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3. Introduction 33 IntroductionThe limiting factor for high performance systems is set by interconnection delay ratherthan by transistor switching speed. In high performance systems, 50 percent of the totalsystem delay is usually contributed by packaging. This number may rise to 80 percent bythe year 2000. As the operating frequency are pushed above 50 MHz, delay limited by thepackaging technology becomes the pacing item for system clock speed.While hybrid and Printed Circuit Board (PCB) have technical limitations in producing�ne line geometries, thick-�lm methods and multilayer ceramic technologies yield high sub-strate permittivity. A new revolution in packaging technology called the multichip module(MCM) avoids many of the limitations of single chip packages. A multichip module hasseveral bare chips mounted and interconnected on a substrate. By eliminating the individ-ual chip packages, chips are placed closer together resulting in shorter interconnect lengths.Although multichip packaging is not new, the thin �lm multilayer interconnect technologyallows a revolutionary advance in the performance of multichip packaging [BST87] [BMH89].Compared to conventional packaging, MCM's can improve the system operating frequencyby a factor of three, reduce area by a factor of seven, and reduce power consumption by30% [Ohs89].Multichip module packaging is used to design very high speed systems , and it uses lessspace than the conventional packaging techniques. By employing thin-�lm interconnectlines, the number of signal layers are reduced substantially (usually two signal layerswith a power and a ground plane). The lines become lossy due to reduced dimensions,and behave di�erently from the comparatively lossless lines on a PC board [DKR+90].The interconnect lines on thin-�lm substrate usually have the ohmic resistance that iscomparable to the characteristic impedance. If a line is terminated with a load resistor ofappropriate value to minimize signal reections and resonances, the voltage divider formedby the termination resistance and the line characteristic impedance causes substantial andunacceptable attenuation of propagated signals. In addition, each termination dissipatesquiescent power when the line is at non-zero voltage. This power drain negates the low-power-consumption advantage of CMOS circuitry [FT87].This paper addresses the above mentioned problems encountered in propagating high-speed signals through lossy transmission lines, which are found on the silicon-on-siliconthin-�lm multichip modules. Instead of termination by resistors, the long lines on the thin-�lm multichip modules can be structured to critically damp the signal to avoid resonances.These lines are called optimal self-damped lossy transmission lines [FC91]. Since voltagedoubling occurs at the end of the unterminated line due to reection, a controlled amount ofattenuation is tolerable. Being unterminated, the long lines in the substrate are structuredto exhibit a total resistance that is related to the source resistance of the active deviceswhich drives the lines. The relationship which determines the line resistance also dependson the characteristic impedance of the line, the resistivity of the interconnect material,the width and the thickness of the line, and the dielectric constant of the underlyingdielectric material. The structured line which is critically damped can transmits input signalfrequency components up to its resonance limit without any instability or attenuation. Forhigher frequencies, attenuation occurs but the line remains stable [HCBA82] [FT87] [FC91][Bre91].For high performance MCM systems, the interconnection lines are usually operating inthe near transmission line regime. Due to the smaller cross section, the lines on MCM has



