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Abstract—This paper presents two 60-GHz low-noise amplifiers
(LNAs) with different electrostatic (ESD) protection schemes,
including the diode-based and LC-based configurations. By
codesigning ESD network and input matching, both LNAs are op-
timized for minimum noise figure (NF) while maintaining a similar
gain. Compared with the conventional double-diode approach, the
proposed LC-based design uses a high current capability spiral in-
ductor and a high breakdown voltage metal-oxide-metal capacitor
as effective bidirectional ESD protection, showing much improved
ESD protection level and NF under reduced power consumption.
The test results demonstrate an over 8-kV human–body-model
ESD level and an over 13-A very fast transmission line pulse cur-
rent level for charge-device-model ESD protection. The measured
NF and power gain are 5.3 dB and 17.5 dB, respectively, at 58
GHz, under a power consumption of only 18 mW. To the best of
our knowledge, the LC-based ESD-protected LNA demonstrates
a highest ESD protection level with a lowest NF, compared with
prior arts operating at similar frequencies.

Index Terms—Charge-device-model (CDM), CMOS, electro-
static discharge (ESD), human-body-model (HBM), low-noise
amplifier (LNA), transmission line pulse (TLP), -band, very fast
transmission line pulse (VFTLP).

I. INTRODUCTION

U SING the millimeter-wave (mm-wave) frequency range
for wireless communications has attracted a great deal of

interest from both academia and industries over the past few
years, which permits a compact system size and high data trans-
mission rate up to multi-Gb/s [1]–[5]. At -band (50–75 GHz),
the large bandwidth allocated at around 60 GHz offers great po-
tential and flexibility for various new applications. With con-
tinuous advances in process technology, CMOS demonstrates
impressive and under low power consumption, and be-
comes a realistic low-cost solution for fully-integrated 60 GHz
transceivers [2]–[5]. One critical issue for realizing the fully-
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Fig. 1. Typical RF receiver front-end including the ESD protection block con-
nected at the RF input terminal.

integrated 60 GHz radio is the electrostatic discharge (ESD)
problem. In advanced technology nodes, the reduced gate oxide
thickness ( in 65 nm CMOS) and hence lowered gate
oxide breakdown voltage ( in 65 nm CMOS) make the
device more vulnerable to ESD damage. Also, the recent trend
of system-on-chip (SOC) design results in a large chip size with
considerable amount of charges accumulated in the substrate.
This increases the susceptibility to ESD damage for volume pro-
duction [6]–[8].
Different approaches for RF ESD protection design were re-

ported [9]–[18]. The double-diode configuration is one of the
most widely adopted designs for RF ESD protection, owing to
the simplicity and relatively small parasitic capacitances. How-
ever, the ESD protection level is in general proportional to the
parasitic capacitances of the diodes, [9], [10], which poses a sig-
nificant challenge of designing robust on-chip ESD protection
for a 60-GHz receiver with low noise figure (NF) in advance
CMOS technology. Fig. 1 shows the circuit blocks of a typical
RF receiver with ESD protection. In ideal cases, the ESD block
should act as an open circuit under normal RF operation, while
becoming a short circuit when ESD zapping occurs. The overall
noise figure can be calculated as

, assuming the noise contribution from the
circuit blocks after the mixer can be neglected, where ,

, , and represent the NF of the overall system
and the individual blocks, respectively, and is the power
gain of the LNA. It should be emphasized that is equiv-
alent to the loss introduced by the passive ESD block, and will
be directly added to the overall system noise figure. With the
double-diode topology, the increased insertion loss of the diodes
would significantly degrade if a high ESD protection level
is desired at high operating frequencies.
Differing from the diode-based approach, the on-chip ESD

protection design using the grounded inductive components was
proposed [12]. The basic idea is to provide a direct ESD cur-
rent path shunt to the ground, while also using the inductor to
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Fig. 2. Circuit blocks of the LNA with double-diode ESD protection. The four
different testing modes are also indicated.

