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Abstract ble-shooting problem to a front-end design and synthesis
objective.
The design of system level interconnects to meet signa
integrity objectives is a challenging problem. This paper In previous work on transmission line synthesis, inter-
formulates the transmission line synthesis problem as aconnect models have been used to obtain a simplified pole-
constrained multi-dimensional optimization of the com- zero description of the circuit behavior[3,15]. In [5], a dis-
plete net, taking into account factors like loading condi- tributed interconnect model is used for self-damping lossy
tions on the line, loss in the line and rise-time of the input transmission lines on MCMs, but this method and the
signal. Different design variables such as width or resis- lumped RLC approximations are limited to pin-to-pin nets
tivity of the interconnect, resistive source or far-end termi- and cannot account for driver rise-time or loading condi-
nation, etc. can all be considered concurrently. tions on the line effectively. Since transmission line effects
dominate when the rise-timg, , is much smaller than the
The termination metric is based upon forcing the time-of-flight on the line, rise-time is an important param-
impulse response waveform to be symmetric using the firseter affecting transmission line behavior. In [17], a reduced
three exact moments of the distributed system. An efficienorder two-pole approximation is obtained for the transfer
means to trade-off between signal rise-time and ringing is function after extracting the high-frequency time-of-flight
presented and no time-domain simulations are neededof the transmission line. This preprocessing step of
Several examples are presented to demonstrate the effiextracting the time-of-flight[17] and generating an effec-

cacy of the proposed methodology. tive two-pole representation taking into account the effect
of “off-path” loads[19,21] for a general transmission line

1: Introduction topology presents a costly overhead for a design automa-
tion tool.

Increasing switching speeds and complexity of VLSI ) _ o
circuits is taking the task of system level interconnect ~Moment based techniques for optimal termination have

design from the realm of purely “a designer's intuition” to been presented in [7,11] to efficiently account for loading
that which requires the aid of a CAD tool. Signal integrity conditions on the line, loss in the line and the input signal
is becoming a significant factor in determining the reliabil- "Se-time. The symbolic treatment in [7] offers an efficient
ity and performance of an electronic system, and enor-and effective technique _for pin-to-pin transmission I|ne_
mous resources are being harnessed to analyze and ensi"€ts. This paper generalizes these moment-based metrics
that signal integrity objectives are met. For high-perfor- t0 consider arb|trar_y transmission line tree structures, _and
mance systems, designers are beginning to promote thformulates the design objective as a nonlinear constrained

task of system level interconnect design from a mere trou-OPtimization problem.

Moments are used as metrics of the distributed trans-
* This work was supported in part by the Semiconductor Research Cor- mission line mOde_l that Cha:raCt?”Ze the signal behawqr
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different design variables such as width, length of the line,
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negie Mellon University, Dept. of ECE, Pittsburgh, PA 15213.



design optimization tool. Along with delay metrics pre- For the simple source-terminated transmission line in
sented in [11] for a properly terminated transmission line Fig.1(a), the transfer function is [8]:

net, this constitutes a powerful technique for transmission

line synthesis. Several examples and results are presenteg, s) Vo (9)
to demonstrate the efficacy of the proposed methodology Vi (s)

and optimization framework. 1/ [sC_ (R,cosh(yd) + Zsinh(yd)) +
(Ry/ Z,) sinh(yd) + cosh(yd) ] ®)

where,y = J(R+ sl) (sC) is theoropagation function
The transmission line is a medium for transfer of elec- andZ, = /(R+ sL) / (sC) is thecharacteristic imped-
trical signals in a VLSI system and a perfect transmissionanceof the line.R, LandC are the resistance, inductance
medium would be one that transmits the input signal and capacitance of the transmission line per unit length re-
undistorted. At a particular node  of a transmission line spectively,d is the length of the line and the series resis-
tree, let the output response be given by tanceR, = R, +R, ,whereR, is the driver resistance
Vo,k(t) = h (1) *v; (1) , where h, (t) is the impulse andR,, the additional termination resistance. The dielec-