4 4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point Neta higher line resistance than a printed wiring board. Due to the longer line length, the lineson MCM has a higher line inductance than those used in very large scale integrated circuit.In order to properly analyze the response of the interconnections of multichip modules atall frequencies of interest, we must take into account the e�ects of both inductance andresistance [FT87].In the following section, we will �rst analyze the point-to-point lossy transmission-lineinterconnection that determines the minimum loss needed to obtain a stable yet fast signalpropagation in unterminated lines. For any particular driver impedance, there is a maximumlength for critically damped interconnect lines. A longer line will become overdamped andhence slower than necessary. For a maximum length interconnect line on the substrate, it isfeasible to determine a set of structural parameters required to achieve optimal high-speedoperation of the line. Since it is easiest to manufacture interconnection lines with �xedmetal and dielectric thicknesses, usually we vary only the line width. The width of a self-damped interconnect line is selectively proportioned as a function of its length. The widthof shorter-than-maximum-length interconnect lines are narrowed relative to the width ofthe maximum-length interconnect line. Lines below a certain minimum length need not bestructured [HCBA82].We then extend the design method from point-to-point nets to multi-terminal nets. Weintroduce a technique to decompose the multi-terminal tree network into point-to-pointsegments to which we can apply the previous analysis. With this design method, optimalself-damped lossy transmission can be applied to all tree topology networks with a singledriving source for multichip modules. The key parameter that ties everything together is thecharacteristic impedance of the interconnects. By controlling the characteristic impedance,we can maintain distortion-free propagation of high-speed signals and to control the ringing.The limitations of this design method are detailed in the concluding section. Themethod results in stable operation as long as the highest frequency component of interestingtransmitted by the lines does not exceed the frequency which corresponds to that the linelength becomes the quarter-wave length. This is usually the case for most of the lines onthe silicon-on-silicon thin-�lm MCM substrates. However, if some particular designs requirelarger substrate or higher speed, the materials and structural properties of the substrate(for example the dielectric thickness) can be changed to meet the requirement.In conclusion, we have found an optimal design method for the design of high speedinterconnection for MCM. This method uses an analytic formula to �nd the optimal widthand characteristic impedance of each branch in tree networks.4 Optimal Design of Self-Damped Lossy Transmission Line forPoint-To-Point NetIn this section, we analyze embedded microstrip lines using Quasi-TEM assumptions.The detailed derivation of electromagnetic wave propagation can be found in the standardmicrowave textbooks [Lia87]. The parameters that characterize the lines are its per unitlength inductance L, capacitance C, and resistance R. Here we assume the loss in thedielectrical layer is insigni�cant for typical multichip module substrates. Figure 4.1 showsthe physical structure of a typical multichip module interconnections.In the following, we summarize the analysis performed by Fry and Tai for point-to-pointconnection [FT87]. Let V (z; t) represents the voltage on the interconnection line at point zdistance from the driver at time t, and I(z; t) represents the current on the interconnection
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Figure 4.1: Typical physical structure of multichip module interconnec-tions. It shows two layer of embedded microstrip transmission lines. The metalstrips in both layers are made of 2�m thick aluminum. The upper layer has 5microns of dielectric above the line and 10 microns below. The lower layer has 10microns of dielectric above the line and 5 microns below. The relative dielectricconstant is 3.5.line at point z distance from the driver at time t. The Quasi-TEM transmission line analysisgives the Telegraphist's Equations:@V (z; t)@z = �RI(z; t)� L@I(z; t)@t (4.1)@I(z; t)@z = �C@V (z; t)@t (4.2)For sinusoidal signals, we can write the voltage and current in their phasor representation,i.e. V (z; t) = V0(z)ej!t; and I(z; t) = I0(z)ej!t:These expressions can be used to separate the variables in Equations (4.1) and (4.2):d2V0(z)dz2 = �(!2LC � j!RC)V0(z) (4.3)d2I0(z)dz2 = �(!2LC � j!RC)I0(z): (4.4)Solutions of Equations (4.3) and (4.4) describe traveling waves given byV (z; t) = V+ej!t�z + V�ej!t+z (4.5)I(z; t) = I+ej!t�z + I�ej!t+z : (4.6)The �rst term in each of the equations describes a wave traveling in the +z direction, andthe second term describes a wave traveling in the �z direction. The propagation constant is given by  = qj!RC � !2LC: (4.7)The propagation constant  is usually de�ned as � � + j�:



6 4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point NetSeparating Equation (4.7) into its real and imaginary parts, and compare to 4 we have� = Re[] = R2s2CL 1r1 +q1 + R2!2L2 = R2s2CL 1r1 +q1 + !2c!2 (4.8)and � = Im[] = !sLC2 vuut1 +s1 + R2!2L2 = !sLC2 vuut1 +s1 + !2c!2 : (4.9)Where in Equations (4.8) and (4.9), we have de�ned the critical frequency!c � 2�fc = RL:The parameter � is related to the phase velocity �p through�p = !� = 1pLC p2r1 +q1 + !2c!2 : (4.10)At high frequencies, ! � !c, this expression simpli�es to the well known result for losslesslines, �p = 1pLC . The parameter � characterizes the attenuation on the line. Its expressionsimpli�es to � = R2qCL at high frequencies. For all frequencies, R is equal to zero for alossless line, in such case � is identically zero.If we substitute Equations (4.5), (4.6), and (4.7) back into the Telegraphist's Equations(4.1) and (4.2), we have I+ = V+s j!CR+ j!L � V+Z0 (4.11)I� = �V�s j!CR+ j!L � �V�Z0 : (4.12)where the characteristic impedance Z0 is the ratio of the voltage to current for each of therespective traveling wave components. It can be written asZ0 = sR+ j!Lj!C = sLC �r1� j!c! : (4.13)In the lossless case, where !c = 0 or ! � !c, we have Z0 = qLC .To determine the unknowns in Equations (4.5) and (4.6), let's consider the boundaryconditions. Figure 4.2 shows a point-to-point net with source voltage Vg(t) and sourceimpedance Rs connected to its source junction, and load impedance ZL connected to itsload junction.From Equation (4.5), de�ne the reection coe�cient as the ratio between the forwardtraveling wave component and the backward traveling wave component to be�(z) � V�ezV+e�z : (4.14)



4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point Net 7

Vg(t)

Rs

Source
Junction

I(0,t)

+

_

V(0,t)

Load
Junction

... ...

Z
Z Z

Z

R L

C
V (0,t)

+

_

L
ZL

Figure 4.2: Point-To-Point Net. Circuit diagram of a point-to-point net repre-sented in the distributed lumped RLC model.Substitute into Equation (4.5), we haveV (z; t) = [1 + �(z)]V+ej!t�z : (4.15)The voltage at the load junction across the load impedance ZL isV (l; t) = �1 + ZL � Z0ZL + Z0 �V+ej!t�l: (4.16)The voltage and current at the source junction areV (0; t) = V+ �1 + ZL � Z0ZL + Z0 � e�2l� ej!t (4.17)I(0; t) = 1Z0 � V+ �1� ZL � Z0ZL + Z0 � e�2l� ej!t: (4.18)Apply Kirchho�'s Voltage Law to the source junction, we haveVg(t) = V (0; t) + Rs � I(0; t)= V+ �(1 + ZL � Z0ZL + Z0 � e�2l) + RsZ0 (1� ZL � Z0ZL + Z0 � e�2l)� ej!t: (4.19)The transfer function is de�ned as the ratio of output voltage at the load side with respectto the input voltage, we have H(!) � V (l; t)Vg(t) : (4.20)Substitute Equation (4.16) and (4.19) into Equation (4.20), we have the transfer function.H(!) = e�j�l ZLZL + Z0 2e��lh1 + RsZ0 + (1� RsZ0 )(ZL�Z0ZL+Z0 )e�2j�le�2�li : (4.21)Assuming jZLj � jZ0j, both terms ZLZL+Z0 and ZL�Z0ZL+Z0 reduce to one. Equation (4.21)becomes H(!) � e�j�l 2e��lh1 + RsZ0 + (1� RsZ0 )e�2j�le�2�li : (4.22)



