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ESD Protection Design for 1- to 10-GHz Distributed
Amplifier in CMOS Technology
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Abstract—Two distributed electrostatic discharge (ESD)
protection schemes are presented and applied to protect dis-
tributed amplifiers (DAs) against ESD stresses. Fabricated in a
standard 0.25-pzm CMOS process, the DA with the first protection
scheme of the equal-sized distributed ESD (ES-DESD) protection
scheme, contributing an extra 300 fF parasitic capacitance to the
circuit, can sustain the human-body model (HBM) ESD level of
5.5 kV and machine-model (MM) ESD level of 325 V and exhibits
the flat-gain of 4.7 -1 dB from 1 to 10 GHz. With the same amount
of parasitic capacitance, the DA with the second protection scheme
of the decreasing-sized distributed ESD (DS-DESD) protection
scheme achieves better ESD robustness, where the HBM ESD level
over 8 kV and MM ESD level is 575 V, and has the flat-gain of
4.9+1.1 dB over the 1 to 9.2-GHz band. With these two proposed
ESD protection schemes, the broad-band RF performances and
high ESD robustness of the DA can be successfully codesigned to
meet the application specifications.

Index Terms—Decreasing-sized distributed ESD (DS-DESD),
distributed amplifier (DA), electrostatic discharge (ESD),
equal-sized distributed ESD (ES-DESD), resistive ladder.

I. INTRODUCTION

ISTRIBUTED broad-band amplifiers have many applica-

tions, such as television, pulsed radars, and broad-band
optical communication. Distributed amplifiers (DAs) employ a
topology where the capacitance contributed by the gain stages
are separated, but the output currents still combine together. In-
ductive elements are used to separate and compensate the ca-
pacitances at the inputs and outputs of adjacent gain stages. The
combination of series inductive elements and shunt capacitances
forms a lumped artificial transmission line with specific charac-
teristic impedance. The value of the characteristic impedance
can be adjusted according to the terminal impedance to achieve
good matching over a very wide bandwidth.

Early DAs were implemented by using vacuum tubes and
high-speed GaAs MESFETs [1]-[6]. Recently, DAs were also
realized in CMOS technology and reported for the advantages
of both a lower cost and a potentially higher state of integration
[7]-[13]. The advantage of an integrated DA would be the ca-
pability to use arbitrary line impedances instead of the typical
50-Q interface. A DA utilizing parasitic packaging and bond-
wire inductors has been realized in a 0.8-psm CMOS process to
achieve a gain of 5+1.2 dB over the 300-kHz to 3-GHz band [7].
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Implemented in a 0.6-pum CMOS process, a fully integrated DA
using on-chip planar square inductors has achieved a measured
passband gain of 6.1 dB from 0.5 to 4 GHz with 5.5-GHz unity-
gain frequency [8]. Besides, a fully differential DA in the same
process has performed 5.5-dB passband gain from 0.5 to 7.5
GHz and 8.5-GHz unity-gain frequency [9]. A three-stage DA
designed with coplanar strip lines has achieved a low-frequency
gain of 5 dB and the unity-gain frequency of 15 GHzina 0.18-x
m CMOS process [10]. Two DAs employing high impedance
coplanar waveguides as inductive elements has shown 8- and
10-dB gains up to 10 GHz, respectively [11]. Using the cascade
topology, another two broad-band CMOS DAs fabricated in a
0.18-um CMOS process were reported with 7.3£0.8 dB gain
from 0.6 to 22 GHz [12], and 10.6£0.5 dB gain over the 0.5- to
14-GHz bandwidth [13], respectively. The operating frequen-
cies of DAs have been going higher and the gains have been
elevated larger. However, electrostatic discharge (ESD) protec-
tion, which is a very important reliability issue in IC fabrication,
is neither considered nor mentioned in those works.

Recently, broad-band ESD protection schemes were reported
in several previous works [14]-[16]. A distributed ESD protec-
tion scheme using transmission lines to match the capacitances
of the ESD protection devices had been demonstrated [14]. The
quantitative calculation to analyze the performance degradation
of the RF circuits due to ESD protection had been discussed
[15]. Another broad-band technique by using monolithic T-coils
to match the parasitic capacitance of the ESD protection ele-
ments had been reported [16].

