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a b s t r a c t

ESD design of RFIC is a great issue due to the lack of ESD device models and the interactions between ESD
protection and core circuits of RFIC. In this paper, a novel co-design methodology incorporating device-
level simulation of ESD device and RF circuit design is proposed. In this methodology, the ESD protection
is incorporated into RFIC core circuit design by extracting S parameters and constructing table-lookup
model of the ESD matching network. By comparing the RF performances with expected targets, the
parameters of matching components and ESD device structures are rectified. In addition, the critical
parameters of ESD protection are obtained by simulation. The RF-ESD design of a 5.25 GHz LNA is used
to demonstrate the implementation of this novel approach.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Electrostatic Discharge (ESD) protection is always a great con-
cern in deep-submicrometer CMOS technology. The reliability
issues in CMOS integrated circuits become more and more critical
due to smaller and smaller feature sizes [1]. ESD protection design
of RFIC in state-of-the-art CMOS technologies is a quite difficult
challenge because of the large capacitances of the devices normally
used in ESD structure. When the frequency increases to gigahertz
frequency, the large parasitic capacitances act as short path and
greatly degrade the performance of the core circuit due to the mis-
match with RF networks [2,3]. Usually, ESD protection structure
will introduce an extra device (with parasitic effects) to the IC core,
and RFICs are extremely sensitive to this extra device as well as
parasitic effects. Therefore, the ESD and its induced parasitic effects
must be considered in RFIC design. Considerations such as the par-
asitic capacitance, resistance, noise coupling and self-generated
noise cannot be ignored anymore.

RFIC includes the RF front-end circuit, digital storage circuit,
control circuit, and other non-RF circuits. The circuit design often
relies on the design experience because of the unpredictability of
the circuit performance. Compared with the ordinary analog/digi-
tal IC design, more issues should be considered in the ESD design
of RFIC. Firstly, the ESD protection circuit has an interactive effect
on the core circuit. Secondly, the high-stress model of ESD devices
and EDA tools in ESD simulation are insufficient. The ESD design
verification mainly relies on the flow sheet, and the cost is very
high. Thirdly, the performance of ESD protection depends on the
process, size and core circuit, it cannot be separately designed

without RFIC core circuits. Thus, synthesized co-design approaches
are required for robust ESD protection design and successful circuit
optimization. The circuit-level ESD event simulation can provide
useful insight into the interaction between ESD and core circuit
elements and allow for the optimization of ESD protection design.

A new RF-ESD co-design approach is proposed in this work,
which is demonstrated through design and evaluation of RF and
ESD performances for a generic LNA. Compared with the existing
method in Refs. [2,5,9], the proposed method considers all of the
small signal characteristics of ESD devices, and it is non-
destructive. In the S-parameter extracting of large-area ESD
devices, no experimental formula or model is introduced. The basic
physical equations at each grid of the generated device are
calculated with TCAD tool, thus ensuring the accuracy and comple-
mentation of the extracted parameters. This paper is organized as
follows. After a brief introduction of RFIC ESD protection concepts
and challenges in Section 1, Section 2 discusses the new co-design
methodology for ESD protection based on circuit-device mixed-
mode simulation and S-parameter table-lookup model construc-
tion. Section 3 shows a practical design example. The ESD design
of 5.25 GHz LNA is presented to demonstrate the new methodol-
ogy. The conclusion comes out in Section 4.

2. Design methodology

In RFIC designs, the ESD devices are often equivalent to ideal
passive components, such as capacitors, resistors or combinations
of RLC. By calculating the PN junction area of ESD device, the equiv-
alent protection circuit is introduced to the design and simulation
of core circuit as shown in Fig. 1. The equivalent method often
results in a high error because of some parasitic effects are ignored.
Additionally, ESD protection structure cannot be just treated as the
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ideal component or RLC combination because of parasitic effects. It
is difficult to consider all the parasitic effects, including parasitic
capacitance between terminals or PN junctions, channel/body
resistance, conductance, especially for the active devices. If consid-
ering high frequency, this case will become even worst, because
the parasitic capacitor or inductor of ESD device is not constant un-
der high frequency, which causes significant reduce of perfor-
mance of the core circuit even having slightly changes.

