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Analysis and Design of Distributed ESD Protection
Circuits for High-Speed Mixed-Signal and RF ICs
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Abstract—Electrostatic discharge (ESD) protection devices can Ers(gecﬁon
have an adverse effect on the performance of high-speed mixed- circuit
signal and RF circuits. This paper presents guantitative method-
ologies to analyze the performance degradation of these circuits VBD

due to ESD protection. A detailed s-parameter-based analysis of
these high-frequency systems illustrates the utility of thelistributed
ESD protection scheme and the impact of the parasitics associated Signal
with the protection devices. Itis shown that a four-stage distributed N l:} Core
ESD protection can be beneficial for frequencies up to 10 GHz. Circuit
In addition, two generalized design optimization methodologies in-

corporating coplanar waveguides are developed for the distributed

structure to achieve a better impedance match over a broad fre- GND
guency range (0-10 GHz). By using this optimized design, an ESD
device with a parasitic capacitance of 200 fF attenuates the RF
signal power by only 0.27 dB at 10 GHz. Furthermore, termina-
tion schemes are proposed to allow this analysis to be applicable to
high-speed digital and mixed-signal systems.

Fig. 1. A simple ESD protection system example. The diodes shunt excess
current applied to the signal pin toward VDD or GND to protect the core circuit.

Index Terms—Broadband matching, coplanar waveguides, dis- . - .
tributed circuits, electrostatic discharge, high-speed mixed-signal OF Silicon controlled rectifiers (SCRs), but in all cases, these

circuits, RF ICs, s-parameters, transmission lines. devices shunt ESD current coming from the signal pin to the
power/ground supply rails and away from the core circuit [1].
However, under normal operating conditions, these protection
devices present capacitances and resistances to the signal path,
LECTROSTATIC discharge (ESD) is one of the mosand at sufficiently high frequencies, the capacitances look like
serious concerns in IC manufacturing. In fact, it is knowshort circuits to ground. Thus a poorly designed protection
to be the most common cause of all IC failures [1]. ESD is thegystem can generate impedance mismatches, causing reflec-
transient discharge of static charge arising due to human héions of signals, corruption of signal integrity, and inefficient
dling or contact with machines. The discharge typically occupower transfer between the signal pin and the core circuit. In
in a very short duration on the order of 10 ns to 100 ns, witlddition to these problems, both the incident and the reflected
currents ranging from 1 A to 10 A. Traditionally, protectiorsignals can interfere with signals on adjacent wires through
circuits are designed and employed near the 1/0O pins to alleviatesstalk. Also, while the operating frequency continues to rise,
the impact of ESD events and to improve manufacturing yieldke size of the protection circuits and their associated capaci-
However, as the demand for wireless (RF) and high-spetthces are not decreasing as rapidly, resulting in increasingly
mixed-signal systems continues to increase rapidly, providinmgefficient power transfer. While narrowband RF operation
sufficient ESD protection for these systems poses a majeith ESD protection is feasible by use of simple matching
design and reliability challenge. This is due to the fact thaketworks to tune out the ESD parasitic capacitance, broadband
in applying ESD protection to these systems, the protecti®F system protection poses a greater challenge [4], [5]. The
system must be transparent—the protection circuit must rsimple approach of minimizing capacitance while maintaining
affect the signal under normal operating conditions [2], [3]. Theigh protection levels is becoming increasingly infeasible as
on-chip protection circuit is placed between the signal pin arlde operating frequency rises beyond a few GHz [6]; alternate
the core circuit, as shown in Fig. 1. The protection circuit mayrotection schemes such as the distributed transmission line
be composed of various devices, such as diodes, transist&SD protection system may be necessary [7], [8]. Recent work
has focused on comparison of ESD protection strategies for
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length of coplanar waveguides (CPW) (used as transmission ﬂ

lines [10]) separating the distributed ESD elements [11], [12]. V. ]YIV\ 0
Also, it is demonstrated that a four-stage distributed ESD pro- ' 1 Vo
tection with coplanar waveguides can be employed to provide Cr2 G2 Z,
excellent RF performance for frequencies as high as 10 GHz. i 3;