8 4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point NetThe operating frequency in MCM designs is higher than the critical frequency, so we canuse the high frequency approximations of the characteristic impedance Z0 = qLC , and theattenuation coe�cient � = R2qCL . Combine these two, we have � = R2Z0 . Substitute � intoEquation (4.22), we haveH(!) � e�j�l 2e� Rl2Z0�1 + RsZ0 + (1� RsZ0 )e�2j�le�2 Rl2Z0 � : (4.23)The necessary and su�cient condition for the line to be stable is jH(!)j � 1 at resonance.Please note that we can only optimize designs which satisfy (1 � RsZ0 ) � 0. The other casewhere (1 � RsZ0 ) < 0 means Rs is greater than Z0 and already introduces too much loss.Resonance occurs approximately when 2�l = �. So e�2j�l = e�j = cos(�) + j sin(�) = �1.Substitute this into Equation (4.23) and �nd its magnitude while taking the maximum valueof jH(!)j= 1 for which the line remains stable, we havejH(!)j = �������� 2e� Rl2Z0�1 + RsZ0 � (1� RsZ0 )e� RlZ0 ��������� � 1: (4.24)Solving for RlZo , we have: RlZ0 = 2ln266664 (1� RsZ0 )s1 +r(2� R2sZ20 )� 1377775 : (4.25)Plotting the normalized RsZ0 and RlZ0 , the above equation is well approximated by a straightline, which is described by: RsZ0 + 11:76 � RlZ0 = 1: (4.26)The analytic formula (4.26) shows how the line characteristic impedance and the driversource impedance are related to produce the critical damping waveform on the receiverend, assuming jZLj � jZ0j. Rearrange Equation (4.26) to reect the dependency on linewidth, we have lopt(w) = 1:76 � Z0(w)R(w) �1� RsZ0(w)� : (4.27)The design method is to change the line width to �nd the R(w) and Z0(w) producing thedesired line length. This equation describes only the combined e�ects of source terminationand distributed line resistance damping but leaves out the load termination e�ect for point-to-point nets.To generalize the above analysis [FT87], we take the �nite load impedance into con-sideration. In reality, ZL is frequency dependent and imaginary, and for higher frequency,the assumption jZLj � jZ0j may not hold. Even so, this analytic formula in Equation



4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point Net 94.27 provides a very good �rst order model to solve the point-to-point net. It is easiest tomanufacture interconnection lines with �xed metal and dielectric thicknesses, and vary onlythe line width. For any particular interconnection we need to know the driver impedanceand the interconnection length. Then we choose an appropriate line width to obtain valuesof R(w) and Z0(w) that will satisfy Equation (4.26) [FC91].For �nite load impedance and multi-terminal nets, a new analysis must be adaptedto solve the problem. From the same transfer function (Equation (4.21)), without theassumption jZLj � jZ0j, for critical damping, we havejH(!)j = �������� 2 ZLZL+Z0 e� Rl2Z0�1 + RsZ0 � (1� RsZ0 )(ZL�Z0ZL+Z0 )e� RlZ0 ��������� � 1: (4.28)In order to compute the magnitude of jH(!)j, we want the value of (1� RsZ0 )(ZL�Z0ZL+Z0 )e�2j�lto be real and negative. We already know e�2j�l = �1 and (1� RsZ0 ) � 0. All we need tomake sure is (ZL�Z0ZL+Z0 ) is real and positive. Since ZL can be a complex number, for example,a capacitive loading gives a ZL which is imaginary, a Smith chart impedance transformis adapted here to �nd the equivalent impedance and length. By moving on the Smithchart d distance either toward or away from the generator, we will �nd a position wherethe distance from the generator is the multiplication of quarter-wave length. At this point,the transformed load impedance is real. The magnitude of the transformed impedance isjZLjed or jZLje�d depending on whether we are moving away or toward the generator.And the equivalent length of the line after transform is either l + d or l� d. Again we canhave two cases, in one case the transformed load impedance is greater than the characteristicimpedance; in the other case it is less than. We can only optimize the former case sincedesign changes are required for the later case. After we have transformed the ZL, it can betreated as a real number and we can manipulate Equation (4.28). Solving for RlZo , we haveRlZ0 = 2ln2664 (1� RsZ0 )(1� Z0ZL )r1 + (1� R2sZ20 )(1� Z20Z2L )� 13775 : (4.29)Plotting the normalized RsZ0 , Z0ZL , and RlZ0 in Figure 4.3(a), the above equation is wellapproximated by a plane, which is described by:RsZ0 + 11:76 � RlZ0 + Z0ZL = 1: (4.30)This equation holds for real and large ZL only! It describes the combined e�ects of sourcetermination, load termination, and distributed line resistance damping for point-to-pointnets. In one extreme, if Rs = Z0, we have RsZ0 = 1, the expression simpli�es to the well knownresult of serial termination at the source junction. In the other extreme, if jZ0j = jZLj, wehave Z0ZL = 1, the expression simpli�es to the well known result of parallel termination atthe load junction. What Equation (4.30) suggests is that if there is not enough terminationeither at the source junction or at the load junction, we can compensate it with the lineresistance to meet the critical damping criteria, this is called the distributed termination.



