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Broadband ESD Protection Circuits in CMOS Technology
Sherif GalaJ Student Member, IEEEBNnd Behzad Razaviellow, IEEE

Abstract—A broadband technique using monolithic T-coils is  introduce substantial parasitic capacitance that limits the signal
applied to electrostatic discharge (ESD) structures for both input  pandwidth. This section reviews the conventional techniques

and output pads. Fabricated in 0.18um CMOS technology, the ;saq 1o minimize the effect of the ESD parasitic capacitance
prototypes achieve operation at 10 Gb/s while providing a return dd ibes thei iated bl
loss of —20 dB at 10 GHz. The human-body model tolerance is and describes their associated problems.

1000 V for the input structure and 800-900 V for the output struc-

ture. A. Inductive Peaking
Index Terms—Broadband amplifiers, high-speed ESD protec-  In broadband applications, inductive peaking can be used
tion, impedance matching, T-coils, T-coil peaking. along with the on-chip termination resistor to widen the signal

bandwidth [Fig. 1(a)]. While improving the speed by 40%
with negligible overshoot, this technique suffers from poor
impedance matching. This can be seen from the input return
HE problem of electrostatic discharge (ESD) continues tgss plotted in Fig. 1(b) foCrsp = 1.2 pF andR = 50 €.
become more critical in today’s industry [1]. In particularThe interface exhibits afi;; of better than-10 dB up to only
three trends exacerbate the issue: 1) the speed of both analogaadsHz. In fact, if two such 1/0 circuits operate at 10 Gb/s
digital circuits is increasing, reaching several tens of gigabits pgfid communicate through a 4-in $D+race [Fig. 1(c)], the

second for data communication circuits and several gigahegimulated eye diagram of the received data appears as shown
for microprocessors; 2) the number of high-speed I/0 padsifsFig. 1(d):

also rising, exceeding 100 in data communication chips and 500

in microprocessors; and 3) the device dimensions have scagdDistributed ESD

down to a gate length of 90 nm and oxide thickness 0A20
From these observations, we conclude that high-speed E

I. INTRODUCTION

A broadband technique that addresses the issue of impedance
. L ; - 2 ﬁ'Btching distributes the ESD protection device along a trans-
protection circuits must satisfy several difficult criteria. Thesg . <ion jine (T-line) as shown in Fig. 2(a) [2]. For a total ESD
circuits should: 1) provide a broad bandwidth despite the pa@'ipacitance oFgsp, the length and width of the T-line are
sitic capacitance of the ESD protection device itself; 2) occupy, i

. _ cRosen to obtain a 50-characteristic impedance:
small area with a reasonable aspect ratio so that tens or hundreds

of these devices can be integrated on chip without complicating 7

the layout and routing; 3) create good impedance matching at Zo = \/ Crsp + Cine @

the input and output to avoid corrupting the high-speed data; '

and 4) exhibit negligible midband loss. whereL andC};,. denote the total inductance and the parasitic

This paper introduces new broadband ESD protection circu@@pacitance of the line, respectively. In practice, on-chip T-lines
in CMOS technology that satisfy all of these four criteria. Se¢nay run over a metal-1 ground plane to better define the line
tion Il reviews the conventional techniques for ESD protectiogharacteristics.
and their shortcomings. Section Il describes the properties ofDistributed ESD structures satisfy two of the four criteria
T-coil networks as a foundation for ESD protection circuits, an@entioned in Section I: broad bandwidth and good impedance
Section IV presents the architecture and design of the circuigtching. However, this technique suffers from a severe tradeoff
for inputs and outputs. Section V summarizes the experimenfgitween the signal loss, the ESD capacitance (and hence, the

results. voltage tolerance), and the overall area of the distributed struc-
ture. For example, to absortrsp = 1.2 pF in a 5082 T-line
ll. CONVENTIONAL CIRCUIT TECHNIQUES (constructed using metal-6 on top of a metal-1 ground plane in
FOR ESD RROTECTION 0.18um CMOS technology), field simulation results show that

_ _ the line must have a length of 8 mm and a width ¢fr8. Such
To provide reasonable ESD tolerance, ESD protection Cifyine introduces a midband loss of around 6 dB. The simulated
cuits must incorporate large devices. As a result, ESD C|rcug§e diagram at the end of a lossy T-line terminated t§256
shown in Fig. 2(b) and compared with the lossless case. This
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Fig. 1. (a) Inductive peaking at input. (b) Return loss at the interface. (c) Two I/Os communicating through a4-ira6eé- (d) Simulated eye diagram of the
received data.