Il. DISTRIBUTED ESD PROTECTION SYSTEM

As the operation frequency of systems rise, the parasitics i z L) L(:))
sociated with ESD protection systems become more significe,, o m {Yﬁ B 0
in limiting bandwidth and power transfer. One method of mini C/2n_L o L _LC/2n 1 o 2 Vo
mizing the effects of these parasitics is to utilize a distribute ;E l l y
protection scheme. A distributed ESD protection system is
modification of the distributed amplifier proposed by Ginztor
[13], where ESD protection devices replace the amplifier el
ments. As proposed in [8], and as shown in Fig. 4(c) and 4(c
by incorporating the parasitic capacitance of the device into a
discrete transmission line structure, the loading of the system. 2. (a) LC singler-section forming an artificial transmission liné.
by the ESD devices may be prevemed_ is chos_en_ such tha@’z_- equalsZ, at the frequerjcy of interest. (hu)-se_ction

For a constant total capacitan€e increasing the number of transmission line, with the same total capacitance asI(ajs a nonlinear

;i L T ) ) function ofn in this case.
sections of the artificial transmission line increases the band-

4———— psections —————————>

®)

width of the transmission line. In [14], the iterative structure 500 V' A
shown in Fig. 2 is analyzed. In thesection shown in Fig. 2(a), /MM —> —»
the capacitanc€ models the ESD protection device. For the < 2-port
input impedanceZ; to equalZ,, which is the load impedance Vere Vi | system 50Q
of the system and also the characteristic impedance of the trans-
mission line, the inductanck must be chosen as shown in (1),
wherew, is the operating frequency (a)
) 50Q v,* V.
__ 4.0 B 4_' ESD (— RF
41 (0.2, 0)2 v v, | Pprotection Core
src system Circuit
In this case, the voltage gain is as shown in (2) o] Zin=5002
-1
vV, WwLC . Ww2LC (b)
A, =—=2=11- + jwV LCy[1 — 50Q y.* \"2%
Vi 2 4 2y 3
L < ESD — S“'gh;
jwVILC W2LC v v, | protection D?eifal
=|—F—+4/1- sre system \gita
2 4 Circuit
< ] Zin50Q

2 LC jw\/LC> ’
\1- - . )
4 2 (c)

Fig. 3. (a) General 50 two-port system showing the incident, reflected and

The cutoff frequency for this Systemds such that the discrim- transmitted voltages. The 30 voltage sourcel(,...) drives the system, and

inant (1 — wQLC/4) equals zero, and is as shown in (3) after passing through the two-port system, power is transferred to tfiedd#d
atthe right. (b) Two-port model of an RF system with an ESD protection system.
2 Note the analogy between (a) and (b). (c) With a high-speed digital circuit as
We = —F—. (3) theload, the impedance of the load is no longer &5and the situation differs
VLC from that of (a) and (b).

If there aren cascadedr-sections, as shown in Fig. 2(b), the o . L .
overall voltage gain would be as shown in (4), whérés a Substituting (5) into the discriminant from (4) and equating that
function ofn as shown in (5) ’ to zero yields the cutoff frequency shown in (6)

n 4n? + w2 2202
j < — 2 T %ede
N Ve /1 ~WL(n)C Jwi/L(n)= @ We = 4/ 7207 . (6)
TV 4n 2

) As can be seen, with increasing the cutoff frequency of the
_ 4nCZ, ) transmission line increases. Thus for a known capacitance, as
4n? + (%CZO)Q determined from the ESD requirement, dividing the capacitive

L(n)
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Fig. 4. (a) Equivalent circuit with a general ESD protection device between the source and the load. (b) A length of CPW is added to the previtws circuit,
improve impedance matching. (c) Two-section transmission line structure formed by CPW and the protection devices. (d) Four-section transstisssamé.

