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Abstract — This paper describesdh/dt noise reduction transmission lines instead of lump RC elements. The charac-
method, which attaches stubs to the power line in LSI chipgeristic impedanc&,, the propagation constamtof the trans-
A theoretical model of lossy transmission line stub is invesnission lines are
tigated, and simulation results show that the stub can reduce

48% and 26% of the noise compared with the nothing attached R+ jwL

case, and de-coupling capacitor case, respectively, at a 2.5GHz 2o = G+ joC 1)
1.8V operation test circuit. It is also shown that this method i i

will work more eficiently for further high frequency operation 7 = YR+ jwL)(G + jwC) (2)
chips.

whereR, L, G, C are the resistance, inductance, admittance rep-
resenting the dielectric loss, capacitance of the wire, per unit
Introduction length respectively. The forward- and backward- going wave
is expressed a¥:e %, Vpe? This expression can be trans-
While LSI chips generate more and more noise becausefofmed using phase constagitand attenuation constamf
the high frequency operation and the increase of the transistor
count on a chip, the low voltage operation decreases the noise Vie?? = Vie % 2 = Ve @ 1AZ = vy grllrmioz - (3)
margin. Thus, the power line noise is becoming a critical issue
for reliability of the LSI functions. Since the operation fre-This equation leads that
quency will get higher and higher in the future as the process
technology proceeds, tft/dt noise caused by the high speed a =realfy), pBr=imag(y) 4)
switchings and the inductances along the power lines will be a ]
serious problem. EMI noise caused diydt is also becoming and the complex phase constgpis defined as
a critical issue. ]
In order to suppress thdi/dt, some methods, such Be =P — Ja. (5)
as a semi-asynchronous architecture[l] and an inserting de- .
coupling capacitor method[2] and using a complicated Pclg/'thk u3|3g thg complex phasg constarltj,ﬂcihe ;orwa}lrg- and
board design[3] have been proposed. However, these method’rl]sC ward- going wave are written a§e and Ve,

make the circuit design complex andfdiult, and an on-chip w |?rr;1are faT|I|ar eprreSS':tzs tto us. i ith its ch
de-coupling capacitor requires more die area, fircloip de- € Inputimpedance of the tranSmission fine with Iits char=

coupling capacitor doesn’t work well due to the parasitic inaCte”St'c impedancg, lengthl and termination impedand

: is
ductance on the terminal. 2, cospel + jZosingdl

We propose adi/dt reduction method, which attaches Zsub = Zo ——. (6)
stubs to the power lines in LSI chips. Stubs are widely used ZoCOpel + 2 sinicl
for impedance matching technique of wireline communicaWhen open terminatiorZ(=co),
tions, where the loss of the transmission lines are ignored.
Lossy transmission lines have been studied but only for sig- Zsub = ZOLSﬁJ 7)

nal wires[4]. This paper investigates an analytical model of jsingcl’
lossy transmission line stubs suitable for the LSI noise redug-
tion purpose. The HSPICE simulation results show that tr“
stub suppresses about half of tfi¢dt noise.

the transmission line has no losR (= G = 0) and its
ength is quarter of the signal wavelengl&n/2), the in-
put impedance of the stub becomes zetg = 0), which is
equivalent with a infinite capacitance. When this stub is at-
Stub Theorem tached to the power line, the voltage fluctuation is suppressed.
The dominant frequency of the switching currents is the
A. Basics clock frequencyfy. Thus, the stub length adjusted for the clock

. ) frequency becomes
As the operation frequency becomes higher and the wave-

length of voltage and current gets comparatively smaller with /2 Ao
the interconnect wire length, the wires should be considered as I = Bo 4 (8)



where g is the signal wavelength in the transmission line. 2

Once the stub length is decided for the frequency, the stub ab-
sorbs the noise at the frequencyn @ 1) fy as well, as known
from eqn(7) since

T
T/ |
stub for 2.5GHz
——=—=stub for 5GHz

————— capacitor =

@2n- 1

cosfBcl) ~ cos[(ah — 1)B;0l] = cos 5

=0. (9)

Abs. of Input Impedance (Q)

Another stub, whose length lig2, can also be attached for the
second dominant frequencyZand (2 — 1) - 2fo.

