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Abstract A novel, area-efficient transient power-rail electrostatic discharge (ESD) clamp circuit is proposed in

this work. Current-mirror capacitors are used to reduce the layout area. Logic threshold voltages of inverters are

modified to ensure a fully active on-state for the clamp device in ESD conditions. The proposed circuit reduces

the layout area by about 56% compared with a circuit without current-mirror capacitors. Transmission line

pulse (TLP) test results based on a 65-nm CMOS process demonstrate that the proposed circuit is an efficient

on-chip ESD protection scheme for this process. In addition, the proposed circuit achieves a good immunity to

mis-triggering with respect to fast power-up transitions.
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1 Introduction

Electrostatic discharge (ESD) protection has long been a crucial reliability concern for integrated circuits

(ICs) [1]. Transient power-rail ESD clamp circuits have a significant role as part of the whole-chip ESD

protection strategy [2]. They can efficiently clamp the ESD voltage across VDD and ground power supply

pins to a safe level before internal circuits are damaged. A resistor-capacitor (RC) timer is commonly

used in the transient power-rail ESD clamp circuit to detect an ESD event and turn on a big ESD clamp

device (usually a MOSFET), which provides a low-impedance discharge path from the VDD power line to

the ground [3]. A robust transient ESD clamp design needs a sufficiently large RC time constant (that

is, several hundreds of nanoseconds) to keep the clamp device fully on in ESD conditions. However, the

large RC time constant results in a large layout area and poor immunity against mis-triggering with

respect to fast power-up transitions. Previous designs using feedback and flip-flop techniques [4–11] have

successfully kept the clamp device fully on in ESD conditions using reduced RC time constants. However,

these designs suffer transient latch-up (TLU) failures [4]. Moreover, a multi-RC-triggered power-rail ESD
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Figure 1 Traditional transient power-rail ESD clamp circuit [2].

clamp circuit has been shown to increase the turn-on time of the clamp device while being TLU free

[12]. However, the resultant layout area of the multi-RC-triggered circuit is large because of additional

resistances and capacitances. In this paper, we propose a novel, area-efficient transient power-rail ESD

clamp circuit and verify its applicability in a 65-nm CMOS process. Current mirror, asymmetric inverter,

and capacitor–resistor (CR) timer techniques are used in the proposed circuit to reduce the layout area

and increase the turn-on duration of the clamp device in ESD conditions. According to our test results,

the proposed circuit achieves excellent ESD robustness with significantly less layout area

2 Prior power-rail ESD clamp circuits

2.1 Traditional transient power-rail ESD clamp circuit

The traditional transient power-rail ESD clamp circuit [2] shown in Figure 1 is composed of an RC timer,

an inverter chain (INV1, INV2, and INV3) and a big clamp device (Mbig). The RC timer is used as

an ESD-transient detector to distinguish an ESD event from a normal power-up transition. The Mbig

turn-on time can be adjusted by the RC time constant (τRC) of the RC timer. Typically, τRC is set in the

range of 0.1–1.0 µs, so that it can efficiently detect an ESD event [2]. Initially, nodes A and G are both

biased to the logic-low voltage. A ramp voltage applied to the VDD power line will charge the capacitor

(C1) to increase the voltage level of node A. Under an ESD stress condition with a 10-ns rise-time, the

voltage level of node A increases much slower than that of the VDD power line. Hence, the voltage level

of node G remains at the logic-high voltage, and Mbig remains in the “on” state during the entire ESD

event. Under the normal power-up transition with a rise-time in the order of several hundred µs, the

voltage level of node A can follow that of the VDD power line in time, and Mbig will stay in the “off”

state.