In this paper, the DAs codesigned with two new proposed
ESD protection schemes are proposed and verified in a stan-
dard 0.25-um CMOS process. By dividing one ESD protec-
tion device into several equal-sized parts and placing each of
them before each gain stage, the first ESD protection scheme
is called the equal-sized distributed ESD (ES-DESD) protec-
tion. Applied in DAs, the second ESD protection schem [the de-
creasing-sized distributed ESD (DS-DESD) protection] divides
one large ESD protection device into several parts with different
sizes, and allocates them from input port to the gate-line ter-
minal with descending sizes. The broad-band performances and
ESD robustness of the DA without ESD protection and DAs
with ES-DESD or DS-DESD protection schemes have been ver-
ified and compared in this work [17].

II. DISTRIBUTED AMPLIFIER
A. Simple DA Structure

A simple DA structure is shown in Fig. 1. To be fabricated
in a standard 0.25-pm CMOS process with five-layer Al-metal
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Fig. 1. Basic scheme of the DA.

interconnects, this DA will be codesigned with the distributed
ESD protection scheme. A three-stage DA with a flat gain of
5 dB over a 10-GHz bandwidth was expected to be achieved.
The number of stages was decided according to the consider-
ation of the layout area, the inductor loss, and the power con-
sumption. The input and output were matched to 50 €2, and the
phase shift was designed to be approximately linear over the
passband. The supply voltage of the DAs in the 0.25-pum CMOS
process is 2.5 V.

The gate-inductors and the parasitic gate-capacitances form
the artificial gate-line. Similarly, the drain-inductors and the
drain-capacitances construct the artificial drain-line. The cutoff
frequency of the artificial transmission line is defined as w, =
2/ V'LC. According to the circuit structure shown in Fig. 1, a
peak in the gain response will appear near the cutoff frequency
of the transmission line. Since a flat gain response across the
passband is preferred, this effect should be reduced. The stag-
gering technique [18] was employed in this design. The depen-
dence of the gain response of the DA on the staggering factor
is shown in Fig. 2. Defined as the ratio of the drain-line to the
gate-line cutoff frequencies, the staggering factor of about 0.7
has been analyzed as the optimum value from Fig. 2, [18].

The impedance looking into the termination of the L—C' arti-
ficial transmission line (Z,7) can be expressed as

L w?LC L w?

6 (1-75) =6 (-5) o
The L, C, and wc are the inductance, capacitance, and cutoff fre-
quency of the L—C artificial transmission line, respectively. The
impedance looking into the L—C artificial transmission line will
exhibit a strong deviation from the nominal impedance near the
line’s cutoff frequency. One way to realize the image-impedance
match is to insert m-derived half sections between the lines
and each termination or each port [19]. Such half sections can
greatly improve the impedance match. The m-derived half cir-
cuit is illustrated in Fig. 3, where the optimum value of m = 0.6
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Fig.2. Normalized gain response of the DA under different staggering factors,
where r = 1 corresponds to the unstaggered case.
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Fig. 4. Modified DA with staggering technique and m-derived half section.

is applied to this DA circuit. With the combination of the stag-
gering technique and the m-derived half section, the basic DA
is modified and shown in Fig. 4.

B. Ideal DA

With the given topology and the design specifications, the cir-
cuit parameters can be obtained. After some minor tuning based
on those component values in the given CMOS process, the DA
circuit schematic is shown in Fig. 5 with the matching compo-
nent values. The additional capacitance has been added to fulfill
the required C'd value in Fig. 4. The simulated result of S21-pa-
rameter of this DA is shown in Fig. 6, where it performs approx-
imately 5.1£0.3 dB over 16 GHz. The simulated results of RF
performance on S11-, S22-, and S12-paremeter almost achieve
the value below —10 dB over 16 GHz, as shown in Fig. 6. The
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Fig. 7. Simulated phase shift of S21-parameter of the initial DA in Fig. 5.

simulated phase shift of the S21-parameter in Fig. 7 is approx-
imately linear, which means the time delay is almost constant
over the bandwidth from 0.5 to 18 GHz. As observed, the sim-
ulated results fit well to the conventional theory. However, with
the consideration of the parasitics of the passive components,
especially the on-chip spiral inductors, the situation could be
different.
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Fig. 9. Comparison of inductance among the lumped 7-model and the
simulated spiral inductor.