2: The Termination Objective

response at that node, (t) is the input signal ‘and istric loss,G, is assumed to be negligibly small. From (1) and
the convolution operator. This paper formulates the termi- (3), the transfer function moments for the transmission line
nation objective as a design problem whéxg(t) is system can be obtained as a functiorRgf  [7]. The driver
designed to transmit, (t) ~ with minimum distortion. resistanceR,, is assumed to be linear in this paper, since
driver linearization schemes can be applied without loss of
L %RS = 1% 1 generality[9].
. From the definition of moments in (2), theeanof the

impulse response is given by[4,8]:

Cfpth(hdt m

-, . 4
0.0 —'5 _ ! h®d Mo @
@ tIm(lf;)(ns) When the dc gain of the system is unity, = 1 and the
FIGURE 1: (a) A source-terminated transmission line. (b) mean,n = m, . Central momentsf the impulse response
Trade-off between rise-time and ringing. R=2 /€, are defined as moments about theanand are given
L=3.35nH/cm, C=1.34pF/cm, C | =3pF, Z3=50Q and d=5cm. by[8]:
o k
Since excessive settling time effectively increases He = Jo (t-n) h(Dat ®)

delay, both under-damping and over-damping adverselyln terms of the circuit moments in (2), the first few central
impact delay, as shown in Fig.1(b) for the circuit in moments can be expressed as follows:
Fig.1(a). A designer generally wants to minimize ringing

while maximizing the signal slope (minimizing rise-time). Ho = Mo
Moments of the impulse responkg(t) can be used to Hy =0 2
achieve this objective without computationally expensive _ m,
time-domain simulations. Hp = My
3m;m, mi
2.1: Moments of the Impulse Response My = M= =+ 2;2
0
Under conditions of analyticity, the transfer function of and so on.. (6)

a system can be expanded into its Maclaurin series: The second central momemj is a function of the second
power of (t—n) in (5) and provides a measure of the

o st _ (1) spread odispersionof the functionh (t) . Similarly, the
H(s)=[e h(hdt= kgo Kk @) third central momentt, , is a function of an odd power of
. N . ) (t—n) and is a measure of thsymmetnof h(t) [4,8].
wherem, is thek -th moment of the impulse response: In the following section, these central moments and their
m, = thkh (1) dt ) properties are u_seq to .obtain a metric for optimal termina-
0 tion of a transmission line.

k




2.2: A Metric for Optimal Termination i, (scaled by 1.0e+20) g (scaled by e+29)

o . R =2, 4.00
For an unloaded lossless transmission line driven by a R -7
step input as shown in Fig.2(a), it is well known that the 1150 200 1\ Y
optimal termination resistance B, = Z,  [1,7]. With this 150
termination, for a lossless line (from equation (3) with 50.6:25.0] 250500 R, §0.0 25.0 250 500R
R=0,C =0andV,(s) =1/s), -, s
-200
1 -15.0
V. (s) = . BS
0 (Ry/Zy) sinh(yd) + cosh(yd) s @ (b)-4-00
a
= e—yd |]]_' FIGURE 3: (a) 1, vs. R and (b) pgvs. Rfora lossless,
S 7) unloaded transmission line. Z ¢ = 50Q.
R v (1) v (1) 0 ponents do not maintain the same phase relationships as
; - ' 0 they propagate down the line. Due to this inherent prop-
- - erty of dispersion of a lossy transmission lipg, , being a
%; measure of dispersion, cannot vanish simultaneously along
V. . . . .
i f T, time with p, for a lossy transmission line.
() (b) Vstep(t) Underdamped response,

h(t Impulse response
) with s > 0
+ Impulse response

with g3 =0

FIGURE 2: (a) A perfect lossless, unloaded transmission line. Y/ (M3<0)
Time-of-flight, T, = JLCdwhere ds the length of the line.