In electrical engineering, the single-port or multi-port network
model is introduced to reorganize and simplify the complex cir-
cuits. Using the network model can significantly reduce the num-
ber of passive and active devices, avoid the complexity of circuit
and nonlinear effects, and simplify input and output characteristics
of the network. The ‘‘black box’’ approach is particularly important
to RF and microwave circuit design. In the proposed co-design
methodology, by extracting S parameters of the ESD matching net-
work and constructing the S-parameter table-lookup model, the
ESD protection device/circuit is integrated into core circuit design
reasonably and non-destructively, which improves IC performance
and ESD protection. The introduced S-parameter model is more
accurate than the equivalent capacitor or combination of RLC espe-
cially for the complex topology of the ESD matching network,
which is particularly important in the high frequency (>10 GHz)
design [4]. Some references of RFIC ESD protection presented the
concept of co-design [5,6], which was realized by two methods,
i.e., the equivalent method of ESD device to ideal passive compo-
nents and the method of establishing complex numerical model
of ESD device. However, it is not as simple, accurate and universal
as this proposed method, especially for the new original ESD pro-
tection devices.

In the circuit-device mixed-mode simulation, ESD device is set
as one component of the SPICE netlist. With device-level numerical
simulation for ESD device and SPICE model, the S-parameter of ESD
matching network can be extracted by small-signal analysis, which
is used to construct the table-lookup model to embed into high-
frequency simulation for the synthesis and optimization of the
RFIC core circuit. Besides, by constructing human body model
(HBM), machine model (MM), or charged device model (CDM) sim-
ulation circuit, the critical parameters including triggering voltage,
hold-on voltage, burn-in current and response time can be ob-
tained from quasi-DC or transient analysis of ESD protection
circuit.

Fig. 2 shows the flow chart of the novel co-design and evalua-
tion methodology, which is consist of the following steps. The first
step is to select the initial matching strategy for RFIC according to
the features and core circuit specifications; The second step is to
select the main ESD device and generate ESD device structures
by process simulation; The third step is to construct the ESD
matching network with ESD devices and matching components;
The fourth step is to extract S parameters of ESD matching network
by small signal simulation, and then construct the S-parameter ta-
ble-lookup model, which is the core of the new co-design method-
ology; The fifth step is to incorporate the S-parameter model into
RFIC design and optimization; The sixth step is the calibration,

which includes the rectification of the matching components and
the rectification of ESD device structure. Then the procedure from
second step to sixth step is repeated until the RF performance fig-
ures of the core circuit reach the expected targets. Finally, the
mixed-mode ESD simulation at the circuit-device level is carried
out for the calibrated ESD matching work to obtain the ESD
performance.

3. LNA-ESD implementation

3.1. LNA with two-stage one-directional protection

In RF systems, such as a heterodyne receiver, the LNA is a crit-
ical building block in the front-end. It is usually connected to out-
side through the antenna or an off-chip antenna filter and can
easily be exposed to the ESD stress events. Thus, it is reasonable
to incorporate the ESD protection into an LNA and do analysis
using new method. In this paper, a 5.25 GHz narrow band LNA is
used for instance with 50X input/output impedance match, which
is implemented in commercial 0.25 lm CMOS process. The ESD
protection of two-stage decreasing-size LVTSCR is used to match
at the input terminal.

To simplify the RF and ESD analysis, the circuit is entirely imple-
mented on-chip. The circuit has lower Q-factor passives and trans-
conductance, which does not allow to target maximum RF
performance in this technology regime. It is quite reasonable be-
cause the purpose of this paper is primarily to demonstrate the fea-
sibility of co-design methodology. The performance figures
targeted in the design are Gain >15 dB, Noise figure <3.5 dB, In-
put/Output matching <�10 dB, dual-directional HBM level >4 kV.

To make the noise the least sensitive to the channel width of
MOSFET, the optimized device channel width can be expressed
as follows.

