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MINIATURE PASSIVE STRUCTURES, HIGH FREQUENCY
ELECTROSTATIC DISCHARGE PROTECTION NETWORKS, AND HIGH

FRE‘QUENCY ELECTROSTATIC DISCHARGE PROTECTION SCHEMES

Cross-reference to Related Applications

[0001]  The present application claims the benefit of the Singapore patent application
No. 201109767-2 filed on 30 December 2011, the éﬁtire contents of which are -

incorporated herein by reference for all purposes.

Technical Field
[0002] Embodiments relate generally to miniature passive structures for electrostatic
discharge. protection and input/output matching for a high frequency integrated circuit,
high frequency electrostatic discharge protection networks for integrated circuits, and

high frequency electrostatic discharge protection schemes for integrated circuits.

Background

[0003] Elec‘tm-Static discharge represents a single-event, rapid transferj,,of
electrostatic charge between two objects, usually resulting when two obj ects at different
potentials ;:aused by static charge accumulation. ESD can also occur when a high electro;
static field develops between two objects in close proximity. There are three predominant
ESD models for integrated circuits: 1) the Human Body Model (HBM); 2) the Charged

Device Model (CDM); and 3) the Machine Model (MM). HBM and CDM are considered
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to be more “real world” models than the MM. An integrated: circuit is susceptible to ESD
strikes during fabrication, testing, packaging, transportation etc. ESD is leading cause of |

electrical overstress and resultant irreversible damage in integrated circuits.

Summary

[0004] According ' to ‘various embodiments, a miniature passive structure for
elect@static discharge protection and input/output matching for a high frequency
integrated circuit may be provided. The structure may include: a transmission line for
providing at least one. electrostatic discharge path; and a capacitor with a first end
c’onnected to the tmnsmission line and a second end connec}ed to ground. |

[0005] Accordil;g to various embodiments, a miniature passive structure - for.
electr(;stz;tjc discharge protection and- input/output matching for a high frequency
integrated circuit may be provided. The structure may include: an inductor for providing
at least one electrostatic discharge path; and a cgpacitor with a first end connected to the
inductor and a second end connectcd to ground.

[0006] Accordipg to various embodiments, a high frequency electrostatic discharge
' protect'ion network for integrated circuits may be provided. The network may indiude: a
high ﬁ'eqliency' signal carrying transmission line; and one or more miniature passive
shucﬁres. Each of the one or more miniature passive structures may include: a
transmission line for providing a corresponding at least one electrostatic discharge path;
and é capacitor with a first end connected to the transmission line and a second end
connected to ground. The integrated circuits ;are based on an integrated c'irc.uit technology

selected from the group consisting of CMOS, GaAs, SiGe, and InP.
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-{0007] According to ;\larious embodiments, a high frequency electrostatic discharge
protection network for integrated circuits may be provided. The network may include: .a
high frequency signal carrying tranémission line; and one or more miniature passive
structures. Each of the one or more miniature passive structures may include: an inductor
for providing a corresponding at least one electrostatic discharge path; and a capacitor
with a first end conne;cted.to the inductor and a second end connected to ground. The
integ;ated circuits may be based on an integrated cil;g:uit technology selected from the
group consisting of CMOS, GaAs, SiGe, and InP.

[0008]  According to various embodiments, a high frequency electrostatic discharge
protection schemg for integrated circuits may be émvidgd. The schcmé fnay include:
power supply rails; a supply clamp, proviciing transient' clamping of the electx‘ical‘
' potentialvdifference between the power- supply rails; and a high frequency electrostatic
discharge protection network including: a transmission line for providing at least one
electrostatic discharge path; and a capacifor with a first end connected fo the transmission
line and a seéond end connected to gromd.

[0009] According to various embodiments, a high frequency electrostatic discharge
' protectjon scheme for integrated circuits may be providéd. The scheme may include:
power supply raiis; a supply clamp, providing transient clamping of the electrical
.potex.ltial difference between the power suppiy rails; and a high frequency electrostatic
discharge - protection - netwbrk including: an inductor for providing at least one
electrostatic discharge path; and a capacitor with a first end connected to the inducto;‘ and

a second end connected to ground.
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Brief Description of the Drawings

[0010]  In the drawings, like reference characters generally refer to the same paﬁs
throuéhout the different views. Thé drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the
following description, various embodiments are described with reference to the following
drav&ings, in which: |
| FIG. 1 shows an electro-static discharge (ESDj protection nefwork in accordance

with an embodiment;

FIG. 2 shows a transmission line‘type ESD protection network in accordance with
an embodiment; ‘ | |

FIG. 3 show; a lumped element type ESD protection. network in accordance With'
" an embooiiment;

FIG. 4 shows a transmission line type ESD protection network in accordance with
an embodiment;

FIG. 5 shows a lumped-elelﬁent type ESD protection ne;work in accordance with
an embodiment;

FIG. 6 shows a transmission line ESD protection network for differentiéi drive
signals in accordaﬁce with an embodiment; |

| FIG. 7 shows a lumped-element ESD protection network for differential drive

signals in accordance with an embodiment;

FIG. 8 shows ESD protected GSG Pads and a corresponding simplified equivglent

model in accordance with an embodiment;



WO 2013/100861 PCT/SG2012/000494

FIG. 9 shows ESD protected GSSG Pads and :a comesponding simplified
equivalent model in accordance with an embodiment; and
FIG. 10 shows a layout in a commercial SiGe process and simulatiog results in

accordance with an embodiment.

