair of input transistors and a
pair of output transistors, plus auxiliary transistors. A pair of input transistors are respectively
coupled to a first differential input terminal 11 and a second differential inpwt terminal 12
coupled to the paralle] input configuration of the DA, The pair of output transistors are

respeciively coupled o a first differential output terominal 21 and a second differential output

15



20

30

(a3

4

[ & 4]

WO 2024/054213 PCT/US2022/042922

terminal 22 coupled to the parallel output configuration «

module (e.g., the control module 181 in Figure 1) is coupled to a first control terminal 31 to
provide a first control signal VCAS, and coupled to a second control terminal 32 to provide a
second control signal ENT respectively for each cell. In various embodiments, the first
differential input terminal 11 is configured to receive a {irst inpot signal Vip and the second
differential input terminal 12 is configured to receive a second input signal Vi, thereby the
differcntial input signal being Vip-Vim, where Vip and Vi, have opposite polarity. For each
cell, the first differential output terminal 21 and the second differential output terminal 22
respectively output a first output signal OP(1) and a second output signal OM(1}. The paraliel
output configuration of the DA allows cach differential amplificr device to contribute an outpui
of individual differential amplificr device to yield a first output signal OF and a sccond output
signal OM, resulting in a differential output signal OP-OM of the DA, In an embodiment, the
differential output signal is provided as an output signal Vout on a single output terminal

through an inductive coupling load.

{0043]  In a spacific ermbodiment, the first differential amplifier device (1) includes a first
input transistor 211 coupled to the first output transistor 213, The first input transistor 211 has
a gate terminal that 1s connected to the first differential input terminal 11, The first input
transistor 211 also has a drain terminal coupled o the fivst cutput transistor and a source
termoinal grounded. The first output transistor 213 has 2 gate terminal that s connected to the
first control terminal 31, The first output wansistor 213 also has a drain terminal that is
connected to the first differential output terminal 21, The first output wansistor 213 has a
source terminal that is connected to the drain terminal of the first input transistor 211,
Additionally, the first differential amplifier device (1) includes a second nput transistor 212
coupled to a second output transistor 214, The second input transistor 212 inchides a gate
terminal connected to the second differential input terminal 22. The second input transistor 212
also has a drain termainal that is coupled to the second cutput transistor 214 and 4 source
terminal grounded. The second output transistor 214 has a gate terminal that is connected o
the first control terminal 31. The second output transistor 214 also has a drain terminal that is
connected {o a second differcatial output terminal 22 and a source terminal connected o the
drain terminaf of the second input transistor 212, The gate fermoinal of the first input fransistor
211 is connected to the first ditferential input terpinal 11 which is supplied with the fivst input
signal Vip. The gate terminal of the second input transistor 212 is connected to the second
differential input terminal 12 which is supplied with the second input signal Viw. The first
control terminal 31 is coupled to the first control signal VCAS(D) from the control module.

The first control signal VCAS(1) is for turning on or off the first output transistor 201 and the
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second output transistor 202, The two input transistors 2

serve as an amplifier unit controlled by the fivst control signal VCAS(1) via the first control
terminal 31. The first differential amplifier device (1) further includes a first auxiliary
transistor 221, a second avxiliary transistor 222, and a third auxiliary transistor 223, The first
auxiliary wansistor 211 includes a gate termunal that is connected to the first differential input
torminal 11 and a drain terminal that is connected to the drain terminal of the second input
fransistor 212. The second auxiliary transistor 222 has a gate terminal that is connected to the
second differential input terminal 12, The sccond auxiliary transistor 222 also has a drain
terminal that is connected to the drain terminal of the first input transistor 211 and a source
terminal that is shorted with a source terminal of the first auxiliary transistor 221.
Furthermore, the thivd auxiliary transistor 223 has 2 gate terminal that is connected to the
second control terminal 32, The third auxiliary transistor 223 also includes a drain terminal
that is connected to both the source terminals of the first auxiliary transistor 221 and the
second auxifiary transistor 212, The third auxiliary transistor 223 further includes a source
terminal that is grounded. Specifically, the three auxiliary transistors form an auxiliary unit
controlled by the second control signal ENT(1) via the second control terminal 32. Here no
additional auxiliary transistor is used, saving more device space and reducing power
consurgption for operating the DA, Further, cach auxiliary transistor is selected with a smaller

{e.g.. < 80%) device area than the input/output transistors.

