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Abstract The paper presents a new method to synthesize macromodels for very large 
on-chip interconnection networks which can be simulated very efficiently with 
traditional SPICE-like simulators. The method is taking advantage of the fact that 
in CMOS VLSI circuits, the receiving ports of the dock distribution network can 
be accurately modeled by lumped passive impedances. Our method simplifies 
the task of simulating the interconnect by building a reduced order macromodel 
only for the subset of driving ports of the net. The signals at the passive ports can 
be determined, in a later stage, as linear combinations of a reduced set of primary 
signals, obtained during the simulation of the driving ports macromodel. The 
simulation time for the macromodels generated in this way is greatly reduced, 
the size of the macromodels is kept small and the accuracy is preserved. 
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INTRODUCTION 
In modern microprocessors, due to higher operating frequencies, tight design 

constraints are imposed on critical nets such as the c10ck distribution networks. 
As a consequence, the designers need to perform a more detailed circuit anal
ysis with an accurate SPICE-like circuit simulator, as opposed to relying on 
the traditional static timing analysis. At the same time, the size of the c10ck 
circuits that must be simulated has increased dramatically due to two factors: 
increased transistor and wiring density, and high operating frequencies. In
creased transistor and wiring densities allow for more transistors to be packed 
on the same chip and, naturaIly, this results in much larger c10ck distribution 
networks. In order to capture accurately the large bandwidth of the signals, 
the distributed RLC representation of the interconnect also needs to be more 
complex. So, the designers are confronted with the fact that they have to design 
much larger structures and, for that, they have to use more and more accurate 
simulators, which are very slow. This makes the design of c10ck networks 
a very time consuming task and, for a faster design cyc1e time, new ways to 
improve things are needed. One such way to reduce the simulation time of 
very large circuit structures is to use reduced order macromodels for the RLC 
interconnect sections. 

The problem of building macromodels for linear circuits is very weIl under
stood and not new. However, the problem of building macromodels is usually 
left at the point where a reduced model is obtained, usually in the frequency
domain form, and most of the effort is put into quantifying the accuracy and 
the stability of the reduced order model. One of the first attempts to gener
ate macromodels that could be integrated with general purpose simulators is 
presented in [Kim 94]. The macromodels generated in [Kim 94] are based 
on A WE [Pillage 90] and, as a consequence, they are not guaranteed to be 
stable. Also based on AWE is the method proposed in [Dartu 96], which takes 
advantage of the fact that most of the ports (the receiving ports) can be mod
eled as passive loads and can be inc1uded in the macromodel, but it has the 
draw-back that can be used only for RC interconnect circuits. Another method 
to generate macromodels for simulation purposes is [Feldman 95], which uses 
the Pade-Via-Lanczos algorithm, thus resulting in more stable reduced order 
models, as compared to AWE. Other notable methods for generating reduced 
order approximations as weIl as lumped circuit models are [Kerns 96, Mangold 
98]. A powerful new method is the coordinate-transfmned Arnoldi algorithm 
[Silveira 96, Elfadel 97], which guarantees stable reduced order models. In 
our approach, we use an implementation of the Arnoldi algorithm, PRIMA 
[Odabas 97], wh ich guarantees the passivity of the reduced order models. 

In an industrial environment, several other problems, beside passivity and 
accuracy, can appear: how to use the macromodels with an existing simulator, 
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how to build models which are reduced in size (preferably smaller than the initial 
circuit), how to simulate the macromodels in the most efficient way, how to 
store and post-process the simulation results, how to integrate the macromodels 
into the general design flow. Some of these "implementation issues" can have 
a direct negative impact on the entire macromodel generation algorithm and 
the best theoretical approach may not be the most feasible one in practice. 

The use offrequency-domain reduced order models normally requires access 
to the core of the simulator, because inputting such models in file format to 
a SPICE-like simulator is prohibitive. One solution to this problem is to 
use synthesized lumped circuit macromodels based on the frequency-domain 
reduced order representation because lumped circuit elements are part of the 
input format of any commercial circuit simulator. 