loading into sections allows operation at a higher frequendtlye input reflection s-parametet;,;, which is also equal to the

under normal conditions. reflection coefficient” as shown in (7)
It is instructive to note that with increasing number of sec- V-
tions, the capacitance associated with each sectigf2s(), de- sj1=—r =T (7
creases, which will require smaller ESD protection devices be- Vi
tween the transmission line sections. As the size of these devices Sa1 :E ®)

decreases, there is some concern regarding their effectiveness.
However, in [15], it was shown that smaller NMOS ESD pro-
tection devices are more robust since they conduct current m;)r
uniformly, while as the protection devices become large, et
rent flows through only a small section of the device, givin
rise to smaller failure currents per unit transistor width. Addi:
tionally, in [8], ESD measurements of a distributed protectio
system was performed, whereby it was shown that each sm
element of the distributed protection scheme does indeed t
on under human body model (HBM) and charged device mo g
(CDM) stress. Although the above mentioned results lend stro
support to the distributed ESD protection scheme, the impac
this protection scheme on the RF signal under normal operati
has not been quantified. The following sections show the effe
of such ESD protection on high-speed signals and proposé . . .
methodology for designing optimal distributed ESD protectioltrlnpaCt of the ESD protection system on the signal transmis-

systems to minimize their effects on the integrity of high-speesﬂxOn bgtween the input and the core C'TC“”- _Elmaof the ESD
signals. protection system shows how much signal is reflected back to

the input, and,; shows how much of the signal applied at the
input reaches the core circuit. Thus the goal of the ESD protec-
tion circuit is to protect the core circuit while minimizing ;

In RF systems, the s-parameter matrix is often used to reggid maximizings,; of the system.
resent the characteristics of the network. As the system operSince both the input and output impedances are standardized
ating frequency increases such that the wavelength becot®S0£2 in RF circuits, an analogous situation exists for ESD pro-
comparable to the device dimensions, the wave-nature of sigtedtion at the RF outputs. However, digital systems do not have
propagation cannot be ignored. Also, generating pure open atandardized input and output impedances as shown in Fig. 3(c),
short loads to calibrate the network measurement equipment tieerefore modifications are necessary in analyzing high-speed
comes increasingly difficult at higher frequencies, as small patigital circuits, and this will be discussed in Section V.
asitics greatly affect the impedances. The s-parameter matrixStarting with a standard 5Q system as is commonly found
which consists of ratios of outgoing to incoming signals me@ RF systems, four different implementations of ESD protec-
sured with resistive terminations at each network port, satisfigsn are investigated, as shown in Fig. 4. A8Gignal source
the requirements for accurate high-frequency characterizatidrives the input to the protection circuit, and the output of the
[16]. Most often, RF networks are standardized tofbthput protection circuit is connected to the system to be protected, as
and output impedances for maximum power transfer. S-paramedeled by a 50 load (R;,.4). In each circuit, the protection
eter measurements are then taken as the reflection at, and trdesice is modeled as a capacitance and input resistance, and in-
mission between ports with 30 termination at each port. terconnects between the pin and ESD circuit or between dis-

Fig. 3(a) shows the measurements required for a generdbuted ESD elements are modeled by a resistance or a CPW.
two-port system. When a voltage is applied from &b8ource Initially, the capacitance is assumed to be 200 fF, a value suf-
(Vsre), the ratio of the reflected signal to the incident signal ificient to provide a 2 kV ESD protection level [2]. Fig. 4(a),

e forward transmission s-parameter;, is the ratio of the
utgoing signal at port 2 to the incident signal at port 1 as shown
(8). These two parameters characterize how much signal is re-
ected by the system, and how much signal is transmitted to the
02 load. Often,s; is plotted on a Smith Chart, which is a di-
am that allows representation of reflections and impedances
]. Looking at the Smith Chart as a polar plot corresponds to
Pklng at reflections, while the various arcs of the Smith Chart
resent lines of constant resistance and reactance. Thus the
gnitude of impedance mismatch and signal reflection may
th be gleaned from Smith Chart plots.
tA generalized RF system with an ESD protection network is
wn in Fig. 3(b). S-parameters may be used to quantify the

I1l. S-PARAMETER PERFORMANCEANALYSIS
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4 6 10
frequency (GHz)
Fig. 6. Smith Chart representation of the effecCof s p on sy, for Fig. 4(a),
Fig. 5. Plot of signal power loss versus frequency for the circuit in Fig. 4(aith zero series resistanc&(.,.. = 0) atf = 10 GHz.
with an ESD device capacitance of 200 fF aRg,,... of zero.

