w0 2022/164601 A1 |0 00000 K00 0 0 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
04 August 2022 (04.08.2022)

‘O 00 O O 0 A
(10) International Publication Number

WO 2022/164601 Al

WIPO I PCT

(51) International Patent Classification:
HO3F 3/45 (2006.01) HO3F 1/32 (2006.01)

(21) International Application Number:
PCT/US2021/073166

(22) International Filing Date:

29 December 2021 (29.12.2021)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
63/143,050 29 January 2021 (29.01.2021) UsS

(71) Applicant: QORVO US, INC. [US/US]; 7628 Thorndike
Road, Greensboro, North Carolina 27409 (US).

(72) Inventor: KOBAYASHI, Kevin Wesley; 24015 Garnier
St, Torrance, California 90505 (US).

(74) Agent: DAVENPORT, Taylor M.; WITHROW & TER-
RANOVA, PLLC, 106 Pinedale Springs Way, Cary, North
Carolina 27511 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, IT, JO, JP, KE, KG, KH, KN,
KP,KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,
NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW,
SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US,UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: FIELD EFFECT TRANSISTOR (FET) TRANSCONDUCTANCE DEVICE WITH VARYING GATE LENGTHS

%,,mo
1401) 1142) 14(3) 1144) 1H4(N-1) 14N
frrmcsnmcessodBossssssnncnany
1 VED 750 5T g
VDD~ 04 DD VDb Alout
o ar|1e T 120 7 73 Tin-1 i L,
108~ 166 LLyen | 1208 Lz1200 e - e = ouT
W Ferqias T 1205 i~ b =3 b
v = My qadn |18 ﬁMZ mgﬂjﬁm 3| taz3 Mal g4 Vol lggagal Ml dae
St e L
~ ~—1228
108 Mi1 | 1188 Myplizz | M Miq Mi-1n-1 Man
(2801 ot O w IO, bt Ty (12800
X\mom )\13@(2; lwso(a) g 130(4) 130(N-1) 130()
et T pr:
Vs Yss Vss
132
Figs. 1

(57) Abstract: A field effect transistor (FET) transconductance device with varying gate lengths is disclosed. In one aspect, the varying
effective gate lengths are used in a differential architecture to obtain linear even and odd order operation simultaneously. In a particular
aspect, the effective gate lengths may be varied according to a differential Multi-Tanh-like architecture. This variation of effective gate
lengths enables a compact implementation particularly as compared to varying gate width or emitter areas while also providing linear

even and odd order operation simultaneously.

[Continued on next page]



WO 2022/16460 1 A1 | /1100000000 0 OO

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

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



WO 2022/164601 PCT/US2021/073166

FIELD FFFECT TRANSISTOR (FET) TRANSCONDUCTANCE DEVICE
WITH VARYING GATE LENGTHS

PRIORITY CLAIM

{6001} The present application claims priority to US. Provisional Patent Application
Serial No. 63/143,050 filed Jampary 29, 2021 and entitled “LINEAR DIFFERENTIAL
FET TRANSCONDUCTOR,” the contents of which is incorporated herein by reference

in its entirety,

BACKGROUND

L Field of the Disclosure

16002} The technology of the disclosure relates generally to a field effect transistor

(FET) confignred to provide hivear even and odd order operation sioultaneously,

iL Background
10803] Computing devices abound in modern socigty, and more particularly, mobile
communication devices have become increasingly common, The prevalence of these
mobile communication devices is driven in part by the many functions that are now
enabled on such devices. Increased processing capabilitics in such devices means that
mobile commumication devices have evolved from pure communication fools mto
sophisticated mobile entertainment centers, thus enabling enhanced user experiences. As
the momber and scope of the functions has nereased, the need for additional bandwidth
for wireless comumunication has also increased. Even outside the wireless communication
use cases there is a need for broad bandwidth, The need for a broad bandwidth 1s coupled
with a need for predictable (i.e., linear) behavior within the wireless commumcation
circuitry. Such linear operation is a challenge for amplifiers operating across broad

bandwidths and provides room for inmovation.

SUMMARY
15804] Aspects disclosed in the detailed description include a field effect transistor
(FET) transconductance device with varying gate lengths. The varying effective gate
lengths are used in a differential architecture to obtain linear even and odd order operation

simultancously. In a particular aspect, the effective gate lengths may be varied according
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to a differential Multi-Tanh-litke architecture. This vanation of effective gate lengths
enables a compact muplementation particularly as compared to varying gate width or
emitter areas while also providing linear even and odd order operation simultaneously.