{6044] In an alternative embodiment, the DA disclosed in Figure 2B can be viewed as an
array of N differential amplifier devices with a parallel input configuration and a parallel
output configuration. Each of the N differential amplificr devices comprises a first control
terminal coupled to an amplifier unit and a second control terminal coupled to an auxiliary unit
and is independently controlled by a control module to supply a first control signal and a
second control signal via the first control terminal and the second control terminal. The
amplificr unit consists of the first/second input transistors coupled to the first/second
differential input terminals, and the first/second output ransistors coupled to the first/output
differential output terminals and gate-connected to the first control terminal. The auxiliary unit
comsists of all auxiliary transistors cross-connected to the first/sccond input ransistors and
coupled to the second conirol terminal. The control module can determine to sct the first
control signal to an enabling binary signal and the second control signal o a disabling binary
signal. Thus, the amplifier unit and the auxiliary unit of each of the array of N differential
amplifier devices may be turned on or off depending on the svstem-level performance

requirements of the DA,
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{0045] In an embodiment, the DA disclosed in Figare |

being configured to implement a control scheme for achieving certain system-level
performance metrics. The control scheme is designed for controlling signal phase shift such
that the resulied EVM can be kept under a threshold value by turning on the amplificr unit in
each of a smaller number of m cells in the DA with the corresponding auxiliary unit being
switched off in thosc cclis. At the same time, the control module enables the auxiliary unif in
cach of the proper number of 1 = (X-m) cells in the DA without turning on the corresponding
amplifier unit in each of those celis. In some other embodiments, an alternative control
scheme 1s implemented to simply reduce the phase distortion to yield a lower EVM by fixing a
sub-array of m cells with cach amplifier unit being cnabled and auxiliary unit disabled, and by
increasing the number n of a sub-array of 1 cells with cach amplifier unit being disabled and
auxiliary pnit enabled. Of course, other control schemes may also be implemented with this

DA design according to the present disclosure.

{0046] Figare 3 is a simplified graph showing the performance of the driver amplifier
according to various cmbodiments of the present invention using gain variation, phase shifting,
and error-vector magnitude measurement. These graphs are merely examples, which should
not unduly limit the scope of the claims. One of the ordinary skills in the art would recognize
many variations, alterpatives, and meodifications. The diiver amplifier (BA) referred to in
Figure 3 can be the DA described in Figure 2A or Figure 2B and is operated vnder control by a
control modite in various control schemes. Various performance metrics or advantages are
demonstrated in some embodiments of the DA configured with an agray of 64 differential
amplifier devices (like the one shown in Figure 2A or Figure 2B) and the control module
configured to provide a first control signal VCAS to either 1 or § and a second controd signal
ENT to either O or 1. In pa, the DA used in Figure 3 has m differential amoplifier devices being
set in a first state defined by supplying the first control signal CAS = 1 to respective amplifier
units and the second control signal ENT = § to respective auxiliary units, and has n = 63 —m
differential amplifier devices being set in a second state defined by supplying the first control
signal VCAS = { to respective amplifier units and the second control signal ENT =1 to

respective auxiliary uniis.

{60471 As shown, the top graph shows a relationship between the amplifier gain of the driver
amplifier and the number s of the differential araplificr devices in the first state {(while having
n =63 — m differential amplifier devices in the second state. Heve, as m varies from 24 10 48 (n
= §3 — m) the amplifier gain increases almost linearty from 12.87 dB 10 22.27 dB for driving a

small signal (with Pout ranging from -20dBm or less up to 18 dBm or more). When m
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becomes lower than such as 36 down to 24, the gain line
auxiliary unit in cach differential amplifier device in the DA, the DA has nearly the same
AMAM performance, compared with conventional driver amplifiers without using the

auxiliary transistors.