resonate with the pad parasitics, making the ESD block trans-
parent at the operating frequencies. An ESD protection scheme
with a grounded inductor by plug-and-play was proposed to
tune out the parasitic capacitance at 5 GHz [13]. Using the
similar concept of [12] and [13], a multilayer coplanar wave-
guide inductor for grounding the ESD current was used
to resonant out the pad capacitance at 77 GHz [14]. A trans-
former-based ESD protection for LNAwas also reported [15], in
which the ESD inductor and the LNA gate inductor were com-
bined as a transformer to reduce the chip area, and a 7.3 kV
Human-Body-Model (HBM) ESD level was achieved.
To realize the ESD-protected LNA with low noise figure, low

power consumption, and high ESD protection level at 60 GHz,
two different approaches of ESD network design are employed
for comparison in this study.With the same core circuit configu-
ration, the first LNA adopts the typical double-diode approach,
whereas the second LNA proposes a shunt inductor and a se-
ries capacitor for ESD protection, denoted as LC-based design.
It should be emphasized that the ESD protection scheme of the
second LNAmay look similar to the previously reported studies
using inductive components for ESD design [12]–[18], how-
ever, the codesign concept with the entire input matching net-
work was not mentioned before. Also, the significance of
to the ESD robustness in the inductor-based ESD design was
not pointed out.
The ESD blocks are codesigned with the input matching net-

work in both LNAs, and optimized for minimumNFwith a sim-
ilar gain. By comparing the results of the two LNAs, the second
design shows clear advantages over the first design inNF, power
consumption, and also ESD protection level with a small penalty
of the chip area. The increases in the bandwidths of both input
matching and power gain are also obvious with the LC-based
ESD design. The second design demonstrates a state-of-the-art
ESD-protected LNA at around 60 GHz, to the best of our knowl-
edge. This paper is organized as follows. Section II presents the
first LNA design using the diode-based ESD protection scheme.
In Section III, the design details of the second LNA using the
proposed LC-based ESD protection are presented. The exper-
imental results including both RF and ESD measurements are
shown in Sections IV, and V concludes this work.

II. DESIGN OF 60-GHZ LNA WITH DIODE-BASED
ESD PROTECTION

Fig. 2 shows the widely used double-diode ESD protection
scheme for RF applications [6]–[10] together with the power

clamp [10]. The discharge paths for the four different ESD
testing modes (PD, ND, PS, and NS) are also indicated in
Fig. 2. The diodes could be realized by different approaches,
such as shallow-trench-isolation (STI) diodes [9], poly diodes
[19], and RF junction varactors [10]. The approach of using the
customized RF junction varactors with accurate RF models is
adopted in this design.
Fig. 3 shows details of the 60-GHz LNA using the

double-diode ESD topology, consisting of the RF junction
varactors ( and ) and the power clamp ( , ,

, , and ). The LNA core circuit employs a two-stage
cascode topology with inductive loads ( and ) for high
power gain and better input/output isolation. The inductive
source degeneration is employed to make it easier to
achieve simultaneous noise and power matching. Note the
input matching network includes , , and , together
with . The capacitor functions as the dc block between
the two stages, and works together with and as the
interstage matching. The inductor and capacitor are
utilized as the output matching network. The power clamp with
a linear characteristic provides a low-impedance path from

to the ground, and completes the ESD paths for PS and
ND modes [10]. Note that the power clamp, connected between
the power rail and the ground bus, is not critical to
the LNA RF characteristics.
Using the codesign approach, the ESD devices and

should be considered in the early design stage as a part of the
input matching network. Therefore, an accurate RF model is
required along with the known ESD protection level for the
codesign procedure. In this study, the junction varactors are
customized by utilizing the maximum allowed contact and via
density ( in each finger). Also, all six metal
layers with a total thickness of are connected by vias
along the ESD current path to reduce the on-resistance. The RF
models are established based on the measured results from the
device testkeys. Also, the ESD protection levels are determined
by the Transmission Line Pulse (TLP) tests with the testkeys.
Table I shows themeasured TLP results of the junction varactors
with different geometries, where is the second breakdown
current. The corresponding HBMESD voltage level is es-
timated by [6]. The extracted
parasitic capacitance and ratios of the ESD protection
level to parasitic capacitances are also included.
As can be seen, the ESD protection level increases with the de-
vice size and also the parasitic capacitance. Note should
increases proportionally with the total device periphery in ideal
cases. However, as can be seen from Table I, the increase of