16005] In this regard in one aspect, a transconductor 18 disclosed. The transconductor
comprises a first voltage level wput. The transconductor also comprises a first plurality
of FETs, each of the first plurality of FETs coupled to the first voltage level mput and
glectrically parallel to one another. The first plurality of FETs comprises a first FET
comprising a first source and a first effective gate length. The first plurality of FETs also
comprises a second FET comprising a second source and a second effective gate length
different than the first effective gate length. The transconductor also comprises a second
voltage level input. The transconductor also comprises a second phurality of FETs, equal
in nmumber to the first plurality of FETs, each of the second plurality of FETs coupled to
the second voltage level input and electrically parallel to one another. The second
plurality of FETs comprises a third FET coraprising a third source coupled to the first
source and a third effective gate length equal to the second effective gate length. The
second plurality of FETs also comprises a fourth FET comprising a fourth source coupled
to the second source and a fourth effective gate length equal to the first effective gate

length.

BRIEY BESCRIPTION OF THE DRAWINGS

{8006} Figure 1 18 a cirentt diagram of an exemplary differential linear field effect
transistor {FET) transconductor with varying effective gate length (Lg);

{6007] Figure 2A is g table showing how effective gate length may be varied
according to an exemplary aspect of the present disclosure;

{6008] Figures 2B-2G are graphs companng performance characienstics of a
conventional transconductor relative to two different transconductors formulated
according to the parameters sct in Figure 2A;

{6009 Figures 2H-2M are graphs showing the wdividual patred transisior responses
that collectively form one of the lines (i.e., Mult-Tanh 2) provided in the graphs in Figures
2B-20;

{8016} Figure 3 is a cross-sectional elevation view of a FET slhustrating a first gate

length that may be vaned according to exernplary aspects of the present disclosure;
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{6011} Figure 4 is a cross-sectional elevation view of a FET having dual gates
ilfustrating an effective gate length that may be varied according to exemplary aspects of
the present disclosure;

16012} Figure 5 is a cross-sectional elevation view of a FET having a field plated gate
dlustrating an effective gate length that moay be varied according to exemplary aspects of
the present disclosure;

[B6013] Figures 6A and 6B are perspective views of two finFETs having dual gates
and triple gate sided/shaped three-dimensional (3D3) structures illustrating an effective
gate length control that may be vaned according to exemplary aspects of the present
disclosure;

{6014] Figures 7A-7F are graphs comparing performance characteristics of the
conventional transconductor {i.e., Lg-constant) relative to a transconductor formulated
according to the parameters set in Figure 2A (le, Lg-Mult-Tanh 2) and one
transconductor that e similar to Lg-Multi-Tanh 2 but with selectively weighted gate
widths (i.e., Lg-Mult-Tanh 3); and

[B8015] Figures 7G-7L are graphs showing the individual paired fransistor responses

that collectively form one of the lines provided in the graphs in Figures 7A-7F.

DETAILED BESCRIPTION

{6016} The embodiments set forth below represent the necessary information to
enable those skilled in the art to practice the emvbodiments and llustrate the best mode of
practicing the embodiments. Upon reading the following description in light of the
accorapanying drawing figures, those skilled in the art will understand the concepts of the
disclosure and will recognize applications of these concepts not particularly addressed
herewn, It should be understood that these concepts and apphications fall within the scope
of the disclosure and the accompanying claims.

16017} It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be Hmited by these terms.
These terms are only used to distinguish one element from another. For example, a first
element could be termed a second element, and, similarly, a second element could be

termed a first element, without departing from the scope of the present disclosure. As
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used heremn, the term "and/or” includes any and all combinations of one or more of the
associated listed items.

{BO18] It will be understood that when an element such as a layer, region, or substrate
is referred to as being "on" or extending "onto” another element, it can be directly on or
extend directly onto the other element or intervening elements may also be present. In
contrast, when an clement is referred to as being "directly on" or extending "directly onto”
avother element, there are no intervening elewents present. Likewise, it will be
understood that when an element such as a layer, region, or subsirate is referred to as
being "over" or extending "over” another element, i can be directly over or extend
directly over the other element or intervening elements may also be present. In contrast,
when an cleraent 18 reforred to as being "directly over” or extendmg "directly over”
another element, there are 0o intervening elements present. It will also be understood that
when an clement is referred to as being "connected” or "coupled” to another element, it
can be directly connected or coupled to the other element or intervening elements may be
present. In contrast, when an element is referred to as being "directly connected” or
"directly coupled” to another element, there are no wtervening elervents present,

