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ABSTRACT In this paper, we propose a double diode network including an additional stacked diode,
which provides robustness against Electrostatic discharge (ESD) and high-frequency interference signals.
The proposed stacked diode in the conventional double diode network protects the integrated circuit from
instantaneous voltage events by providing an additional current path to the double diode network. Also,
it can structurally minimize the parasitic capacitance generated in the diode. The general operating principle
and limitation of the conventional double diode network for ESD events and high-frequency interference
signals were analyzed and simulated. For experimental verification, a cascode LNA with inductive source
degeneration was designed in a 130nm CMOS Silicon-on-insulator (SOI) process for the time-division
long-term evolution (TD-LTE) application at the coexistence band. The LNA with the proposed double
diode network provides a noise figure of 1.08 dB and a small-signal gain of 18.7 dB at 2.65 GHz (Band 41).
And it was measured to be able to protect the internal circuit at 2000 V HBM event, and the RF performances
were not affected even with a high-frequency interference signal close to 30 dBm.

INDEX TERMS Electrostatic discharge (ESD), interference signal, low-noise amplifier (LNA), time division
duplex (TDD), ESD protection circuit, double diode network.

I. INTRODUCTION

Wireless mobile communication has been rapidly evolving
into the next fifth-generation (5G) system in response to the
increase in user data traffic such as 2G/3G /4G-LTE and the
demand for high-speed quality data transmission. To meet the
demands, communication systems that provide efficient data
services within insufficient frequency resources have been
developed [1]-[6]. In the case of a mobile network for a 5G
system, it is being considered that building a system through
a high density of a microcell-based network which can
improve the capacity and coverage of the wireless network.
Also, as a method of increasing the frequency allocation
efficiency, the conventional mobile systems use carrier
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aggregation (CA) of multi-carrier signals that simultane-
ously use frequency division duplexing (FDD) and time
division duplexing (TDD). Here, the communication sys-
tem in TDD is widely used in systems that require fast
data traffic due to the high flexibility in user channel
allocation. However, due to the coexistence frequencies,
it is necessary to consider interference signals between
devices [1]-[10].

TD-LTE system, which requires coexistence requirement
in the frequency band from 2.3 GHz to 2.69 GHz, is defined
as shown in Figure 1 to support representative band 41 and
band 38 at the same time. As an example of interference
signal scenarios, when a transmitted signal from other user
equipment enters the receiver of user equipment, the inter-
nal circuit of the receiver IC can be damaged by the
voltage signal of a high swing and the degree of damage
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FIGURE 1. Spectrum of TD-LTE coexistence frequency (Wi-Fi, and cellular
bands).

depends on the distance between devices. Therefore, it is
necessary to protect the IC’s internal circuit from interfering
signals. The TD-LTE system has a burden of minimizing
degradation in performance by using a filter with excel-
lent attenuation due to adjacent frequency bands such as
Wi-Fi. Likewise, the devices for 5G system are expected
to be up and running in a complex interference environ-
ment with the rapid spread of devices that use the TDD
scheme which increased the frequency allocation ratio is
applied. In particular, the 5G systems for mobile terminals
considered to use the TDD scheme will not be free from the
interference signals due to coexistence frequencies such as
TD-LTE [7]-[10].

For the typical receiver, various techniques have been stud-
ied to ensure a high linearity for in-band/out-of-band interfer-
ence signals [11]-[14]. Among the methods, the feed-forward
linearizer techniques have also been studied by the filter-
ing method using additional up- and down-converters, or
by controlling the resonant frequency of a notch filter to
eliminate interference signals. However, it requires a high-
precision sensing, which has the disadvantage of increasing
circuit complexity and power consumption. There is a sim-
ilar high voltage event that is known as ESD (electrostatic
discharge). It is immediately generated in the processing
and/or processing conditions of the chip and causes high
voltage stress on the internal core transistor resulting in
degradation of reliability. ESD events are divided into human
body model (HBM), mechanical model (MM), and charging
device model (CDM). Each event has different frequency
response characteristics. To overcome ESD events, an ESD
protection circuit is implanted inside the chip. However,
interference signals from external devices must have faster
discharge characteristics than ESD events due to high fre-
quency. Therefore, it is inevitable that the reliability perfor-
mance of the chip has degraded with only the ESD protection
circuit.