2.2 Multi-RC-triggered transient power-rail ESD clamp circuit

Figure 2 shows the schematic of the multi-RC-triggered circuit [12]. The gate control signals of the last

inverter stage (INV3) are separated and the inverter chain is modified into dual control paths including

the upper turn-on path and the lower turn-off path. The upper turn-on path consists of two inverters

(INV1 and INV2), and controls the gate of the pull-up transistor, Mp3. Similarly, the lower turn-off path

consists of two inverters (INV1 and INV4) and two RC delay stages (Mp5-C2 and Mp6-C3). It controls the

gate of the pull-down transistor, Mn3. Obviously, two pMOS transistors (Mp5 and Mp6) act as resistors

in Figure 2. The Mbig turn-on time during an ESD event is determined by the overall delay time in the

lower turn-off path, instead of the former τRC. Hence, R1 and C1 of the RC timer can be set to smaller

values without degrading the Mbig turn-on time in an ESD event. Smaller R1 and C1 are beneficial

because they reduce the layout-area and improve the mis-triggering immunity. The device dimensions

of the traditional circuit and the multi-RC-triggered circuit implemented in a 65-nm CMOS process are

listed in Table 1. Note that the MOS capacitor is used to reduce the layout area.

Moreover, the multi-RC-triggered circuit has a self-turn-off mechanism to avoid TLU failures. A suffi-

ciently long time delay in the lower turn-off path is crucial to ensure the previously discussed advantages.

However, the layout-area and leakage power consumption of the time-delay stages in the lower turn-off
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Figure 2 Multi-RC-triggered power-rail ESD clamp circuit modified from Ref. [12].

Table 1 Device dimensions of prior power-rail ESD clamp circuits

Device dimension Traditional circuit [2] MultiRC-triggered circuit [12]

RC timer
MOS capacitor (C1) 32 µm/30 µm 18 µm/12 µm

resistor (R1) 80 kΩ 25 kΩ

Delay stages

PMOS resistor (Mp5) None 5 µm/210 nm

MOS capacitor (C2) None 12 µm/25 µm

PMOS resistor (Mp6) None 5 µm/210 nm

MOS capacitor (C3) None 12 µm/25 µm

path would be unacceptable if we simply enlarge Mp5-C2 and Mp6-C3 to achieve the same effective turn-

on time of Mbig as the traditional circuit. As shown in Table 1, the total area occupied by the MOS

capacitors in the multi-RC-triggered circuit is 816 µm2, which is close to that of the traditional circuit

(approximately 960 µm2).

3 Proposed transient power-rail ESD clamp circuit

The proposed transient power-rail ESD clamp circuit is shown in Figure 3. Firstly, three current-mirror

capacitors (C1, C2, and C3) are used to reduce the layout area. For example, the capacitor C1 in Figure

2 is replaced by a current-mirror capacitor, which is composed of the small capacitor C1a and two nMOS

transistors (Mna1 and Mna2). The drain and gate of Mna1 are connected. Hence, this transistor operates in

the saturation region. Assuming that Mna2 also operates in the saturation region and the two transistors

have infinite output resistances, the drain currents of Mna1 and Mna2 can be expressed as

ID1 =
1

2
µnCox

(

W

L

)

Mna1

(VGS1 − VT)
2
,

ID2 =
1

2
µnCox

(

W

L

)

Mna2

(VGS2 − VT)
2
.

(1)

The transistor size of Mna2 is designed to be N times wider than that of Mna1. The gate-source voltage

of Mna2 (VGS2) is equal to that of Mna1 (VGS1). Therefore, ID2 is equal to N times ID1. According to

the principle of current continuity, the current of C1a (IC1a) is equal to ID1. Hence, the total effective

current of the current-mirror capacitor (IC1) is

IC1 = ID1 + ID2 = (1 +N)ID1 = (1 +N)IC1a. (2)
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Table 2 Device dimension of the proposed power-rail ESD clamp circuit

Device dimension (W/L) Proposed structure

RC timer

MOS capacitor (C1a) 5 µm/6 µm

Ratio of current-mirror (Mna1:Mna2) 1:5

Resistor (R1) 13 kΩ

Delay stages

PMOS resistor (Mp5) 5 µm/210 nm

MOS capacitor (C2b) 5 µm/3 µm

Ratio of current-mirror (Mnb1:Mnb2) 1:10

PMOS resistor (Mp6) 5 µm/210 nm

MOS capacitor (C3c) 5 µm/3 µm

Ratio of current-mirror (Mnc1:Mnc2) 1:10

ESD big clamp device (Mbig) 1920 µm/280 nm

The relationship between the voltage and current of C1a is

IC1a = C1a
dVC1a

dt
. (3)