{8019} Relative terms such as "below” or "above" or "upper” or "lower” or
"horizontal” or "vertical” may be used herein to describe a relationship of one element,
layer, or region to another element, layer, or region as illustrated in the Figures. It will be
understood that these terms and those discussed above are mfended fo encompass
different orientations of the device 1n addition to the orientation depicted in the Figures.
{6020} The terminology used herein i for the purpose of describing particular
embodiments only and 1s not intended to be limiting of the disclosure. As used heren, the

o

singular forms "a," "an,"” and "the" are intended to include the plural forms as well, unless

the context clearly indicates otherwise. It will be further understood that the terms

L A

includes,” and/or "including” when used herein specify the

"o

"comprises,” "comprising,
presence of stated features, integers, steps, operations, ¢lements, and/or components, but
do not preclude the presence or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

18021} Uunless otherwise defined, all terms (including technical and scientific terms)

used herein have the same meaning as commonly understood by one of ordinary skill in

the art to which this disclosure belongs, It will be further understood that terms used
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herein should be mterpreted as having a meaning that is consistent with their meaning in
the context of this spectfication and the relevant art and will not be interpreted in an
idealized or gverly formal sense unless expressly so defined herein.

16022} Aspects disclosed in the detailed description include a field effect transistor
(FET) transconductance device with varying gate lengths. The varying effective gate
iengths are used in a differential architecture to obtain lincar even and odd order operation
simultancously. In a particular aspect, the effective gate lengths may be varied according
to a differential Multi-Tanh-like architecture. This variation of effective gate lengths
enables a comnpact implementation particularly as compared o varying gate width or
emitter areas while also providing linear even and odd order operation simultaneously.
{6023] Before addressing exemplary aspects of the present disclosure, a brief
overview of traditional approaches 15 provided. Specifically, several indusiries, both
extant and proposed, rely on linear differential FET based amplifiers. With emerging
standards, these linear differential FET based amplifiers should operate over a wide
bandwidth {e.g., greater than an octave) while maintaining even and odd order hincanty.
Such industries include fifth generation (5G) and proposed sixth geveration (6G)
mitlimeter integrated circuits {MMIC) for phased arrays, fiber optic optical-to-electrical
{O/E) and elecinical-to-optical (E/O) linear drivers and transimpedance amphifiers (T1As),
sateliite communications, and cable television devices amongst others.

[6024] Devices 1in these indusiries may face unfilterable in-band distortion and
accordingly focus oun shaping transconductance {(Gm) and its derivatives (G, Gm™) to
achieve improved third order intercept points (IP3), third order intermodulation (IM3) or
odd order hinearity to reduce this in-band distortion. A variety of techniques have been
proposed and used. However, solutions to date involve a tradeoff between optimizing
between second order intercept points (IP2) and 1P3. Most techniques o oplimize [P2
involve techniques that are the antithesis of optimizing IP3 and vice versa. Accordingly,
there is room for improvement that provides a better balance between [P2 and IP3.
{6025} Exemplary aspecis of the present disclosure employ a Multi-Taoh differential
lincar FET transconductor with varying effective gate lengths in the FETs to achieve a
device that balances IP2 and IP3 and maintains relatively linear operation at the first and
second derivatives of Gm. For the sake of clarity, a Multi-Tanh device is 3 device that i3

composed of a plorality of individually non-linear devices, but that overall achieves a
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linear transfer function. In the present case, the devices are FETs and the differences
between the devices are made by varying the effective gate lengths such that the overall
transconductor has both even order and odd order linear operation over the frequencies
of interest. Additional performance improvements may be made by selectively changing
a gate width of the FETs.

{6026] The second order linearity is improved by using the differential structure and
the Multi-Tanh structure. The third order linearity is provided by mdividually adjusting
the devices as explatned in greater detail below.