{0048] The middle graph of Figure 3 shows a measurement of error-vector magnitude
(EVM) at Pout = 6.0 dBm. As m decreases over 32 down to 28, EVM starts to crossover the -
40 dB mark. Generally, a higher EVM means a poorer Amplitude-to-Phase (AM-PM)
behavior of the driver amplifier. A certain value of EVM is generally set, such as -40dB, as a
performance metric required for the driver amplifier in use. The middie graph shows that the
DA disclosed herein can allow only 30 in the arvay of 64 differential arophifier devices to be
tarned on to make the EVM under -40dB. This is improved compared with a typical
performance of a conventional driver amplifier with multi-sliced differcuntial amplifiers which
requires at least 36 differential amplifiers o be turned on. Less number of tumed-on
ditferential amplifiers resulis in less system power consamption. The DO current at Pout 6dBm
can be reduced from 34.9mA to 30mA comparing the DA disclosed herein with the
conventional design. The DO current without signal is also reduced by 16%. Additionally,
with the same number, e.g., 36, of turned-on unit cells in the DA, AM-PM behavior is also
improved. This suggests a conwrol scheme to allow the control module to select a smaller
nurnber & (k<) of the & differential araplifier devices set in the first state by VCAS =1,
ENT=0 in the DA, and select a larger mumber { (I>n) of the [ differential amplifier devices set
in the second state by VCAS = §, ENT = 1, such that the system power saving is enhanced

while the signal error-vector magnitude still being maintained below the desired level

{0049] The AM-PM behavior of the driver amplifier can be directly reflected from the phase
peaking point shift due to different settings of the driver amplifier. The bottom graph of Figure
3 just shows a plot of the phase (deg) versus Pout for varying m from 24, 28, ..., 44, t0 48 (and
=83 —m). It shows that the phase peak shifts lower and lower from 3.36 deg down to 0.058
deg. For m = 36, the phase peak is 1.2 deg. which is significantly lower than 5.4 deg obtained
by the conventional DA with 36 turned-on sliced differential amplificrs but without the
auxiliary pnits in design. The reduction of phase peaking divectly results in an improved, i.e.,
lowered error-vector magnitude. This indicates that the DA design and the associated conirol
scheme disclosed herein are particularly advantageous for the AM-PM improvement over the

conventional DA in various RF applications.

{0058] The data shown in Figure 3 is merely showing a DA with 64 sliced differential

amplificrs and only an isolated few settings for m tumed-on celis. But, the performance of the
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DA with a larger number, e.g., 128 or others, cells and th
out of the 128 cells in the DA, similar or more advantageous performance metrics can be

presented and covered by the claims of this disclosure.

{0051] Figure 4 is a simplified graph showing the performance of the driver amplifier
according to alternative embodiments of the present invention using gain and phase control and
crror-vector magnitude measuremient. These graphs are merely examples, which should not
unduly limit the scope of the claims. One of the ordinary skills in the art would recognize
many variations, alternatives, and modifications. The driver amplifier (DA) referred to in
Figure 4 can be the DA described in Figure 2A or Figure 2B and is operated under control by a
controf modele in an alternative control scheme. Again, the DA is configured with an array of
64 differential amplifier devices, cach differential amplitier device including an amplifier unit
having a first control terminal and an auxiliary unit having a second control terminal. The
amplifier unit is coupled to a parallel input configuration and a paraliel output configuration,
and the auxiliary unit is coupled to the amplifier unit and the paraliel input configuration. A
comntrol module associated with the DA is configured to provide a first signal "1" as an enabling
signal and a second signal "0" as a disabling signal.  In particular, the DA used for
measurements shown in Figure 4 has m differential amplifier devices being set in a first state,
i.e., an on state, with respective amplifier units being enabled by supplying the first signal "1"
and the respective auxiliary units being disabled by supplying the second signal "0", and has »
= 63 — m differential aroplifier devices being set in a second state, t.e., an off state, with
respective amplifier units being disabled by supplying the second signal "0" while respective
auxiliary units being enabled by supplying the first signal "1". In particular, Figure 4 shows
various measureraent resufts of the DA with s being fixed to 40 while # varying from §, 2, 4,