gradually reduces as the ESD device becomes larger due
to increased series resistance of larger finger width. The junc-
tion varactor W2N25 (width of each finger , and
total finger number ) with a high ratio of
98.1 is chosen for achieving a HBM ESD level in this
design.
With the selected ESD diodes, the main remaining design

parameters of the input stage are the size of and , the
source inductor and the gate inductor . As mentioned,
the design goal is to achieve a minimum NF but with a similar
gain of the LC-based ESD design for fair comparison. There-
fore, the power consumption is not the major design consid-
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Fig. 3. Circuit schematic of the 60-GHz LNA with diode-based ESD protection, using the RF junction varactors and a power clamp.

TABLE I
ESD CHARACTERISTICS WITH DIFFERENT DEVICE SIZES

eration here. For both gain and stability considerations, an
of 0.06 nH is used for the source degeneration. The transistor
size of , , and the gate
inductor of 0.15 nH are then determined based on opti-
mization to achieve enough power gain and minimized noise
figure with the predetermined junction varactors. The second
stage are optimized mainly for obtaining enough power gain
with the transistor and a slightly smaller
transistor . Determination of also needs
to consider the output matching. Together with of 0.1 nH
and of 23.4 fF, an output impedance of 50 is achieved at
around 60 GHz.
As will also be shown in Sections III–V, the second LNA can

achieve an ESD protection level of over 8 kV by using a shunt
inductor with a high current density and a series capacitor with a
high breakdown voltage. It is interesting to see if this is feasible
using the double-diode design. Figs. 4 and 5 show the simulated
power gains and noise figures, respectively, of the double-diode
LNA with several different ESD protection levels (same core
circuit but different diode sizes). Note the ESD devices used for
simulation are based on Table I, but the protection levels are
estimated from ideal cases, assuming the ESD level increases
proportionally to the device periphery. Also, the LNAs are all
optimized to be conjugate-matched for a fair comparison. As
shown in the figures, the power gain decreases with increasing
ESD protection levels owing to the increased parasitic effect
with larger ESD diodes, which is evident from the lowered Q
value when the diode size increases. As the diode size becomes
larger, the increased substrate parasitic capacitance [7] is

Fig. 4. Simulated of the LNA using double-diode design with various
ESD protection levels.

Fig. 5. Simulated NF of the LNA using double-diode design with different
ESD protection levels.

responsible to the increased loss of the diode at high frequen-
cies, which creates a low-impedance signal path to the substrate
directly. Also, the increased series parasitic resistance from the
long interconnects introduces additional losses. Similar expla-
nation can be applied to the observed increasing noise figure.
The gain and NF degradations are 5.1 dB and 7.6 dB, respec-
tively, compared with the reference design without the ESD
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Fig. 6. Circuit schematic of the proposed 60-GHz LNA with LC-based ESD protection, consisting of the spiral inductor , MOM capacitor , and a
power clamp.

diodes. Even with a 2-kV ESD design, a NF increase of 1.7 dB
can be observed associated with a 1 dB gain reduction.

III. DESIGN OF 60-GHZ LNA WITH LC-BASED
ESD PROTECTION

In the second 60-GHz LNA, we propose using an LC
high-pass network (low-pass for ESD current) codesigned with
the entire input matching network to realize a robust ESD
network while maintaining a very low noise figure. Compared
with the previously reported LNAs using the inductive ESD de-
vices [12]–[15], [20], the inductor here is neither for RF
choke [20] to make the ESD diode invisible at RF frequencies
nor for resonating out the diode or pad parasitic capacitances
[12]–[15]. Also, the importance of to the ESD protection
level, which was not emphasized before, will be pointed out in
this study.
Fig. 6 shows the circuit configuration of the proposed LNA

with the LC-based ESD protection network. The input matching
network includes the shunt inductor , metal-oxide-metal
(MOM) capacitor , gate inductor , and source in-
ductor . As a part of the matching network, the high-pass

network acts like typical passive elements under
normal RF operation. However, it becomes a low-pass network
to the ground for the ESD current with relatively low frequen-
cies. During ESD zapping, provides a low-impedance
bidirectional path to bypass the discharge current, and
further blocks the ESD current to protect the core circuit. Fig. 7
is the corresponding small-signal equivalent circuit model
of the input stage. The impedance of the input stage can be
represented by the following equations:

(1)

(2)

The and are combined with , (the equiv-
alent input capacitance at the gate of ), and to have the
real part of ’ as 50 , and the imaginary part of ’ to
be zero. The transistor size is determined by investigating the
noise and gain characteristics as a function of finger width and

Fig. 7. Small-signal equivalent circuit model of the input stage of the LNA
with LC-based ESD protection.

bias [21]. The final selected gate voltage is 0.65 V with a cur-
rent density of 0.24 for for low
noise characteristic. As a part of the matching network, deter-
mination of and should be in the early RF design
stage for noise and gain optimization. The inductor is the
most critical component for the ESD protection level, which is
determined first in the design flow. To sustain a large ESD cur-
rent level (typical up to several Amperes) with a small para-
sitic resistance, the metal width of ESD inductor is designed to
be 10 . Also, a half-turn inductor realized by the top metal
layer (thickness of 3.4 ) with a total length of only 115
is employed to avoid the high resistivity vias in multiple-turn
inductors and to reduce IR drop during ESD zapping. Based on
the measurement results, the maximum current capability of the
inductor can be up to 39 A under an HBM TLP pulse.
The is employed to increase the upper bound ESD de-

sign window from 6.5 V (gate oxide breakdown voltage) up to
(MOM breakdown voltage). From the ESD protection

point of view, functions as a substitute of the gate ca-
pacitor of . With the extremely robust MOM capacitor, the
ESD protection level can be increased significantly. In addition,

increases the design freedom by adding one more param-
eter in the input matching network, resulting in a much wider
bandwidth of the LNA. In practical design, and are de-
termined first, and and are cooptimized to obtain the
minimum noise figure and maximum gain. With the codesign
approach, relatively small and
with high quality factors are allowed, and the reduced parasitics
lead to excellent noise performance of the LNA. The detailed
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TABLE II
DEVICE PARAMETERS OF AND

Fig. 8. Simulated insertion losses (ESD blocks only) of the two different ESD
configurations under input/output conjugate matching.

design parameters for and are listed in Table II.
In addition, the areas occupied by and are only

and 0.0006 , respectively.
It should be emphasized that the ESD protection limitation in

this design in fact arises from the power clamp instead of
and , differing from the typical diode-based RF ESD de-
sign. With a large enough width and short enough length, the IR
drop across of is very low. Also, the robust MOM capac-
itor has a much higher breakdown voltage than the gate
oxide. Consequently, the power clamp will be damaged by the
discharge current before and . Since the and

are not the bottleneck of the ESD protection level, the
codesign procedure becomes relatively straightforward, com-
pared with the first design. Although also using the codesign ap-
proach in the double-diode scheme, the ESD level of the diode
is the main consideration in the early design stage of diode size
determination. With such a limitation, the optimization among
NF, gain, and ESD protection level become more difficult. In
practical design at -band, the LNA characteristics are rather
sensitive to the capacitive parasitics at the input node even in
the range of only tens of fF. Also, the issue of a relatively low
-factor ( at 60 GHz for the RF junction varactors) arises

at high frequencies, which degrades both NF and gain owing
to the insertion loss introduced by the diodes. Fig. 8 shows the
simulated insertion losses of the two ESD protection config-
urations (ESD blocks only) with ideal input/output conjugate
matching at 60 GHz. The relatively large matching bandwidth
is due to the multistage topology (Pi-matching) used for the
matching network, which is close to the condition in the actual
LNAs. As can be seen, the insertion loss of the first ESD de-
sign ( and both shunted to the ground with the size of

, and ,W2N25) is 1.4 dB, almost 1 dB higher
than that of the second design ( shunted to the ground and

connected in series). The extra loss will add an equivalent

Fig. 9. Chip micrographs of the 60-GHz LNAs with (a) diode-based ESD pro-
tection, and (b) LC-based ESD protection.