The benefit of "linearizing" receiving (sink) ports and inc1uding their pas
sive loads into the interconnect [Dartu 96] is that the signal activity is fully 
characterized only by the driving port signals. So, with a macromodel built 
only for the sub set of driving ports, we can fully capture the behavior of the 
interconnect, if the sink port loads are known apriori. But, in order to generate 
the signals at the sink ports, we have to post-process the simulation results for 
the macromodel corresponding to the driving ports. An efficient way to do 
that is to generate a reduced set of "primary signals" during the simulation of 
the macromodel, signals which are later re-used as construction blocks for any 
other signal of interest (sink port response) through simple linear combinations. 
As a consequence, the macromodel size is small (basically only the sub set of 
driving ports) and the simulation time is greatly improved while the accuracy 
is preserved. 

In Section 1 we describe the modified macromodel equations based on the 
admittance formalism. In Section 2 we describe in detail the actual macromodel 
building process and the problems associated with it. In Section 3, considera
tions on the simulation speed are discussed, while in Section 4 we present some 
performance statistics of a tool that has been developed based on our macro
modeling method and is used at Motorola's PowerPCT M 1 microprocessor 
design center, Somerset Design Center in Austin, Texas. 

1. TUE ADMITTANCE FORMALISM OF 
MULTIPORT STRUCTURES 

In the admittance (Y) formalism [Valken 60] a sink port is "active" even 
when no current is flowing through the port because its effect at other ports is 
seen as a function of the voltage across the port pins. For a circuit with p ports, 

I PowerPC is a trademark of International Business Machines Corp. and is used under license by Motorola 
Inc. 
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Figure 1 The multi-port representation: a) typical Y formalism; b) modified Y formalism. 

d drivers and p - d sinks, the equation of port j is given in ( 1.1): 

Ij(s) = VI . YIj + V2 . f2j + ... + Vp . Ypj, for 1 S j S p. (1.1) 

A multi-port structure is generally represented as in figure la, where the 
sink ports are "linearized" by capacitive loads. The voltage across sink ports 
is in reality determined only by the active port voltages. In figure 1 b, the 
electrical structure of the netlist is modified such that when a port is passive, 
the voltage across that port is zero. This is effectively done by including the 
port load into the interconnect and by defining the sink port as a short circuit. 
In this case, the port equations will be different at the sink ports from the driver 
ports. For a driving port a and a sink port m, the port equations are: 

Ia(s) = VI . Yla + V2' Y2a + ... + Vd · Yda , 
for 1 S a S d drivers only, 

Vm(s) = VI' H lm + V2 • H 2m + ... + Vd' Hdm , 
for d Sm S p sinks only. 

2. BUILDING THE MULTIPORT MACROMODEL 

(1.2) 

(1.3) 

Each transfer admittance (or voltage transfer) term is described in terms of 
circuit poles and residues: 

(1.4) 

A very important observation is that the poles apply to the linear network as a 
whole and only the residues are specific to each transfer admittance (voltage 
transfer) term. U sing the expression of the admittance from ( 1.4), and knowing 
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Figure 2 The synthesis of the pole component: a) the two admittances for a pair of complex 
conjugate poles b) the admittance for a real pole. 

that only d ports are driving ports and that all the sink. port loads are known and 
present in the circuit, we can rewrite the a-th port equation as: 

(1.5) 

Equation ( 1.5) can be rewritten as: 

. m i s + ni . pi s = and Q'. = (1 7) 
J his2+kis+l J his2+kis+l . 

In the case of a driving port, we need to determine the effect of other drivers 
on our port. From ( 1.5), the contribution of another driving port j to the 
total current of port a is a current [ja = V; . Yja. Inspecting ( 1.6) we can 
see that each current contribution can be split by poles and each pole current 
contribution can be described using a current controlled current source. The 
control current is V; . Pj or V; . and the scalar multiplier is q;a or r;a' 
respectively. The reason why the poles are split into two components, see 
(1.7), is that each sub-component can be synthesized in the form of an input 
admittance. The synthesized RLC structures used for the two sub-components 
of a complex pole pair and the component of a real pole are shown in figure 
2. The control currents V;. pj and V; . are the currents flowing through 
these simple RLC synthesized structures driven by a voltage source V;. The 
values for the synthesized elements are determined using only the pole values 
( 1.8). The Cl! coefficient in ( 1.8) is any number greater than 1 such that has 
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a real positive value. 

choose a > 1.0, 

Ri = 1 m = 1 = max { 1, a· C!7;2 - 1) } R i -1 4 - , 

(1.8) 

The m, n and p coefficients are determined using the R, L, and C elements 
computed in (1.8): 

= 

Li . 
j!s + 1 

4 

The q and r coefficients are determined such that the original residues are 
matched: 

. 
qz. =::J..!!. 