C. Inductor Modeling

Due to the mutual influences among the components, to op-
timize a DA with physical components becomes a complicated
design cycle. Because of the complexities, an auto-optimization
solution is employed. To utilize this solution, the passive com-
ponent models need to be constructed first. Among those pas-
sive components, on-chip spiral inductors are the most impor-
tant and critical for the complicated parasitic effects. Thus, an
on-chip spiral inductor library should be built up first.

The method to generate inductor models is a combi-
nation of the analytic methods, measured data, simulated
data, and some other techniques [20], [21]. In this work, six
on-chip spiral inductors have been generated by the lumped
m-model shown in Fig. 8 and modeled from 1 to 3.5 turns
with the step of 0.5 turn. The basic structures, including the
inner radius of 55 pm, top metal width of 10 um, and the
spacing between two metals of 2 pm, of these inductors were
kept the same. The inductance curve of the lumped model,
illustrated in Fig. 9, fits well to the simulation curve of the
on-chip spiral inductor up to 16 GHz. Therefore, these lumped
models can still be employed to replace the simulated spiral
inductors for optimizing the RF performance of the DA.

D. Optimized DA

After building an on-chip spiral inductor library, the auto-op-
timization can be operated in the ADS simulator. A general DA
structure was set up as that in Fig. 5, with all variable passive
component values. Then, the optimization targets were set up
in the EM simulator. First, the S-parameters except S21-param-
eter were chosen to be less than —10 dB over the 16-GHz band-
width. The forward gain S21 was kept more than 5 dB over the
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same bandwidth. Second, the difference of the time delay over
the 16-GHz bandwidth was controlled to the minimum. The in-
ductor model can be adjusted by changing the turns. The DA
is kept in optimization cycles until these goals can not be ap-
proached. The optimized structure with the component values
is shown in Fig. 10. Observed in Fig. 10, the turns of the induc-
tors were random values between 1 and 3.5, which were difficult
to be implemented in physical design. So, we had to reoptimize
the circuit with the feasible turn values which are between 1 and
3.5 with the step of 0.5. After replacing the ideal inductors with
the feasible on-chip spiral inductors, the feasible DA is shown
in Fig. 11. The m-derived half sections were removed, for the
reason that the on-chip inductors could not reach the arbitrary
turns required in the optimization process. Without the m-de-
rived half sections, the S21-parameter does not attenuate very
rapidly around the cutoff frequency compared to the ideal-in-
ductor one and the randomly optimized one, as shown in Fig. 12.
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Fig. 13. Traditional ESD protection design with a pair of diodes connected to
the input pad and a VDD-to-VSS ESD clamp circuit.

For the area saving and the simplicity to compare the DAs with
different ESD protection schemes, the performance of the fea-
sible DA in such a 0.25-pm CMOS process was acceptable.

III. DISTRIBUTED AMPLIFIER WITH ESD PROTECTION DESIGN

A. Concept of Distributed ESD Protection

The ESD protection is very important during IC manufac-
turing. Since the DA is the front-end of the whole system, the
ESD protection is indispensable. The parasitic capacitance and
resistance from the ESD protection circuit will degrade the per-
formance of DA in impedance match and noise figure. To avoid
these, the ESD protection components should be built with low
capacitances and high Q factors. The shallow-trench-isolated
(STD) diodes fit these two requirements [22]. Besides, they can
sustain a very high ESD protection level with the cooperation of
a turn-on efficient VDD-to-VSS ESD clamp circuit [23]. How-
ever, the broad-band matching over 10 GHz is infeasible with
the traditional ESD protection scheme [24], which uses a pair
of diodes connected to the input pad with a VDD-to-VSS ESD
clamp circuit, as shown in Fig. 13. To achieve a comparable
broad-band input match of the DA after inserting the ESD pro-
tection circuit, the ESD protection components must be sepa-
rated as the MOSFETs in the DA. The extra parasitic capaci-
tance of each ESD protection component can be absorbed into
each section of the artificial gate-line. Hence, the value of the
characteristic impedance in each section changed little and the
matching condition can still be maintained.
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B. New Proposed Distributed ESD Protection Circuits