10 4. Optimal Design of Self-Damped Lossy Transmission Line for Point-To-Point NetRearranging Equation (4.30) to reect the dependency on line width, we havelopt(w) = 1:76 � Z0(w)R(w) �1� RsZ0(w) � Z0(w)ZL � : (4.31)Equation (4.27) is a special case of Equation (4.31) with Z0ZL � 0. The optimal designapproach to �nd the line width using Equation (4.27) can also be applied here. It is easiest tomanufacture interconnection lines with �xed metal and dielectric thicknesses, and vary onlythe line width. For any particular interconnection we need to know the driver impedance,the load impedance, and the interconnection length. Then we choose an appropriate linewidth to obtain values of R(w) and Z0(w) that will satisfy Equation (4.31).
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(a) (b)Figure 4.3: 3D plot of the solution and the approximation error. This�gure shows the 3D plot of solution in (a). The x-axis is RsZ0 , the y-axis is Z0ZL , andthe z-axis is RlZ0 . The approximation error is plotted in (b). Because the feasiblesolution is only found above the x-y plane, we can ignore right half of the errorplot.De�ne the approximation error to beerror �  RlZ0 value found with equation(4:30)RlZ0 value found with equation(4:29) � 1!� 100%: (4.32)Figure 4.3(b) shows the error introduced by this approximation. Note that the planeextending below x-y plane does not represent feasible solutions, because RlZ0 cannot havea negative value. The error is small and can be ignored.Now we have a method to �nd the optimal characteristic impedance and transmissionline width for point-to-point nets so that it is optimally self-damped. In the next section,we want to extend this method to the optimization of the multi-terminal net with treetopology.