Ja m t and 

The block level circuitry for a two-driver circuit is shown in figure 3. The 
controlling currents (primary signals) are determined only by the drivers. This 
means that it will be more efficient to synthesize and derive these primary 
signals Vj . Pj and Vj . in a driver auxiliary circuitry rather than into the 
sink circuitry. These signals are used to model the transfer admittances at 
the driving ports in figure 3 as weIl as the transfer functions at the sink 
ports. The reduction in circuit size is achieved because the number of drivers 
is usually much smaller than the number of sinks, especially in large nets like 
clock distribution networks. 

For each sink voltage given by ( 1.3) we have a set of voltage transfer 
functions, each corresponding to a driver. As opposed to the case of a driver 
port, the primary signals (Vj . Pj . and Vj . . r; ) are now voltages and 
the sink voltage is obtained using a chain of current controlled voltage sources. 
Note that the components Vj . Pj and Vj . are the same as the components of 
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laa =qaa1la1 1 + ... +qaaNla1 N 

+raa1la21 + ... +raaNla2N 

Iba = %a 11b1 1 + ... +QbaNlb1 N 
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Ibb = %b 11b1 1 + ... +%bNlb1 N 
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- -

Figure 3 The block level circuitry for a circuit with two-drivers ( a and b). Each driver has a 
driver auxiliary circuit where the primary signals are generated. 

Figure 4 The structure of the sink circuitry in the case of a two-driver ( a and b) two-sink (m 
and n) circuit. 

( 1.6) so the sink ports use the same partial responses from the driver auxiliary 
circuits. The difference is that the scalar coefficients q and rare, in the sink case, 
acting as resistances. As outlined in the previous paragraph, the sink response 
becomes just a linear composition of driver dependent partial responses and 
this eliminates any simulation that has to be done in the sink circuitry. For a 
circuit with two drivers (a and b) and two sinks (m and n), the circuitry of the 
sink ports is shown in figure 4. 

The size of the macromodel is a function of the number of drivers (d), the 
accuracy (number of poles required (2N» and the number of sinks (p - d): 

1. resistors: ::; 3dN (equality when all poles are complex), 

2. capacitors: 2dN + p - d, 
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3. inductors: ::; 2dN, 

4. voltage controlled voltage sources: d, 

5. voltage controlled current sources: d, 

6. general fonnat current sources: J2 (each source is a linear combination 
of voltages - at drivers) [MCSpice 95], 

7. general fonnat voltage sourees: dp - J2 each source is a linear combi
nation of voltages - at sinks) [MCSpice 95]. 

Maximum total number of elements: d· (7 N + P + 1). 
PRIMA also provides general macromodels for linear circuits and these 

are the most compact synthesized circuits with a size of O(N P). But the 
disadvantage of PRIMA's approach is that all the nodes of interest must be 
considered as ports in the multiport structure. In our case, the number of 
elements is O(dP) when we are building a full macromodel with all the sinks 
present in the circuit. The most practical approach is to build a macromodel 
only for the active drivers (in which case the size of our macromodel is O( dN», 
simulate this circuit and save the partial responses (Vj . pj and Vj . ) on 
disk and post-process them later in order to obtain the sink responses. Note 
that, in this approach, the macromodels that we are building become more 
advantageous than PRIMA's macromodels because, nonnally, d «P. Our 
macromodels are currently synthesizing the same set of N pairs of poles for 
each driving port. In reality the synthesized circuit can be much more compact, 
with N pairs of synthesized poles for all the driving ports. But, from an 
implementation point of view, this requires much more pre-processing work 
and makes the macromodel structure much more complicated and less intuitive. 