Similarly, the relationship between the voltage and current of C1 is

IC1 = C1
dV1

dt
, (4)

where V1 is the total voltage of the current-mirror capacitor. dV1/dt is equal to dVC1a/dt. From (2)–(4),

we obtain

C1 = (1 +N)C1a. (5)

Hence, effective capacitances are multiplied using current-mirror capacitors. The current-mirror ca-

pacitor (C1) determines the response speed of the ESD detection circuit. The current-mirror capacitor

structure can increase the equivalent capacitance and reduce the layout area. For process, voltage, and

temperature (PVT) variations caused by MOS capacitors and current mirrors, the equivalent capaci-

tances in Figure 3 may vary for different applications. This issue has been addressed in the simulation

phase by running simulations in all process corners. By ensuring an acceptable performance under the

worst-case scenario, we get the final device parameters listed in Table 2.

Secondly, a CR structure is used as an ESD detector in Figure 3, instead of the “RC + INV1” structure

in Figure 2. In the CR structure, the voltage of node A (VA) in Figure 3 will simultaneously be increased

to a logic-high level when an ESD event occurs. Then, VA is gradually reduced to a logic-low level at

a rate determined by the CR time constant (τCR). Hence, VA of the CR structure is logically the same

as that of the “RC + INV1” structure under an ESD event. Figure 4 illustrates VA for the circuits in

Figures 2 and 3 during a simulated ESD event. A 5-V ESD-like voltage pulse with 10-ns rise-time is

applied to the VDD power line. The voltage of the intersection point between the two voltage waveforms

in Figure 4 is denoted as Vc. The peak voltage of VA in the circuit in Figure 2 is higher than that of

the circuit in Figure 3, but VA in Figure 2 decreases much more rapidly than in Figure 3. We denote

the critical voltage that triggers the lower turn-off path during an ESD event as Voff-on. If Voff-on < Vc,

it is clear from Figure 4 that the lower turn-off path of the circuit in Figure 3 is turned on later than in

Figure 2, which will result in a longer Mbig turn-on time. The increase in the time delay in the turn-off

path caused by the current-mirror capacitors coincidently ensures that Voff-on < Vc.

Thirdly, two asymmetric inverters (INV2 and INV4) are used in the proposed circuit. The logic

threshold voltage of the inverter INV2 in the turn-on path (Vit-on) is smaller than that of the traditional

inverter, because of the diode-like transistor Mp2-2. This Vit-on reduction results in an earlier turning-on

and later turning-off for the turn-on path in the proposed circuit during an ESD event, which leads to

a longer Mbig turn-on time. Meanwhile, the logic threshold voltage of the inverter INV4 in the turn-off

path (Vit-off) is larger than that of the traditional inverter, because of the diode-like transistor (Mn4-2).
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Figure 3 Proposed transient power-rail ESD clamp circuit.
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Figure 4 Voltages of node A under a simulated ESD event.

This increases in Vit-off results in a longer time delay in the turn-off path, which also increases the Mbig

turn-on time during an ESD event. To summarize, the logic threshold voltages of inverters in both the

control paths of the proposed circuit are adjusted by different diode-like transistors. For low-voltage

applications where the normal VDD is approximately 1.0 V, the adjustment of the logic threshold voltage

could be realized by setting appropriate relative dimensions for the pMOS and nMOS transistors in the

conventional inverter.

The device dimensions of the proposed circuit fabricated in a 65-nm CMOS process are listed in

Table 2. The total area occupied by the MOS capacitors in the proposed circuit is 60 µm2. The

dimension of Mbig in all circuits is kept at 1960 µm/280 nm, which means that the total layout area of

the proposed circuit is reduced by about 56%, and the layout area of the proposed ESD-transient detection

circuit (excluding Mbig) is reduced by about 92%, when compared with those of the multi-RC-triggered

circuit. The simulated voltage and current waveforms of node G in the proposed circuit during an ESD-

like voltage pulse and the normal power-up transition are shown in Figure 5, with device sizes given in

Table 2. When a 5 V ESD-like voltage pulse with a 10 ns rise-time is applied to the VDD power line in

Figure 5(a), the voltage of node G (VG) synchronously increases to command Mbig into the “on” state.