Fig. 10. Measured of the LNAs with diode-based and LC-based ESD
protection.

amount of NF to the LNA directly, as illustrated in Fig. 1. Once
the desired ESD level is determined with a certain amount of

, the degradation of NF and gain cannot be avoided in the
double-diode configuration even with the codesign approach.
As a result, increased power consumption is essential to obtain a
small noise figure and maintain a similar gain with the LC-based
design. In practical design, the larger transistor sizes are used
to accommodate the desired power gain with increased power
consumption. In the second design with the LC-based approach,
the designer can mainly focus on the optimization of gain and
NF instead of the ESD protection level when selecting
and , which greatly simplifies the ESD/matching codesign
procedure.

IV. RESULTS AND DISCUSSION

The LNAs were fabricated using 65-nm CMOS technology
with both and exceed 200 GHz. Fig. 9(a) and (b)
show the chip micrographs of the implemented 60-GHz LNAs
with the diode-based and LC-based ESD protection schemes,
respectively. The dc block is provided by an off-chip Bias-Tee
at the input for RF measurements in both LNAs. With two sets
of G–S–G RF probing pads and another two sets of the P–G–P
dc probing pads, the chip sizes are 0.37 and 0.51 for the
two designs, respectively. It should be emphasized that the sizes
are pad limited in both chips. Compared with the intrinsic size
of the first LNA (0.15 ), that of the LC-based design only
increases by about 0.0086 (5.7%)
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Fig. 11. Measured of the LNAs with diode-based and LC-based ESD
protection.

Fig. 12. Measured NF of the LNAs with diode-based and LC-based ESD
protection.

Fig. 13. Measured TLP – curves of the LNA with diode-based ESD
protection.

A. RF Measurement Results

The RF characteristics of both LNAs were measured
on-wafer using the Cascade G-S-G RF probes with a 100-
pitch. The -parameters and NFmeasurements were performed
by the Agilent PNA network analyzer and Agilent 8975A noise
figure analyzer, respectively. The first LNA operates from a
1.5-V supply voltage and draws a current of 18.6 mA with

Fig. 14. Measured TLP – curves of the LNA with LC-based ESD
protection.

Fig. 15. Measured , , and NF of the LNA with LC-based ESD pro-
tection before/after ESD zap.

TABLE III
SUMMARY OF ESD TESTING RESULTS IN DIFFERENT MODES

an associate dc power consumption of 27.9 mW. With the
same supply voltage, the bias current is 12 mA and the power
consumption is 18 mW for the second LNA. Figs. 10–12
compare the measured , , and NF of the LNAs using
double-diode and LC-based ESD protection schemes, respec-
tively. The diode-based design presents a peak power gain
of 16.5 dB at 58.5 GHz, an input return loss greater than
21 dB at 59 GHz, and a minimum NF of 6.6 dB at 58 GHz. In
contrast, the proposed LC-based design shows a peak power
gain of 17.5 dB, an input return loss greater than 15 dB, and
a minimum NF of only 5.3 dB all at 58 GHz. One distinct
difference should be pointed out is that the second LNA has a
much wider bandwidth regarding both input matching and gain,
as can be seen in Figs. 10 and 11, respectively. The LC-based
ESD configuration presents an input matching bandwidth up to

( , from 55 to 68 GHz) and a 3-dB
power gain bandwidth up to (from 54.5 to 61.5 GHz).
In contrast, the double-diode design only has the matching and
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TABLE IV
PERFORMANCE COMPARISON OF THE PROPOSED LNAS WITH PRIOR WORKS

gain bandwidths of and , respectively. The
much improved bandwidth can be attributed to the multistage
matching network consisted of , , , , and
the parasitic capacitances of in the LC-based design. In
addition, the linearity of the LNAs was characterized by the
two-tone test (58.5 and 58 GHz) for the third-order intermod-
ulation. The measured IIP3 are 10 and 11 dBm for the two
LNAs at 58.5 and 58 GHz, respectively.