According to the distributed ESD topology in [15], a DA is
codesigned with the ES-DESD protection scheme, as shown in
Fig. 14. The STI diodes, used as ESD protection devices, were
divided into three sections with equal sizes to conform to the
gain stages of the DA. With the turn-on-efficient VDD-to-VSS
ESD clamp circuit, the DA with the ES-DESD protection
scheme was supposed to have high ESD robustness. Under
the ESD stress, the DA with ES-DESD protection can be
approximately modeled as a simple resistive ladder [14], as
shown in Fig. 15, where Rc denotes the series resistance of the
spiral inductor and Resd is the equivalent turn-on resistance
of the ESD diode. The large values of Rc and Resd degraded
the ESD robustness when the ESD-generated heat across them.
Therefore, in order to enhance the ESD robustness, the Resd
and Rc should be minimized. According to this consideration,
the decreasing-sized distributed ESD (DS-DESD) protection
scheme is proposed. The new proposed DS-DESD protection
scheme by enlarging the size of ESD protection devices at the
first ESD protection stage can reduce the Resd of the first stage,
where is usually the most possible location to be damaged by
ESD. With a relatively large device size at the first ESD protec-
tion stage, it can discharge ESD current more quickly at the first
ESD protection stage, as compared to the ES-DESD protection
scheme. Thus, the DA with the new proposed DS-DESD pro-
tection is believed to have better ESD robustness, as compared
to that of the DA with the ES-DESD protection.
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TABLE 1
COMPONENT VALUES IN THE ESD PROTECTION CIRCUITS

Circuit Matching | Dpl1+Dnl | Dp2+Dn2 | Dp3+Dn3

name type (tF) (IF) ()

DAl ES-DESD 100 100 100
Group 1

DA2 DS-DESD 200 75 25

DA3 ES-DESD 200 200 200
Group 2

DA4 DS-DESD 400 150 50

10 ——————————————————

—&— DAO (w/o ESD protection)
—w— DA1 (ES-DESD, 300 fF)
—a— DA2 (DS-DESD, 300 fF)

0 2 4 6 8 10 12 14 16
Frequency (GHz)

18 20

Fig. 16. Simulated results of RF performance on S21-parameters of the DAs
without and with the distributed ESD (DESD) protection circuits. The total
parasitic capacitance of all ESD diodes is 300 fF.

C. Broad-band Performance of DA Without and With ESD
Protection

For a broad-band circuit, the S-parameters, the noise figure,
and the phase shift are the main factors to determine the RF
performance. The simulations of the DA without the ESD pro-
tection and the DAs with the ES-DESD protection or DS-DESD
protection were operated to examine how much the degradation
of the performance would be after inserting the ESD protection
circuit into the DA.

In the ES-DESD and DS-DESD protection schemes, two
amounts of the total parasitic capacitances contributed by all
the ESD protection diodes were chosen. The first amount was
300 fF and the second one was 600 fF. The parasitic capaci-
tances of the ESD protection diodes in these ESD protection
circuits are listed in Table I.

In the first group, S21-parameters and the phase shifts of the
DAO (DA without the ESD protection), DA1 (ES-DESD protec-
tion with 300 fF), and DA2 (DS-DESD protection with 300 fF)
were compared in Figs. 16 and 17, respectively. As seen from
Fig. 16, DAO had the best performance, and DA2 had the worst
frequency response among these three circuits. However, the
difference of the passband-gain among these three circuits was
small. The phase shifts of these three types of DAs in Fig. 17
were three straight lines from low frequency to about 14 GHz,
which had no apparent difference.
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Fig. 18. Simulated results of RF performance on S21-parameters of the DAs

without and with the distributed ESD (DESD) protection circuits. The total
parasitic capacitance of all ESD diodes is 600 fF.