{6627] In this regard, Figure 1 1s a circuit diagram of a Multi-Tanh differential hinear
FET transconductor 100. The transconductor 100 is a differential structure and inclades
a first voltage level input (VDD) 102 and a second voltage level input (VDD) 104, The
transconductor 100 may further include a first common mput node (IN) 106 and a second
common input vode (JN) 108, which collectively forra a differential input.  The
transconductor 100 may further include a first common output node (OUT) 110 and a
second comnmon output node (OUT) 112, which collectively form a differential output.
{028} Between the differential input and the differential cutput are a plurality of
differential amplifiers 114(1)-114(N). Each differential amphifier 114(1}-114{N} includes
two FETs. By way of example, the first ditfferential amplifier 114(1) may inchade a first
FET (M) 116 and a second FET (M) 118, The second differential amplifier 114(2)
may inchide a third FET (M2) 120 and a fourth FET (M22} 122, In an exemplary aspect,
the FETs may be made from gallium nitride {(GaN), although other materials may be used
as needed or desired. Nole that first-fourth and other sorts of ordinal designations are
matters of convenience and may be rearranged without departing from the scope of the
present disclosure.

{8029} it should be appreciated that each FET has a corresponding gate {e.g., gate
116G, 118G, 120G, 122G), a corresponding dran (116D, 118D, 120D, 122D), and a
corresponding source {1168, 1185, 1208, 1225}, In an exemplary aspect, the sources of
the FETs within a given differential amphifier 114(1)-114{(N) are coupled. Thus, for
example, the source 1168 is coupled to the source 1188, and the source 1205 1s coupled
to the source 12258, This coupling puts the coupled sources at a common potential. This
coupling may also be made through a respective resistor or inductor {neither shown).

Thus, the source 1168 and the source 1188 are coupled at a common potential 126(1),
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and each differential amplifier 114(1}-114{N) has a respective common potential 126(1}-
126(N). In an exemplary aspeet, the common potential 126(1)-126(N) may be a virtual
ground. The common potential 126{1)-126{N) may be coupled to a ground 128 {or a set
direct current (BC) supply voltage level such as Vss) through a current source 130(1)-
130(N). The current sources 130(1)-130(N) may be independently controlled to vary
current values so as to optimize linearity as needed. Alternatively, instead of a current
source 130(1)}-130(N)}, a resistor (not shown} may be positioned between the common
potential 126{1}3-126{N} and the ground 128.

{6030] More relevant to the present disclosure, the gates of the FETs have dimensions
such as a gate width (W) and an effective gate length (Lg). As better explained with
reference o Figures 3-6 below, the geometries of the FET may change what elements
contribute o the gate dimension properties, and thus, an effective gate length is defined
in greater detail after some of these variations are explored below, BExemplary aspects of
the present disclosure vary the effective gate length w a differential Multi-Tanh-like
architecture to achieve better linear even and odd order operation simuitancously. Figure
2A provides some additional details about exemplary effective gate length varations, but
in general, FETs within a given differential amplifier 114(1}-114(N} may have different
effective gate lengths, and FETs within a given pair of differential amplifiers may have
some common effective gate lengths shared thereamongst. For example, a quad 132 may
be formed from the differential amplifiers 114(1), 114(2) and Lg: may equal Lgyy; L
may equal Lgy, but Lgy # Lgn and Lgr # Lgwn. o an exemplary aspect, N s an even
number such that each differential amplifier 114(1)-114(N} is within a quad, but the
present disclosure is not so limited, and a lone differential amplifier 114N} may be
present that does not belong to 3 quad.

{6031} In an exemplary aspect, a first plurality of FETs (Mi-Mx) 18 coupled to the
first voltage level input 102 and are electrically parallel to one another. Likewise, a
second plurality of FETs (Mi1-Mnn} is coupled to the second voltage level input 104 and
are electrically parallel to one another. The gates of the first plurality of FETs are hikewise
coupled to the first common input node 106, The gates of the second plurality of FETs
are coupled to the second commnon tuput node 108, The drams of the first plurality of
FETs are coupled to the first common output node 110, The drains of the second plurality

of FETs are coupled to the second common output node 112,
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{6032] As noted above, exemplary aspects of the present disclosure contemplate
varying Lg of the various FETs in a differential Multi-Tanh-like architecture. Figure ZA
provides a table 200 of exemplary values for a twelve finger (N=6) device for two Multi-
Tanh configurations. In particular, the columns 202¢1)-202(6) provide the lengths for the
furst plurality of FETs and columps 204(1)-204(6) provide lengths for the second plurality
of FETs. The row 206 shows a first configuration, with moderate adjustments to the
various lengths, and row 208 shows a second configuration with more exaggerated
adjustments to the various lengths. The dimensions of the entries within the table 200 are
in micrometers {(pmj.