0 — T T

which represents the most general ESD protection, consists ¢

the source, load, a resistor representing interconnect and devic _g 1
loss (R;»put), and the protection device and pad parasitic capac-
itance Cgsp). Fig. 4(b) introduces a CPW between the source

and the protection device to provide a better impedance match %?—0-2
The required CPW length was calculated using Smith Charts;~

and impedance transformations to minimize reflections. This “’&03—
methodology is discussed in detail in Section VI. Fig. 4(c) and —
4(d) show series circuits with smaller sections for better broad-
band match as the circuit approaches an ideal transmission lin = _g 4|
made of infinitesimal sections. For the purpose of this study,
transmission lines with a maximum of four sections were ex-
amined. Altho.ugh more sectloqs may yield better performan.ce‘ —o.goo 200 500 00 1000
any further gain would be marginal. Also, the added complexity C (fF)

of having more sections may be undesirable, and depending on

the layout topology, it may be unreasonable to further divide ti@. 7. Performance versus capacitance with varyiag,... for Fig. 4(a) at
ESD device and pad capacitances into smaller elements. S_bﬁ_z GHz. Note the increase in loss with increased resistance.
rameter simulations over the frequency range 0-10 GHz were

performed on these circuits using the microwave circuit simu
lator ADS [18], to generate the reflection parameter, and

the transmission parametss; . As shown in Fig. 4(a)s;; cor-
responds to the amount of signal that is reflected at the inpt
ands,; corresponds to the amount of input signal that reache
the load. The objective of the system designer is to minimiz &

@ _g.35}

s11 and maximizes,; . This study usegs1;|” and|sz; | as per- =

formance metrics since these coefficients are then directly pr = _g 4|
portional to power. -
Next, the simulations are repeated for a set of capacitance _g 45
thus modeling different protection devices with different pro-
tection levels. The data from these simulations can be used 05
provide designers with insight into how much complexity is
required in the protection system to obtain the desired ES -0.55 : : : :
. : - . 0 2 4 ] 8 10
protection along with sufficient high-speed performance at th frequency (GHz)

operating frequency of interest.

-0.251. 1

Fig. 8. Plot of signal power loss versus frequency for Fig. 4(b), @Withyp =
200 fF.
IV. RESULTS AND DISCUSSION

Fig. 5 shows the results from the simulation of the simplepbwer loss is due to signal reflection caused by impedance mis-
case from Fig. 4(a), with the input resistance set to zero andhtch. While most of the power reaches the load at low frequen-
Cgsp = 200 fF. Since the whole system is lossless, all theies, the capacitance loads the circuit at higher frequencies.
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Fig. 9. CPW loss per mm versus frequency, showing the inherent loss found. 11. Plot of signal power loss versus frequency for Fig. 4(d), with
in the CPW due to resistive and dielectric loss. Cgsp = 200 fF. The loss is now less than 0.275 dB at 10 GHz.
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Fig. 12. Smith chart representation of, for Fig. 4(b) to 4(d), over the
frequency range 0-10 GHz, withizsp = 200 fF. The reflection decreases
with increasing number of sections.

Fig.10. Plotof signal power loss versus frequency for Fig. 4(c), Gith o =
200 fF. Note the better loss characteristics compared to Fig. 8.

Using a larger protection device in the same circuit gives were lossless, the results with the CPW would be better than that

like that in Fig. 6. On this Smith Chart, it can be observed thaf Fig. 5.

the magnitude of the reflection increases with increased capacFigs. 10 and 11 show the results from simulating the circuitin

itance, thus less power is delivered to the load. Also, with ifg. 4(c) and 4(d), respectively. The losses observed are less than

creasing input resistance, the loss increases, as shown in Figh@se seen in both Figs. 5 and 8 at higher frequencies. At low
The effect of employing CPWs in the ESD protection is alsfvsequencies, the CPW losses are again observed. Fig. 11 shows

examined. Fig. 8 corresponds to the circuit in Fig. 4(b), wheless characteristics that decrease by less than 0.02 dB between

a CPW with a characteristic impedance of I0@s determined 0 and 10 GHz, with the maximum loss of 0.273 dB at 10 GHz,

by appropriate physical parameters of the transmission line subbs demonstrating good broadband characteristics.

as width, thickness, spacing, dielectric constant, and loss tanfig. 12 shows the reflection parametgr corresponding to

gent, is added to provide some impedance match. In the cas&igf 4(b) to 4(d). Note that the reflection observed becomes

Fig. 8, the loss is due to the CPW loss and the mismatch losmaller with increased number of CPW sections.