In the second group, the total parasitic capacitance was twice
the amount of the first group. Hence, the S21-parameters of DA3
(ES-DESD protection with 600 fF) and DA4 (DS-DESD pro-
tection with 600 fF) degraded more seriously than those of DA1
and DA2 in the first group, as shown in Fig. 18. Still, the DA with
the DS-DESD protection had the worst frequency response. The
phase shifts of the circuits in the second group were compared
in Fig. 19. The phase shifts of DA3 and DA4 were less linear
than those of DA1 and DA2 because of the larger parasitic ca-
pacitances contributed by the ESD protection circuits. From the
simulation results, to provide the distributed ESD (DESD) pro-
tection to a DA and to take care of the broad-band performance
simultaneously, the sizes of the ESD diodes can not be too large.
Thus, the DAs with the DESD protection scheme in the first
group with total parasitic capacitance of 300 fF (contributed by
ESD protection diodes) were preferred.

IV. EXPERIMENTAL RESULTS

One DA without ESD protection (DAO) and five DAs with
ESD protection circuits have been fabricated in a standard
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Fig. 19. Simulated phase shifts of the DAs without and with the distributed
ESD (DESD) protection circuits. The total parasitic capacitance of all ESD
diodes is 600 fF.

TABLE 11
PARASITIC CAPACITANCES OF THE ESD PROTECTION DIODES IN THE
FABRICATED DAs WITH ESD PROTECTION

PATED | g g | PPt | ez | ot
DAl ES-DESD 100 100 100
DA2 DS-DESD 200 75 25
DA3 ES-DESD 200 200 200
DA4 DS-DESD 400 150 50
DAS ES-DESD 300 300 300

0.25-um CMOS process. The parasitic capacitances con-
tributed by the ESD protection diodes in the five DAs with ESD
protection are listed in Table II. The die photo of these fabri-
cated DAs is shown in Fig. 20. In the following subsections,
the broad-band performances, including the S-parameters, the
noise figures, and the phase shifts of these six DAs will be
measured and compared. The ESD protection levels of these
six DAs will be also tested and compared with failure analysis.

A. Broad-band RF Performance

The S-parameters of these six DAs have been measured
on-wafer with two-port ground-signal-ground (G-S-G) probes
from 1 to 18 GHz. The 20-GHz S-parameter measurement
system (HP85122A) is used to characterize the behavior of the
circuits. The S21-parameter of the DA without ESD protection
compared to that of the simulated one is shown in Fig. 21.
The probed response, shown in Fig. 21, correlates well with
the response of the post-simulation, but still some differences
exist. The post-simulation was operated with the addition of the
interconnects used in layout. The effects of the interconnects
were obtained from the EM simulator of ADS momentum. The
simulated response is 5 dB with £ 1-dB flatness from 1 GHz to
10 GHz and a unity-gain frequency of 15.1 GHz. However, the
measured response is 5 dB with +1-dB flatness from 1 to 11.4
GHz and a unity-gain frequency of 16.7 GHz. The deviation
of the RF performance can be attributed to several reasons,
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Fig. 20. Die photo of the DAs without and with the ESD protection circuits.
The DA1-DAS5 have ESD protection, but the DAO which is a reference for RF
performance comparison has no ESD protection.
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Fig. 21. Measured S21-parameter compared to the post-simulated

S21-parameter of the DA without the ESD protection circuit.

including the inaccuracy of the simulated spiral inductors, the
temperature coefficients of the resistors, and the imprecise
estimation of the pad effects, etc.

The coupling between the inductors was not considered in
the circuit design. Since the inductances used in this circuit are
quite small, the coupling between the inductors is also rather
small. As shown in Fig. 21, there is a slight difference between
the simulated and measured broad-band RF performances of the
DAs. The measured RF performance is degraded as compared
to the simulated one. However, the degradation is fairly slight
below the frequency of 14 GHz. Thus, the coupling between the
inductors can be ignored without causing major design errors in
the target of 1- to 10-GHz DAs.