{6033 As noted above, in either configuration, within a quad, Lgi may equal Lgon;
Lgy may equal Lgy, but Lgr # Lgn and Lgy # Lgy. Thus, in the first configuration, Lgs
may equal Lgo = 0.1 pm; Lgr may equal Lgyy = 0.25 pm, and Lgy # Lgiand Lga # L.
The values may be chosen so that the overall second order transconductance is Hinear.
Note further, that the present disclosure also conteraplates that at least one differential
amplifier 114(1)-114(N) may have equal effective gate lengths. This differential
amplifier may be part of a quad, iv which case, all four FETs within the quad bave equal
effective gate lengths, or it may be a lone pair.

{6034] The improved performance of a transconducior 100 made according to either
configuration set forth in table 200 relative to a conventional device is illustrated
graphically by graphs 220-225 in Figores 2B-2G. Specifically, graph 220 in Figure 2B
shows the transconductance of the first configuration with line 206" and the
transconductance of the second configuration with line 208°. Lines 206" and 208 are
relatively linear, especially as compared to line 230 that shows the transconductance of a
conventional device.

{6035} Simlarly, the second order transconductance {Gm’) 1s shown by graph 221
Figure 2C. Line 206" and line 208" correspond to the first configuration and second
configuration, respectively, while line 230 shows the performance of a conventional
device. Again, hines 206" and 208" are substantially more hinear than hine 2307,

{6036} Similarly, the third order transconductance (Gm”) is shown by graph 222 in
Figare 23, Line 206 and hine 208” corvespond to the first configuration and second
configuration, respectively, while ling 2307 shows the performance of a conventional

device. Again, hines 206" and 208™ are substantially more linear than line 2307,
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{6037 Similarly, a normalized Ids {current between drain and source) versus Vgs
{voltage across gate and source) 18 shown by graph 223 m Figure 2E. Line 206”” and line
2087 correspond to the first configuration and second configuration, respectively, while
tine 230’ shows the performance of a conventional device. Again, lines 206”” and 208™
show slight improvement over line 2307,

{6038} Similarly, the second order intercept point (IP2} is shown by graph 224 in
Figare 2F. Line 206™” and line 208" correspond to the first configuration and second

243%

configuration, respectively, while line 230" shows the performance of a conventional
device, While line 206" 1s relatively close to line 230°7, line 208" has a substantially
broader IP2 as desired.

{6039] Simularly, the third order intercept point (IP3) is shown by graph 225 in Figure
2G. Lipe 206”7 and line 2087 correspond to the first configuration and second

G252 %

configuration, respectively, while ine 230™" shows the performance of a conventional
device. Line 206 has two peaks reflecting some desired broadening relative to the
shape of line 230™", but line 208" has a much higher and acceptably broad width as
desired.

{6040} From comparison of data corresponding to that presented in graphs 221-225,
a desired performance may be selected for the transconductor 100 and values of the Multi-
Tanh function selected accordingly.

{6041} Additional information about the differential pairs may be found in Figures
2H-2M. Specitfically, the secound configuration Gm {(S/mm) {graph 240, Figare 2H), G’
(A/V*:-mm) {graph 241, Figure 21), Gm’’ (A/V°-mm) (graph 242, Figure 2J), Ids (A/mm)
{graph 243, Figure 2K, and calculated IP2 {dBm) (graph 244, Figure 2L}, and IP3 (dBmy)
{graph 245, Figure 2M) responses are shown for each of the imdividual differential
amplifier pairs.

{0042} Graph 243 of Figure 2K illustrates the differential current Multi-Tanh transtfer
responses for the individual differential pairs. The transfer responses are offset from the
Vgs=0 differential input voltage. The combined total differential current is a broader and
more lingar Multi-Tanh transfer function than the mdividual components. This
combination results in the broad and flat Gw response shown by line 250 wn Figure 2H.
Graph 240 of Figure 2H also gives the individual differential pair Gm responses. By

varying the gate lengths (Lg) of cach differential pair, Mulii-Tanh is used to optimize the
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individual Gm offset to produce the overall flat and linear Gm response over a wide
differential Vgs dynamic range.  The corresponding G and Gmt”” responses of Figures
21 and 27 illustrate the resulting flat aggregate Gm’ and near zero Gm”” response lines
252 and 254, respectively, as well as the individual differential pair contributions.
Finally, the aggregate 1P2 and IP3 lines 256 and 238, respectively, and the individual
compoenent contributions are also given in graphs 244, 245,

{0043] The equations for IP2 and IP3 are given in the inset of Figures 2L and 2M,
and are based on simple two-tone sinusoidal excitations to a Taylor series polynomial
characterizing the Gm function of a FET device.