Wopt ¼ 3
2

1
xLCOXRsQsP

� 1
3xLCOXRs

ð1Þ

where COX is the capacitance of gate oxide per unit area, Rs the char-
acteristic impedance of the circuit, and QsP is the optimized quality
factor which is the least sensitive to noise, the experienced value of
it is 4.5.

Fig. 3 shows the incorporation of two-stage ESD matching net-
work with a 5.25 GHz LNA.M1 is the amplifier transistor, the finger
width of MOSFET is 10 lm, and the calculated finger number of M1

is 12 according to Eq. (1). Inductance LIN provides the appropriate
input impedance matching which converts the input power signal
into a current signal. M2 is the cascade transistor, and it is used to
increase the amplifier’s output impedance and makes the load
impedance of the amplifier be determined only by the load net-
work. Meanwhile, M2 improves the reverse isolation of amplifier
and reduces the leakage of local oscillator signal, which enhances
the stability of the LNA. Besides, M2 also reduces the drain voltage
of M1 and weakens the impact of carrier velocity saturation effect
ofM1. A source follower bufferMb is implemented to obtain the re-

Fig. 1. Equivalent method of ESD protection circuit in RF design.
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quired gain by providing higher impedance at the output ofM2 and
to provide better isolation between the output and the input of the
circuit, which helps to design the input matching circuit more
independent from the output. The finger numbers of M2 and Mb

are 8 and 12 respectively based on calculation. DC power supply

is implemented at the nodes VBA, VBB and VBC, which are 1.0 V,
1.5 V and 2.5 V respectively.

When ESD happens, the main discharging devices carry large
current and occupy a large chip area, which causes the deteriora-
tion of high-frequency parameters. Because of its high discharging
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capability per unit area and easy adjustment of switch parameters,
the LVTSCR is used in this design. However, the circuit-level model
of LVTSCR is absent in the RF simulation, especially for the small-
signal model and high-stress model. To incorporate the ESD device
into RFIC of the core circuit, the LVTSCR structure should be gener-
ated by process simulation at first. A commercial TCAD tool, Silvac-
o, is used in this paper, which solves process model equations at
each node of the device mesh and produces detailed impurity dop-
ing profiles. The generated lateral structure and doping distribu-
tion of the LVTSCR device are shown in Fig. 4.

A II-type input matching network is used in the LNA design,
which is composed of a two-stage ESD protection based on LVTSCR
and a matching inductor LIN. Due to the larger discharge current
that is needed in the first-stage when ESD happens, the decreas-
ing-area distribution is used [7], and the widths of LVTSCRs at
first-stage and second-stage are set to 75 lm and 50 lm, respec-
tively. For the convenience of the following discussion, the junction
of RF input with first-stage protection is labeled as node 1. The
junction of RF signal line and second-stage protection is labeled
as node 2.

For the use of Circuit-device mixed-mode simulation, the S
parameters of the network are extracted. The frequency range
and the length of step during the extraction must be consistent
with those in the RF simulation of core circuit. The S-parameter ta-
ble extracted from ESD matching network is shown in Table 1.

The RF simulator ADS is used in LNA design, the above S-param-
eter table-lookup model is imported into S2P block to replace the
ESD matching network. Fig. 3 gives the incorporation of two-stage
ESD matching network based on LVTSCR with a 5.25 GHz LNA. The
optimized performance of LNA with and without two-stage one-
directional protection is shown in Fig. 5 and Table 2. It shows that
the RF performances of circuit degrade when ESD protection is
added, the input matching degrades from �18.610 dB to
�15.869 dB, while the gain and the noise figure degrade slightly.

To investigate the protection performance of the two-stage one-
directional ESD matching network, mixed-mode ESD simulation is
introduced. The input-to-ground 4 kV HBM simulation results are
shown in Fig. 6. It shows that there is a fluctuation in the discharg-
ing voltage/current curve due to an inductor effect between the
first-stage and second-stage protection. The maximum voltage/
current appears at the first peak, which indicates that the series
inductance and the second-stage protection do not cause excessive
oscillation of the ESD discharging. Compared with the two-stage
one-directional protection based on ggNMOS in Ref. [5], the
LVTSCR protection has a specific maximum voltage, which is less
related with ESD stress, and it is more reliable. The maximum volt-
age at node 2 reaches 11.6 V, and the total discharging current
reaches a maximum value of 2.30 A at node 1, while the second-
stage of ESD protection carries only lower than half of the total dis-
charging current.