B. Equivalent Termination Approximation 0 ' I I

Since the impedance of the power line itself is already Frequency (GHz)
small, the resistance of the stub is not negligible. The round _ _
trip attenuation facton caused by the propagation loss in the™'9: 2 Frequency dependence of the input impedance of the stub
lossy line is and the capacitor.
n=e?. (10)

The propagation loss is the only loss when lossy Iing' Stub Optimization

with an open termination, while the reflection is the only If a wider stub width is used in order to reduce the resis-
loss when lossless (ideal) line with an finite terminationance of the stub and the input impedance, the de-coupling ca-
impedance. Here, we propose a concept of equivalent termpiacitance fabricated with the same space becomes bigger so
nation impedancéeq,iv Which induces a loss at the reflectionthat the noise reduction of the stub and of the de-coupling ca-
Iequiv With the ideal line, as the same amount of the round tripacitor cannot be distinguished. Since the purpose of this study

propagation losg with the lossy line, as shown in Fig.1. is to estimate the noise reductioffiexts of stubs, the stub struc-
ture was decided so as to maximize the noideedkince be-
1 = Tiequy = M_ (11) tween the stub and the de-coupling capacitor. Of course, wider
Ziquiv + Zoideal stubs are morefcient from noise reduction point of view, if

. . . . there is no space limitation.
From this equation, the equivalent impedance value becomes We assumed a 0.4én 5 metal CMOS process, in which
15.323mm and 7.662mm length of /48 width stub using
Ziequv = 20|de _ (L 1+n (12) ML4, ML5 together with ML1 Gnd plane is the optimized
1-n C 1-7¢ condition for a 2.5GHz operation circuit to observe the noise
difference. The transmission line parameters of this struc-
ture isR=50Q0/m, L=102nHm, C=407pHm, according to the
2-D Raphael simulation, and no dielectric l0€5=0) is as-
Zigquiv COSE) + Zoidea SINE) sumed here. The de-coupling capacitance of the same space is
Zorae1 COSE) T Zeare SNE) (13)  C,= 407pHFmx(15.323+-7.662mmi=9.4pF. The frequency de-
2 =" pendence of the input impedance of the stub from eqn(7) and

then, the input impedance of the quarter length b= 7/2)
becomes

Zstuquuiv = 70\ deal

_ 251 gea _ 1-n_ (L 1-7 (14) ©f the capacitofZeapl=1/wCyp with this structure are shown in
ZiEquiv deal n C 1+73 Fig.2. The stub input impedance is smaller than the capacitor
_ input impedance at the designed frequency.
Note that theZiequiv and Zsubequiv are frequency indepen-  Here, we assumed that the current density is constant in-
dent once the stub length is decided. side the stub, without considering the skifeets.
Zstuby . .
N i ) © 1 ---> model (b) Simulation
ENC g
@ X Iax £ A. Test Circuit
NS00 A — open £
TCAptTTT T E Fig.3 shows our test circuit, which is a PRBS (Pseudo Ran-
) LAx 3 dom Bit Stream) 2- 1 generation circuit with some inverters at
ceee cm;i ceee J{ % 7z each port. The number of the inverters is distributed from 2 to
o stub X direction 12, which represents a path length distribution between DFFs
in common synchronous circuits. The delay of the longest in-
Fig. 1 (a). Lossy transmission line with an open termination —  verter chain is smaller than 2.5GHz clock period. We tested

realistic model, (b). Lossless transmission line with the equivalent three kinds of the power line as the reference: nothing attached,

termination impedance — equivalent termination approximation, (cthe same space de-coupling capacitor, and the stub. The induc-

The signal amplitude distribution along the stub. tance of the bonding wire and the lead frame is assumed to be
0.5nH.
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B. Simulation Technique 2 i -
(]
The stub can be modeled asRaC ladder as shown in é 0.04 |- ] l i
Fig.1(a) for SPICE simulations. However, the number of the 2 0.0367 | 4 0.0309
ladder step have to be big in order to suppressLiiereso- 0.02 63%| & 0.0179 _
nant ringing which doesn't occur in reality. Also, the inductors 4 ok ‘ i y 36% 0.0001
make simulation convergencefitiult and take longer simula- 0o PATHT | Worgaungin k04 $30.0041
tion time. By the equivalent termination approximation using 0.0 25 5.0 75 100
an ideal transmission line element and the equivalent termina- Frequency (GH2)

tion impedance as eqn(12), the simulation time decreased 13%
in our test case. Fig. 4. (a). Simulatedvaveforms of the virtualvVdd node, and (b).

corresponding spectrum.