{6044} Figures 3-6 better tllustrate what is meant by effective gate length. In this
regard, Figure 3 illustrates a FET 300 that has a source 302 and a drain 304 positioned on
a semi-insulating substrate 306 such as silicon carbide (5iC), Indium Phosphate (InP},
Gallium Arsenide {GaAs), or the ike. A channel 308 is positioned between the source
302 and the drain 304. A gate 310 15 positioned on the channel 308 and may be
surrounded by a dielectric 312, The gate 310 has a gate length Lg corresponding (o a
{ateral dimension of the gate 310 between the source 302 and the drain 304. Asillustrated,
the gate 310 has a gate width Wg extending inte and out of the image. In the FET 300,
with only one gate 310, the gate length and the effective gate length are the same.

{6045] A slightly more complex FET 400 is illustrated in Figure 4, where many of
the elements are the same, but the gate 1s a lateral dual gate having gates 402, 404. In the
FET 400, the effective gate length is based on the lateral dual gate and more specifically
is the sum of a first gate length Lgl and a second gate length Lg2. The presence of the
second gate 404 mcreases the effective gate length relative to the effective gate length of
FET 300 of Figure 3. Note that the second gate 404 may be biased or floating,

{B046] Figure 5 illustrates still another variation on a gate within a FET 500.
Specifically, the FET 500 uses a field plated gate having at least one field plate 502 and
a source field plate 504. The effective gate length of the FET 500 is more than just the
lateral length of the gate 506, but less thau the sum of the lateral length of the gate 506
and the lateral length of the field plate 502.

{86047} While not shown, the gate may include various T-cap (thickuess) geometries

such as an overhang, a dielectric below a T-cap, trunk angle, and the hike.
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{6048} Figure 6A illustrates an alternate type of FHT, namely a finFET 680, which
includes at least doal three-dimensional (3D) gate structures 602, which extends over and
around a fin 604, which acts as a channel. The gate structures 602 may touch the sides of
the fin 604. Note that conventional gate length for a finFET is defined as the direction of
the source~drain (in/out of the page). The effective 3D gate length as that term s used
herein is defined to be the sum of the sections of the gate that impact the channel threshold
voltage in a similar manner as the effective gate length shown in Figores 3-5. In
particular, the sections that have an tmpact on the channel threshold voltage are Lgl-sec
and Lg2-sec. The effective gate length becomes the sum of the distance over which the
gate structures 602 contact the fin 604. Thus, the effective gate length may be the sum of
Lgl-sec and Lg2-sec.

{3049} Figure 68 illustrates a similar finFET 610, which includes 3D gate structure
612, which extends over and around a fin 614, which acts as a channel. The gate
structures 612 may touch three sides of the fin 614, As with the finFET 600, the effective
gate length that controls the channel and its threshold characteristics, for example, is
defined somewhat differcutly than the conventional gate length for a finFET and the
sections that impact the channel threshold voltage are Lgl-sec, Lg2-sec, and Lg3-sec.
The effective gate length becomes the sum of the distance over which the gate structures
612 contact the fin 604. Thus, the effective gate length may be the sum of Lgl-sec, Lg2-
sec, and Lg3-sec,

{60506} From the discussion of Figures 3-6B it should be appreciated that an effective
gate length that controls the channel charge, the effective transconductance, and the
threshold characteristics, 15 not hinuted to just a lateral distance over which the gate 1s
positioned on a channel, but inchides situations where a portion of the gate structure {e.g.,
the field plate) does not directly touch the channel, but has a matenial impact on the
channel.

16051} Note further, that exemiplary aspects of the present disclosure contemplate that
oue or more of the FETs may have a weighted gate width., This weighting may be done
to optimize the hnearity and adds an additional degree of freedom for optimizing the
resulting shape and effective overall G which roay be optimized for even and odd order
linearity. Selectively increasing the Wg of a single channel or pair of channels of a

differential pair will change the weighted Gm contribution to the total effective Gm
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transfer function. In an exemplary aspect, less than fifteen percent (15%) of the total
number of FETs are so weighted. Additionally, such weighting may be done by less than
a factor of three and more likely less than a factor of two. Thus, for example i the
transconductor 100, two FETs may have gate widths that are eighty percent the size of
other gate widths. In an alternate example, two FETs of the transconductor 100 may have
gate widths that that are approximately twice the width of other gate widths within the
device. Changing the gate width may increase the transconductance of the transconductor
100 as well as change the threshold voltage to assist in meeting design criteria.