Description

{0011}  Furthermore, it will be unders%ood that the embodiments described below may
be combined, for example, a part of one embodiment m;":ly be combined with a part of -
another embodiment. |

.[0012] The terms “coupled” or “connected” or “coupling” or “cénnection” are to be
understood to embrace both a direct “coupling” or “conﬁection” and an indirect
“coupling” or “connection” (in other words: a connection or céupling between A and B
may be upderstood as A directly connected or coupled to B, or as A being connected or
cpupled to B.via C).

[0013]  According to various embodiments, ultra-wi&eband ESD protection for RFIC
_ (radio-frequency integrated circuits) may be provided. |
[0014]  Miniature passive and lumped-element circuits and dedicated RF éads may be
employed to in;plement electro-static discharge (ESD) protection as well as input/output
(VO) port matching for radio-frequency (RF), microwave and millimeter-w;ave integrated
circuits (IC) and systems. The miniature ESD structures and ESD pads according td
various embodiments may efficiently bypass the deteriorating ESD current, while may
make ultra-wide RF signal pass through with low insertion loss. By adjusting the

available design variables, such as thé shape, physical dimension, positioning of the
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-miniature passive struétures, the ESD | protection circuits. according to various
embodiments may be designed purposely to exhibit certain shunt impedance to be actiﬁg .
as métching elements in the input and output network of the circuit under protection,
| further reducing the size of the integrated circuits. |
{0015]  Electro-static discharge may represent a single-event, rapid transfer of
electrostatic charge between two objects, usually resulting when two objects at different
potentials caused by static charge accumulation. ESb may also occur when a high
electro-static field deilelops between two objects in close proximity. There are three
predominant ESD models for integrated'circuits: 1) the Human Body Model (HBM); 2)
.tile Charged Devipe Model (CDM‘); and 3) the Machine Model (MM). ﬁBM and CDM
may be considered .to be more “real world” models than the MM. An integrated ciﬁcuit.
may be éugceptible to ESD strikes during fabrication, testing, packaging, transportation
etc. ESD is leading cause of electn:cal overstress and ;esultaﬁt irreversible damage in
integrated circuits.

[0016]  The operation ﬁ'equency may be increased rapidly by continuous scaling of
integrated circuits.'The excessive parasitic effect in the conventional ESD protection
' methods has made ESD circuit a major bottleneck for high frequency and'higﬁ speed
operation, 'leaving a very strin.gent design trade-off between the IC’s performance and
reliaf)ility. Conventional ESD methods for iﬁtegrated circuits may use devices such as
diodes, silicon-controlled re;:tiﬁers (SCRs), grounded-gafe n-channel MOSFETs (metal-
oxide;semiconductor field-effect transistor; ggNMOSs, wherein NMOS may stand for N-
type metal-oxide-semiconductor). In low frequency narrow-band designsy, the parasitic

impedance may be resonated out with a package or bond wire inductance, and thereby be
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circumventéd. However, ﬂlis approach may not be suitable for high frequency wideband
analog and digital RF, microwave and millimeter-wave designs. The distributed effects of |
those~conventional protection structﬁrés may become significant, and even slight non-
uniformities in the via placement in ESD structures may cause severe performance
degradation.

[0017] An ESD protection ~. device for the protection of MOS (metal-oxide-
semi(;onductpr) circuits from high ESD ~v0!téges by érranging an N-well or very short
length in a P-well or P-substrate may be introduced as high frequency low capacitance
ESD device. The junction capacitance of this N-well may be low and in fhe order of 0.03
.};F. However, in'the mm-wave regime, the signai may _be greatly atte‘nu‘ated by this
capacitance. A topoiogy of distributed ESD protection devicés ‘may be used to absorb the.
parasitic .eﬁ‘ects of the protection devices in a transmission line. Transmission lines may
be employed to exhibits certain desirable impedance to the high frequency signal while
bypass the ESD current to ESD protection devices or ground. An ém-pad' broadband
matching network may be introducéd as wideband matching technology as well as ESD
protection. There may be a need for an improved ESD protection device or structures
" with an ESD protection without sacrificing the impedance matching in tﬁe RF,
microwavé, and niilIimeter-wave regime.

[0018] In RF, microwave, millimeter-wave ESD protection, passive type of ESD
protection structures may be'provided. These ESD protection structures may implement .
the ESD discharge path by intentionally introducilig a shunt transmission line stub wijh
ground termination. Aﬁ high operation ﬁ'equeﬁcies, the impedance looking into the shunt

stub may be designed to be sufficient to avoid signal leakage to ground. While on the
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other hand, ;;he shunt impedance may be low at lower frequencies and the low frequency
signals including the ESD discharge current may be efficiently shunted to ground. To |
achies}e sufficient impedance at the iﬂterested frequency band, the shunt stub may be
desired to exhibit certain electrical length, through which the low impedance at its grou;ad
termination end can be transformed to high impedance. Typically, an electrical length of
around a quarter wave length may:be desired to accomplish such impedance
transfbnnatiqn. Hence, the ESD protection structure fo£ high—ﬁ‘equent;y I/Q ports may be
reported to have relatively large sizes and insertion losses, making the implementation of
these passive ESD proiection structures on commercial process technologies, such as
CMOS (Complcmentary Metal Oxide Semiconducto‘r), SiGg BiCMOS, Ga‘As, not much |
attractive. | ‘ '
© {0019] | According to various embodiments, an Ultra-Wideband ESD Protection for
RFIC may be provided for the applicatioﬁs in CMOS, SiGe BiCMOS, GaAs and other
integrated circuit process technologies. The transmission lines, loaded .transm'ission line,
lhmped-elemént and wideband ESD protection pads type of ESD protection circuits may
be introduced. According to various embodiments, the ESD protection structures may
" have u!tra-wide RF bandwidth, compact size and low inseriion loss, which may sa;'e cost
and may hhprove i)erfonnance of the integrated circuits simultaneously. Simultaneously,
the ESD protection circuits according to various embodiments may have /O matching
(impedance matching in tﬁe input and output ports between the active and passive
devices) capability. Especially, the developed ESD protection pads, which may have

