
IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 61, NO. 10, OCTOBER 2014 5615

On-Chip Transient Voltage Suppressor Integrated
With Silicon-Based Transceiver IC for

System-Level ESD Protection
Che-Hao Chuang and Ming-Dou Ker, Fellow, IEEE

Abstract—A novel on-chip transient voltage suppressor (TVS)
integrated with the silicon-based transceiver IC has been proposed
and verified in a 0.8 μm bipolar CMOS DMOS (BCD) pro-
cess for IEC 61000-4-2 system-level electrostatic discharge (ESD)
protection. The structure of on-chip TVS is a high-voltage dual
silicon-controlled rectifier (DSCR) with ±16 V of high holding
voltage (Vh) under the evaluation of the transmission line pulsing
(TLP) system with the pulse width of 100 ns. With the high
holding current (Ih) of on-chip TVS, this design can pass ±200 mA
latch-up testing. Therefore, the on-chip TVS can be safely applied
to protect the RS232 transceiver with the signal level of ±15 V.
The RS232 transceiver IC with on-chip TVS has been evaluated
to pass the IEC61000-4-2 contact ±12 kV stress without any
hardware damages and latch-up issue. Moreover, the proposed
RS232 transceiver IC has been verified to well protect the system
over the IEC 61000-4-2 contact ±20 kV stress (class B) in the
notebook applications.

Index Terms—Electrostatic discharge (ESD), RS232, silicon-
controlled rectifier (SCR), transient voltage suppressor (TVS).

I. INTRODUCTION

THE system-level ESD protection to industrial electronics
is absolutely necessary for reliability and safety [1]–[11].

The I/O interface of the industrial electronics must have the
ESD protection solutions against IEC61000-4-2 contact (or air)
discharge stress [12]. Moreover, direct pin injection of ESD
stress at I/O ports had been used to emulate the cable discharged
event (CDE) for the interface IC [13]–[15]. On-chip transient
detection circuits with hardware/firmware codesign proposed
in [1], [2] can release system locked or frozen states caused
by ESD-induced transient disturbance. However, the hardware
damage caused by CDE or direct pin injection at I/O ports
cannot be protected by these designs. The maximum current
of system-level ESD in IEC-61000-4-2 is 5 times higher than
that of human-body-model (HBM) at the same zapping voltage.
In general, the transient voltage suppressor (TVS) arrays are
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Fig. 1. Logic threshold voltage of RS232 signal for the driver side and
receiver side.

Fig. 2. Traditional protection scheme for RS232 transceiver IC with off-chip
TVS devices.

the best choice if the interface IC cannot provide the sufficient
protection capability [16].

RS232 interface is widely used in industrial machines
and scientific instruments for data communication. The logic
threshold voltage of RS232 driver and receiver are shown in
Fig. 1 [17]. The logic 1 voltage level is between −5 V and
−15 V, and logic 0 voltage level is between 5 V and 15 V for
RS232 signal. To protect the RS232 transceiver IC in general
application, four off-chip TVS devices are necessary for two
transmitter outputs and two receiver inputs, as shown in Fig. 2.
The bidirectional TVS array should be taken into consideration
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Fig. 3. Current discharge path of the traditional off-chip TVS design under
ESD gun contact stress.

for bidirectional signal levels of the RS232 standard. The
protection scheme of the off-chip TVS devices for RS232 ap-
plication under the IEC 61000-4-2 direct pin injection has been
shown in Fig. 3. The system-level ESD robustness depends on
PCB trace layout and the clamping voltage of the off-chip TVS
devices. The off-chip TVS devices should be placed close to
the DB9 connector for increasing the inductance of PCB wire
to release ESD current efficiently through the off-chip TVS
devices. To get best system-level ESD performance, the right
TVS devices have to be chosen and PCB layout guidelines
should be followed. This may waste more PCB area and spend
more R&D developing time.

In this paper, the RS232 transceiver IC with embedded on-
chip TVS is proposed. The advantage of on-chip TVS pro-
tection scheme is that system designers do not have to take
care of the TVS device specification and the PCB layout for
ESD protection [18], [19]. The direct pin injection system-
level ESD robustness is depended on the RS232 transceiver
IC itself. Moreover, the PCB space will be more compact by
using RS232 transceiver IC with embedded on-chip TVS. The
proposed structure of the on-chip TVS is a high-voltage dual
silicon-controlled rectifier (DSCR) with high holding voltage
(Vh) for latch-up free with RS232 signal. The proposed on-chip
TVS with appropriate current limiter resistor and dimension of
output driver design in RS232 transceiver IC has been evaluated
to pass IEC 61000-4-2 contact ±12 kV discharge by direct pin
injection with small area of 236 μm × 236 μm. Moreover, the
RS232 transceiver IC with on-chip TVS has been designed in
the notebook, which has been verified to pass ±20 kV IEC
61000-4-2 (class B) contact discharge without any hardware
damage and transient-induced latch-up issue.