In this paper, we propose a new double diode network
with a stacked diode that can protect not only from the ESD
events but also the interference signals. The protection circuit
was designed and fabricated using the 130 nm CMOS-SOI
process of excellent high-frequency behavior and low-power
consumption. The designed LNA adopts a cascode struc-
ture with a degeneration inductor for both input matching
and noise matching. This paper is organized as follows.
Section II analyzes the operation and design considerations
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FIGURE 2. The operation principle of conventional ESD protection circuit:
(a) Double diode network, and (b) Discharge current paths.

of conventional ESD protection circuits. It also shows the
limitation with ESD events and high-frequency interference
signals. Furthermore, based on the analysis, the solution is
introduced. In Section III, the proposed LNA design method
and a layout including the proposed protection circuit are
presented. Section IV shows the comparison of simulation
and experimental results before and after of ESD zapping and
inserting interference signal. Finally, concluding comments
are drawn in section V.

Il. ESD PROTECTION CIRCUIT
A. CONVENTIONAL ESD PROTECTION CIRCUIT
As shown in Figure 2(a), the conventional double diode net-
work using two diodes and an RC clamp on the pin is the
most widely used in ESD protection strategy. This network
includes one to the supply bus and the other to the ground
bus, and it has an RC clamp for power clamping. The voltage
level of the ESD events can exceed the breakdown voltage
of the core transistors and destroy the circuit. Therefore,
ESD protection must provide a preferred discharge current
path to carry high currents. In normal operation, the net-
work does not affect the internal circuit because the diodes
and RC clamp are turned off, and it is turned on at only
the high voltage level of the ESD event to provide a dis-
charge current path of very low resistance. For the current
path of low resistance, the layout of the ESD protection
circuit must be designed using wide metal lines of low sheet
resistance.

Figure 2(b) shows the discharge current path in accordance
to the ESD event conditions. For a positive pulse at the RFIN
pad to the GND pad, the double diode network provides
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FIGURE 3. The HBM ESD equivalent circuit with the conventional double
diode network.
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FIGURE 4. The simulated results: (a) Resistance, and (b) Voltage on input
pin according to the perimeter of diode.

the current path through the upper diode to the ground pin
(PG-mode). For a negative pulse, the current passes through
the lower diode and out the RFIN pin (NG-mode). Likewise,
for a positive pulse at the RFIN pad to the VDD pad, the dou-
ble diode network provides the current path through the upper
diode to the VDD pin (PV-mode). For a negative pulse,
the current passes through the low diode (NV-mode). Here,
the PG-mode and NV-mode carry the current through the
current path of the RC clamp. These discharge current paths
should be designed in consideration of the current capacity
according to the size of the RC clamp and the resistance of
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the metal line generated in the layout for the current path of
low resistance.

For the simulation in Figure 3, a test-bench for 2000 V
Human body model (HBM) was simply constructed as an
HBM circuit that includes the 1.5 k<2 resistor (R»), the 100 pF
capacitor, and the 8 uH series inductor. Here, the optional
stray capacitance of the resistor is neglected [15]. It was
simulated using an HBM equivalent model with parasitic
lumped elements regarding [15]-[18]. With a large series
resistance (R1) in the HBM model, the ESD test circuit can
be modeled as a current source with a current waveform. The
current peak is typically 1.2 — 1.48 A for 2 kV HBM ESD
stress.

Figure 4 shows the resistance and voltage level of PG-mode
current path according to the diode perimeter of the double
diode. Each metal resistance for the simulation in Figure 2(b)
was assumed to be 0.1 Q and 1.0 €2, respectively. The diode
for the double diode configuration has a current characteristic
of 7.28 mA/um, the upper diode uses a P4+-/NW diode, and
the lower diode uses an N+/SX diode. In Figure 4(a) and (b),
the diode perimeter of 200 um had a resistance of 2.14 Q
and a voltage of 3.36 V when the resistance of metal line was
0.1 Q.

However, when the resistance of metal line is 1.0 €,
the resistance of the current path has 3.0 €2, and the simulated
voltage is 3.98 V. As shown in the result of simulation,
the resistance generated in the layout of the ESD protection
circuit affects the protection level but cannot be removed. It
can operate with a limit to the ESD protection level of the
conventional double diode network.

B. THE LIMITATION OF PROTECTION FOR
HIGH-FREQUENCY INTERFERENCE SIGNAL

The double diode network operates in the PG-mode for
high-frequency interfering signals, as shown in Figure 5(a).
The PG-mode provides the current path of low resistance to
ground through the upper diode and the RC clamp.