C. Smulation Results
less than two clock cycles in our test case.

The nonnf, components and the time constant disturb
he noise reductionfiect of the stub. But still, the stub can
suppress some amount of the power line noise, as shown in

Fig.4(a).

Fig.4(a) shows the HSPICE simulation waveforms of the
virtualVdd node in Fig.3 with the three power line structures
and (b) shows the corresponding spectrum, at 1.8V 2.5G
operation. The standard deviationfrom the ideal VVdd value
are 0.1070.0750.055 for the nothingapacitofstub case re-
spectively. This means the stub suppressed/28% of the
noise compared with nothipgapacitor case. Also, the stubB. Voltage Swing at the End Terminal
suppressed 5886% of the 2.5GHz noise component, and
63%/36% of the 5GHz noise component, compared with thﬁd
nothingcapacitor case, respectively.

The stub suppresses the noise because it stores and pro-
es the energy of the specified frequency so that the AC cur-
rent doesn’t go through the bonding wire inductance. The en-
ergy is stored by swinging the signal in the stub, and the far
Discussion end terminal has the maximum amplitude of the voltage. The

ratio of the voltage at the near end and the far end is
A. Frequency Components

T . . Var l+n
If switching timing of transistors is always the same at =—j— (16)

every clock cycle, the current contains omlfy components. Viear 1=n

However, the random switchings at each clock cycle in LSj; the steady state, if the equivalent termination approximation
cause nomfo component which the stubs cannot absorb, &8 ysed. The ratio is 4.26, 8.27 for 2.5GHz, 5GHz stubs in
shown in Fig.4(b). our test case. When the stub is used in a LSI, the attention

The input impedance of the stubZs at the initial condi-  should be paid so as not to exceed the break down voltage of
tion, andZgy, at the steady state. It needs time constattt  the jnsulator between the metal layers, since the voltage at the
change the input impedance frafgito Zg.,. The time constant and terminal becomes higher than the supply voltage.

is expressed as L Fig.5(a) shows the waveforms of the near and the far end
I — (15) of the stub modeled by the equivalent termination approxima-
—2f log |l tion, and modeled by the 100 stalgéR ladder. The equivalent

wherel's is the reflection coicient at the near end. The time termination approximation agrees with the 100 staG& lad-
constant is 557p603ps for 2.5GH5HGHz stubs, which are der. The spectrum of the far end of the 2.5GHz and 5GHz
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noise, and we can see that the stub will work mdiiently
for the noise reduction in the near future as the clock frequency
advances.
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Conclusion
Frequency (GHz)

_ _ The stubs for power line noise reduction have been demon-
Fig. 5. (a). Waveforms of the near end (virtualVdd) and the far end strated. The analytical model of the lossy transmission line
of the 2.5GHz stub. 100 stage LCR ladder, and the equivalent  gyhg guitable for the LSI power line noise reduction purpose

termination approximation case. (b). The corresponding spectrum gf _ . : ; L :
the far end of the 2.5GHz and 5GHz stub, and the near end, with th%las investigated. Circuit simulation results showed that the

equivalent termination approximation case. Stub red_uces 48% and 26% of tHg'dt noi_se compa_red with
the nothing attached case, and de-coupling capacitor case, re-
spectively, in our 1.8V 2.5GHz test circuit. Furthermore, the
stub, and the near end, with the equivalent termination appro%t-sulb Car'?. S# pplﬁsts thet nor:selmof?cearc;tly inhigher speed
imation case are shown in Fig.5(b). This graph shows that S, which wilt hit ourtechnology trend.
the 2.5GHz stub stores the energy around 2.5GHz and 7.5GHz
components, and the 5GHz stub for 5GHz component, which References
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