similar size to the normal non ESD protected RF pads but provide ESD protection and
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matching cz;pability, may'also be provided Based on the propose& ESD protection concept.
They may have a good poténtiai to be widely adopted in the high-frequency IC products;
[0020j According to various e;mbodiments, a miniature passive structure for
electrostqtic discharge protection and input/output matching for a high frequency
integrated circuits may be provided. The structure may include: a transmission line for
providing at least one eIectrostaﬁc discharge path; and a capacitor with a first end
connécted to'the transmission line and a second end coﬁnccted to groﬁnd.

[0021]  According to various embodiments, the transmission line may have a length of
.about 1/4 wavelength, where the wavelength is a wave length of a certain transmission |
line (like a microsp‘ip or a coplanar waveguide) on a certaiq substrate. |

[0022] Accordﬁg to various embodiments, the miniature passive structure r'nay.
further iﬂc}ude an input signal trace, wherein the transmission line is DC.connected to the
input signal trace at a first end and DC connected to the capacitor at a second end.

[0023]  According to - various embodiments, the miniature passi.ve smicture. may
further include: an input signal trac.e, wherein the transmission line is DC connected to
the input signal trace at a first end and AC coupled or DC connected to a supply rail at a
' second end. .
[0024] According to various embodiments, the transmission line may include or may
be at least one of a high impedance loaded trainsmission line or an unloaded transmission
line (in other words: may be or may include a loaded transmission line and/ or an
unléaded transmission line and/ or a high impedanc;e loaded transmission line and/ or a

high impedance unloaded transmission line).
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[0025] According to ;/arious embodimeﬁts, the transmission line may include or may
be a high impedance transmission line: The high impedance transmission line méy ‘
include or may be at least one of (i)‘ a coplanar waveguide, (ii) a conduc;or backed
coplanar yvaveguide, (iti) coax transmission lines, (iv) a microstrip line, or (v) a striplin;.
[0026]  According to various embodiments, a miniature passive ' structure for
electrostatic discharge prptectioﬁ and input/output matching for a high frequency
integfated ci?cuit may be provided. The structure may‘ include: an inductor for providing
at least one electrostatic discharge path; and a capacitor with a first end connected to the
inductor and a second end connected to ground.

,16027] Aécor(_iing to various embodiments, the. inductpr may includ;e or may be at
least one of a singie ended inductor, a differential symmetrical inductor, a multilayer'
stacked iﬁductor or an inductor from the.JC foundry.

[0028]) According to various erﬁbodiinents, the miniature passive structure may
further include: an input signal trace, wherein the inductor is DC connected to the’input
signal trace at a first end and DC connected to the capacitor at a second end.

[0029] Accordipg to various embodiments, the miniature passive structure may
' ﬁ;rther. include: an input signal trace, wherein the inductor is DC connected to the input
signal trace at a first end and AC coupled or DC connecte(i to a supply rail at a second
end.‘

[0038] - According to vaﬁous embodiments, a high fréquency electrostatic discharge
protection network for integrated circuits may be provided. The network may include: a
high frequency signal carrying transmission line; and one or more miriiéxtdre passive

structures. Each of the one or more miniature passive structures may include: a

10
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~transmissioﬁ line for pro{'iding a corresponéing at least one elgct;bstatic discharge path;
and a capacitor with a first end connected to the transmission line and a second eﬂd
comécted to ground. The integrated éiréuiis are based on an integrated circuit ;echnology
| selected from the group consisting of CMOS, GaAs, SiGe, and InP.

[0031}  According to various embodiments, the high frequency electrostatic discharge
protéction network may be _couplea to core circuits of the integrated circuits by capacitive
, coupiing selected from the group consisting of ;:apacitor coﬁpling and coupled
transmission line coupling for oﬁe or more of protection of the core circuits and DC bias
ofthe core circuits.

[0032]  According to various embodiments, the high ﬁre;quency electro.stafic discharge
protection network ’may be coupled to core circuits of the .integrated circuits by direct'
connectién_ for protection of the core circuits.

[0033]  According to various embodinients, a differential configuration of the high
frequency ESD protection network may provide electrostatic dischafge protection for
differential input/output ports.

[0034] Accordipg to various embodiments, the high frequency electrostatic discharge
' protectjon network may further include: a plurality of “electrostatic dischargé paths
wherein c'ascading of the high frequency electrostatic discharge protection network
dis&ibutes electrostatic discharge current into multiple ones of the. plurality of
electrostatic discharge paths;

[0035]  According to various embodiments, the high frequency electrostatic discharge

protection network may act as an element in an input/output matching network.

11
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-[0036] According to Avarious embodimc;,nts, a high frequency electrostatic discharge
protection network for integrated circuits-may be provided. The network may include: 'a
high ﬁequency signal carrying transrrﬁssion line; and one or more miniature passive
structures. Each of the one or more miniature passive structures may include: an inductor
for providing a corresponding at least one electrostatic discharge path; and a capacitor
with a first end connected to thei inductor and a second end connected to ground. The
integrated ci;cuits may be based on an integrated circuit technology selected from the
group consisting of CMOS, GaAs, SiGe, and InP.