20, 0 22

{0052] As shown in Figure 4, the top graph shows amplifier gain variation as n varies from §
to 22, The result indicates that the amplifier gain is nearly constant with just . 1dB variation.
As long as the mimber m is fixed for the sub-aray of m ditfferential amplifier devices in the
first state, the amplifier gain of the DA iz almost not affected by how many remaining
differential amplificr devices in the second state, Auxiliary unit does contribute a negative
gain with the crossover conpection with the amplifier unit but it 1s disabled in the first state.
However, enabling the auxiliary units in the sub-array of n differential amplifier devices,
though not causing AMAM change, does help improve the AM-PM behavior of the DA

disclosed herein under the above control scheme.

20



[
[ & 4]

WO 2024/054213 PCT/US2022/042922

{00531 The middle graph of Figure 4 shows the AM-P!

control scheme vsing error-vector magnitude (EVM) measurement. With m fixed 10 40, EVM
ts measured at a condition of operating the DA to have a Pout at 64Bm for # varying from G, 2,
..., 10 22, The result shows that by increasing the number 1 of the n differential amplifier
devices in the second state alone, about -4dB of EVM improvement can be obtained. Lower
EVM means fcss signal phasc distortion in the DA, This demonstrates one of the advantages

of the DA disclosed herein under the alternative control scheme.

{0034] The EVM iraprovement is directly a result of improved AM-PM performance of the
DA under this operation controf scheme. As shown in the bottom graph of Figure 4, the AM-
PM iroprovement is demonstrated by phase peaking shift with the changing number n of the 1
differential amplificr devices in the DAL In the graph, the signal output phase (deg) of the DA
is plotted against the output power Pout. Multiple curves respectively for n varving from 0 to
22 are plotted in the same graph with non-linear phase peaking shifts near the high-power end.
When #n increases from 0 to 22, the phase peak drops monotonically from about 3.7 deg to 0.7
deg. In fact, by adding a single differential amplifier device in the off state in the DA, the input
capacitance variation is reduced from 17% to 6.9 %, serving as the main cause for the
reduction of phase distortion. In other words, the non-linear phase distortion of the DA output
can be reduced by fixing the mumber of cells in the on state while only increasing the number

of cells in the off state vnder the operation control schere.

{0035] While the above is a full description of the specific emvbodiments, various
madifications, alternative constructions and equivalenis may be used. Therefore, the above
description and ithustrations should not be taken as Hmiting the scope of the present invention

which is defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A driver amplificr apparatus comprising:

a first differential input terminal;

a sccond differential input terminal;

a control logic configured to provide a furst plurality of control signals and a
second phirality of control signals, the first plorality of control signals including a first control
signal, the second phirality of control signals including a second control signal;

a first differential ouiput terminal;

a sccond differential output terminal; and

an array of differential amplifiers including a fivst differential amplifier device
and a second differcntial amplifier device, the first differential amplifier device and the second
differential amplifier device comprising a parallel input configuration and a parallel output
configuration;

wherein the first differental amplifier device comprises:

a first input transistor comprising a first gate and a first drain, the first
gate being coupled to the first differential input terminal;

a second input transistor comprising a second gate and a second drain,
the second gate being coupled to the second differential input ferminal;

a first output transistor coupled to the first drain and the first control
signal;

a second output transistor coupled to the second drain and the fivst
control signal;

a first auxiliary transistor comprising a third gate and a third drain, the
third gate being coupled to the first differential input terminal, the third drain being coupled to
the second drain;

a second asxiliary transistor comprising a fourth gate and a fourth drain,
the fourth gate being coupled to the second differential input terminal, the fourth drain being
coupled to the first drain; and

a third awdliary transistor coupled to the first avxiliary transistor and the

second control signal.

2. The driver amplifier apparatus of claim 1 wherein the first differential
amplifier device further comprises a fourth auxiliary transistor coupled to the second auxiliary

transistor and the second control signal.
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3. The driver amplifier apparatus of ciainn 3 woeredt UIC WG uxiaey
transistor comprises a fifth drain and a fifth gate, the fifth gate being coupled to the second

controf signal.