Then, the turn-off path is turned on. After a 1.8 µs time delay, VG decreases to zero and commands Mbig

to shut down. During the “on” state, the drain current of Mbig (the discharge current) stays at around

3.5 A. Under the normal power-up transition with a rise-time of 1 µs in Figure 5(b), VG is kept below

170 mV to keep Mbig in the “off” state. The leakage current of Mbig is maintained at less than 20 nA.



Wang Y, et al. Sci China Inf Sci April 2016 Vol. 59 042407:6

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

2.5 (b)

2.5 V voltage pulse with 
1 µs rise time

Gate voltage of Mbig

V
o
lt

ag
e 

(V
)

Time (µs)Time (µs)

0.00

0.01

0.02

0.03

Drain current of Mbig

 C
u
rr

en
t 

(µ
A

)

0.0 0.4 0.8 1.2 1.6 2.0

0

1

2

3

4

5

V
o
lt

ag
e 

(V
)

        

 5 V ESD-like voltage pulse 
 with 10 ns rise time

 Gate voltage of Mbig

0

1

2

3

4

5

C
u
rr

en
t 

(A
) 

 Drain current of Mbig

(a)

Figure 5 Simulated voltage and current waveforms of the proposed circuit in different conditions. (a) Under a 5-V

ESD-like voltage pulse; (b) under the normal power-up transition.
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Figure 6 Tested TLP characteristics of the proposed circuit.

4 Experimental results and analysis

The proposed circuit is fabricated using a 65-nm CMOS process in a multi project wafer (MPW) program.

The clamp transistor (Mbig in Figure 3) is drawn in the multi-finger layout style, with 16 fingers in total.

In addition, the inserted substrate-pickup layout strategy is also used in the layout of Mbig, to obtain an

optimum turn-on performance [13].

4.1 TLP measurement

The transmission line pulse (TLP) test is typically used to characterize transient high-current conduction

behaviors of ESD protection structures. The TLP generator generates transient pulses with a rise-time

of 10 ns and pulse width of 100 ns, in correspondence with human-body-model (HBM) ESD events [14].

The leakage current is measured at 2.75 V. This voltage is the normal operating voltage (2.5 V) plus a

10% dynamic voltage margin. Abrupt increases or decreases in the leakage current at a direct current

(DC) bias voltage of 2.75 V are taken as failure points for the tested device. Figure 6 shows the measured

TLP current (y-axis) compared to the voltage (bottom x-axis) and leakage current (top x-axis) curves of

the proposed circuit. The trigger voltage (Vt1) at point A of the proposed circuit was 3.51 V, which is

larger than the normal operating voltage of 2.5 V and much smaller than the oxide breakdown voltage

of 6.0 V. The holding voltage (Vh) at point B was 2.89 V, which is larger than 2.75 V (1.1×VDD) for

TLU free concerns. The leakage current (Ileak) was 37 nA at a DC bias voltage of 2.75 V, which is far

below the order of µA, indicating an ultra-low power consumption in the normal bias condition. The

second breakdown current (It2) at point C was 3.85 A, which reveals that the proposed circuit is robust
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at greater than 5.5 kV HBM ESD. Previous research [15] concluded that a diode-like triggering behavior

would be observed for active clamp circuits with relatively large detection time constants. Whereas for

clamp circuits with reduced detection time constants, the full active on state of the clamp device can

only be initiated when the voltage amplitude of the transient pulse exceeds a certain level, resulting in

an observed snapback in its TLP curve. This conclusion is also valid for the case in Figure 6, which used

a very small detection time constant. The full active-on state of Mbig started at point B in Figure 6.