As an ESD protection device, LVTSCR can provide the protection
when in reverse bias. However, the bias mode may influence its
switch parameters, e.g., the turn-on voltage is different when its
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Fig. 4. Cross-section of LVTSCR generated by process simulation.

Table 1
S-parameters extracted from ESD matching network.

f (Hz) Real S11 Imag S11 Real S12 Imag S12 Real S21 Imag S21 Real S22 Imag S22

4.5e + 09 0.628254 0.424451 0.359728 �0.518916 0.359728 �0.518916 0.616953 0.44861
4.51e + 09 0.629342 0.423992 0.358574 �0.518661 0.358574 �0.518661 0.618045 0.448238
4.52e + 09 0.630426 0.423532 0.357424 �0.518404 0.357424 �0.518404 0.619134 0.447864
4.53e + 09 0.631507 0.423069 0.356277 �0.518145 0.356277 �0.518145 0.620219 0.447489
� � � � � � � � � � � �
6e + 09 0.754266 0.343622 0.222255 -0.467202 0.222255 -0.467202 0.745301 0.380368

6

8

10

12

14

16

18

20

frequency /GHz

frequency /GHz

no ESD
with ESD
with RF-ESD co-design

(a) 

4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6
 no ESD
 with ESD
 with RF-ESD co-design

(b) 

S 21
 /d

B
no

is
e 

fig
ur

e 
/d

B

Fig. 5. Simulated performances of 5.25 GHz LNA with two-stage one-directional
protection and without ESD protection. (a) Gain S21. (b) Noise.

L. Li et al. /Microelectronics Reliability 52 (2012) 2632–2639 2635



Table 2
Simulated performances of LNA at the center frequency (one-directional ESD protection).

5.25 GHz no ESD 5.25 GHz with ESD 5.25 GHz with RF-ESD co-design 2.4 GHz no ESD 2.4 GHz with RF-ESD co-design

Gain S21 (dB) 17.404 16.948 16.727 26.818 26.440
Input matching S11 (dB) �18.601 �9.335 �15.869 �24.273 �19.969
Output matching S22 dB) �17.364 �18.605 �16.342 �23.873 �24.542
Noise figure (dB) 2.370 2.527 2.493 1.935 2. 085
IIP3 (dBm) �22.5 �18.6 �19.3 – –
Power consumption (mW) 28.42 28.42 28.42 73.36 73.36
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gate-electrode is pull-up and pull-down. Fig. 7 shows the
simulated ground-to-input 4 kV HBM results of the two-stage
one-directional protection (gate pull-down). It shows that the
maximum voltages of the structure are �3.72 V (node 1) and
�2.31 V (node 2), and the maximum currents are �1.125 A (node
1) and �0.210 A (node 2). In this case, the reverse LVTSCR can pro-
vide a NS (negative-to-VSS) mode protection. The two PN junctions
(anode/N well junction and P well/cathode junction) are reverse
biased, which cause a bigger turn-on resistance than that in in-
put-to-ground HBM testing, thus the maximum current is less than
forward discharging current (2.30 A), which means a relatively
lower ESD robustness.

3.2. LNA with two-stage dual-directional protection

ESD protection design is application-specific in nature. The
practical ESD protection design is essentially for a whole-chip de-
sign, and not a stand-alone one-directional ESD protection design

work [8]. A good practical ESD protection solution must ensure a
complete ESD protection for the whole IC chip. In this paper, a
dual-directional or multi-directional protection structure is needed
to achieve complete ESD protection at whole-chip level.