[0037) According to various embodiments, the high frequency electrostatic discharge
frotection network may be coupled to core circuits of the integrated circui;s 5y capacitive
coupling selected from the group consisting of capacitor coupling and cou}')led‘
transmis:ﬁon line coupling for one or more of protection of the core circuits and DC bias
of the core circuits.

[0038]  According to various embodiments, the high frequency elecﬁostatié discharge
protection network may be coupled to core circuits of the integrated circuits by direct
connection for protgction of the core circuits.

' [0039]_ According to various embodiments, a differen‘tial configuration of tﬁe high
ﬁ‘equency.ESD protection network may provide electrostatic discharge protection for
diffe.rential input/output ports.

[0040] - According to varéous embodiments, the high ﬁequency electrostatic discharge
protection network may further include: a plurality of electrostatic discharge paths

wherein cascading of the high frequency electrostatic discharge protection network

12
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distributes ‘electrostatic ‘discharge curreni into multiple: ones of the plurality of
electrostatic discharge paths.

[0041i According to various embédiments, the high frequency electrostatfc discharge
protection network may act as an element in an input/output matching network. |
[0042) According to various embodiments, a high frequency electrostatic dischérge
protéction scheme for integrated "circuits may be provided. The scheme may include:
power supply rails; a supply clamp, providing traﬁsient clampiﬁg of the electrical
poteritial difference between the power supply rails; and. a high frequency electrostatic
discharge protection network including: a transmission line for providing at least one
electrostatic disch_argc path; and a capacitor with a ﬁrst enq connected to tile transmission
line and a second ena connected to ground.

[0043] | According to various embodiments, the high frequency electrostatic dischafge
protection scheme may further include an input/output (I/O) pin. The power supply rails
may include or may be a positive power supply rail'and a negative powér supply raiL The
high frequency electrostatic disch.arge protection scheme may provide electrostatic
discharge stress for~ the integrated circuits, the electrostatic disch arge stress selected from
" the group consisting of (a) positive electrostatic discharge stress at the VO p1n with
reference to the négative power supply rail, (b) negative EéD stress at the I/O pin with
referénce to the negative power supply rail, tc) positive ESD stress at the I/O pin with
reference to the positive po§ver supply rail, (d) negative ESD stress at the VO pin with
reference to the positive power supply rail, (€) positive electrostatic discharge stress at the

positive power supply rail with reference to the negative power supply rail, and (f)

13
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negative eléctrostatic diséharge stress at the positive power supply rail with reference to
the negative power supply rail. | |
[0044]  According to various emﬁodiments, a high frequency electrostatic discharge
| protectioq scheme for integrated circuits may be provided. The scheme may include:
power supply rails; a supply clamp, providing transient clamping of the electrical
potentlal difference between the power supply rails; and a high frequency electrostatic
dlscharge protection network - including: an mductor for prov1dmg at least one
electrostatic discharge path; and a capacitor with a first end connected to the inductor and
a second end connected to ground.

[0045] Aécording to various embodiments, the ﬁigh frgquency electrogta.tic discharge
protection scheme may further include an input/output (I/O).pin. The power supply r'ails’
" may inclﬁde or may be a positive power supply rail and a negative power supply rail. The
high frequency electrostatic discharge protection scheme may provide electrostatic
discharge stress for the integrated circuits, the electrostatic discharge sﬁ‘ess seiected_ from
the group c(;nsisting of (a) positi\;e electrostatic discharge stress at the I/O pin with
reference to the negative power supply rail, (b) negative ESD stress at the I/O pin with
' referen_ce to the negative power supply rail, (c) positive ESD stress at the /O pin with
reference to the p§sitive power supply rail, (d) negative ESD stress at the /O pin with
refer.ence to the positive power supply rail, (e).positive electrostatic discharge stress at the
positive power supply rail with reference to the negative power supply rail, and (f)
negative electrostatic discharge stress at the positive power supply rail with referenge to

the negative power supply rail.

14
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(0046} fIG. 1 shows 'a diagram 100 illﬁstrating an application of the proposed ESD
protection network in accordance with various embodiments.. FIG. 1 shows an
embodiment of the ESD protection scheme using the ESD protection network 88 based |
on the m?miature passive or ESD protection embedded pad in accordance with varic;us
embodiments. The passive structure may be composed of ESD protected cells: examples
like one or multiple cells shown iﬁ FIG. 2 or one or multiple cells shown in FIG. 3. The
1/0 péds may be co-designed: with the ESD protection structufes named as ESD
embedded RF pads examples as shown in FIG. 5 and ‘FIG. 6. To implement ESD
protectlon against ESD. stress between the I/O pad 000 and power supply rail VDD, a
conventional supply clamp 66 may be utilized. The ESD protecnon network 88 and the
supply clamp 66 may constitute a complete ESD protection network 33 capable of
' protectiné, ghe core circuits 111 against both positive and negative ESD stress between the
I/0 pad 000 and ground, bet;zveen 1/0O pad 000 and VDD‘and between VDD and ground.
The miniature passive structure 88 may also be connected between thé wire connection
101 or powcf supply rail VDD, in thich case the ESD. stress between the /O pad 000
and the core circuit; may be handled by the ESD prétection network 88 to ground, while
" the ESD stress between the output pad similar to 000 but in output and the 'ESﬁ stress
from output pad fnay be handled by the ESD protection n.etwork 88 connected in the
outpﬁt with similar configuration like input and the supply clamp 66.