With a CPW length of 1.3 mm, there is a 0.25 dB loss even atThe impact of the protection level is analyzed next by

low frequencies. As shown in Fig. 9, this CPW has a loss gérying the size of the protection devic€fsp). Figs. 13-16

0.18 dB/mm at low frequencies, with the loss becoming worgdot the power loss as represented |by; |? in the protection

with increased frequency, to 0.39 dB/mm at 10 GHz. At highelystems in Fig. 4 against the parasitic capacitance posed by the

frequencies, this CPW loss worsens, while the mismatch Ige®tection devices. It is clear that higher frequencies and larger

also becomes larger. Comparatively, this result is worse than thapacitances generate larger losses. The ideal Basg.{ = 0)

of Fig. 5, but since Fig. 5 shows an ideal case where there isindFig. 13 shows that at low frequencies, the loss is minimal

resistive loss at all, this is to be expected. Note that if the CPMespective of the device capacitance. The single CPW case
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Fig. 13. Signal power loss versus parasitic capacitance for a set of frequenéiigs 14. Performance versus capacitance plot for the circuit in Fig. 4(b).
for the circuit in Fig. 4(a).

-0.2 . . .
of Fig. 14 shows resistive loss in the CPW, resulting in poo  —o0.4} "':'1-‘:;,\ ]
performance at all frequencies. However, a more distribute \"-\.:f*-\\
protection system can minimize the loss for a wider frequenc  —9-8f el T 1
range, as shown in Figs. 15 and 16. Also, Fig. 16, whicl _osl \ ‘\\ i
representsthe four-segmentdistributed protection, shows thatt @“ ’ o el
loss will only vary by 0.85 dB for all capacitances, thus showin¢,~ _1} T T
immunity to variations in ESD device depletion capacitance & T
due to changes in dc bias levels. =12 e e Tl :

The above results indeed show that dividing the ESD prote: 1 al \ |
tion device into a few smaller sections provides better broac ~ || T 1GHz R

. - --- 3GHz -

band RF performance. But for high-speed digital systems, the _jg|l _ _. 5GHz
are differences in the circuit characteristics that preventtheu: || ... 10GHz
of s—pgrameter analygis._ These d.iffere_ncgs are addressed, . —1.,‘8,100 400 500 200 7000
a solution toward designing effective distributed ESD system: C (tF)
even in a high-speed digital environment, is proposed in the next
section. Fig. 15. Performance versus capacitance plot for the circuit in Fig. 4(c). Note

that the curves start to converge for all frequencies.

V. MODIFICATIONS FORAPPLICATIONS TOHIGH-SPEED -02 ' ' '

DiGgITAL CIRCUITS —0.3f =

In the case of high-speed digital circuits, the impedance -04
termination conditions are not as well defined as in the RF case. _g5
Input buffers present a capacitive load due to the gate capacitanc
of the devices, and output buffers present a capacitance due t @ ~
the drain junction capacitance in parallel with the on-resistance«_ -0.7
(R,,) of the conducting device. These terminal impedances gf‘_g_s_
vary depending on the buffer sizes and voltage levels, and
therefore transmission and reflection from a transmission line  -0.9j

-0.6r

would also vary. 1Y

In order to facilitate the design of the distributed ESD ‘ ) !
protection system, we propose terminating these digital terminals “oo 400 600 800 1000
resistively, as suggested in [19]. By applying a5 rmination C{F

resistor for the InPUt buffer as shown in Flg 17(a) and f 16. Performance versus capacitance plot for the circuit in Fig. 4(d). Note

the output buffer as shown in Fig. 17(b), s-parameter analygﬂgt the variation of the loss over all measured frequencies and capacitances is
may then be performed on these digital circuits as well. Thely 0.85 dB.

capacitances presented by the buffer transistors themselves
may be absorbed into the ESD protection system capacitancén addition to allowing s-parameter analysis, application
for design purposes. of termination resistances prevents intersymbol interference
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Fig. 17. (a) Modified high-speed digital input buffer with a S0parallel resistive termination to prevent reflections. (b) Output buffer with a series resistive
termination. Note that the series termination resistor would be less th@nd&pending orR,.., but sinceR,,, should be small for a well-designed device,{30
is a good approximation for the termination resistance.