B. ESD Testing Results

The Barth Model 4002 TLP test system, which generates a
pulse with a rise time of 10 ns along with a pulse width of
100 ns, was used for the on-wafer TLP characterization. Fig. 13
shows the TLP – characteristics of the diode-based ESD-pro-
tected LNA using the RF junction varactors. In the PD and NS
modes, the ESD current goes through and , respec-
tively (see Fig. 3). In contrast, the ESD current flows through
both the diode and the power clamp in the PS and ND modes.
As a result, an offset voltage appears compared with the PD and
NS modes due to the additional voltage drop across the power
clamp. In all four modes, the second breakdown current up
to 1.4 A can be achieved, corresponding to about 2.0 kV HBM
ESD level. The leakage currents are also monitored to quickly
detect failure during ESD testing. Fig. 14 presents the measured
TLP – characteristics of the LC-based ESD-protected LNA.
With an over 10 A, the estimated ESD level is over 15 kV
for PD and ND modes. Note the observed leakage current is
mainly introduced from the power clamp, which is smaller than
1.5 A up to the measurement limitation of 10 A. For the
PS and NS modes, the ESD network behaves like a short circuit
due to and the TLP current is conducted to the ground di-
rectly via (see Fig. 6), and the leakage current cannot be
monitored. Fig. 14 indicates that a lower voltage drop along the
PS and NS modes under the same TLP current level, compared
with the PD and ND modes. Although it is reasonable to claim
that the PS and NS modes can also sustain an above 10-A TLP
current, there is no direct evidence to support this point. To fur-
ther exam the ESD protection capability of the LNA, a different
testing equipment HANWA-W5100 is used to provide ESD zap-
ping. The ESD protection level is verified by comparing the RF
characteristics of the LNA before and after the ESD zapping.
After applying an 8-kV ESD pulse (maximum value available

from the equipment) to the LNA with the LC-based ESD de-
sign, the identical results verify that the ESD current has been
successfully bypassed via to the ground or without
damaging the core circuit as shown in Fig. 15.
In addition to the typical HBM ESD tests, the charge-de-

vice-model (CDM) ESD event is also of great importance to the
SOC chips [22]. The CDM event describes the self-discharge
procedure of the charges accumulated in the substrate of ICs
through a suddenly grounded pin. Compared with the HBM
event, the CDM occurs at a much faster rising time, which
makes the ESD protection more challenging. The HANWA
HED-T5000 TLP test system was used for Very Fast TLP
(VFTLP) characterization to investigate the CDM ESD protec-
tion capability. Compared with the typical TLP test, the rise
time of VFTLP is shortened from 10 to 0.2 ns and the pulse
width is reduced from 100 to 1 ns to meet the CDM pulse
specifications given in the JEDEC standard. Table III summa-
rizes the TLP and VFTLP measurement results of different
pin combinations of the two LNAs. The LC-based ESD-pro-
tected LNA shows a substantially higher ESD protection level
compared with the conventional double-diode design. Table IV
summaries this work and compared with other previously
published ESD-protected LNAs at -band, where and

(modified from [13]) are as follows:

(3)

(4)

With low noise, high gain, low power consumption, and high
ESD protection level, the proposed LC-based ESD-protected
LNA achieves state-of-the-art figure-of-merits.

V. CONCLUSION

In this paper, different ESD protection schemes were em-
ployed for two 60-GHz LNAs. The second LNA with the pro-
posed LC-based ESD design presented significantly higher ESD
levels with reduced noise figure, lowered power consumption,
and also improved bandwidths, compared with the first design
using the conventional double-diode ESD protection scheme.
With a high current capability half-turn spiral inductor and a
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high breakdown voltage MOM capacitor as effective bidirec-
tional ESD protection, the LNA demonstrated an over 8-kV
HBM ESD level and an over 13-A VFTLP current level for
CDM ESD protection in 65 nm CMOS. By the ESD/matching
codesign approach, the proposed LNA achieved a noise figure
of 5.3 dB and a power gain of 17.5 dB, under a power consump-
tion of only 18 mW. The achieved FoMs are among the best
compared with prior works at similar operating frequencies.
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