According to the simulation results of S21-parameters in
Figs. 16 and 18, the DA without ESD protection achieves the
best gain response among all the DAs. With the same total
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Fig. 22. Comparison of the measured S21-parameters among the DA without
ESD protection and the DAs with ESD protection.

parasitic capacitance contributed by ESD protection diodes, the
DAs with ES-DESD protection perform better in S21-parameter
than the DAs with DS-DESD protection. The measured results
of the DA without ESD protection and five DAs with ESD
protection, as compared in Fig. 22, conform to the simulated
performances with the exception that DA2 achieves a better
gain response than DA1. The reason for this measured result is
that the decreasing parasitic capacitances of the ESD protection
diodes compensating the miller effect in each gain stage with
the increasing gain. With the increasing total parasitic capaci-
tance of the ESD diodes in the DAs with ESD protection, the
S21-parameters in these DAs are degraded. Hence, only DA1
and DA2 have the comparable performance to DAO.

The S-parameters, except S21, of the simulated and im-
plemented DAs without ESD protection, DA1, and DA2 are
shown in Fig. 23(a)—(c). The measured S11-parameter of the
DA without ESD protection, as illustrated in Fig. 23(a), corre-
sponds well to the simulated one and meets the specification
of less than —10 dB. The measured S11-parameter of DAl
degrades less than that of DA2, but they both do not meet the
specification anymore.

As shown in Fig. 23(b) and (c), the measured S22-param-
eters and S12-parameters of these three implemented circuits
exhibit better output matching and reverse isolation than the
simulated ones of the DA without ESD protection. As shown
in Fig. 24, the simulated and measured phase shifts of the DA
without ESD protection both present roughly linear curves from
1 to 16 GHz, but DA1 and DA2 only maintain the same situa-
tion up to 14 GHz.

The noise figure was measured by the high frequency mod-
eling system (HP85122A) and the noise parameters extraction
software (ATN NP5B) from 1 to 18 GHz. The results are com-
pared in Fig. 25. The measured data of DAO achieve the lowest
value of 4.4 dB at 6 GHz. The lowest value in measurement is
larger than that of 3.6 dB in simulation. In DA1 and DA2, the
lowest noise figures are 0.5 and 0.6 dB higher than that of the
measured DA without ESD protection. It means that the ESD
protection diodes contribute extra noise.
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Fig. 23. (a) Sll-parameters, (b) S22-parameters, and (c) S12-parameters

among the simulated and fabricated DAOs without ESD protection, DA1 with
ES-DESD protection, and DA2 with DS-DESD protection.

B. ESD Robustness

To compare the ESD robustness, DAO (the DA without the
ESD protection) and five DAs with ESD protection were tested
according to the criterion of 30% I-V curve shift at 1-pA cur-
rent. The results of the human-body model (HBM) [25] ESD
stresses and the machine model (MM) [26] ESD stresses are

2679

200

—&— Simulated DAO (w/o ESD protection)
—&— Measured DAO (w/o ESD protection)
—A— Measured DA1 (ES-DESD, 300fF)
.| —%—Measured DA2 (DS-DESD, 300fF)

150 B

100 -5 -

(3]
o
L

S50k

Phase(S21) (deg)

'
-
o
o
T

-150 |

2 4 6 8 10 12 14 16 18
Frequency (GHz)

-200

Fig. 24. Phase shifts among the simulated and fabricated DAs without
ESD protection, DA1 with ES-DESD protection, and DA2 with DS-DESD
protection.
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Fig. 25. Noise figures among the simulated and fabricated DAs without
ESD protection, DA1 with ES-DESD protection, and DA2 with DS-DESD
protection.

shown in Table III. As seen in Table III, the DA without ESD
protection only sustains a very low ESD protection level, which
is far below the ESD specifications for commercial ICs which
are 2 kV in HBM and 200 V in MM.

The ESD robustness of the DA is substantially improved after
inserting the distributed ESD protection circuit. The enhance-
ment of ESD robustness is significant in that DA1 (employing
the ES-DESD protection scheme) achieves the HBM ESD
level of 5.5 kV and the MM ESD level of 325 V. Furthermore,
equipped with the equally total parasitic capacitance of ESD
protection diodes in DA1, DA2 with the DS-DESD protection
scheme sustains the even higher ESD level of more than 8 kV
in HBM and 575 V in MM. With larger ESD protection diodes,
contributing larger parasitic capacitances, the ESD robustness
of the DA with ESD protection is better and the DS-DESD
protection scheme exhibits higher ESD robustness than the
ES-DESD one.