In the case of high-frequency interference signals, it must
have a fast frequency response, however, PG-mode cannot
protect the internal circuit to a sufficiently low voltage level
due to the RC-constant delay of RC clamp. Therefore, it is
difficult for the network to provide a sufficient discharge cur-
rent path of low resistance. Figure 5(b) shows the interference
signal and the simulated voltage at the input pin with and
without RC clamp using the power level of 30 dBm with
continuous wave (CW) at 2.5 GHz.

The input pin voltage of the double diode network with a
1.0 2 metal resistance was simulated to be able to suppress
a voltage of &= 10 V down to a positive pulse of 3.98 V
and a negative pulse to —1.07 V. The positive pulse voltage
of 3.98 V suppressed by the interference signal causes prob-
lems with the reliability of the IC due to continuous stress
on the gate oxide of the internal circuit than the negative
pulse voltage of —1.07 V. If the RC clamp is bypassed,
the voltage of the input pin is 1.41 V and —1.07 V as
shown in Figure 5(b), which can improve the reliability of
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FIGURE 5. The PG-mode of double-diode network for interference signal:
(a) Discharge current path, and (b) Voltage suppression results with and
without RC clamp.

the integrated chip from the interference signal. For a high
level of circuit protection against ESD event and interfer-
ence signal, the current path of the PG-mode needs to be
improved.

C. THE PROPOSED DOUBLE DIODE NETWORK WITH
STACKED DIODE FOR ESD EVENTS AND INTERFERENCE
SIGNALS

Figure 6 shows the circuit diagram of the proposed double
diode network with a stacked diode. The stacked diode is
directly connected to the input pin and the ground pin with
double diode network to provide PG-mode current path for
general ESD events and a current path for interference signal
with fast frequency response characteristics. The interfering
signal comes from an external device during the normal oper-
ation of the LNA being powered. Accordingly, the proposed
stacked diode must be turned on with the same operating
voltage as the upper diode for the additional PG-mode cur-
rent path of double diode network. In addition, the stacked
diode has an advantage of minimizing parasitic capacitance,
while the diodes are connected in series and not in opera-
tion. If it is designed as a single diode, it turns on earlier
than the upper diode and must endure the ESD event and
interference signal alone. Furthermore, to be more strengthen,
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FIGURE 7. The simulated results: (a) Resistance, and (b) Voltage on input
pin according to the perimeter of diode.

it has large-sized diode perimeter and a large parasitic
capacitance.

Figure 7 shows the simulated resistance of the current path
and the input voltage according to the 2000 V HBM ESD
event. For the simulation, the size of the stacked diode was
indicated by the minimum size diode and it includes a metal
resistance of 1.0  and RC clamp circuit. A double diode
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FIGURE 8. The simulated results: (a) Resistance, and (b) Capacitance on
input pin according to the perimeters of stacked diode and double diode.

network of a 200 um diode perimeter, including a stacked
diode with 15 pum diode perimeter, was simulated by the
resistance of 2.83 . As a result, the proposed stacked diode
can reduce the input voltage of 3.98 V to 3.71 V by reducing
from 3.04 Q2 to 2.83 2, respectively. This means that only
the minimum-sized stacked diode applied to the simulation
can improve the ESD protection level of the conventional
double diode network. As explained using 2000 V HBM
ESD simulation results, PG-mode current path and parasitic
capacitance of the proposed double diode network according
to the diode perimeter of double diode and stacked diode is
shown in Figure 8.

We can select a proper diode size of the double diode
and stacked diode to have low resistance and low parasitic
capacitance for further optimization. For example, if the
200 um double diode perimeter and 45 pum stacked diode
perimeter are selected, the resistance can be reduced from
3.0 Q to 2.48 Q. In this case, the resistance cannot be
obtained only by increasing the size of the conventional dou-
ble diode network. The total parasitic capacitance is 157 fF.
In addition, if 60 um stacked diode perimeter is selected,
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the resistance is 2.34 2. Here, the total parasitic capacitance
of the proposed double diode network is 167 fF as shown
in Figure 8(b). The simulation result shows the voltage sup-
pression of the CW signal as shown in Figure 9. For the sim-
ulation, an interference signal having a power of 30dBm at
2.5GHz was used. The voltage at the input can be effectively
suppressed from 3.98 V to 2.23 V using the proposed double
diode network, indicating an excellent voltage suppression
capability.