(b) Input v, () and ideal output response ¥, (1)

Overdamped response,
Thus, the ideal signal under optimal termination is the input (H3>0)

step delayed by the time-of-flight along the line given by Critically damped respons
T, = J/LCd which is also the mean of the impulse re- W3=0) -
sponse for this system[8]. For this ideal response, it can be (a) (b) t
verified that the second and third central moments about FIGURE 4: (a) Underdamped, critically damped and

the meam = ./LCd are exactly zero[8,10]. qué' and overdamped step responses. (b) Impulse responses with

Impulse response
with p3 <0

H, for an unloaded lossless transmission line are given by positive, zero and negative  i3's corresponding to
overdamping, critical damping and underdamping,
Hy = —CLd + RZCZd2 respectively.
3.3.3
Hg = —2Rg C Ld +2Cd'Rg 8) For a positive functiorh (t) , since the third central
Symbolically solvingp, = 0 forR_ yields two roots (as momenty; is known to be a measure ofasgmmetryof
shown in Fig.3(a)): the fu_nctlon,u3 >.0 represents a p95|t|yely skewed func-
tion with a long right tail, as shown in Fig.4(b), and corre-
JE _JE 9) sponds to an overdamped signal (Fig.4(a)). For a
C' AC transmission line system, when the response is under-
and solvingu, = 0 vyields three roots (Fig.3(b)): damped, there is some overshoot/undershoot, and so, for
3 L the impulse response shown in Fig.4(0)<0 . The third
[ [ (20) central moment from equation (5) can be rewritten as,
The positive root provides the solutid®,= JL/C = H 3 & 3
3 = [(t=p)"h(t)dt+ [ (t—p) h(t)dt
Thus, the ideal impulse response for a lossless trans- Yooooo Moooooo
mission line is symmetric and localized (zero dispersion) Ué H;
about its mean. And conversely, forcing the impulse (11)
response to be symmetric and localized about the mear$o that forh(t) 20 ,p; = Hg O pg = 0, which corre-
ensures critical damping. sponds to a critically damped system.

Lossy lines, however, exhibit the phenomenon of “dis-  Thus, for a lossy transmission line, the objective is to
persion” which is due to the dependence of the phasedesign the impulse response to be localized and symmetric
velocity of a propagating wave on the frequency of the about its mean. And sinqe;  is a measure of asymmetry
signal component[16]. Consequently, for a signal compris- and hence ringing, as discussed abpve= 0 with mini-
ing of a band of frequencies, the different frequency com- mum ., is proposed to be the condition for optimal termi-



nation for a lossy transmission line. However, in order to a function of the variable element vector,

minimize ringing while maximizing the signal slope, we T
discuss in Section 4 how a ringing versus rise-time trade- X = X %5 X5 %] (13)
off can be made using the second central mongent, . wherex 0 0 K" The variable elemext may be a termina-
tion resistor, width of the transmission line, length of the
2.3: Reflected Wave Switching line, or any other parameter. The cost funcfifx) is re-
Impulse response at C lated to the Euclidean norm of the vectbr
v(t) Step respgr::e atC h (t) Im | tB
p response at B pulse response a 2 (i) 2
PI Wit P = (l0ly% = 5 BB (14)
: | i=1
0.5 - = - ~- -~ ‘“ $ 4 and the constraints on the problem are in the form of
L Step reSpOErsniatA “me bounds on the variables.  so thafj,x.>l. . Upper
Impulse ésponse at A bounds can also be incorporated into this form since
G (b) x.<u 0 —x. =—u.. For a termination resistor, the lower
FIGURE 5: (a) Reflected wave switching. (b) Impulse bound isl. =0 , for wire-width variatior, = Wmin , where
responses at nodes A, B and C. w_. iS a minimum geometry constraint or a delay con-

