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Abstract—A field programmable MCM architecture uti-
lizing an array of modified FPGAs is proposed. The fast
interchip interconnections required by large partitioned de-
signs are realized with a fixed wiring network on the MCM
and programmable interconnection frames on each FPGA.

1 Overview

We present a new field programmable architecture
for prototyping large designs using multiple FPGAs
which offers excellent performance and economy while
retaining the immediate turnaround of FPGAs at the
system level.

For our packaging technology we have selected
MCMs([1] because they offer the large pin count per
chip necessary for high chip utilization in a parti-
tioned design, and because the off chip delays are
smaller than with PCBs. Due to the technological
complexities of providing configurability at the MCM
level we assume a fixed, nonconfigurable, statistically-
determined wiring pattern.

It would be convenient to use commercially avail-
able FPGAs (e.g. Actel[4] and Xilinx{5]), but these are
not suited to our requirements. First, such FPGAs do
not provide the high pin to gate ratio required when
partitioning a design among multiple FPGAs. As a
result the FPGAs are typically underutilized[6]. Sec-
ondly, since the I/O buffers of these chips are designed
for general purpose use with PCBs, they do not give
the better performance possible with MCMs.

Responding to these two considerations, we could
use an FPGA with a commercial internal architecture,
yet with a high pin count and special I/O buffers.
However, the fixed MCM wiring pattern assumed in
our architecture imposes severe routing constraints
which we solve by routing many signals through the
FPGAs themselves[6]. Since the routing architectures
of commercial FPGAs are optimized for local intercon-
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nects, the delays incurred in routing signals from one
pin to another through the entire chip are too large.
Placing specialized switching chips[9] on the MCM
would partially avoid this problem, but such central-
ization would increase average wirelength and lead to
inflexibility in partitioning, placement and routing.

Therefore, we propose to modify the FPGAs
to support quick connections from one pin to an-
other, thereby uniformly distributing routing re-
sources across the chips on the MCM. We do so by
surrounding the FPGA logic core with an intercon-
nection frame (Fig. 1) which supports fast thru-chip
as well as chip-to-chip connections.

In this paper we focus on the configuration and the
design of the interconnection frame. In section 2 we
describe the proposed architecture of the interconnec-
tion frame. In section 3, we use circuit simulation to
determine the circuit types and the transistor sizing
assuming AT&T’s MCM technology[7] and a standard
1.2-pm CMOS technology.

2 Frame Architecture

We assume the logic core of our modified FPGA to
be similar to an existing FPGA (specialized functions
could also be used). We also assume that the inter-
connection frame is programmable via a shift register.
Connections leaving the MCM are similar to conven-
tional PCB connections and will not be addressed in
this paper. Among inter-chip connections within an
MCM, connections between neighboring chips will pre-
dominate, so many can be implemented as fixed core-
to-core connections. The remainder should be pro-
grammable using the interconnection frame.

The frame supports two basic switching patterns:

o Connect a signal from the core of chip A through
a pin on chip A, across the MCM and to a pin on
chip B. The signal is switched through B’s frame
and then connects to B’s core (Fig. 2a). This is
the conventional pattern.

e Connect a signal from the core of chip A through
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a pin on chip A, across the MCM and to a pin on
chip B. The signal is switched through B’s frame
and then connects to another pin on B. The signal
is then sent from this pin over the MCM to a pin
on chip C which connects to C’s core (Fig. 2b).
In section 3 we optimize this pattern, since it is
more critical than the previous pattern.

The frame is split between the four corner regions
of the chip, each containing a switchmatrix (Fig. 3a).
Within a switchmatrix, all horizontal lines can connect
to all vertical lines (Fig. 3b). Connections between the
four switchmatrices and between the switchmatrix and
the chip core are also provided.

With MCMs and flip-chip bonding, the direct inter-
connections between neighboring chips have a much
lower capacitance than interconnections between re-
mote chips. Hence, in considering thru-chip intercon-
nection patterns, we will distinguish short interconnec-
tions between neighboring chips (5mm and about 1pF
for AT&T), and long interconnections between chips
that are not close (anything over 2cm); intermediate
lengths could be classified either way (Fig. 1). Our
goal is to take advantage of the performance benefits
of the MCM environment by optimizing the switch-
matrix for the expected mix of attached interconnec-
tions. Depending on the length of the connections to
the switchmatrix, we have the four thru-chip intercon-
nection cases optimized in section 3: short-to-short,
long-to-long, short-to-long, or long-to-short.

At the inputs to the switchmatrix, small buffers
may be present to enhance the incoming signal.
NMOS transistors, whose gates are driven by 7V to
eliminate the voltage drop problem, route the 5V sig-
nals 1nside the switchmatrix. Additionally, output
buffers may be needed to drive the off-chip intercon-
nect. Since every signal path must be bidirectional,
any output buffer must have an input buffer placed
back-to-back; or the bidirectionality may be obtained
by simply placing a pair of large programmable bypass
transistors across the output buffer (Fig. 3c¢).