II. NEW PROPOSED ON-CHIP TVS DEVICE

A. Design Considerations of On-Chip TVS Device for
RS232 Application

The silicon-controlled rectifier (SCR) device has been pro-
posed as on-chip ESD protection device with high ESD robust-
ness in small layout area [20]–[25]. However, these previous
designs were not suitable for RS232 application. The maximum
rating voltage of the RS232 input stage of receiver is ±25 V, so
that the breakdown voltage of DSCR device has to be designed
larger than ±25 V without false triggered under normal circuit
operation. The maximum signal level of RS232 transmitter is

Fig. 4. Layout top view and device cross-sectional view of the proposed high-
voltage dual SCR device.

±15 V, so the Vh of DSCR is designed larger than ±15 V to
ensure the signal integrity under ESD stress. Moreover, the high
holding voltage (> 15 V) of DSCR device can make sure the
latch-up free for RS232 transceiver IC. Moreover, in order to
sustain system-level ESD stress with huge current, the turned-
on uniformity has to be considered by layout design.

B. Device Structure

The layout top view and device cross-sectional view of
the proposed on-chip TVS device are shown in Fig. 4. The
device structure is shown in Fig. 5. The on-chip TVS device
is a bidirectional high-voltage-triggered DSCR [26], which
has been proven in the 0.8 μm bipolar CMOS DMOS (BCD)
epitaxial process. When positive ESD stress is zapping at anode
side, the ESD current will be discharged through the path of
SCR+ which is indicated in Figs. 4 and 5. On the other hand,
when negative ESD stress is zapping at anode side, the ESD
current will be discharged through the path of SCR-. The p-n-
p-n structures of the DSCR device for SCR+ and SCR-, as the
arrow shown in Figs. 4 and 5, are both formed by symmetric
layers of the P+ in SP, NW, SP and N+ in SP, respectively.
Therefore, the DSCR device has symmetric I–V characteristics
for positive or negative voltage stresses at anode side. The
trigger voltage of the DSCR device can be adjusted by the
different dosage of N-well (NW) with different breakdown
voltage of SP/NW junction. The holding voltage of DSCR
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Fig. 5. Device structure of the proposed high-voltage dual SCR device.

device can be adjusted by different spacing from anode to
cathode with different βNPN × βPNP of DSCR device, which is
indicated as S in Fig. 4. Therefore, the proposed DSCR device
as on-chip TVS can be used on both transmitter output and
receiver input in RS232 transceiver IC by suitable design of
N-well dosage and spacing S. The layout style of the DSCR
is circle type for current uniformity consideration to achieve
highest ESD robustness. The inner circle is the anode side and
the outer circle is the cathode side with the substrate guard ring.

C. Evaluation on the Dual SCR

The secondary breakdown I–V curve of the DSCR device
has been evaluated by a transmission-line-pulsing (TLP) system
with the pulse width of 100 ns and the rise time of < 1 ns [27],
[28], as shown in Fig. 6, where the normalized spacing (S) from
anode to cathode is 1.0. The DSCR device under TLP measure-
ment can get a TLP current up to 17 A without any obvious
leakage current increased. According to the TLP I–V curve, the
turned-on resistance (Ron) of the dual SCR device is 0.7 ohm
in the holding region. The turned-on resistance of DSCR is
larger than that of general off-chip TVS device because of
the layout area limitation of the dual SCR device integrated
in the I/O circuit of RS232 transceiver chip. The holding
voltage (Vh) of the DSCR device is higher than ±16.0 V.
Moreover, the holding current (Ih) of the DSCR device is 1.1 A,
which is larger than maximum current driver of RS232 trans-
mitter. Therefore, the RS232 signal will be still kept stable
even if the DSCR was triggered. The dependence of normalized
spacing S on the holding voltage is shown in Fig. 7. The holding
voltage can be adjusted to higher than 16.0 V by modifying
the spacing from anode to cathode. When the spacing S is
increased, the holding voltage is also increased because the

Fig. 6. TLP measured I–V curve of the fabricated high-voltage DSCR device.
The normalized spacing (S) from anode to cathode is 1.0.

Fig. 7. Dependence of holding voltage on the spacing (S) from anode to
cathode in the DSCR device.