min
straint[9], and so on. The width constramt, . can be ex-

Referring to Fig.1(a), for the ideal case of a step input, pressed as a function of other design factors such as
lossless line and small capacitive load, node C is switchedg|ectromigration and signal cross-talk.
by the incident wave and the ideal response is as shown in
Fig.5(a). For this source terminated transmission line, theg 5. Minimization Subject to Bounds Constraint
incident wave switches the points A and B along the line
to half the final value, and then the reflected wave com-  The objective of the optimization problem is:
pletes the switching, as shown in Fig.5(a). This type of o
switching—called reflected wave switching—occurs when minimize  A(x)
a transmission line net in a daisy-chain configuration is subject to Ax =| (15)
source terminated. For a system with zero initial state, the : . . .
L where the rows oA are signed rows of the identity matrix
derivative of the step responseg (t) = h(t)*v,(t) s : ) e 2
) . . I and a bound constrairit is considered “active” when
gives the impulse response[14], and Fig.5(b) shows the

impulse responses at nodes A B and C. respectivel X; = l;. The problem in (15) defines a nonlinear optimiza-
P P '  Tesp Y- tion task with linear constraints. We follow a quasi-Newton

pproach to minimizB (x) and exploit the knowledge that
he constraints are in the form of bounds. This allows us to

erform unconstrained minimization within a working set
that is constituted of the “inactive” or free variables, as fol-

The common feature among the responses at A, B an
C in Fig.5(b) is that each of these is a symmetric function.
Nodes A and B are switched by the reflected wave and
is switched by the incident wave, but for ideal switching
behavior, each of these has a symmetric impulse responséc.)ws'
We use this property of symmetry to provide a cost func-
tion for optimal termination in terms of only the first four
moments of the transfer functionhus, for both incident
and reflected wave switching, in order to minimize ringing,
the objective is to force the response to be a symmetric
function, i.e.u; = 0.

At iterationk , if t,variables are fixed on their respec-
tive bounds, then the vecta ~ can be partitioned into its
free components, and its fixed components . The

rows of thet, -rank matrbd, are a selection of the rows
of A corresponding to the fixed variables. is called
theworking setof the problem and the corresponding gra-

3: The Optimization Framework dient vector is\, . The minimization d?(x)  follows
. o ] the search direction determined by the negative gradient of
3.1: The Objective Function the cost function with respect to the working set. The

] o ) ] o search direction will be zero in components corresponding
With the objective function for optimal termination 5 the fixed variables.

defined asu; = 0 , foN observation points on a trans-
mission line net, In a quasi-Newton approach, the search vepigy is
N () (3) (4 N+ T given by[6,12]:
S LERC RO TRy 12)
where | —<1 .N are the points of interest, so that
onno" is the third central moment at node andis

BrrPrr = \er (16)
whereB., denotes thik—t,  dimensional approximation



of the Hessian matrix with respect to the free variablesthe function and hence results in an output response with a
(from (13),x is of dimensiofK ). Changes in the working higher transition rate, thereby providing an efficient means
set simply involves fixing a variable on a bound when a to trade-off between rise-time and ringing. Rdr leaf-
constraint is added, and freeing a variable from its bound ifnodes in a transmission line tree,

its constraint is deleted. Since Lagrange multipliers are as- T

sociated only with active constraints, for the constraints in W = I:Hél) Hz(z) “2(3) Ll2(4) ---HZ(M)] 17)

the form of bounds they are simply given by the signed '
components of the gradient vector corresponding to the
given fixed variable. If th¢-th fixed variable inAk I,
suchthak, = I, ,thea, = A, [8].The solution is reached
when the Kuhn-Tucker conditions are satisfied[6] and one
of the conditions for optimality requires tha, )\j >0

so thatW O o aanz(J) is a function of the variable el-
ement vectorx (from equation (13)). Note from Fig.5(b)
that the spread, and hengg , for non-leaf nodes A and B
depend on their physical positions w.r.t. to node C during
reflected wave switching and not solely on the signal tran-
sition rate. Thus, we do not formulate the cost function to
minimize 1, atthese nodes. The cost function to maximize