(ISl) by not generating any reflections at the terminals. G S G .\IL
Also, crosstalk that generates reverse-traveling noise will no 1 1 | t
longer affect the forward-traveling signal because of proper e Se> / 7|V
termination at the terminals. The price that is paid for these s W s
benefits is additional die area, and perhaps an increase in powe d
consumption. dielectric layer
With 502 terminations both in RF and high-speed digital sys-
tems, effective signal transmission may be achieved by applying
a distributed ESD protection system. Thus the next section will substrate
demonStrate methodologies for designing distributed ESD p'ﬁé 18. Cross section of a coplanar waveguide (CPW). The lines are
tection systems. configured ground-signal-ground (G-S-G), with the key dimensions being the

line width ¥, the spacings, the CPW thickness, and the distance of CPW
from substratel.

VI. DESIGN METHODOLOGIES FOROPTIMIZED DISTRIBUTED
ESD RROTECTION Zr Z, 1y

Prior to determining the proper CPW characteristics, three
parameters must be fixed. They are the maximum operating fre-
quencyfuax, the equivalent ESD capacitan€g;sp, and the
CPW characteristic impedané&-pyw . Selectingf,.x should
consist only of determining the maximum frequency specifica-
tion for the core circuitCgsp should be calculated after de-
termining the proper ESD device size required for a particular
protection level in a given technology. The equivalent capaci-

PR ; Fig.19. Circuit diagram for the example calculation in Section®/k= 50
tance may then be calculated from the device junction areasantgéf = 10 GHz. The values of" and lengths of CPW vary. The impedances

obtained through Sir_nUIatic_)ns- ) ~(2) and reflection coefficientsl{) are used to calculate the optim@l CPW
The appropriate dimensions for the CPW as shown in Fig. I8gth, and number of distributed sections.

must then be determined. The minimum wid#) must be
such that given a line thickness),(which is technology de- In this work, a high characteristic impedance CPW line de-
pendent, the maximum possible ESD current can flow withostribed in [22] is used. This CPW was fabricated on a low-resis-
causing open circuit failure of the line. An analytical model fotivity (0.5 ©2-cm) substrate, with an aluminum (Al) metal layer
the calculation of this width is provided in [20]. The distanc8 ;m above the substrate: a distance typical for global intercon-
between the substrate and the metal linBsq also technology nects. At present, VLSI metallization is realized with copper
dependent, butin general, the CPW should be placed as far ay@y) which has higher electrical conductivity than Al [23], re-
from the substrate as possible to reduce loss. The substratestdting in lower conductor loss. The CPW loss characteristics
sistivity also affects loss as shown in [21], where it is showswere measured in [22], and for this work, the ADS CPW model
that CPW on low-resistivity substrates suffers greater loss thparameters were adjusted so that the loss characteristic of the
CPW on high-resistivity substrates. model is similar to the experimentally measured loss. This loss
Once the minimum CPW signal line width is defined, theharacteristic is shown in Fig. 9.
signal-to-ground spacings)(of the CPW need to be deter- For the following examplef,,.x was set at 10 GHZ gsp
mined from the desired characteristic impedance. In genenahs chosen to be 200 fF for a 2 kV protection level [2], and
high characteristic impedance is desirable to minimize the 8- pw was chosen to be 130, a high-impedance, low-loss line
quired CPW length, but losses, which tend to be higher faccording to [22]. For simulation in ADS, the transmission line
higher impedance lines, need to be minimized. The exact fes athickness of2m, W = 5 um, ands = 10 um. Along with
lationship betweeWV, s, d, t, Zc pw, Substrate characteristics,calculating the CPW length, the number of distributed sections
and loss is a complex one that is beyond the scope of this stualybe created is also determined. The equivalent circuit used
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Fig. 20. The 502-normalized Smith chart. Point A showWs for 200 fF at 10 GHz. Point B showis;. The dotted circle shows the locus for different lengths
of CPW.