As a result, the proposed double diode network with
stacked diode can protect the internal circuit from interfer-
ence signals and the ESD events. Also, due to the low parasitic
capacitance, the proposed stacked diode will have a minimal
effect on LNA performance optimization.

IlIl. LOW NOISE AMPLIFIER DESIGN

In LNA design, the input impedance is an impor-
tant performance parameter that determines noise perfor-
mance [19]-[26]. This input impedance was greatly affected
by the parasitic capacitance generated in the peripheral cir-
cuit. Figure 10(a) shows the circuit diagram of the simple
LNA design. It consists of an ESD protection circuit, pads for
input and output, bumps for package, and an external high-Q
inductor for matching.

Figure 10(b) shows the equivalent circuit of LNA.
As shown, the equivalent parasitic capacitance of the double
diode network, the total equivalent inductances for the degen-
eration inductor and bump inductor, and the external high-Q
inductor and bump inductor are represented by Cioral, Ls, and
L,, respectively. Here, Cgq neglects the parasitic capacitance
between drain and gate regions. The LNA input impedance
applying the equivalent model of this peripheral circuit is as
follows.

Cys 2
Rg = x Lswr (D

Cgs + Crotal
R = ! @
(Lg + Ls) (Cgs + Ctolal)
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FIGURE 10. The schematic of LNA (a) With the parasitic components, and
(b) The equivalent circuit.

Equations (1) and (2) show the real part of the input
impedance of the LNA and the frequency of operation, 2.
Note that Cg is the capacitance due to the overlap of the
source and the channel regions by the polysilicon gate. Here,
the equivalent capacitance of the double diode network, Cioal,
decreases the real part of the LNA impedance as shown in
Equation (1). When the equivalent Lg inductance is used to
compensate for the parasitic capacitance (Ciotq)), @ large Lg is
required. However, the large degeneration inductance of the
LNA leads to a degradation in the gain performance. There-
fore, it is necessary to optimize the parasitic capacitance.
However, applications requiring a high level of protection
need a large-sized diode perimeter in protection circuit, and
a large parasitic capacitance is inevitable.

The cascode LNA is designed and implemented for
2.65GHz in 700 um x 400 um size using the CMOS-SOI
process. The proposed double diode network with stacked
diode is arranged on pins for input and output, as shown
in Figure 11. The diode perimeter for double diode was deter-
mined as 250 um perimeter for 2000 V HBM ESD, and the
stacked diode was designed as 60 um perimeter. As shown
in Figure 11, the LNA was designed as a Cascode-LNA
including a degeneration inductor and a load inductor. For
performance verification, the test-bench condition for mea-
surement was performed while increasing the power of the
continuous wave (CW) signal at 2.5 GHz, and 5 samples were
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TABLE 1. Comparison of current before and after ESD zapping.

Samples Before current After current DELTA
[mA] [mA] mA %]
1 8.29 8.26 0.03 0.003
2 8.31 8.33 -0.02 0.002
3 8.31 8.23 0.08 0.009
4 8.31 8.26 0.05 0.006
5 8.36 8.33 0.03 0.003

selected and measured according to the CW signal power
during 10 minutes.

IV. EXPERIMENTAL RESULTS

ESD test was measured in PG-mode and NV-mode based on
the input pin of RFIN as described in Section-II A. Injection
pulses for 2 kV ESD events were performed with positive
and negative stress pulses using 5 samples for measurement.
The LNA current after ESD pulse zapping of each mode is
compared with the current before ESD pulse zapping to verify
any current changes which indicates that the ESD protection
circuit is failed at the ESD stress level.

As in Table 1, which summarizes the results, the current
of 5 samples were measured with changes of A value.
This level means that there is no current change in the 2 kV
HBM measurement as a slight change that can change due
to environmental conditions according to the measurement.
As aresult, the proposed double diode network with stacked
diode satisfies the HBM stress of 2 kV. Also, the measured
results of the s-parameter, NF, and linearity were no change,
and the linearity (ITP3) was measured as —5.9 dBm.

CW signal test using an adjacent frequency of 2.5 GHz
was performed for the double diode network without stacked
diode. Figure 12 shows the simulated and measured gain,
reflection, and noise figure performance according to the
power level of CW signal. The simulation and measurement
results for linearity were not shown because there was no dif-
ference before and after the ESD zapping and the interference
signal injection.