{6052] Figures 7A-7F iltustrate graphs 700-7035 that show the Gm (S/mm) {graph 700,
Figure 7A), Gm’ {A/Vimm) {graph 701, Figure 7B), Gm’" (A/Vimm) (graph 702,
Figure 7C), differential Ids (A/mum) {(graph 703, Figure 7D), and calcnlated P2 {(dBm)
{graph 704, Figure 7E}, and IP3 {dBm) {(graph 705, Figure 7F). In particular, these
charactenistics of a conventional constant gate length device (shown by line 710 in each
of'the graphs 700-7035) are compared to two different configurations of a multi-gate length
Multi-Tanh transconductor 100. A line 712 corresponds to the Lg-Multi-Tanh 2 device
shown by the various 208 lines of Figures 2A-2G. A third tine 714 1s sivmilar to the Lg-
Multi-Tanh 2 device, but with additionally non-uniform weighted gate widths. Compared
to a conventional device, both lines 712 (1.e., Lg-Multi-Tanh 2} and 714 (i.c., Lg-Multi-
Tanh 3, with Wg weighting} have flatter curves in graphs 700-702.

{B0S53] Figures 7E and 7F show in graphs 704, 705 that the Lg-Mult-Tanh 3 (with Wg
weighting) configuration can achieve both improved 1P2 and IP3 simultaneously {again
sec ling 714) with respect to the conventional device {(again line 710} and also with respect
to the Lg-Mult-Tanh 2 {again, line 712). Thus, the configuration Lg-Mult-Tanh 3 shows
immprovement both P2 and IP3 over the Lg-Multi-Tanh 2Zbut with a shightly smaller
differential input voltage range due to the non-uniform Wg weighting function of the
Multi-Tanh pairs.

{86054} The equations for IP2 and IP3 are given in the inset of Figures 7E and 7F and
are based on sunple two-tone sinusoidal excilations to a Taylor series polynomial
characterizing the Gm function of a FET device.

[B055] Figures 7G-7L are similar to Figures 2H-2M, but reflect the individual
contributions of the optimized Lg-Multi-Tanh 3 configuration of a device that has non-

uniformly weighted gate widths in addition o the varying gate lengths. In particular,



WO 2022/164601 PCT/US2021/073166
13

Figures 7G-7L include graphs 720-725 corresponding to Gim {8/mm) {graph 720, Figure
7G), Gm’ (A/V2-nmum) (graph 721, Figure 7H), Gm’” (A/V*-mm) (graph 722, Figure 71},
differential Ids (A/mm} {graph 723, Figure 7]}, and calculated P2 (dBm) (graph 724,
graph 7K} and IP3 (dBm) {graph 725, Figure 7L}.

{8056] Figure 7] dlustrates the differential current Multi-Tanh transfer responses for
the individual differential pairs. The transfer responses are offset from the Vgs=0
differential input voltage. The combined fotal differential curvent is a broader and more
linear Multi-Tanh transfer function than the individual components. This combination
results in the broad and flat Gm response hine 752 in Figure 7G. Figure 76 also gives the
mdividual differential pair Gm responses. By varying the gate lengths {(Lg) of each
differential pair, Multi-Tanh 1s used to optimize the individual Gra offset to produce the
overall flat and linear G response over a wide differential Vgs dynamic range. When
the varied gate lengths are combined with selectively optimizing the gate width (Wg)
weighting of the individual transistors, a more optimized response may be achieved. The
corresponding G’ and G’ responses of Figures 7H and 71 ilhustrate the resulting flat
aggregate Gm’ and near zero Gm’” responses {lines 754, 756, respectively) as well as the
individual differential pair contributions. Finally, the aggregate P2 and {P3 lines 758
and 760 and the mdividual compounent contributions are given in Figures 7K and 7L,
{60587} The equations for [P2 and IP3 are given in the inset of Figures 7K and 7L and
are based on siople two-tone sinusoidal excitations to a Taylor series polynonual
characterizing the Gw function of a FET device.