3. THE SIMULATION OF A MACROMODEL 
STRUCTURE 

In this section we present some considerations on the simulation speed of 
the macromodels built using our approach. Because the synthesized macro
modei uses decoupled pole representations, it has the great advantage that the 
structure of the circuit admittance matrix is very sparse. All the matrix entries 
that correspond to the synthesized auxiliary circuits will be ordered in a block 
diagonal sub-matrix as in figure 5. All the constant coefficients used for 
controlled sources will be present in two off-diagonal blocks. All the driver 
ports will generate a sub-matrix that is an identity matrix because there are no 
direct connections between the active ports. From the general structure of the 
matrix, it is apparent that such a structure is very convenient for matrix LU 
factorization which is the most time-consuming part of a simulation. This is the 
reason why, sometimes, macromodels may be easier to analyze than the initial 
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Figure 5 The macromodel admittance matrix has a very weil organized structure which is 
convenient for matrix factorization. 

circuit even if they have more components. In normal interconnect circuitry, 
because of the tight spacing between on-chip wires, there is a lot of capacitive 
and mutual inductive coupling and that results in less sparse admittance ma
trices. As a consequence, the MNA matrices corresponding to these nets are 
more dense and the use of macromodels becomes very advantageous from the 
simulation time point of view. 

As described in the previous section, in a practical implementation, the 
coefficients corresponding to the passive ports are not present in the MNA 
matrix. These coefficients are used later in the post-processing stage in order 
to determine the sink responses. 

4. RESULTS 
In this section we present some results which demonstrate the accuracy 

and the efficiency of our approach. This macromodeling technique has been 
implemented in a program called Macrosim, which is primarily used for the 
design of very large clock networks at the Somerset Design Center. The tests 
performed on the tool have shown excellent accuracy (50% delay comparison 
and 10% to 90% rise time comparison) with an average of less than 1 % error 
(2% maximum). The simulation time speed-up achieved varies from 3x to 
30 x over the full netlist. 
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In order to illustrate the accuracy and the speed-up of our method, we have 
chosen a section ofthe clock distribution network of one of our microprocessors. 
The c10ck section has one driver port and 370 sink ports and has an electrical 
model of 27484 elements (15148 capacitors, 7413 resistors and 4923 inductors). 
In table 1 we present the ron times for the full netlist and for the macromodels. 
The macromodels are ron in two different cases: in the first case, all the sinks are 
present in the macromodel and no post-processing is needed, and the second 
case, when no sinks are present in the macromodel and post-processing is 
needed. For the second case, the two numbers indicate the ron time of the 
SPICE simulation and the ron time of the post-processor stage. The driver of 
the c10ck section has 40 NMOS and 70 PMOS transistors, and 112 capacitors. 

Table J Run-times for the full dock section netlist and its corresponding macromodels 

Juli netlist macromodel with ali sinks macromodel with no sinks 

434.88s 66.11s 8.94s/7.32s 

In figure 6 the signals at the output of the c10ck section driver and at 
one of the sink ports is shown. The macromodels used in this example (and 
in the normal tool ftow) have 10 poles which are enough for our accuracy 
requirements. Note that the signal at the output node of the driver (a drv on 
the plot) is very accurately captured by the macromodel (b drv) despite the fact 
that, due to the inductance of the lines, there is a reftected wave that produces 
a voltage spike. 

The use of Macrosim proved to be very appealing to the c10ck network 
designers because, although it is not as fast as the static timing analysis, it is 
much faster than the full SPIeE simulation and gives the user the ftexibility to 
analyze the drivers separately or to monitor only some sink nodes of interest. In 
table 2 we show the accuracy of our macromodeling technique in comparison 
to the typical static analysis ron that is performed on c10ck nets. All the errors 
are with respect to the full netlist SPICE simulation. 

Table 2 Accuracy comparison between the static timing analysis and the macromodels 

Error type Static timing Macromodels 

Avg. delay error 1.6% 0.6% 
Avg. rise time error 11.5% 0.8% 

Max. delay error 3.7% 0.7% 
Max. rise time error 13.5% 2.0% 
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Figure 6 Simulation results for the output node of the driver (drv) and one sink node (sink). 
The a signals are from the full network, while the b signals are from the macromodel. The time 
and voltage units on the x and y axis have been scaled. 
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