Before this point, short reactions of Mbig with respect to transient pulses may not be captured, because

TLP data was sampled at the end of the 100 ns pulse.

4.2 Turn-on verification

The three-terminal transient test method shown in Figure 7 is used to verify the turn-on characteristics

of the proposed circuit. The VDD power line of the ESD detection circuit (terminal PAD1) is separated

from that of Mbig (terminal PAD2). An Agilent 33250A arbitrary waveform generator is used to generate

transient pulses with different rise-times and peak voltages to drive PAD1. The amplitude of the DC

power supply is set to the corresponding peak level on PAD1, to drive PAD2 through a 100 Ω current-

limiting resistor, Rc. PAD3 is the common ground. The transient voltage waveforms of PAD1 and PAD2

are captured by an oscilloscope.

Figure 8 shows the measured transient responses at PAD2 of the proposed circuit when an ESD-like

voltage pulse and the normal power-up transition are applied to PAD1. As shown in Figure 8(a), the

captured voltage on PAD2 is successfully decreased to the logic-low level when a 5 V ESD-like voltage

pulse with 10 ns rise-time is applied on PAD1. This verifies that the ESD detection circuit can be

instantly initiated, and that Mbig can be fully turned on during the entire ESD event. When a 2.5 V

normal power up transition with 1 µs rise-time is applied on PAD1, Mbig remains “off” and the measured

voltage on PAD2 (Figure 8(b)) remains at the logic-high level.

The immunity against mis-triggering of the proposed circuit under fast power-up transitions is mainly

determined by its detection time constant. In the proposed circuit, the CR timer effectively signals to

turn Mbig on during ESD events, but its time constant has almost nothing to do with the Mbig turn-on

time, according to previous discussions. Excellent immunity against mis-triggering under fast power-up

transitions is ensured by the reduced detection time constant. A series of fast power-up transitions with

various sub-1-µs rise-times are applied to drive PAD1 to investigate the mis-triggering immunity of the

proposed circuit. The measured transient responses on PAD2 are shown in Figure 9. With the rise-time

ranging from 10 to 250 ns, the measured voltages on PAD2 are reduced to different low-voltage levels,

indicating that the firing actions of Mbig is a result of the detection circuit. When the rise-time increases

to 300 ns, the voltage on PAD2 remains at the logic-high level, indicating the immunity of the detection

circuit to this stimulus. Therefore, the proposed circuit is free from mis-triggering issues under fast

power-up transitions with rise-times of over 300 ns. Moreover, for the triggered cases in Figure 9, the

low-voltage level is increasing with the rise-time. This can be explained by the reduction of VA in Figure

3 coupled with the an increase in the rise-time of the applied pulse. In addition, INV2 is an asymmetric

inverter and cannot supply a full voltage swing. As a result, VG is decreasing and the trans-conductance

of Mbig reduces with an increase in the rise-time.



Wang Y, et al. Sci China Inf Sci April 2016 Vol. 59 042407:8

0 100 200 300 400 500
−1

0

1

2

3

4

5

6

Measured transient response on PAD2

Applied voltage pulse on PAD1

 

V
o
lt

ag
e 

(V
)

Time (ns)

5 V ESD-like voltage pulse

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0
 

Measured transient response on PAD2

Applied voltage pulse on PAD1

V
o
lt

ag
e 

(V
)

Time (µs)

2.5 V nomral power supply with 1 µs rise time

(a) (b)
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5 Conclusion

A novel transient power-rail ESD clamp circuit is proposed in this paper. The proposed circuit uses

current mirrors to effectively enlarge the capacitances of capacitors. Asymmetric inverters are applied to

prolong the clamp transistor turn-on time during ESD events. The proposed circuit decreases the layout

area by about 56%, when compared with the original multi-RC-triggered power-rail ESD clamp circuit.

TLP measured results reveal that the proposed circuit achieves a Vt1 of 3.51 V, a Vh of 2.89 V, an It2 of

3.85 A, and an Ileak of 37 nA. Thus, it is an efficient on-chip ESD protection scheme for the 65-nm CMOS

process. Moreover, the proposed circuit is immune to fast power-up transitions with rise-times of over

300 ns.