{6058} The FET transconductance device with varying gate lengths according to
aspects disclosed herein may be provided in or infegrated into any processor-based
device. Examples, without hmitation, inchide 2 set top box, an entertainment unit, a
navigation device, a commuynications device, a fixed location data unit, a mobile location
data unit, a global positioning system (GPS) device, a mobile phone, a cellular phone, a
siart phone, a session initiation protocol (SIP) phone, a tablet, a phablet, a server, a
compuier, a portable computer, a mobile computing device, a wearable computing device
{e.z., a smart watch, a health or fitness tracker, eyewear, ¢ic.}, a desktop computer, a
personal digital assistant (PIDDA), a monitor, a computer monitor, a television, a tuner, a
radio, a satellite radio, a music player, a digital myusic player, a portable music player, a

digital video player, a video player, a digital video disc {DVD) player, a portable digital
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video player, an automobile, a vehicle component, avionics systems, a drone, and a
multicopter,

{B0SY] 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 appareunt to those skilled 1 the art, and the genenc principles defined herein
may be applied to other varniations. Thus, the disclosure is not intended to be Hmited to
the examples and designs described herem but s to be accorded the widest scope

consistent with the principles and novel features disclosed herem.
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What is claimed is:

I A transconductor comprising:

a first voltage level input;

a first plurality of field effect transistors (FETSs), each of the first plurality of FETs
coupled to the first voliage level mmput and elecirically paraliel to one
another, the first plurality of FETs comprising:

a first FET comprising g first source and a first effective gate length; and

a second FET comprising a second source and a second effective gate
length different than the first effective gate length;

a second voltage level input; and

a second plurality of FETs, equal in number to the first plurality of FETSs, each of
the second plurality of FETs coupled to the second voliage level wput and
clectrically parallel to one another, the second plurality of FETs
COMPrising:

a third FET comprising a third source coupled to the first source and a
third effective gate length equal to the second effective gate length;
and

a fourth FET comprising a fourth source coupled to the second source and

a fourth effective gate length equal to the first effective gate length.

2. The transconductor of claim 1, wherein the first FET and the third FET

coliectively form a first differential amplifier.

3, The transconductor of claim 2, wherein the first source and the third source are

coupled to a common potential.

4. The transconductor of claim 3, wherein the common potential comprises a virtual
ground,
5 The transconductor of claim 3, wherein the common potential 1s coupled fo a

ground through a resistor.



WO 2022/164601 PCT/US2021/073166
16

6. The transconductor of claim 3, wherein the common potential is coupled to a

ground through an active current source.

7. The transconductor of claim 1, wherein the second FET and the fourth FET

collectively form a differential amplifier.

8. The transconductor of claim 1, wherein the first FET coruprises a first gate and
the second FET comprises a second gate, wherein the first gate and the second gate are

coupled to a common input node,

9. The transconductor of claim 1, wherein the first FET comprises a first drain and
the second FET comprises a second dratn, wheretn the first drain and the second drain are

coupled to a common output node,

16, The transconductor of clatm 1, wherein the third FET comprises a third gate and
the fourth FET comprises a fourth gate, wherein the third gate and the fourth gate are

coupled to a second common input node.

11, The transconductor of claim 1, wherein the third FET comprises a third drain and
the fourth FET cormprises a fourth drain, wherein the third drain and the fourth drain are

coupled to a second common output node.

12, The transconductor of claira 2, further cornprising a third differential amplifier
comprising a fifth FET comprising a fifth effective gate length and a sixth FET
comprising a sixth effective gate length, wherein the fifth effective gate length equals the

sixth effective gate length.

13, The transconductor of claim 1, wheretn the first FET comaprises a lateral dual gate

and the first effective gate length is based on the lateral dual gate.
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14.  The transconductor of claim 1, wherein the first FET comprises a single gate with
at least one field plate, and the first effective gate length 1s based on the single gate with

the at least one field plate.

15.  The transconductor of claim 1, wherein the first FET comprises a finFET, and the
finFET comprises at least two sections of three-dimensional (3D) gate structures, and the
first etfective gate length corresponds to an effective gate control and s based on the at

least two sections.

16.  The ransconductor claim 15, wherein the first effective gate length isbasedon a

length dimension of the at least two sections.

17, The transconductor of claim 1, wherein the first FET comprises a finFET, and the
fnFET comprises three sections of three-dimensional (3D) gate structures, and the first
effective gate length corresponds to an effective gate control and is based on the three

sections.

18,  The transconductor of claim 1, wherein the first FET comprises a first gate width

and the second FET comprises a second gate width different than the first gate width,

19, The transconductor of claim 18, wherein the third FET has a third gate width equal
to the second gate width and the fourth FET has a fourth gate width equal to the first gate
width.
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