Initializing the variable setx s(%ch that the vector he s| 2 th : is related to th
®>0 (from equation (12)), i.eCli, "’ >0 , the uncon- t e slope o the response &g@(x) is related to the Eu-
clidean norm of the vectd¥  in (17):

strained search direction can be obtained using any gradi-

ent based technique[12]. (For instance, in Fig.3(Q), is > Mo iy

shown as a function d®,  for a simple Iosslessa(lt?ansmis— QM) = (¥l " = ¥ D“z( ) 0 (18)
sion line. Clearly, initializingR; so thai;>0  ensures =1

that we find the root aR, = Z, .) We have chosen the
guasi-Newton approach mainly due to the “smoothness”
of our cost function surface and for its superlinear conver-
gence property[6].

Thus, to obtain a signal with minimum ringing and
maximum slopeR(x) = P(x) +&{Q(x) can be mini-
mized, where, is a weighting factor to trade-off between
rise-time and ringing. Alternatively, we minimiZe(x)

. o and then use the rise-time of the input-signal to minimize
3.3: Moment Computation and Sensitivities Q(x) , as discussed below.

In order to evaluate the cost function and sensitivities, 4
the optimization procedure described above requires an

efficient method to calculate the exact momens Transmission lines are never driven by step signals. In

throughm, at each node of interest in a transmission line(g; yhe nonlinear drivers are modeled by Thevenin equiva-
tree. Circuit moments have been widely used for intercon- |, v« with a ramp voltage input, () or
'r ’

nect analysis and several moment models have been pro-

.2: Input Signal Rise-Time Effects

posed[14]. For a tree topology, the moment model 1_e—tr5
proposed in [20] offers a computational complexity of V,(s) = : (19)
O (M) , whereM is the number of nodes in the transmis- st,

sion line tree. Cost function sensitivities can then be Calcu'wheret is the rise-time of the voltage input signal. It is

lated efficiently using perturbation and finite-differencing ¢ kn(r)wn that transmission line phenomenon for an in-

or by adjoint sensitivity techniques[6,10,14]. terconnect becomes insignificant wher 25T, , where
T; is the time-of-flight on the line, and the line can be mod-

4: Controlling Response Rise-Time eled as a lumped circuit[1]. Moreover, the line acts as a
lumped capacitor whet, >5 00T, . Thus, termination re-

4.1: Ringing versus Rise-time Trade-Off quirements for a transmission line need to also account for

the frequency content of the input signal[7]. The bandlim-
In Section 2, the objective of optimal termination was itedness of the input signal can be used as a design variable
stated as minimizing ringing while maximizing the for termination using programmable drivers where rise-
response signal slope. The objective function in Section 3time might be controlled. For a saturated ramp given by
aims to minimize ringing by minimizing, at each node (19), the central moments are of the form:

of interest. 1
W= g Mgt Hy=0
For a positive impulse response function, as shown in . o (20) .
Fig.4(b), the second central momeny is a measure offhus, fort, #0 ,th(_a d|§per5|on of the output response is
the spread odispersionof the function[4]. Reducingt, affected by the rise-time of the input signal (where,

(within the constraint thaft, >0 ) reduces the spread of Vo (S) = H(8)V;(s)). as shown in Fig.6(b) for a simple
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Ul ~ %‘ t1 <tp<tg3 . t1 ,//// 1.0 Z
> 2 7/
Uor - -k - . 2 ti3 \g/ \/Vz
. ° - X/
1 /r _:- % \ 4 // g !
i3 . 8l 0.5
0 sl----2 2 Ry
1 b2 t3 S t=0
(a) (b) 0.0 5.0 10.0 0.0 tirﬁ'eo(ns) 10.0
FIGURE 6: (a) Saturated ramp inputs with  t , <t, <t {b) U, time (ns) "
as a function of termination resistance Ry a simple ) @ _ (b) o
transmission line as in Fig.1(a) with different input signal FIGURE 8: Time domain waveforms for source termination
rise-times, t,. with C;;=3pF and C;»,=15pF. () R; = R, = 0.v(1), v(1)

transmission line as in Fig.1(a). It can be demonstrated that,___SNoW responses atnodes 1and 2 with R, = 37 Q