[6047] Fig.2 shows a géneral transmission line type ESD protection network 200 in
accordance with an embodiment. The state before the ESD protection network 200 with
RF or ESD signal injection may be denote(i as state S1, while the state 'a&er the ESD

protection network may be denoted as state SN. Both the RF and the ESD signal may
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-travel towafd the core cir'cuits 111 through ﬁle wire connection 101 once they are applied
on to the I/O Pad 000. However, the dominant ESD signal may bypass through the ESD .
proteétion network 88 in Fig.l. The; ESD protection network 200 may introduce high .
impedance loaded or unloaded transmission line 208 with. length around quarter-
wavelength 1 with connection of capacitor type network 105, which may be
capécitor/capacitors 202, or capac;itor 202 connected in parallel with positive connection
diodé (PD} 204 or negative connection diode (ND) 266 or both ND 204 and PD 206 in
shunt -to form a cell 104. The cascading of the multiple cells 104 up to n stages with a
high impedance section n+1 (where is integer start from 1) 210 may form a general case
of the ESD protection network 200 as shown in FIG. 2. The cell nu'mber, physical
dimension, position. and spacing of the load lines may all be available design variables so'
that protection level and RF bandwidth and impedance match conditions may be designed
to the desirable value in the ¥/O port. The ESD protection structure 21 composed of the
transmission line 103, the transmi;sion lines or lqaded transmission linés 208 in 105, may
couple the RF energy to the core circuits 111 using a coupling capacitor 41 which may
block DC voltage Qf the core circuits 111 from leaking to ground while couples the RF

" signal to the core circuifs 111. The capacitor 41 may be feplaced by a wire to tﬂe core

circuits 111. As sﬁown in FIG. 2, while the RF and ESD signal may be injected to the I/O

pad 600, the RF signal may travel through the ESD protection network and the coupling

capacitor and feed to the c01;e circuits 111 through the wire connection with low loss. The

ESD éignal may be efficiently bypassed to ground by the ESD protection network 88 and

may cause no damage to the core circuits 111.

16
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-[0048] ?IG. 3 shows .a genéral lumped élement type ESD protection network 300 in
accordance with various embodiments. The state before the ESD protection network 300
with RF or ESD signal injection may i)e denoted as state S1, while the state after the ESD -.
protectior} network 300 may be denoted as state SN. Both the RF and the ESD signal may
travel toward the core circuits 111 through the wire connection 101 once they are applied
on to the /O Pad 000. However, the dominant ESD 31gnal may bypass through the ESD
protectton network 88 in FIG .1. The ESD protection network 300 may introduce one or
more inductors L 304 with connection of capacitor type network 105, which may be a
capacltor 202 or a ND diode 204, PD diode 206 or both ND 204 and PD diodes 206 with
one or several capacitors, in shunt to form a cell 302 The cascading of the mulnple cells
302 up to n stages with an inductor Ln+1 304 (where is integer start from 1) may form a.
© general case of the ESD protection network 300 as shown in F1G.3. The cell number,
inductor and capacitor values, may all be available design variables so that protection
level and RF Bandwidth and impedance matqh conditions may bé designed to the
desirable value in the VO port. The ESD protection -structure 21, composed of the
transmission line 193, and the inductor(s) 304 in 362 may couple the RF energy.-to the
" core ciycuité 111 using a coupling capacitor 41 which mayr block DC voltage of tﬁé core
circuits 111 from iea]cing to ground while couples the RF siénai to the core circuits 111.
The ;:apacitor 41 may be replaced by a wire t6 the core circuits 111. As shown in FIG. 3,
while the RF and ESD signal are injected to the I/O pad 000, the RF signal may travel
through the ESD protection network and the coupling capacitor and feed to the core

circuits 111 through the wire connection with low loss. The ESD signal may be
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efficiently Bypassed to gr;)und by the ESD ﬁrotection network 88 and cause no damage to
the core circuits 111. |
[0049i FIG.4 shows a compact trénémission line type ESD protection network 400 in |
accordance with various embodiments. FIG. 4 illustrates a special case for the gene;al
ESD protection network in FIG. 2. Only one cell 208, i.e. Cell .1 may be used. The high
impédance transmission line n+l;2 (210) may be shunt to ground at the other end. The
injecfed RF and ESD signal may be input from the I/O'pads through connection lines 101,
The RF signal may pass through the transmission line 103, which may be a transmission
line T-junction to 41 or a short line to the core circuits and almost no RF signal leak to
Cell 1 in the ESD protection network may occur, while the ESD signal ma.y be dumped to
the ESD pmtection.networ‘k and almost no ieakage may oceur through the core oir’cuit.
' ‘ 111.

[0050] FIG.5 shows a lumped-elemént ‘type ESD prétection network 500 in
accordance with various embodiments. FIG.5 illustrates a special ca§<;, for the general
ESD protection network in FIG. 3; Only one cell 302, i.e. Cell 1, may be formed by
inductor 304 L1 shunted connected with capacitor network as described above. The
inductqr n+1=2 (304) may be shunt to ground at the other end. The injected RF ar;d ESD
signal may be inpﬁt from the I/O pads through connection 11::1es 101. The RF signal may
pass .through the transmission line 103, which may be a transmission line T-junction or
wire connection to 41 or a sﬁon line to the core circuits, and almost no RF signal leak to
Cell 1 in the ESD protection network may occur, while the ESD signal may be dumpgd to
" the ESD protection network and almost no .leakage may occur through &e core circuit