Table IV summarizes the performances of the published
CMOS DAs compared with the DA without ESD protection,
DAI1, and DA2 in this work. DA1 and DA?2 exhibit satisfactory
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TABLE III
HBM AND MM ESD TEST RESULTS
HBM (kV) MM (V)
Mode Negative- | Positive- | Negative- | Positive-
to-VDD to-VSS to-VDD to-VSS
stress stress stress stress
DA without ESD 0.2 0.25 ~20 ~20
protection
DA1 (ES-DESD, 300fF) 7.5 55 400 325
DA2 (DS-DESD, 300fF) >8 >8 650 575
DA3 (ES-DESD, 600fF) >8 >8 675 5§75
DA4 (DS-DESD, 600fF) >8 >8 850 750
DAS (ES-DESD, 900fF) >8 >8 1000 800
TABLE 1V

COMPARISONS AMONG THE PUBLISHED CMOS DAs

Band-

ospmcvos | 0.3-3.0 | 5.0£1.2 [51-7.0 [<-60 [ <90 | Na | 1
ospmcvos | 0.5-40 | 6512 [53-80 [<-7.0 [<-100] N [ @
ospmcvos | 0.5-75 | 55415 [87-13.0[<-60 [ <95 [ Na |
0.18 pm CMOS - 5.0 - <-14.0 - NA [10]
0.18 pm CMOS 1.0-100 | 8.0+ 1.0 - - - NA 1]
018umcMos | 0.6-22.0 | 7.3+08 [43-61 [ <80 [ <90 [ Na | my
0.18um cMOS | 05-14.0 [ 10.6£0.9 [ 3.4-54 [<-10.0[<-120] Na | 3
0.25-pm CMOS This
DA (without | 1.0-114 | 50410 | 4.4-56 |<-100|<-150| Na | T0%
ESD protection)
HBM
e DESD Joomy | 10-100 | 47410 | 49-57 | <-9.0 [ <-18.0 | Syul| T
325V
HBM
s, 200y | 10-92 | 4911 | 50-56 | <85 | <-19.5 "IN | W
575V

broad-band performances and succeed in providing excellent
ESD protection.

C. Failure Analysis

The EMMI (photon emission microscope) pictures in Fig. 26
have confirmed that the ESD damage, indicated by the arrow, is
located on the junction of the first p-diode with a large shining
area after the positive-to-VSS (PS-mode) MM ESD stress. In
PS-mode, the input pad is zapped by a positive ESD stress and
the VSS pad is grounded. From the resistive ladder model in
Fig. 15, during the ESD event, most ESD current is surely dis-
charged through the shortest path, namely the first section of
ESD protection circuit. This evidence has confirmed that the
DS-DESD scheme can indeed achieve better ESD performance
than the ES-DESD scheme in DA application.

V. CONCLUSION

Two new types of broad-band ESD protection schemes used
to protect the DA have been proposed and successfully inves-
tigated in a standard 0.25-um CMOS process. From the ex-
perimental results, the DA, employing the ES-DESD protec-
tion scheme with the total parasitic capacitance of 300 fF con-
tributed by the ESD protection diodes in the input port, has
high ESD robustness (the HBM ESD level of 5.5 kV and the
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Fig. 26.  EMMI photographs to show the location of ESD damage in DA2
with DS-DESD protection after positive-to-VSS (PS-mode) MM ESD stress.
(a) Whole view of DA2 with DS-DESD protection. (b) Zoomed-in view of the
damaged location on the p-diode (Dp1) at the first section of ESD protection.

MM ESD level of 325 V) with only a little degradation on the
broad-band RF performance. The decreasing-sized distributed
ESD (DS-DESD) protection scheme, applied to the DA with
the total parasitic capacitance of 300 fF contributed by the ESD
diodes in the input port, has enhanced the ESD robustness to a
higher level (the HBM ESD level of more than 8 kV and the MM
ESD level of 575 V) and has not deteriorated the broad-band
RF performance much. Hence, the proposed two ESD protec-
tion schemes are useful and feasible to codesign the RF perfor-
mance and ESD robustness of DA in broad-band applications.
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