_ . (optimizing piatnode 1), and v  1(2), v2(2) show responses at
whenm, = 1 for the impulse response, the central mo- | ;4es 1 and 2 with R, = 15 Q(optimizing gt node 2). (b)
ments add under convolution[8,10]. As the rise-time in- R, =0, R, = 22.5Q and R,, = 10 Q (such that p,are
creases, minimization qf,, (V)  yields a smaller value of nodes 1 and 2 are simultaneously optimized).
the termination resistancB, . In Fig.6(b), note that for R, =R, =0. The time-domain waveforms are shown in
t =t3, Ky(V,) isminimized aR, = 0 ,i.e.thelineis Fig.8 and Fig.9. For source termination, the result obtained
self-terminated with rise timg ; . We shall illustrate this by minimizing p; at nodes 1 and 2 separately is con-

effect in Section 5.4 using an example. trasted in Fig.8(a) against the simultaneous optimization of
the termination resistor®,, aml,,  in Fig.8(b).
5: Synthesis of General Transmission line Net /Vin/vl
Topologies 1.
In this section, we discuss different transmission line 05 ’\\/2
net topologies and optimize selected termination tech-
niques[8,10]. 0
' 5.0 10.0
time (ns)
5.1: Star topology FIGURE 9: Time domain waveforms for far-end ac

termination. C, ;= 10pF and C,,=15pF. R; = 0, R;,, = 50Q
and R,, = 5Q (such that pjatnodes 1and 2 are
simultaneously optimized).

5.2: Daisy Chain Topology

R
FIGURE 7: A Transmission line star topology.  R=1Q/cm, R; T /\\/1/23\ T, @
L=3.35nH/cm, C=1.34pF/cm, Z,=50Q, d;=5cm, dy=1.25cm,
t,=50ps. Ry=10Q is the driver resistance. R 15 and Ry, @léé I
represent source termination and R ;,, and R, far end ac J_

R
termination. Vi(s) IC,_l 2b ICLZ

The star topology shown in Fig.7 is the preferable FIGpRI_E 10: Daisy chain connection. R_ Za_represents series

choice when an interconnect skew between loads is unde-*€™"aton and Rz, represents ac termination. = R=0.010/em,
. o . L=3.35nH/cm, C=1.34pF/cm, Z,=50Q, d;=5cm, d,=5cm,

sirable, such as the case of a clock distribution network[2]. t,=50ps.

In Fig.7, whend,=d, andC ,=C , ,theR;=R,=0

and the net can be terminated using only one resfor ., pue to advantages of routing with minimal space

the value of which can be obtained using the optimization g jirement, the daisy chain (or multi-drop) configuration
procedure described in Section 3. In general, however,,q shown in Fig.10 is a popular topology. The behavior is
optimizing only R, cannot result in & properly terminated 5t of 4 pin-to-pin transmission line if the loads along the
signal at both nodes 1 and 2, andBg=0  ,Bpd  andjine are “small” compared with the line capacitance and
R, aresimultaneouslyoptimized. For this topology, We  ihe net can be terminated with one resist/Rce  as shown
present two types of termination — source termination i, rig 10. The propagating signal experiences a disconti-

and far-end ac termination. For source termination, in n in nroportional to the capacitive load since the load pre-
Fig.7, R;,=R,,=0 and for ac termination,