to achieve this is shown in Fig. 19. First, factors of the ESBdding the correct CPW length should yidlgd with magnitude
capacitance are determined (in this case, 200 fF, 100 fF, 67 ff-, = p and¢; = 180°. This can then be transformed into
50 fF, 40 fF...) and are represented in the circui€aghenZ; impedance with (11).

is determined for each capacitancefat, and R is the 50¢2

load resistance. These impedances correspond to points on arc = (1 +1) Zepw. (11)
A on the Smith Charts (Figs. 20 and 21). From the impedance (1-1%)
Zii/,et:ire(fslge)ctlon coefficien'; is calculated using the formulaAS a measure of how closg comes to the system impedance
9 y (Z,) of 5012, the standing wave ratio (SWR) can be calculated,

Ty — T as shown in (12)

r, =2t —2crw 9)
Zy + Zcpw 1 ‘Zf—zo
T\ z+z

Gamma, likes; 1, represents the coordinate on the Smith Chart SWR= 7. 7. ] (12)
planes in Figs. 20 and 21, with the center as the origin and the 1=\Z257%

outside circle being unity. Convertilgy into polar coordinates . .
gives the magnitude and phase. By adding some length of A Z; of 502 results in an SWR of unity, and the closer the SWR

CPW, we attempt to bring the phase to 18@oint B). For a is to unity, the better the match that is obtained. All the values

CPW with characteristic impedance &t pw, the locus that calculate_d for trf:is egample are summar(;zer? in Tat_)le . I
results from adding CPW t&; is a circle centered about the bll\lovsvvs:\?/enht eE t? ca]E)aC|tqnce and t edmaX|mhqm a ﬁw'
originin Fig. 21 (the dotted circle). Note that when this is viewe@'® SWR, the number of sections required to achieve those
on a Smith Chart normalized to 58 the circle is not centered specifications can be readily calculated using the methodology

at the origin (Fig. 20). Since a full circle around requires a cPWentioned previously. Note thatthis is valid becafise 50 (2,

which is a half-wavelength)\(/2), the correct CPW length can and we try to bringZ; to 50¢: for each section. Thu.s the r!ext
be calculated from (10) section to be added can regdfdof the present section as just

a 502 load. However, if the capacitance of the section is large,
|p — 7| A the resulting SWR of the section will also be large, meaning
CPW length= “or 3 (10) that theZ; of each section will not be equal to 3®. In this



1452 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 8, AUGUST 2002

Fig. 21. The 10d2-normalized Smith chart. Point A shodis for 200 fF at 10 GHz. Point B showis;. The dotted circle shows the locus for different lengths
of CPW.

TABLE |
SUMMARY OF RESULTSFROM THE EXAMPLE CASE. NOTE THAT WITH INCREASEDSECTIONS Z; AND SWR APPROACH50 2, AND 1.00, RESPECTIVELY

C (fF) #sections | Z,(Q) I p ¢ (rad) | Arclength Z;(Q) | SWR
|¢—| (rad)