β-gain of the parasitic NPN (βNPN) and PNP (βPNP) in the
DSCR device are reduced. However, the clamping voltage will
also be increased by increasing spacing S. Therefore, the best
selection of spacing S is as small as possible but still keeping
latch-up free. The trigger voltage (Vt1) is 28.5 V, which is
designed for 25.0 V of maximum rating voltage by adjusting
the dosage of N-well for the input stage of RS232 receiver.
The DSCR device can be turned on quickly before core circuit
damaged to bypass ESD current under IEC61000-4-2 stress.
From the evaluation result, the new proposed DSCR device is
suitable for RS232 transceiver IC as on-chip TVS device.

III. DESIGN CONSIDERATIONS OF RS232
TRANSCEIVER IC WITH ON-CHIP TVS

A. Output Stage of Transmitter for RS232

For RS232 transceiver IC, the transmitter output and receiver
input pins are connected to DB9 connector and have to pass
IEC61000-4-2 ESD test. The overall design architecture of the
RS232 transmitter output with on-chip TVS integration has
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Fig. 8. Current discharge path of the proposed on-chip TVS design embedded
in transmitter output pin under ESD gun contact stress.

been shown in Fig. 8. The silicon implementation for on-chip
TVS integrated in RS232 transceiver IC is much tougher than
that of the off-chip TVS device. First, the process of the on-
chip TVS itself must be fully compatible to that of the RS232
transceiver IC. Second, the ESD robustness of the output stage
should be taken into consideration. Third, any RS232 core
circuit connected to output stage (P1) should be blocked by a
current limiter cell.

Unlike the off-chip TVS protection scheme shown in Fig. 3,
there is no PCB wire inductor as current delay buffer but a
designed resistor Rp between the on-chip TVS and the driver
devices. The resistor Rp is added as the current limiter device to
limit the ESD current into the driver and core circuit under ESD
stress. For example, the secondary breakdown current of driver
is 2.7 A (HBM 4 kV) and secondary breakdown voltage is
20.3 V; the VTVS of on-chip TVS has to be lower than 20.3 V
under IEC 61000-4-2 contact 8 kV discharge if there is no resis-
tor Rp. However, it is not a cost efficiency design for the on-chip
TVS device in real products because of low clamping voltage
which means large layout area consumption. If resistance of Rp
is larger, the maximum VTVS can be larger and the layout area
can be smaller of on-chip TVS. Moreover, for the design of the
on-chip TVS protection, the device size of driver NMOS and
PMOS should be estimated by the clamping voltage of the on-
chip TVS device. If the VTVS of the on-chip TVS is higher, the
size of the driver device should be larger for sustaining more
ESD current. The layout area of the on-chip TVS has been
limited so that the VTVS of the on-chip TVS device will be
not smaller than that of the off-chip TVS device. Therefore, the
ESD robustness of driver and the design of the resistor Rp are
the key factors except for the on-chip TVS design to minimize
total layout area and to get best ESD robustness.

Once the Vh and the Ron are obtained from the TLP system,
for example, Vh is 16.0 V and Ron is 0.7 Ω which are indicated
in Fig. 6, the clamping voltage of the DSCR device under IEC
61000-4-2 level 4 of 8 kV contact discharge (30 A within 1 ns)
can be predicted as

VTVS = Vh + 30 A∗ Ron = 37 V. (1)

Assume the maximum resistance of Rp that can be designed
is 8 ohm and the minimum clamping voltage of the driver
NMOS or PMOS is 12.0 V, the maximum current through

Fig. 9. Current discharge path of the proposed on-chip TVS design embedded
in receiver input pin under ESD gun contact stress.

the driver MOS is 3.125 A by 37 V of VTVS. Therefore, the
ESD specification of the driver NMOS is above HBM 4.7 kV
to make sure the internal device can still be alive under IEC
61000-4-2 contact ±8 kV discharge. Compare to the original
off-chip TVS design with HBM level of 4.0 kV, the total width
of driver NMOS and PMOS should be increased a little with
this proposed on-chip TVS design for RS232 transceiver IC to
meet IEC 61000-4-2 contact ±8 kV discharge.

To further protect the core circuit without ESD damage, the
current limiter cell between P1 and core circuit is added to
protect core circuit. The current limiter cell can be realized by
a resistor of 1 ∼ 10 kohm in typical. The design of RS232
core circuit, which is connected to the node of P1, must be
connected through the current limiter cell. The poly resistor is
more preferred to realize the resistor Rp and current limiter cell
than other resistors in the silicon substrate, because the poly
resistor has no extra parasitic junction to be triggered on under
ESD stress.