sents an admittancé. =jwC

, and so, the propagating5.3: Termination Using Wire-Width Variation

signal “dips” in proportion tof  when it sees the capaci-
tive load. In general, the net cannot be properly terminated L T, with w = 621
with only one termination resistance. The number of ter- Rar LF! @ 2 )
mination components required is equal to the number of aWithw =101
discontinuities, and these should be optimized simulta- c 0.5 Tawithw =25
neously. Here, we show results for both series and ac ter- LZI
mination. 0.
Vi 72 Vin tir‘?]éo(ns) 100
R W AN.VEN 14 @) (b)
v FIGURE 13: Termination via wire-width variation. ~ d;=5cm,
v dy=4cm, t,=50ps. C; ;= 10pF, C,,=5pF, Ry;=13.5Q. With
d w=25um, R;=6Q/cm, L ;=2.08nH/cm, C;-1.85pF/cm. With
0.5 V2 03 N"z w=10pm, Rx=15Q/cm, L,=3.33nH/cm, C,-1.15pF/cm.
00 =5 00 00 £5 100 When the exact value of the termination resistance,
time (ns) time(ns) Reer is not readily available, we can select the cloBgst

(@) (b)
FIGURE 11: Series termination R, = 0Time domain
waveforms for C, ;=5pF and C;,=5pF. (a) R,, = 0 and

R, = 43 Q (optimizing p,at nodes 1 and 2). (b) Series

from the set of available resistor values, and then complete
the termination by wire-width optimization. The resis-
tance, inductance and capacitance of the interconnect are

terminationwith R, = 34 and R,, = 38 Qsuchthat  |a} functions of the interconnect widthy , and to a first order,
nodes 1 and 2 are simultaneously minimized). 1 1
R(w D= L(w) O= C(w) Ow
The series termination method uses, as shown in w (22)

Fig.10. to present a higher effective impedancé,in suchwhere, the exact relations fét(w) , L (w) and C(w)

that C, , gets charged higher before the wave propagatesare obtained from a parameter extraction model[18]. For
forward. As shown in Fig.11(b), the noise level is con- example, for the microstrip lines on an MCM in Fig.13(a),
trolled whenR; andR,, are optimized together. But with a nominal width of 26m, the line T, with load
since this method uses series resistors, it should be use@€, =10 pF is self-terminated with a driver resistance of
for a smaller number of loads along the net. The use of acl3.5. This, however, leaves the Iin with a load of
termination has been described earlier in [7]. For a fast-ris-5 pF underdamped. By varying the width @  to.b@

ing signal traveling along the lin&;, ;  acts like a short optimally terminates it, as shown in Fig.13(b). The line pa-
circuit to ground. When optimize®,,  is the impedance rameters as a function of line-width are given by:

that the signal sees to ground and its distortion is con- R(Q/cm) = 150/w
trolled. The va_lue oR,, depends ,@]_1 a_nd other line L (nH/cm) = 1/ (0.01 +0.18)
parameters. Fig.12(b) shows the time-domain waveforms

C(pF/cn) = 0.04% +0.68

for the example in Fig.10 with ac termination. (22)
zvi” N . yn wherew is the width in miqrorjs[lS]. It is intere'stin.g to
' note that for a lossy transmission line the solution is not
Vi unique and depends on the relations in (22). The alternate
solution forT, is a line width of §&m. This can be ex-
plained as follows: WitlR ; =13.5Q , reducing the width
of T, increase<,, , but also increases the total line resis-
tance such that a width of (L self-terminates it. On the
other hand, increasing  decreases line resistance along
with Z,, such that for a width of §@n, the driver resistance
terminates the line! The choice between the two solutions
of 10um and 62m will have to be based on factors of pow-
by er, delay and manufacturability[9].
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FIGURE 12: ac termination R,, = 0Time domain waveforms
for C;4=10pF and C,,=5pF. () R,, = 0 and
R, = 40 Q (optimizing p;at nodes 1 and 2). (b) ac
termination with R, = 30 Cand R, = 37.5 (such that
at nodes 1 and 2 are simultaneously minimized).

5.4: Termination Using Rise-time Variation

A typical application for self-termination by varying
the rise-time of the driver is for a net where a short trans-
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