Metal 6

Interestingly, the series resistance of the T-line may not allow

\5”‘ m 1 % a uniform distribution of the ESD current among different fin-
"N CEsp

CE—,?” I Metal 1 il gers. As a result, the ESD device near the I/O pad may break

. first, carrying a large current and incurring damage. That is, the
@) ESD voltage tolerance may be defined by only the first few fin-

40 . : ‘ gers.

. Lo:bsless '

; ; [ll. T-ColL NETWORKS IN BROADBAND DESIGN

K

n

N
o

, T-coils have been used in discrete form in high-speed circuits
' for oscilloscopes [3]. Depicted in Fig. 3(a), a T-coil network
Lossy Y consists of two coupled inductofg andZ, having a coupling
coefficient ofk and a bridge capacit@i'z. The input is applied
to terminal 4, the termination resistaR is connected to ter-
i minal B, and the load capacitancg; is tied to terminalX .
- T-coils offer two attributes that prove useful in ESD design.
First, if designed properly, the circuit displays a purely resistive
-40 i : input impedanceZ;, = Rr, independenof the frequency and

0 005 o4 Ti,.‘,’;: (sns) 02 025 03 the value ofC . This can be seen intuitively by recognizing that

(b) at low frequenciesl,; andL- short the input taR, and at high

frequenciesCg plays the same role while; andL, are open.
It can be proved that the input impedari¢g remains resistive
for all frequencies if the following conditions hold:
T-line are also taken into account. Note that the long line struc-
ture creates difficulties in layout and routing of other signals CrLRZ% <1 n 1 ) @

even if it is folded many times. Li=1L.=—] 4¢2

Amplitude (mV)
o

1
N
(=]

Fig. 2. Distributed ESD (a) topology and (b) simulated eye diagram.
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(b)

Fig. 3. (a) T-coil network. (b) Locations of poles for uniform group delay

response. @) (b
Fig. 4. T-coil network. (a) Layout. (b) Distributed model.
Cp = = ©)
B~ 162
4¢2 -1 The T-coil network of Fig. 3(a) provides an environment that
k= 111 (4) is well suited to ESD protection, where the ESD protection de-

vice replaces”; and Rt serves as an on-chip termination re-
where( is the damping factor of the network transfer functiosistor. This topology satisfies at least two of the three main
Vi /Iin. As these equations suggesand, hencek are chosen criteria described earlier: the network offers both broad band-
to target a desired response, and other T-coil parameters Wi@th and good impedance matching. The other two criteria are
subsequently determined. studied below. _

For uniform group delay, the complex polesiof /1, must ~ The fortunate coincidencg; = L points to the use of a
bear an angle af = 30° with respect to the real axis [Fig. 3(b)]Symmetric spiral realization of the T-coil [Fig. 4(a)] with the
[3]. Since¢ = ( /T+ tan 0 f)~!, we have¢ = /3/2 and, center tap representing the output terminal. To obtain the re-
hencek = 1/2. Thus, (2)—(4) reduce to quired valuesL; = Ly, = L = C, R%/3 andk = 1/2, we first

note that the total inductance between nodesnd B is equal

. CLR% 5) to 2L(1 + k) = 3L = CpR%. Simulations using ASITIC [4]
1=H2="3 indicate that the coupling coefficient between the two halves in

O — Cr, 6 Fig. 4(a) is a strong function of the line spacing. Thus, with an
B= 79 ©6) initial guess for the number of turns and the outer dimension, the
k=1/2. (7) line width is chosen to minimize the loss, and the line spacing to

obtaink = 1/2. Next, the outer dimension is adjusted to achieve
The second attribute of T-coils is that they enhance the bangd; , — CLR2.

width to a greater extent than inductive peaking does. Under thgs ;sed in broadband circuits, T-coils must be modeled
conditions given by (2)—(4), the transfer function of the T-coldych that their response remains accurate for the last decade

network is given by of the band of interest. (It is assumed that the network plays
Vy Ry a negligible role at lower frequencies.) Fig. 4(b) shows the
T " T 128N o2 o 1 . (8) distributed model used here. The spiral is decomposed into

! 1 (H-_k) RICEs? + 3RrCrs + 1 eight sections(A—1,1-2,...,6—B), each represented by