B. Input Stage of Receiver for RS232

The overall design architecture of the RS232 receiver input
with on-chip TVS integration has been shown in Fig. 9. Unlike
the output stage of transmitter, there is no output driver but
input logic circuit after input resistor Rin. The gates of NMOS
and PMOS devices in input logic circuit are connected to P2
which should be protected. Therefore, a reverse-biased diode
D1 between P2 and GND which has lower breakdown voltage
than gate oxide dielectric breakdown has to be designed. The
Rin and RG are designed as 20 kohm and 5 kohm for consid-
eration of RS232 receiver function, respectively. Assume the
breakdown voltage of D1 is 10 V and VTVS is 37 V from (1),
the maximum current through D1 is only 1.35 mA. Compare to
the original off-chip TVS design, the device size of D1 is much
smaller than that of traditional ESD protection device for HBM
level of 4.0 kV. Therefore, the total layout area of input stage of
receiver with embedded on-chip TVS can be smaller than that
of traditional design.

C. Dual SCR as Embedded On-Chip TVS Design

The whole chip of RS232 transceiver IC with DSCR de-
vice as on-chip TVS in the I/O circuit is shown in Fig. 10.
To efficiently reduce the layout area, the device under PAD
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Fig. 10. Whole chip of RS232 transceiver IC with on-chip TVS in the IO
circuit. The zoomed-in picture of dual SCR is shown in the center.

technique has been applied on the DSCR device with two
metal layers [29]–[31]. The layout area for one DSCR device is
236 μm × 236 μm. Four DSCR devices are used in the RS232
transceiver IC to protect two transmitter outputs (T1 and T2)
and two receiver inputs (R1 and R2).

The placement and routing of the on-chip TVS are important
for discharging the ESD current efficiently. First, the metal
width of GND should be drawn as wider as possible to reduce
the current crowding effect. Second, the GND pad should be
placed as close to the DSCR device as possible. Once the
GND pad is closer, the parasitic inductance of wire line will be
smaller to bypass the current with lower current delay and better
ESD robustness. For example, in Fig. 10, all the four DSCR
devices are with the same layout size and style. However, the
distance of both T2 and R2 to GND is closer than that of both
T1 and R1 to GND. From the experiment results, the T2 and
R2 showed the better ESD robustness of 1 kV than that of
T1 and R1 under ESD stress. Therefore, one more GND pad
is suggested to be placed near to the T1 and R1 to efficiently
discharge ESD current.

For single-chip ESD verification of RS232 transceiver IC,
the VCC pin is floating. The ESD gun is with direct contact
to the driver output or receiver input pin and ground line of
ESD gun is connected to GND pin of chip to perform the direct
pin injection of ESD stress. The DSCR device as on-chip TVS
for the RS232 transceiver IC has been evaluated to pass the
specification of the IEC 61000-4-2 contact ±12 kV discharge
without obvious leakage current increased under the single-
chip ESD verification. After the stress of the IEC 61000-4-2
contact ±16 kV discharge, some obvious damage spots located
at the DSCR device in the circle-type layout but without internal
damage, as shown in Fig. 11. The core circuit and driver MOS
devices are without any damage. This means that the on-chip
TVS device can really protect the internal circuit from ESD
stress. The enlarged picture in Fig. 11 shows the “contact spike”
uniformly located on the DSCR device, which means that the
turn-on uniformity of on-chip TVS is good to discharge ESD
current. Moreover, the RS232 transceiver IC with the proposed
DSCR device as on-chip TVS device can pass ±200 mA latch-
up test.

Fig. 11. The SEM failure picture of the RS232 transceiver IC with on-chip
TVS after IEC 61000-4-2 contact 16 kV ESD test.

Fig. 12. System-level ESD testing setup for RS232 transceiver IC with the
proposed DSCR as on-chip TVS in the notebook application.