5. Optimal Design of Self-Damped Lossy Transmission Lines for Multi-Terminal Net 115 Optimal Design of Self-Damped Lossy Transmission Lines forMulti-Terminal NetThe optimization of multi-terminal net is more complicated than point-to-point nets.The width of a branch depends not only on its length, but also on the lengths and width of allthe other branches of this net, as well as the topology of the net. Consider each branch as apoint-to-point net and let the driver source impedance or receiver loading impedance of thatbranch to be variables. From microwave theory, in order to eliminate the power reectionat junction point, the characteristic impedance of the transmission line must match to aparallel termination resistor [Lia87]. A typical microwave engineering problem involvesmatching the characteristic impedance of a source with the combined impedances of all theloads connected at the junction point. The goal of optimization is to maximize the forwardpower transfer, i.e. no power reected back to the source. Figure 5.1 (a) shows a microwavestructure, and Figure 5.1 (b) shows the electrical model. Note that this only eliminatesbackward power reection for forward power propagation through the junction point. Itdoes not eliminate forward power reection for backward power propagation caused by farend reection. If we optimize for the forward direction, the backward direction is alwaysguaranteed to be mismatched. This impedance matching method creates no reection atthe junction point.
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12 5. Optimal Design of Self-Damped Lossy Transmission Lines for Multi-Terminal Netwhere the total length of the transmission line is l, the distance of the point to driver is z,and the propagation constant is .In The rest of the this paper, we use the \impedance matching" to mean the magnitudesand the phases of the two impedances are the same [Lia87].Consider the three terminal transmission line tree network in Figure 5.1 (b), from thecircuit theory, we have the impedance looking toward the load end Zf at the junction pointZf = Zinb k Zinc = Zinb �ZincZinb + Zinc (5.4)To avoid any power reection, the impedance looking both ways must match. This isnecessary for the forward looking impedance Zf to match the backward looking impedanceZr to guarantee no power reection at junction A in Figure 5.1 (b), that isZr = Zf = Zinb k Zinc : (5.5)Now we analyze the output impedance Zr looking from the load direction. Assumethat the impedance of the �rst section of transmission line with length la is Z0a , the driversource impedance is Zs, and the output impedance at any point along the �rst section oftransmission line z distance from the driver is Zo(z). With z replacing l � z and e�zreplacing ez , we haveZo(z) = Z0a � (Zs + Z0a) � ez + (Zs � Z0a) � e�z(Zs + Z0a) � ez � (Zs � Z0a) � e�z (5.6)Output impedance Zr at junction A is obtained by setting z = laZr = Zo(la) = Z0a � (Zs + Z0a) � ela + (Zs � Z0a) � e�la(Zs + Z0a) � ela � (Zs � Z0a) � e�la (5.7)Next we analyze the input impedance Zinb looking from the source direction. Assumethat the impedance of the second section of transmission line with length lb is Z0b , theload impedance is ZL1 , and the output impedance at any point along the second section oftransmission line d distance from the load is Zin(d). Rearranging Equation (5.2), we haveZin(d) = Z0b � (ZL1 + Z0b) � ed + (ZL1 � Z0b) � e�d(ZL1 + Z0b) � ed � (ZL1 � Z0b) � e�d (5.8)Input impedance Zinb at junction A can be obtained by setting d = lbZinb = Zin(lb) = Z0b � (ZL1 + Z0b) � elb + (ZL1 � Z0b) � e�lb(ZL1 + Z0b) � elb � (ZL1 � Z0b) � e�lb (5.9)Similarly we have the input impedance Zinc looking from the source direction.Zinc = Zin(lc) = Z0c � (ZL2 + Z0c) � elc + (ZL2 � Z0c) � e�lc(ZL2 + Z0c) � elc � (ZL2 � Z0c) � e�lc (5.10)Substitute Equation (5.7), (5.9), and (5.10) into Equation (5.5), we haveZ0a � (Zs + Z0a) � ela + (Zs � Z0a) � e�la(Zs + Z0a) � ela � (Zs � Z0a) � e�la = Z0b � (ZL1 + Z0b) � elb + (ZL1 � Z0b) � e�lb(ZL1 + Z0b) � elb � (ZL1 � Z0b) � e�lb kZ0c � (ZL2 + Z0c) � elc + (ZL2 � Z0c) � e�lc(ZL2 + Z0c) � elc � (ZL2 � Z0c) � e�lc(5.11)