] ) S an inductance, series and parallel resistances, and a parasitic
With & = 1/2 for uniform group delay, the bandwidth is broadzapacitance to the substrate. The resistances are chosen to

ened by a factor of 2.72, which is a 70% increase over that pigeld a @ of 7 at 6.5 GHz. The fringe capacitance between
vided by inductive peaking having the same type of responggjjacent turns is also included. Note that this capacitance
The maximum improvement factor for T-coils3s/2 ~ 2.82  appears between noddsandB in a distributed fashion. Thus,

and occurs fo# = 45° and a tighter coupling = 7/9. the bridge capacitana@z is chosen equal to the required value
The absence of a zero in the above transfer function candgus the total interwinding capacitance.
explained as follows. If for a complex frequengyVy = 0,  Fig. 5(a) plots the transfer functions of three types of net-

thenCy, carries no current anfl,, flows entirely throughRr.  works: a first-ordetRC' load, an inductively-peaked load with
Thus, forL; = Lo, the symmetry requires thaty be equal ideal or realistic inductor models, and a T-coil with ideal or re-
to Vi, /2, contradicting the original assumption. Note that thalistic T-coil models. (Each network is driven by an ideal cur-
impedance seen looking back from the circuit side has the sareat source and the frequency is normalized to the origiGil
poles and no zeros. bandwidth.) It can be seen that T-coils outperform inductive
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Fig. 5. (a) T-coil performance comparison. (b) Return loss of the distributed T-coil modél.fee 1.2 pF.
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Fig. 6. Input ESD protection circuit.

peaking by 50% even with realistic models. With all of the non- For output ESD protection, the T-coil can be used as shown
idealities included, the T-coil network also displays high-qualityy Fig. 7(a), where the output current is drawn from the center
matching. Fig. 5(b) shows the simulated return loss with thep and the load is tied to node We note thatZ,,,; exhibits the
broadband model of Fig. 4(b) and;, = 1.2 pF, suggesting same behavior ag;, in Fig. 3(a). Furthermore, since the net-
that 511 remains better thar40 dB for frequencies as high aswork topology remains unchanged, the circuits of Figs. 3(a) and

25 GHz. 7(a) contain identical poles. This configuration is also free of a
The utility of T-coils is nonetheless limited to low-impedanceerg. If v, = 0 for some value ofs, then withL; = Lo,

interfaces. As suggested by (2), the dependende, cind L., symmetry requires thak;, and Ry carry no currentVy =
upon R% leads to high inductance values fifr is relatively out/(CEsps), andVey, = Vy, contradicting the original as-
large. sumption. Thus, the input and output protection circuits exhibit
identical transfer functions.

The finite output resistance &, in Fig. 7(a) does introduce
some error in the above calculations. Fig. 7(b) depicts a mod-
A. Input and Output Circuits ification [5] whereby resistoRR; is added in series witlh, to

_ _ ) S _ account for the effect oR,,. If R, > Rr, the equations in [5]
Fig. 6 depicts the input ESD protection circuit. Each input pachy pe simplified as

is followed by a T-coil network and the ESD device (obtained

IV. ESD PROTECTIONCIRCUITS

2
from the foundry). The differential paiv/;—M, serves as a typ- Li=1L,= Coly (1 + &> 9)
ical input stage, also allowing high-speed testing by sensing the 2(1+ k) I,
output of the T-coils and driving a 78-on-chip termination and R, = R (10)

a 5042 off-chip load. In this designl.; = L, = 1 nH and the R,
symmetric inductor measures 8 x 85um, which is an area Or — Crl—k 1 Ry 11
and shape comparable with those of the ESD device itself. B= 1+ TR ) (11)
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(a) (b)

Fig. 7. (a) Output T-coil network. (bR- is added to account faR,,.
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Fig. 8. Output ESD protection circuit.

These results reduce to (2)—(4) K, = oo becauset(? =
(1+k)/(1— k). Inthis designR, is sufficiently large to justify
eliminating R.

The output protection circuit is shown in Fig. 8, where the
differential pairM;—M> represents a typical output stage. The
T-coil and ESD devices are identical to those used in the input
circuit.