Acknowledgements This work was supported by National Basic Research Program of China (Grant No.

2011CBA00606).

Conflict of interest The authors declare that they have no conflict of interest.

References

1 Amerasekera A, Duvvury C. The impact of technology scaling on ESD robustness and protection circuit design. IEEE

Trans Components, Packaging Manufacturing Technology Part A, 1995, 18: 314–320

2 Ker M D. Whole-chip ESD protection design with efficient VDD-to-VSS ESD clamp circuits for submicron CMOS

VLSI. IEEE Trans Electron Dev, 1999, 46: 173–183



Wang Y, et al. Sci China Inf Sci April 2016 Vol. 59 042407:9

3 Gossner H. Design for ESD protection at its limits. In: Proceedings of Symposium on VLSI Circuits, Kyoto, 2013.

T120-T121

4 Smith J, Cline R, Boselli G. A low leakage low cost-PMOS based power supply clamp with active feedback for

ESD protection in 65 nm CMOS technologies. In: Proceedings of 27th Electrical Overstress/Electrostatic Discharge

Symposium, Tucson, 2005. 298–306

5 Liu H X, Yang Z N, Li L, et al. A novel ESD power supply clamp circuit with double pull-down paths. Sci China Inf

Sci, 2013, 56: 102401

6 Zhang P, Wang Y, Zhang X, et al. Novel silicon-controlled rectifier (SCR) for digital and high-voltage ESD power

supply clamp. Sci China Inf Sci, 2014, 57: 029401

7 Venkatasubramanian R, Ozev S, Oertle K. Rail Clamp with Dynamic Time Constant Adjustment. In: Proceedings of

36th Electrical Overstress/Electrostatic Discharge Symposium, Tucson, 2014. 1–7

8 Sarbishaei H, Semenov O. A transient power supply ESD clamp with CMOS thyristor delay element. In: Proceedings

of 29th Electrical Overstress/Electrostatic Discharge Symposium, Anaheim, 2007. 395–402

9 Altolaguirre F A, Ker M D. Power-rail ESD clamp circuit with diode-string ESD detection to overcome the gate leakage

current in a 40-nm CMOS process. IEEE Trans Electron Dev, 2013, 60: 3500–3507

10 Sarbishaei H, Semenov O. A new flip-flop-based transient power supply clamp for ESD protection. IEEE Trans Device

Mat Reliab, 2008, 8: 358–367

11 Chen S H, Ker M D. Area-efficient ESD-transient detection circuit with smaller capacitance for on-chip power-rail

ESD protection in CMOS ICs. IEEE Trans Circ Syst- II: Express Briefs, 2009, 56: 359–363

12 Li J J, Gauthier R. Design and characterization of a multi-RC-triggered MOSFET-based power clamp for on-chip

ESD protection. In: Proceedings of 28th Electrical Overstress/Electrostatic Discharge Symposium, Anaheim, 2006.

179–185

13 Lu G, Wang Y, Zhang L, et al. Investigation on the layout strategy of ggNMOS ESD protection devices for uniform

conduction behavior and optimal width scaling. Sci China Inf Sci, 2015, 58: 042402

14 Barth J E, Verhaege K, Henry L G, et al. TLP calibration, correlation, standards, and new techniques. IEEE Trans

Electron Pack Manuf, 2001, 24: 99–108

15 Smith J, Cline R, Boselli G. A MOSFET power supply clamp with feedback enhanced triggering for ESD protection

in advanced CMOS technologies. In: Proceedings of 25th Electrical Overstress/Electrostatic Discharge Symposium,

Las Vegas, 2003. 1–9


	Introduction
	Prior power-rail ESD clamp circuits
	Traditional transient power-rail ESD clamp circuit
	Multi-RC-triggered transient power-rail ESD clamp circuit

	Proposed transient power-rail ESD clamp circuit
	Experimental results and analysis
	TLP measurement
	Turn-on verification

	Conclusion