5. Optimal Design of Self-Damped Lossy Transmission Lines for Multi-Terminal Net 13The known variables are Zs; la; ZL1; lb; ZL2 ; and lc. The unknown variables are Z0a; Z0b;and Z0c .Note that in the previous derivation, there is no information on the transfer function.The above equation holds true whether the transmission line segments are underdamped,critical damped, or overdamped. We apply the critical damping criteria because we wantto optimally design self-damped lossy transmission lines. If we apply the analysis of point-to-point net to each of the branches, assuming critical damping for all, we have three moreequations, which help to solve the unknown variables.Let's focus on the branch b in Figure 5.1 (b). From previous discussion of necessary andsu�cient condition for critical damping, the 6 H(!) must equal � while ZL and Rs is realand reasonable. So the resonant frequency is approximated by 2�l = �, that is, �l = �2 , soej�l = cos(�2 ) + j sin(�2 ) = j; and e�j�l = cos(��2 ) + j sin(��2 ) = �j:The high frequency approximation of � is � = R2Z0 , so � � l = Rl2Z0 . Plug in  = � + j� inEquation (5.9), we haveZinb = Zin(lb) = Z0b � (ZL1 + Z0b) � e Rlb2Z0b � (ZL1 � Z0b) � e� Rlb2Z0b(ZL1 + Z0b) � e Rlb2Z0b + (ZL1 � Z0b) � e� Rlb2Z0b : (5.12)Similarly, we haveZinc = Zin(lc) = Z0c � (ZL2 + Z0c) � e Rlc2Z0c � (ZL2 � Z0c) � e� Rlc2Z0c(ZL2 + Z0c) � e Rlc2Z0c + (ZL2 � Z0c) � e� Rlc2Z0c : (5.13)If the resistivity of a metal line with thickness t and width w is �, then the per unitlength resistance of the line R is given byR = �t � w (5.14)According to Equation (5.14), the line resistance falls inversely with increasing line width.The characteristic impedance of the line also falls inversely with increasing line width, how-ever it does not follow a simple algebraic equation like line resistance and decreases moreslower with increasing width. The values of characteristic impedance and line resistance areused to �nd relationships between line length and width that result in critically damped be-havior for a given line dimensions. Equation (4.31) reects the dependency of characteristicimpedance and line resistance on line width.Now we turn our attention to multi-terminal networks, their topologies can be repre-sented as a tree. The driver is the root of the tree, the receivers are the leaves of the tree,and the junctions are the nodes of the tree. For a tree, the incoming branch of a node isde�ned as the branch incident to its immediate predecessor. The outgoing branch is de�nedas the branch incident to its immediate successor. For each node in a tree, there is only oneincoming branch except for the root; and there are one or more outgoing branches exceptfor the leaves.In our method, we size each branch of the network by varying its width to achieve criticaldamped criteria. Our assumption here is that combined input impedances of the outgoingbranches at the junction are also the loading impedance of the incoming branch. This isbased upon the concept of \impedance matching".



14 5. Optimal Design of Self-Damped Lossy Transmission Lines for Multi-Terminal NetAnalyzing the multi-terminal net using impedance matching, we obtain a set of equationswith respect to each of the junction points. Together with the set of equations obtainedfrom optimal sizing of point-to-point segments to achieve critical damping, we can solvethe equations and �nd the optimal characteristic impedance and sizing for all the branchesin the multi-terminal net. Figure 5.2 (a) shows an example of a multi-terminal net, andFigure 5.2 (b) shows the decomposition of the net.For example, we can compute the impedance Rsb in Figure 5.2 looking out of thisbranch toward the source side by �nding the Thevenin Impedance using Equation (5.13)and Equation (5.7). By theorem of Thevenin equivalence, we haveRsb = Z0a � (Zs + Z0a) � e Rla2Z0a � (Zs � Z0a) � e� Rla2Z0a(Zs + Z0a) � e Rla2Z0a + (Zs � Z0a) � e� Rla2Z0a kZ0c � (ZL2 + Z0c) � e Rlc2Z0c � (ZL2 � Z0c) � e� Rlc2Z0c(ZL2 + Z0c) � e Rlc2Z0c + (ZL2 � Z0c) � e� Rlc2Z0c : (5.15)
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6. Example 15other than b in the tree.END.FOR Each branch in the tree from leaves to rootCompute the driving point impedance of the incoming branchof the node for which all the characteristic impedanceof the outgoing branches are known.Find the optimal width and the characteristic impedance forthe branches with known driving point impedanceusing Equation (4.31).END.UNTIL The widths of all branches converge.RETURN The widths of all the branches of the tree.END.6 ExampleTo illustrate our method, we consider the two multi-terminal tree networks shown inFigure 6.1 (a) and (c). These tree network consists of one driver and many receivers.The driver is modeled by a 12
 resistor. The loading capacitances for all receivers varyform 0:75pF to 1:60pF . We present the simulation results of the initial designs which areunderdamped and overdamped, together with the simulation results of critical dampingobtained by using our optimal design method. The optimal design uses comparable routingresource as the overdamped cases, and far less routing resource than the underdampedcases.Example 1: In case we use uniform width of 82�m, the lines will be underdamped. Onthe other hand, if we use 3:4�m, the lines will be overdamped. Our optimal design produceswidths ranging from 3:1�m to 24�m. The width of each branch is show in table 1. Thesimulation results are shown in Figure 6.1 (b). It shows less delay than the overdampeddesign and no ringing as in the underdamped design.Table 1: Width and Length of Branches in Example 1Branch 1 5.0mm 24.0�mBranch 2 10.0mm 11.8�mBranch 3 5.0mm 3.4�mBranch 4 10.0mm 4.5�mBranch 5 10.0mm 3.3�mBranch 6 10.0mm 10.5�mBranch 7 5.0mm 3.4�mBranch 8 10.0mm 3.3�mBranch 9 20.0mm 3.1�mExample 2: In case we use uniform width of 82�m, the lines will be underdamped. Onthe other hand, if we use 15�m, the lines will be overdamped. Our optimal design produceswidths ranging from 1:4�m to 60�m. The width of each branch is show in table 2. Ouroptimal design method cannot optimize the �rst segment in this tree because the size of thistree. However, this only results in a slight overdamping on all the output waveforms. The