111.
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-[0051] fIG. 6 shows .a transmission line ESD protection network 600 for differential
drive signals in accordance with various embodiments. FIG. 6 illustrates a special casé
for thé genéral ESD protection netw.ork for differential drive circuits or net\york. Only
| two cells_ 104 i.e. two copies of Cell 1 (but the values may be different or the same) ﬁay
be used for the positive path and the negative path. One end of the high impedance
transmission line n+1=2 (210) ma;y be connected with the Cell 1 and the other end may
be sh;mt to ground at the other end. The injected RF+, RF- and ESD.signal may be input
from the two /O pads through connection lines 101. The RF signal RF+ and RF- may
pass through the transmission line 103, which may be a transmission line T-junction to 41
.<;r a short line to the core circuits and almost no RF signal lgalc to Cell 1 (i04) in the ESD
protection network 600, masf occur while the ESD signal may be dumped to the ESD.
protectioﬁ _netvyork 600 and almost no leakage through the core circuit 111 may occur.
Though in FIG. 6, only Cell 1 ma; b;e used for the ESD n?twork, it may also be extended
to multiple cell conne;:tion as referring to FIG. 2 for the multiple cells connection. The
cell number may be doubled compafed to the case of FIG. 2.

[0052] FIG. 7 ghows a lumped-element ESD pr.otc‘-:ction network 700 for differential
* drive gignals in accordance with various embodiments. FIG. 7 illustrates a speciél case
for the general ~ESD protection network for differential dri;/e circuits or network. Only
. two c.:ells 302 i.e. two copies of Cell 1 (but the values may be different or the same) may
be used for the positive path and the negative path. One end of the inductor (302)
Ln+1=L2 may be connected with the Cell 1 and the other end may be shunt to ground at
the other end. The injected RF+, RF- and ESb signal may be input from the two I/O pads

through connection lines 101. The RF signal RF+ and RF- may pass through the
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transmissioﬁ line 103, .which may be -a transmission line T-junction or the wire
connections to 41 or a short line to the core circuits, and almost no RF signal leak to Cell
1 ma); occur in the ESD protection néﬁvork, while the ESD signal may be dumped to the .
ESD prot;ction network and almost no leakage may occur through the core circuit 111.
Though in FIG. 7, only two Cells #1 (302) are used for the ESI? network, it may be also
be extended to multiple cell con.nection as referring to FIG. 3 for the multiple cells
conm;.ction. The cell number may be doubled comp-arec‘l to the case of FIG. 3.

[0053) FIG. 8 shows an illustration 800 of ESD. protected GSG pads and a
corresponding simplified equivalent model. FIG. 8 illustrates a special case for the |
general ESD prote;ction network to be implemented or embedded into the .GSG pads. The
spiral inductor which may be of any shape, single layer or niultilayer stacking according'
" toa proc'es.s, may be implemented below the “S” pads (signal pads) and connected to “S”
pad at one end and the other end may be connected to a capacitor, which may be
‘implemen'ted under the ground pads “G” or may use the MIM (Metal-lﬁsulator—Metal) or
other type of capacitor. The other énd of the capacitor opposite the end connected with
L1 may be connected to the ground. The inductor L2 may be a spiral or straight line
' conneqted with L1 in one end and the other end can directl)'f be shorted to the grouﬁd. The
equivalent circuit fnodel is shown in FIG. 8. It can be seen that two cells i.e. two copies
of C.ell 1 (but the values may be different or the same) may be used for two paths
connected from the signal pad to the ground pads throuéh L1 and L2 and the capacitor
network 105. One end of the inductor Ln+1=L2 may be connected with the Cell | and the
other end may be shunt to ground at the other end. The injected RF and ESD signal may

be input from the /O pads. The RF signal may directly pass through the S pad to the core
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-circuits or may be conneéted with a capacitor like 41 like described above. By doing so,
almost no RF signal may leak to Céll 1 in the ESD protection network, while the ESD
signai may be dumped to the ESD protection network and almost no leakage may occur
through. the core circuit. |
[0054] FIG. 9 shows an illustration 900 of ESD protected GSSG Pads and a
corrésponding simplified ¢quivaient model. FIG. 9 illustrates a . special case for the
general ESD protection network to be implemented or embedded into the GSSG pads.
The 'spiral inductor, which may be any shape, single. layer or multilayer stacking
according to a process, may be impleniented below the “S” pads and connected to “S”
pad at one end and the other end may be connécted to a capacitor, ‘which may be
.implemented under ‘the ground pads “G” or may use the MIM or other type of cap acitor.‘
The other end of the capacitor opposite the end connected with L1 may be connected to
the ground. The inductor L2 may be a spirél or straigﬁt line connected with L1 in one end
and the other end may directly be shorted to the ground. The equivaleﬁt circuit model is
shown in FIG. 9. It may be seen that two cells i.e. two copies of Ce?ll 1 (but the values
may be different or the same) may be used for two paths connected from the signal pad to
" the grqund pads through L1 and L2 and the capacitor network 105. On.e'end" of the
inductor Ln+1;L2 may be connected with the Cell 1 and ﬁ"xe other end may be shunt to
grouﬁd at the other end. The injected RF and ESD signal may be input from the /O pads.
The RF signal may directly pass through the S pad to the core circuits or may be
connected with a capacitor like described above. By doing so, aimost no RF signal‘may
leak to Cell 1 in the ESD protection network; while the ESD signal may ,be'dumped to fhe