200 1 35.85-22.52] | -0.43-0.24j 0494 | -2.64 | 0.502 33.9 148

100 2 45.51-14.30; | -0.36-0.13j 0385 [ -2.79 | 0.355 444 1.13

67 3 47.88-10.08] | -0.35-0.092j 0.358 | -2.88 1 0.259 47.3 1.06

50 4 48.80-7.66§ -0.34-0.069j 0.348 | -2.94 | 0.200 48.4 1.03

40 5 49.22-6.19j -0.338-0.056j | 0.343 | -2.98 | 0.163 49.0 1.02

case, error is introduced in the calculations, and this errordad p decreases, resulting in a smaller SWR. Thus, fhg.
compounded when multiple sections, each with large SWRBase is the worst case, and if the performance there is satisfac-
are cascaded. While this error may be somewhat mitigatedty, then the performance at any lower frequency will be at
by the series resistance found in the transmission line, if theast as good as that seenfat....
SWR of a single section is large, then the system SWR mayWhile the previous methodology relies on some geometrical
be larger than suggested by the simple calculations. But siramcepts regarding the Smith Chart, there is an alternate, more
this methodology has decreased accuracy only when the S\Wigthematical methodology by which the same results may be
is large, which is undesirable anyway, the calculation resultbtained. This methodology usds3C D-matrices, which, like
should be acceptable as long as the SWR of each sectiotthis s-parameter matrix, is a matrix set that describes the char-
close to unity. acteristics of a two-port network. ThéBC D-matrix has the
One last consideration is to determine whether this analysifiaracteristics that when multiple two-port networks are cas-
performed for a system operating At.x, is valid when the caded, the system response is characterized by the product of
system operates at a frequency lower than.. It can be the ABCD-matrices of the component two-port networks. This
shown that at a lower frequency, the capacitance has a largesperty of ABC D-matrices can also be used to calculate the
impedance. Thus, the arc on the Smith Chart becomes shorterrect CPW length. The general form of the3C D-matrix
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for a transmission line with characteristic impedati;g and protection can be designed with 0.4 rad of X0@ansmission
length!/, and for a shunt impedancg, are shown in (13) and line to give an SWR of 1.03 at 10 GHz. Furthermore, termina-

(14), respectively

A BJ _ cos3Tl jZZ"OISiHQTﬂ—l 13)
¢ D jZZ:lsinQTWl cos2=l
A B} [1 0}

=12 Y. (14)
[C D Z 1

In our example, the system impedanggis 502, while Z,;
is 100€). Looking again at Fig. 19, the cascading of the CPW
with the shunt impedancs; gives the4d BC D-matrices for the
system as shown in (15)

A, Bi| (305277T ]’251'71%7T
C; D;| jO.SSinQT”l COSQTﬂ—l ]
1 0
'[50(%+;@C) 1}' 15
[3]

The product of theABC D-matrix for the CPW and for the
parallel RC combination gives the system response looking
into the input terminal, as denoted by the subscrifirom the
product, the input impedandg; may be calculated by taking
A;/C; of the matrix. By setting the imaginary component of 5
this impedance to zero, since we desire the impedance to be a
resistance close to 30, the CPW length may be calculated to [6]
be as shown in (16).

(4]

g
1 27
%: 4—tan_1Z PR owC 5 P (16)
T L (%) + (2w0)) - £ o
Using this length, the input resistanég may be calculated as
shown in (17)
(10]
Z;
R; = . .
(%)" cos? (251) + (Zesin (281) + wCZ,cos (220)) - 1
a7) [12]

Repeating the calculations for the different capacitances using
ABCD-matrices yields results identical to those obtained usingi3]
the Smith Chart method. 4]

VIl. CONCLUSION [15]

In conclusion, this paper has presented quantitative method-
ologies to analyze the performance degradation of RF anﬂG]
high-frequency mixed-signal circuits due to distributed ESD
protection devices at I/O pads. Detailed s-parameter analysjs?]
of high-frequency systems has been carried out to illustrate the
impact of the parasitics associated with distributed ESD protegg;
tion schemes. Circuit simulations using coplanar waveguideg9]
to absorb a 200 fF parasitic capacitance of the ESD protection
devices have shown that a four-stage distributed ESD protecticjﬁo]
system suffers only a 0.02 dB loss between 0—-10 GHz, with
a maximum loss of 0.273 dB at 10 GHz, showing excellen{21]
broadband characteristics. Two generalized design methodolo-
gies, using Smith Charts and ABCD-parameters, have begp2]
developed to optimize the number and length of coplanar
waveguides separating the distributed ESD elements. For [33]
parasitic capacitance of 200 fF, a four-stage distributed ESD

tion schemes have been proposed to allow this analysis to be
applicable to high-speed digital and mixed-signal systems. This
work illustrates the utility of the distributed ESD protection
structure for high-frequency applications and provides design
methods, which can be useful to ESD and I/O designers.
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