4. The driver amplifier apparatus of claim 3 wherein the fifth drain is

directly coupled to the first auxiliary transistor.

5. The driver amplifier apparatus of claim 4 wherein the fifth drain iz

directly coupled to the second auxiliary transistor.

6. The driver amplifier apparatus of claim 4 further comprising a fourth
auxiliary transistor, the fourth auxiliary transistor comprising a sixth drain and a sixth gate, the
sixth drain being directly coupled to the second auxiliary transistor, the sixth gate being

coupled to the second control signal.

7. The driver amplifier apparatus of claim 1 wherein the first output
transistor 1s turned off based on the first control signal, and the third auxiliary transistor is
turned on based on the second control signal, the first differential amplifier device operating in

an off mode with phase correction.

8. The driver amplifier apparatus of claim 1 wherein the control togic

comprises a look-up table for generating the first control signal and the second control signal.

Q. The driver amplificr apparatus of claim 1 further comprising a feedback
loop path, the control logic being configured on the feedback loop path and coupled to the first

differential output terminal and the second differential output terminal.

10. The driver amplifier apparatus of claim | wherein the first input
transistor 18 configured to occupy a first device arca and the first auxiliary transistor is
configured to occupy a second device area, the second device area being no greater than 80%

of the first device area.

11, A driver amplifier comprising:
a first differential input terminal;

a sccond differential input terminal;

a first differential output terminal;

a sccond differential output terminal; and
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an array of differential aroplificrs includiy
and a second differential amplifier device, the first differential amplifier device and the second
differential amplifier device comprising a parallel input configuration and a parallel output
configuration;

wherein the first differential amplifier device comprises:

a first input transistor comprising a first gate and a first drain and a first
source, the first gate being coupled to the first differential input termuinal;

a second input transistor coruprising a second gate and a second drain
and a second source, the second gate being coupled to the second differential input terminal;

a first output transistor comprising a thivd gate and a third drain and a
third source, the third source being coupled to the first drain, and the third gate being coupled
to a first control signal;

a second output transistor comprising a fourth gate and a fourth drain
and a fourth source, the fourth source being coupled to the second drain, and the fourth gate
being coupled to the first control signal;

a first auxiliary trausistor comprising a fifth gate and a fifth drainand a
fifth source, the fifth gate being coupled o the first differential input terminal, the fifth drain
being coupled to the second drain;

a second auxiliary transistor comprising a sixth gate and a sixth drain
and a sixth source, the sixth gate being coupled to the second differential input terminal, the
sixth drain being coupled to the first drain; and

a third apxiltary transistor comprising a seventh gate and a seventh drain
and a seventh source, the seventh drain being coupled to the sixth source, the seventh gate

being coupled to 2 second control signal.

i2. The driver amplificr apparatus of claim 11 wherein the seventh drain is

coupled to the fifth source and the seventh source is grounded.

13. The driver araplificr apparatus of claim 11 further comprising a fourth
auxiliary ransistor comprising an cighth gate and an eighth drain and an eighth source, the
eighth drain being coupled to the {ifth source, the eighth gate being coupled to the second

control signal, the eighth source being grounded.

14. The driver amaplificr apparatus of claim 11 further coraprising a control
logic configured to gencrate the first control signal for turning on the first output transistor and

the second outpat transistor.

24



WO 2024/054213 PCT/US2022/042922

13. The driver amaplificr apparats of Cratm 11 (unecr Corprisig 4 Conas
logic configured to gencrate the first control signal for turning off the first output transistor and
the second output transistor and generate the second control signal for turning on the third

auxiliary transistor.

ie. A driver amplifier apparatus comprising:

a control logic configured to provide cither a first signal or a second signal, the
first signal comprising an enabling hinary signal, the second signals comprising a disabling
binary signal; and

an array of N differential amplifier devices, wherein & is an integer, each of the
N differential amplificr devices respectively comprising an amplifier unit having a first control
terminal and an awdliary unit having a second control terminal, the amplifier unit being
coupled to a parallel input configuration and a parallel output configuration, and the auxibiary
unit being coupled to the amplifier unit and the paralle! input configuration;

wherein the arvay of NV differential arophifier devices and the control logic are
configured to set m differential amplifier devices in a first state with the respective first control
tcrminals being supplicd with the first signal and the respective second control terminals being
supplied with the second signal, and to set # differential ampitfier devices in a second state
with the respective first controf terminals being supplied with the second signal and the
respective second control terminals being supplicd with the first signal, wherein m +n SN, 1>

1.