ESD protection network and almost no leakage may occur through the core circuit.
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-J00S5] f’IG. 10A and 'IOB show one iml;lemented example of ESD in SiGe BiCMOS
Tower Jazz process according to various ¢émbodiments. FIG. 10A shows a layout 1000 fn
a corﬁmercial SiGe Process. FIG. IOB shows a diagram 1050 illustrating simulation
| results, FIG. 10A and FIG. 10B illustrate a case of ESD protection network designed for
60GHz RF transceiver. All of the configuration or transmission lines may be designed
based on conductor-backed coplaﬁar—waveguide (CBCPW). The spiral inductor, which
may Be of any shape, may be implemented beside th?: main signal line and connected
through a T-junction. The self build MIM cap (capacitor) or cap from the foundry may be
designed by using several metal layers from metal 1 to metal 6 based on the used process. |
The inductor L2 _may be designed by using a éBCPW straight. line | with one end
connected to the Mﬁ\/[ CAP and inductor L1, and the othef end may be connect to'the.
" ground. As the simulation of the two port with one input port from GSG pads and the
other port denoted as GSG to the core circuits, the RF signal may pass through with low
insertion loss while the low frequency ESD interference may be bypa§sed to the ground
of the syst.enr.l. There may also be a stopband for the ESD circuits according to various
embodiments, which may be used to reject certain frequency like harmonic frequencies
" of'the fundamental signal.

[0056] 'Accord‘ing to various embodiments, the techni'cal features of the various
embc;d iments may be as described above and éescribed below.

[0057]) -According to varilous embodiments, a series of miniature passive structures for
ESD brotection and I/O matching of high frequency integrated circuits may be provided,
for example like described referring to FIG. .2 and FIG. 3, including one or several high

impedance transmission lines or loaded transmission lines with electric length of around
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-uner—waQelength with 6ne-end connected in shunt to the main signal line, signal pad or
the another stage of high impedance line and one or several capacitor ﬁetwork connected
in sh@t to the other end of the higﬁ impedance line, providing ESD current bypassing ‘
paths; and/ or one or several inductors, transformers or any shapes of the inductors with
one-end connected in shunt to the main signal line, signal pad or the ‘another stage
inductor and one or several capacitor network connected in shunt to the other end of the
indu&or, proyiding ESD current bypassing paths.

[0058]  According to various embodiments, the first stage of high impedance
transmission line or loaded transmission line with the electric length of around quarter-
v;'ave length may be connected to the signal line on one gnd and the oth.er end may be
connected to the c.:ap'acito'r networks and another stage/section of high impedaince.
transmiss'ion line (this stage of impedance line may be any length).

[0059] According to various embodiménts, the capacitor network 105, which may be
connected to the high impedance transmission lige/ ‘loaded lines or inddctors, may b¢ one
or several capacitors only, or capacifors in parallel connected with one a several diodes or
PN junction. The connection of the diode or several diodes to the high impedance
' transmission line or inductors may be positive side or negétjve side or both posiu"ve and
negative ie. anti-ﬁarallel connections.

[0065] According to various embodifnents, the n+l1 stage high-impedance
transmission line may be feplaced by the capacitor ne.twork. 105 or high-impedance
transmission line connected with the capacitor network 105 in one end while the cher

end of the capacitor network is connected to the ground.

23



WO 2013/100861 PCT/SG2012/000494

[0061] According to .vario-us embodiments, the n+1 stage inductor Ln+1 may be
replaced by the capacitor network 105 or inductor Ln+1 connected with the capacitc;r
network 105 in one end while the oth;ar‘end of the capacitor network may be connected to
| the ground. |
[0062]  According to various embodiments, the core circuits to be protected as
application, for example like shown in FIG. 1, may be any circuits like LNA (low noise
ampﬁﬁer), Mixer, PA (power amplifier) or. systém like recei\}er, transmitter, or
transceiver, which may have the matching or ESD protection requirements.

[0063] According' to various embodiments, the high impedance transmission
line/loaded line or inductor shunted connected with .a capac;itor network n;a)} form a cell.
The ESD protectioﬂ circuits may be one cell or multiple cell cascading connected With.
" another siage high impedance line or inductor to the ground.

[0064] According to various embodiménts, the high impedance transmission lines /
loaded lines can be but not limited to (i) a coplanar waveguide, (ii) a .conduc':tor b;lcked
coplanar wa‘}eguide, (iii) coax trans'mission lines, (iv) a microstrip line, or (v) a stripline,
wherein the transmission lines with periodic or non-periodic loading using single layer of
' multilayer process.

[0065] .According to various embodiments, the inductor as described above may be
(but ﬁlay not be limited to) a lumped inductof, an on-chip spiral inductor of any shapes,
an on-chip differential drive inductor, or an on-chip multiple layer stacked inductor.

[0066] According to various embodiments, for the both I/O. match consideration and

ESD protection, the high impedance section line as described above may be not with

24



WO 2013/100861 PCT/SG2012/000494

electric leegth of a qﬁaxter-wavelength. It may be used to adjust /O matching
‘simultaneou'sly with wideband ESD protection. |
[0067'] According to various enﬁﬁodiments, for the lumped LC (inductor,_capacitor)
cell ESD protection, the inductor and capacitor network values may be different from cell
to cell. The design of different value of inductors or capacitor values may be to achieve
différent RF bandwidth reqpiremeet and different ESD protection level. It may be used to
adjusi 18] mgtching from RF input port to the core circ'uits simultaneeusly with wideband
ESD protection.

[06068] According to various embodiments, the ESD protection structure may be
cascaded to be multiple sections between the inpﬁt pad gnd the core'ci'rcuit to further
improve the ESD protectioﬁ capability.