IV. SYSTEM VERIFICATION FOR RS232 TRANSCEIVER IC

For system verification of RS232 port under ESD stress, two
notebooks with RS232 port but no TVS inside and one RS232
testing board with the proposed RS232 transceiver IC where
the on-chip TVS design is embedded are setup and shown in
Fig. 12. The equipment circuit of the system-level ESD testing
setup is shown in Fig. 13, where the embedded on-chip TVS are
at Rxin and Txout side of RS232 transceiver IC. The real-time
data transmissions from notebook NB-A through the RS232
cable with the length of 2 m will be first received by receiver
input Rxin of the RS232 transceiver IC. By loopback of receiver
output Rxout to transmitter input Txin of the transceiver IC, the
real-time data will be transmitted by transmitter output Txout
of the RS232 transceiver IC to the notebook NB-B through
another RS232 cable with the length of 2 m. The waveform of
the signal at loopback Rxout (Txin) is observed by oscilloscope.
The maximum Bd rate is 256 kb/s with 8 bits data by the
NB software control. In normal transmission operation, the
real-time data from NB-A to NB-B has been verified to have
no error bit in the two thousand bits text file by comparison of
the data to each other. The on-chip TVS will not be triggered on
to cause function error during normal circuit operation. In the
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Fig. 13. Equipment circuit of the system-level ESD testing setup for RS232
transceiver IC with the proposed DSCR as on-chip TVS in the notebook
application.

Fig. 14. Voltage waveform of signal at Rxout during IEC61000-4-2 ESD test
of ±8 kV in the notebook application.

ESD contact discharge test, the cable nears both Rxin and Txout
sides of the RS232 transceiver IC will be zapped to evaluate
the protection capability of the on-chip TVS in the data flow
condition. The waveform of the signal at loopback Rxout (Txin)
under ±8 kV of IEC 61000-4-2 contact discharge is shown in
Fig. 14. Under normal circuit operation, the voltage level of
RS232 signal is ±7 V. When the ESD stress occurred, the signal
will be dropped to lower than RS232 minimum voltage level of
±5 V initially (at 1.2 ms). After 0.6 ms (at 1.8 ms), the voltage
level will be auto-recovered to ±7 V without any manual reset
or hardware damage, and the real-time data flow will not be
stopped. The Bit Error Rate (BER) is lower than 1% under
±8 kV of IEC 61000-4-2 contact discharge. During the IEC
61000-4-2 ±20 kV contact discharge, the real-time data flow
will not be stopped but there is about 10% BER in the two thou-
sand bits. The RS232 transceiver IC has been verified to have
no hardware damage and latch-up issue after system-level ESD
test. To sum up, the proposed RS232 transceiver IC with on-
chip TVS protection has been verified to pass IEC 61000-4-2
±20 kV contact discharge (class B, system can be auto-

TABLE I
ESD AND LATCH-UP RESULTS FOR PROPOSED RS232 TRANSCEIVER

IC WITH DSCR DEVICES AS ON-CHIP TVS

recovered after ESD stress) in notebook system. It is reliable
and safe to use the proposed DSCR device as the on-chip TVS
device in the RS232 application.

The RS232 transceiver IC with the proposed DSCR device
as integrated on-chip TVS has been fabricated and verified
in the 0.8 μm BCD epitaxial process for system-level IEC
61000-4-2 ESD protection. The verification results for this
RS232 transceiver IC with on-chip TVS integration has been
summarized in Table I.

V. DISCUSSION

In this paper, the proposed DSCR device with suitable cur-
rent limiter resistor and dimension of output driver is success-
fully realized as on-chip TVS in RS232 transceiver IC. The
on-chip TVS design for advanced transceiver such as USB,
HDMI, and Thunderbolt will be studied in the future with
the consideration of ultra low parasitic capacitance for high-
speed I/O signals. How to implement the on-chip TVS with
parasitic capacitance smaller than 0.5 pF in advanced nano-
scale CMOS process to bypass such high system-level ESD
energy in a reasonable layout dimension is the major challenge
to be overcome in IC industry.

VI. CONCLUSION

Recently, direct pin injection of ESD stress at I/O ports has
become a more stringent test to emulate ESD, CDE, or EOS
events in the field applications. The RS232 interface must be
equipped with strong ESD protection against system-level ESD
stress of IEC 61000-4-2 contact (or air) discharge. The DSCR
device as on-chip TVS integrated in the RS232 transceiver IC
to sustain such huge ESD energy has been proposed in this
work. With suitable current limiter resistor and the selected
dimensions of driver MOS devices, the maximum design target
on the clamping voltage of DSCR device can be calculated. The
breakdown and holding voltages of the DSCR device have to
be designed higher than ±25 V without false triggered under
normal circuit operation, as well as ±15 V without latch-up
issue to ensure the signal integrity under ESD stress, respec-
tively. The RS232 transceiver IC with on-chip TVS protection
has been verified to pass IEC 61000-4-2 contact discharge
(class B) of ±20 kV in notebook system without hardware
damage and latch-up issue. The proposed DSCR integrated
as on-chip TVS device has been successfully verified against
system-level ESD stress in the RS232 applications.
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