17. The driver amplifier apparatus of claim 16 wherein the amplifier unit
COmprises:

a first input transistor coupled to a fivst differvential input terminal coupled to the
parallel input configuration;

a sccond input transistor coupled to a second differential input terminal coupled
to the parallel input configuration;

a first output transistor coupled to the first input transistor, a first differential
output terminal coupled to the parallel output configuration, and the first controd terminal;

a sccond output transistor coupled to the second input transistor, a second
differential output terminal coupled to the parallel output configuration, and the first control

terminal.
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18, The driver amplifier apparatus of ¢
comprises:

a first auxiliary transistor coupled to the first differential input terminal and
cross-coupled to the sccond input transistor;

a sccond auxiliary transistor coupled to the second differential input ternunal
and cross-coupled to the first input transistor, and

a third auxiliary transistor coupled to the second control terminal and both the

first auxiliary transistor and the second auxiliary transistor.

19, The driver amplificr apparatus of claim 16 wherein the controf logic is
configured to set &k (k < m) differential amplifier devices in the first state and { {{ > n})
differential amplificr devices in the second state to enhance system power saving while

maintaining a signal error-vector magnitude below a preset value.

20 The driver amplificr apparatus of claim 16 wherein the controf logic is
configured to fix the number m of the m differential amplifier devices in the {irst state while
only increasing the number # of the # differential amplifier devices in the second state to
reduce phase distortion while lowering a signal error-vector magnitude at least by -4dB and

maintaining a nearly constant amplifier gain.
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signal; a first auxiliary transistor comprising a third gate and a third drain, the third gate being coupled to the first differential input
terminal, the third drain being coupled to the second drain; a second auxiliary transistor comprising a fourth gate and a fourth drain, the
fourth gate being coupled to the second differential input terminal the fourth drain being coupled to the first drain; and a third auxiliary
transistor coupled to the first auxiliary transistor and the second control signal, which are not present in Group lI.

The special technical features of Group I include at least wherein the array of N differential amplifier devices and the control logic are
configured to set m differential amplifier devices in a first state with the respective first control terminals being supplied with the first signal
and the respective second control terminals being supplied with the second signal, and to set n differential amplifier devices in a second
state with the respective first control terminals being supplied with the second signal and the respective second control terminals being
supplied with the first signal, wherein m + n <= N, n>= 1., which are not present in Group .

The common technical features shared by Groups [-|l are a driver amplifier apparatus comprising: a control logic configured to provide
either a first signal or a second signal, an array of N differential amplifier devices, wherein N is an integer, each of the N differential
amplifier devices respectively comprising an amplifier unit having a first control terminal and an auxiliary unit having a second control
terminal, the amplifier unit being coupled to a parallel input configuration and a parallel output configuration.

However, these common features are previously disclosed by US 2005/0237109 A1 to Laletin. Laletin discloses a driver amplifier
apparatus comprising: a control logic configured to provide either a first signal or a second signal, an array of N differential amplifier
devices, wherein N is an integer (a plurality of driver amplifiers, each equipped with a small valued resistor in series with its output, are
configured in a parallel array controlled by a global control signal. Each of the slave amplifiers is accompanied by a servo integrator
amplifier that forces the slave amplifier's output voltage to track the output voltage of the designated master amplifier over a limited range
of frequencies that includes D, Para. 18), each of the N differential amplifier devices respectively comprising an amplifier unit having a
first contral terminal and an auxiliary unit having a second control terminal (Differential amplifier 400 operates as a servo integrator
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63). :

Since the common technical features are previously disclosed by the Laletin reference, these common features are not special and so
Groups |-l lack unity.
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