[0069] | The pads like DC pad, RF GSG pads etc. may be desired for the on-chip
measurement or IC packaging. According to various embodimeng, the ESD protection
network may be implemented under the signal pads i.e. S pad, as the .case implemented
for the ESD protected GSG pads .(as the example case in Fig.8) or GSSG pads and
example case in Fig.9. But it may not be limited to above two RF pads, it may be also be
‘ implemented in any other type of the pads like the GSGSG; GSSGSSG pads. -

[0070] ' According to various embodiments, a high frequency ESD protection network
for ietegrated circuits based on different IC ‘technologies such as CMOS, GaAs, SiGe,
InP may be provided. |

[0071] According to various embodiments, all of the inductors described herewith

may be any shapes like circular, square, single-ended or differential drive. It may be
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-single Iayer‘ inductor, muitilayer stacked inductor for area saving or a straight or any other
shape high impedance transmission lines. - |
[0072]  According to various emi)oaiments, all of the. capacitors described herewith
| may be of any shape like MIM CAP, interdigital CAP or multilayer MIM or interdigital
CAP. The layer number or shape may be changed according to the process or the size or
locations. |

[0073) While the present invention has been illustrated and ﬂdes;:ribed using several
specific embodiments, the illustrations and descriptions are not to be construed as
limiting the scope of the invention. Various modifications may occur to those skilled in
.tile art without departing from the true spirit and écope of the inventior; aé claimed as
follows. |

[0074] | While the iqvention has been parficularly shown and described with reference
to specific embodiments, it should be understood by those skilled. in the art that various
changes in form and detail may be made therein without departing Ifom the spirit and
scope of the invention as defined b)} the appended claims. The scope of the invention is
thus indicated by the appended claims and all changes which come within the meaning

" and range of equivaleﬁcy of the claims are therefore intendéd to be embraced.
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Claims

What is claimed is:

1. A miniature passive structure for electrostatic discharge protection and
input/output matching for a high frequency integrated circuit, the structure
comprising:

a transmission line for providing at least one electrostatic discharge path; and

a capacitor with a first end connected to the transmission line and a second end
connected to ground;

wherein the transmission line comprises at least one of a high impedance loaded

transmission line or an unloaded transmission line.

2. The miniature passive structure of claim 1,

wherein the transmission line comprises a length of about 1/4 wavelength.

3. The miniature passive structure of claim 1 or 2, further comprising:

an input signal trace, wherein the transmission line is DC connected to the input

signal trace at a first end and DC connected to the capacitor at a second end.

4. The miniature passive structure of claim 1 or 2, further comprising:
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an input signal trace, wherein the transmission line is DC connected to the input
signal trace at a first end and AC coupled or DC connected to a supply rail at a

second end.

A high frequency electrostatic discharge protection network for integrated circuits
comprising:

a high frequency signal carrying transmission line; and

one or more miniature passive structures, each of the one or more miniature
passive structures comprising:

a transmission line for providing a corresponding at least one electrostatic
discharge path; and

a capacitor with a first end connected to the transmission line and a second end
connected to ground;

wherein the integrated circuits are based on an integrated circuit technology
selected from the group consisting of CMOS, GaAs, SiGe, and InP; and

wherein the transmission line comprises at least one of a high impedance loaded

transmission line or an unloaded transmission line.

The high frequency electrostatic discharge protection network of claim 5,

wherein the high frequency electrostatic discharge protection network is coupled
to core circuits of the integrated circuits by capacitive coupling selected from the
group consisting of capacitor coupling and coupled transmission line coupling for

one or more of protection of the core circuits and DC bias of the core circuits.
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10.

" The high frequency electrostatic discharge protection network of claim 5 or 6,

wherein the high frequency electrostatic discharge protection network is coupled
to core circuits of the integrated circuits by direct connection for protection of the

core circuits.

The high frequency electrostatic discharge protection network of any one of
claims 5 to 7,

wherein a differential configuration of the high frequency electrostatic discharge
protection network provides electrostatic discharge protection for differential

input/output ports.

The high frequency electrostatic discharge protection network of any one of
claims 5 to 8, further comprising:

a plurality of electrostatic discharge paths wherein cascading of the high
frequency electrostatic discharge protection network distributes electrostatic
discharge current into multiple ones of the plurality of electrostatic discharge

paths.

The high frequency electrostatic discharge protection network of any one of
claims 5 to 9,
wherein the high frequency electrostatic discharge protection network acts as an

element in an input/output matching network.
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11.

12.

A high frequency electrostatic discharge protection scheme for integrated circuits
comprising:

power supply rails;

a supply clamp, providing transient clamping of the electrical potential difference
between the power supply rails; and

a high frequency electrostatic discharge protection network comprising:

a transmission line for providing at least one electrostatic discharge path; and

a capacitor with a first end connected to the transmission line and a second end
connected to ground,

wherein the transmission line comprises at least one of a high impedance loaded

transmission line or an unloaded transmission line.

The high frequency electrostatic discharge protection scheme of claim 11,

further comprising an input/output (I/O) pin, and wherein the power supply rails
comprise a positive power supply rail and a negative power supply rail, and
wherein the high frequency electrostatic discharge protection scheme provides
electrostatic discharge stress for the integrated circuits, the electrostatic discharge
stress selected from the group consisting of (a) positive electrostatic discharge
stress at the I/O pin with reference to the negative power supply rail, (b) negative
electrostatic discharge stress at the I/O pin with reference to the negative power
supply rail, (c) positive electrostatic discharge stress at the I/O pin with reference

to the positive power supply rail, (d) negative electrostatic discharge stress at the
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/O pin with reference to the positive power supply rail, (e) positive electrostatic
discharge stress at the positive power supply rail with reference to the negative
power supply rail, and (f) negative electrostatic discharge stress at the positive

power supply rail with reference to the negative power supply rail.
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