In Figure 12(a), when the interference signal was applied
with 0 dBm, LNA was measured as the gain of 18.8 dB at
a current of 8.26 mA, and S;; and S;; were measured as
—9.5 dB and —29.4 dB, respectively. However, after applying
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TABLE 2. Performance comparison to published Ina with ESD protection circuit.

Gain NF Fo

Vbb Ppe HBM Interference

Reference ESD Topology [dB] [dB] [GHz] [V] [mW] [KV] [dBm] Technology
[21] SDeSCR 9.90 6.80 24.0 1.2 57.8 2.5 - 0.18um CMOS
[22] Double diode network 13.8 0.98 0.90 1.2 5.2 2.5 0.13um CMOS
[23] Double diode network 15.0 0.85 0.90 1.8 17.6 -3/2.3 - 0.35um CMOS
[24] Two series diodes 19.2 065 157 28 16.5 2.5 - 0.18um CMOS-SOI
+ reverse diode
[25] Trigger diode 13.0 3.60 2.40 1.2 6.5 2 - 0.13um CMOS-SOI
Thiswork ~ Double diode network 18.7 108 265 12 9.8 2 30dBm’ 0.13um CMOS-SOI
+ stacked diode
* Mean value of 5 samples
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FIGURE 12. The LNA without the proposed double diode network:
(a) S-parameters, and (b) Noise figure according to power level of CW
signal.

a CW of 18 dBm for 10 min, the current of LNA decreased
to 6.7 mA, and the gain was measured by 17.8 dB. And Sy
and Sy, were degraded to -8.8 dB and —28.5 dB, respectively.
Figure 12(b) shows the noise figure degradation from 1.1 dB
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FIGURE 13. The LNA with the proposed double diode network:
(a) S-parameters, and (b) Noise figure according to power level of CW
signal.

to 1.42 dB. LNA including a conventional double diode net-
work cannot protect the circuit against interference signals
of 18 dBm or more.

On the contrary, Figure 13 shows the measured gain, reflec-
tion, and noise figure performance according to the power
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level of the CW signal. The measured results are used with
5 samples according to each power level and are shown as
the average measurement result. The LNA was measured at
an average current of 8.18 mA and a gain of 18.7 dB in the
2.65 GHz, and S;; and S, were measured as —9.33 dB and
—28.75 dB. At 30 dBm power of the CW signal, the LNA
gained 18.45 dB at an average current of 8.0 mA, and Sy
and Sy, showed no significant difference as —9.1 dB and
—28.5 dB, respectively. However, at 31dBm power of CW
signal, the gain of LNA was measured as 16.23 dB, and Sy
and Sy, were measured —8.47 dB and —27.8 dB at an average
current of 5.37 mA. The performance change according to the
CW signal was largely observed in the noise measurement.
As shown in Figure 13(b), up to 30 dBm power showed 0.4 dB
noise performance degradation compared to 0 dBm power
level. However, in the case of 31 dBm, the noise performance
was significantly increased to 1.27 dB compared to 1.08 dB
at 0 dBm power level. Table 2 summarizes and compares
the performance. The CMOS-SOI LNA with the proposed
double diode network exhibits good results in terms of the
ESD event and interference signal. In addition, the measured
results shown the average results using 5 samples for ESD
event and interference signal.

V. CONCLUSION

The proposed double diode network has a sufficiently low
resistance of the current path for ESD events and interference
signals. For experimental verification, the cascode LNA and
the proposed double diode network circuit were designed
and fabricated using the 130 nm CMOS-SOI process. For
ESD events and interference signal, the current path through
the RC clamp provides a higher resistance than the current
path in other modes, which limits the level of protection.
To overcome the limitation, the proposed circuit uses a simple
stacked diode structure to provide an additional current path
at the same time as the current path of the RC clamp to
protect the circuit from ESD events and interference signal.
The LNA, including the proposed circuit, is designed with
a gain of 18.7 dB at an average current of 8.18 mA, and
S11 and Spp are designed as -9.33 dB and -28.75 dB. The
designed LNA was measured to withstand high CW signal
with only a change of 2.2 % current, 1.3 % gain, 2.4 %,
and 3.3 % of Syj and Sy at a CW signal of 30 dBm. Also,
the HBM of 2000 V required for general IC was satisfied
in the designed LNA. The proposed double diode network
is proposed for the protection circuit required for robust IC
design in complex interference signal environments.
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