A two-stage dual-directional matching network based on
LVTSCR is studied for the purpose of complete ESD protection at
the input terminal. The gate series resistances of forward LVTSCRs
are grounded, and those of the reverse LVTSCRs are pulled up.
Extracting the S-parameter table-lookup model of the ESD match-
ing network and incorporating it into RF simulation of LNA, the
optimized performances of the LNA are shown in Fig. 8 and Table
3. As the total area-size of ESD devices is doubled for the dual-
directional protection, the input matching degrades seriously. After
numerous adjustments and implementations of co-design, the
LVTSCR widths of first-stage and second-stage are rectified to
65 lm and 60 lm, respectively. Compared with the input match-
ing of �18.601 dB without ESD protection, the optimized input
matching is improved from �6.982 to �10.708 dB when ESD pro-
tection is added.

To compare with the RF-ESD design of 5.25 GHz LNA, a 2.4 GHz
LNA RF-ESD design with the same circuit topology is implemented,
and the corresponding finger numbers of transistor M1, M2, and Mb

are 26, 18, and 26. The performance results are shown in Tables 2
and 3. LVTSCR is an efficient ESD device, which means smaller size
and lower parasitic effect at the same discharging level, and its im-
pact on LNA’s performance is small at relatively lower operation
frequency. Thus, it is not necessary to change the size of ESD de-
vice, but a little adjusting of the matching components is done. It
can be concluded that the RF-ESD co-design is more valuable when
the application frequency is high.

In addition, the metal routing of ESD protection may introduce
some parasitic effects to RF circuit, e.g., the routing inductance, the
capacitance between routing and well or between routing and
routing, which can not be ignored. If an application that requires
the simulation to closely match the actual results, then the param-
eter under control may be treated in the same way as the other
matching components in order to match the circuit. Otherwise, it
should be eliminated by some technique, e.g., a reasonable routing.

Implementing input-to-ground and ground-to-input 4 kV HBM
simulation for the two-stage dual-directional ESD matching net-
work, the results are shown in Figs. 9 and 10 respectively. Since
the forward and reverse LVTSCRs are the same in size, the input-
to-ground and ground-to-input discharging curves of ESD match-
ing network shows similar effect. After the first peak, the transient
voltage decreases slowly and the transient current remains
approximately constant until the end of discharging, which is dif-
ferent from two-stage one-directional protection. Thus, a two-
stage two-directional ESD matching network can provide a com-
plete ESD protection for the input terminal of 5.25 GHz LNA, and
the LNA can obtain optimized performances by using the new
co-design methodology, which achieves the targets mentioned
above. Owing to the high discharge efficiency of LVTSCR, the higher
level of ESD protection does not cause too much parasitic effects.
So, the performance of RF circuit (gain, noise figure and matching
etc.) degrades a little.
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Fig. 8. Simulated performances of 5.25 GHz LNA with two-stage dual-directional
and without ESD protection. (a) Gain S21. (b) Noise figure.

Table 3
Simulated performances of LNA at the center frequency (dual-directional ESD protection).

5.25 GHz no ESD 5.25 GHz with ESD 5.25 GHz with RF-ESD co-design 2.4 GHz no ESD 2.4 GHz with RF-ESD co-design

Gain S21 (dB) 17.404 15.468 16.195 26.818 26.232
Input matching S11 (dB) �18.601 �6.982 �10.708 �24.273 �16.807
Output matching S22 (dB) �17.364 �18.668 �17.931 �23.873 �25.010
Noise figure (dB) 2.370 3.046 2.831 1.935 2.196
IIP3 (dBm) �22.5 �16.9 �18.6 – –
Power consumption (mW) 28.42 28.42 28.42 73.36 73.36
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4. Conclusion

In this paper, a novel methodology for co-design of ESD protec-
tion and RFIC core circuit is presented, which includes the genera-
tion of ESD device structure, S-parameter extracting and table-
lookup model construction, optimization of ESD matching network
with functional core circuit, calibration, and ESD simulation. The
proposed RF-ESD co-design method overcomes the disadvantages
of selecting ESD protection strategy only by design experience or
experimental approach available. A 5.25 GHz LNA RFIC-ESD design
is taken as an example, its ESD protection performances and the
impacts of ESD structure on core circuit are analyzed in detail.

The results show that an RFIC can obtain a good trade-off between
the ESD and RF performances by the proposed RF-ESD co-design
methodology, and the interactions of ESD protection with RF core
circuit can be determined quantitatively.
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