B. Midband Loss Behavior

An important attribute of the proposed ESD circuits is that
the series resistance of the T-coil does not translate to signal
loss. As shown in Fig. 9 for the input circuit, equal resistors
placed in series with the T-coil inductors leave the signal am-
plitude at nodeX unchanged as long as the input is driven by a
source impedance equal for. The same argument applies to
the output circuit as well. This is in sharp contrast to the dis-
tributed ESD technique and the results illustrated in Fig. 2(b)Fig. 9. Midband loss behavior of input ESD circuit.
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(a) (b)
Fig. 10. Die photograph of (a) input and (b) output ESD circuits.
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Fig. 12. Measured eye digram for (a) input ESD circuit and (b) output ESD

START 050 000 020 GHz TOP 20,650 060 960 GHz circuit. (Horizontal scale: 20 ps/div., vertical scale: 50 mV/div.)
(@
$22 LO6 @ dB/REF @ dB 1-20.527 dB__ 10.000 000 913 6Hz
v TABLE |
ESD VOLTAGE TOLERANCE OFINPUT AND OUTPUT CIRCUITS
MARKER] 1
1. 00002313 GHE -
Zapping Voltage
ESD Circuit HBM MM
Input 1000V | 100V
! Output 800-900 V | 100 V
\//\v/\ /\n/\\} inductance of the T-coilsThe measured single-ended return
7 ™\ ’\V loss for both the input and the output ESD circuits is shown in
/] Fig. 11. For frequencies as high as 10 GHz, the input circuit
exhibits S1; < —24 dB and the output circuifs; < —20 dB.
START 258 096 000 Gz 707 26.05% G0 008 Gz Single-ended return loss measurements are quite pessimistic
(b) since the bond wire inductance of the supply lines appears in
Fig. 11. Measured return loss of (a) inputy; ) and (b) outpui(S»,) ESD ~ SETies wnh the T-cql, which is not th_e case for actual dlfferen—
circuits. (Horizontal scale~2 GHz/div., vertical scale: 10 dB/div.) tial operation. The input and output circuits are also tested with

a pseudorandom #®-1 input bit stream. As shown in Fig. 12,
both circuits provide a reasonable eye opening at 10 Gb/s.
V. EXPERIMENTAL RESULTS Both circuits have been tested according to the JEDEC stan-
' dards, JESD22-A114-B [6] for the human-body model (HBM)

The input and output ESD circuits have been fabricated
in 0.18um CMOS technology and tested with a 1.8-V 2namore aggressive design, the T-coils can be placed near their respective

supply.The die photographs for both circuits are showh{ds because the pads appear in series with the T-coils and are at approximately
the same potential. ASITIC simulations suggest an inductance variation of less

in_ Fig. 10. The T-coils have been placed away from thg, 5o, and &) variation of less than 1% as the spacing varies from a few
high-frequency pads to minimize the effect of the pads on thtcrometers to tens of micrometers.
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and JESD22-A115-A [7] for the machine model (MM) usindoss while occupying reasonable area. The proposed circuits are
positive and negative pulses with a 0.5-s cooldown periofiillly compatible with standard CMOS technology.
Failure is defined as 10% increase in the leakage current of the
I/O pad after the ESD stress is applied. The zapping voltage is
varied from 200 V to 2 kV in steps of 100 V for the HBM test
and from 50 to 200 V in steps of 50 V for the MM test. Table | REFERENCES
summarizes the voltage tolerance of the ESD circuits. [1] C. Duvvury, “ESD protection device issues for IC designs, Hroc.
The relatively low ESD zapping voltage may arise from the IEEE Custom Integrated Circuits Con2001, pp. 41-48.

series resistance of the T-coil, which uses a line width pfd ~ [2] B. Kleveland, T. J. Maloney, I. Morgan, L. Madden, T. H. Lee, and S. S.
Wong, “Distributed ESD protection for high-speed integrated circuits,”

for the spiral. It is possible to place in parallel with this spiral |£e£ Ejectron Device Lettvol. 21, pp. 390-392, Aug. 2000.
replicas in metal-5 and metal-4 layers so as to reduce this resigs] D. L. Feucht,Handbook of Analog Circuit Design San Diego, CA:
tance. Academic, 1990.

[4] A. M. Niknejad and R. G. Meyer, “Analysis, design, and optimization
of spiral inductors and transformers for Si RF ICKEEE J. Solid-State
VI. CONCLUSION Circuits, vol. 33, pp. 1470-1481, Oct. 1998.
[5] T.True,“Bridged-T Termination Network,” U.S. Patent 3155927, 1964.
New broadband input and output ESD protection circuits real-[6] Electrostatic discharge (ESD) sensitivity testing human body model

ized in CMOS technology are presented. The circuits provide ?][7] JEDEC Standard JESD22-A114-B, 2000.

. - . . Electrostatic discharge (ESD) sensitivity testing machine model (MM
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