16 7. Concluding Remarkssimulation results are shown in Figure 6.1 (d). It shows less delay than the overdampeddesign and no ringing as in the underdamped design.Table 2: Width and Length of Branches in Example 2Branch 1 12.56mm 60.0�mBranch 2 7.55mm 34.1�mBranch 3 2.16mm 11.0�mBranch 4 9.41mm 8.9�mBranch 5 0.31mm 1.1�mBranch 6 9.68mm 6.7�mBranch 7 0.26mm 7.0�mBranch 8 1.08mm 1.6�mBranch 9 7.26mm 12.9�mBranch 10 2.20mm 2.8�mBranch 11 9.70mm 1.1�mBranch 12 7.57mm 1.0�mBranch 13 7.30mm 5.2�mBranch 14 7.55mm 1.0�mBranch 15 2.17mm 2.9�mBranch 16 9.70mm 1.2�m7 Concluding RemarksThis optimal design method is to increase the line resistive losses until the fundamentalresonance of the line is critically damped [FC91] [Fry92]. The frequency response is designedto fall o� above this resonant frequency without any resonant peak. The basic idea is toadd enough losses to damp out the reection and resonance, but not too much to degradethe rise time and propagation delay of the high speed signal. The analysis shows for theprocess parameters in the example that the maximum length is about 35cm[FT87].The other limitation comes from the critical damping criteria for branches in multi-terminal net. This imposes a limitation on the maximum length of the line. This is not alimitation in propagating high speed signal, it is a limitation on the capability to criticallydamp the line. Using the same process parameters for this example, if the load impedance is214
 at 400 MHz, and the per unit length resistance for the line is 2:4
=cm, the maximumlength for the line that we can apply our optimal design method to is 10cm. To extend thelimitation, wider interconnections with lower per unit length resistance are required. Beyondthis length, the response falls inversely with the square of the length becoming overdamped.This waveform has no overshoot or undershoot but su�ers from longer propagation delay.According to our optimization equation, the �nite source impedance and load impedancereduces this maximum length considerably. This is not to say that this particular choiceof structural and processing parameters is necessarily adequate to achieve optimum perfor-mance, instead this means that given any structural and processing parameters, our designmethod will �nd an optimal solution if it is feasible.Due to the limited space and heat dissipation problem, the interconnections on multichipmodule are better left unterminated. The metal and dielectric �lm thickness commonly used
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