3 Frame Design
3.1 MCM Model

Throughout this section we assume parameters for
AT&T’s MCM technology{8], with a wiring capaci-
tance of about 1p¥F/em, a characteristic impedance be-
tween 50 and 100€2, and a wire resistance of 20m/0.
We chose 50pumx 50pm flip-chip bonding pads, with a
capacitance of 0.5pF and an inductance of 0.05nH.

3.2 Buffer Circuits

In our application differential lines are unaccept-
able because of the higher pin count. The advan-

tage of differential lines is mainly noise immunity; the
gain in speed is not compelling. In CMOS, there is
a choice between low swing ECL-like circuits(2], low
swing CMOS/3], and standard full swing CMOS. The
low swing ECL-like circuits are not interesting for our
application because of the high DC power consump-
tion. Low swing CMOS circuits consume less power,
but simulations show them to be slower, mainly due to
the low swing to high swing conversion at the receiver
end. Our final choice is full swing CMOS buffers.

3.3 Path Design

We simulated each of the four interconnection cases
with HSPICE — Fig. 4 summarizes the signal path
we simulated in the short-to-short case; the others were
similar. The input buffer is a two stage tristate buffer
with adjustable sizing. The output buffer is a three
stage tristate buffer with sizing such that MCM trans-
mission line behavior is insignificant (the driver sizes
are W,=400 pm, W,=200 pm). For each case, we
considered the placement of either an input bypass
transistor pair or a buffer at the switchmatrix input,
and the placement of a buffer at the matrix output,
for switchmatrices varying in transistor widths and in
number of short and long paths connected. The prop-
agation delay and the rise and fall times of the output
signals were measured for T=70°C. We have measured
rise times to the 80% point since 7V NMOS switches
degrade the rising edge past 4V, which 1s not critical
for our circuits.

The first simulations indicate that input buffers do
not improve the delay for any of the interconnection
cases. In fact, for different interconnection lengths,
input buffers added 0.5ns to the delay even for the
fastest input buffers, so we will not use them. How-
ever, each path must support signal propagation in
both directions, so where there is an output buffer (as
determined below) we will place an input bypass tran-
sistor pair. Fortunately, a large input bypass transistor
pair will not significantly increase the total propaga-
tion delay.

Similarly, the best delay with no output buffer in
the short-to-short case is at least 20% smaller than the
best delay with a buffer, whether or not the signal
previously passed through an input bypass transistor
pair. The risetime is longer without an output buffer,
but not unacceptably so (in the range of 2.5ns). No
output buffer should be used in the short-to-short case.

In the case of a long-to-long interconnection, the
presence of an output buffer does not significantly af-
fect the best delays. However, since the output buffer
does improve the risetime it should be included. In ad-
dition, the presence of an output buffer makes small
delay times possible without large switch transistor
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[ Case Input Output
short-to-short || no bypass unbuffered
short-to-long || no bypass buffered
long-to-short || bypass transistors | unbuffered
long-to-long bypass transistors | buffered

Table 1: Optimized Path Configurations

sizes. As previously argued, with the output buffer we
must include a large input bypass transistor pair for
bidirectionality.

The considerations for the short-to-long case are
very similar to the long-to-long case above. Conse-
quently the short-to-long case will not use an input
buffer but it will use an output buffer.

The long-to-short case is the reverse of short-to-
long, so there must be an input bypass transistor pair.
Omitting the output buffer does decrease the delay
(by 10%), but this would increase the risetime by 3ns.
However, we have decided that for consistency with
the implementations already presented for the other
three cases, the increased risetime is acceptable (since
the switching delay from propagation and risetime is
still less than a long-to-long interconnection delay),
and so we will not use an output buffer in the long-to-
short case.

Table 1 summarizes the path configurations for each
case which provide the most effective system solution.
From all the arguments we see that we should place an
input bypass transistor pair and output buffer combi-
nation at a pin if and only if it is attached to a long
interconnection. This is the simplest rule which will ef-
fectively implement all four thru-chip interconnection
cases.

3.4 Transistor Sizing

From the equivalent circuits for the path configura-
tions selected above, we obtain the first-order-delay-
minimizing switch transistor sizes W, Wy, Wi,, and
Wy for the four cases:

_ Cx,s + NiWgc;
Voo =\ 79N Rogees W
_ NiWiei
WSI B (Nl + Ns)Rogtci (2)
C.'L‘ s+ Ns Wssci
Wis = : 3
! \/;Ns + Ni) (R, + Ri)gsci ®)

N Wises
Wiy = g 4
" 2Ni(R, + Ro)gec @)

N, and N, are the number of short and long intercon-
nections, respectively, attached to the switchmatrix;
R; is the input bypass transistor pair ON resistance;
R, is the output driver transistor equivalent resistance;
Cp,s is the external short interconnect capacitance; g
is the switch transistor ON conductance per um tran-
sistor width; and ¢; is the sum of the switch transistor
drain-to-source capacitance and the metal wire capac-
itance, per um transistor width. Note that the widths
derived above for minimal first order delays depend on
the switchmatrix sizes N, and Nj.

Simulations show that the delay dependence on
the widths in the short-to-long and long-to-long cases
is small because the buffer shields the switchmatrix
from the capacitance of the external interconnection.
Therefore, we are not constrained to the values calcu-
lated for W,; and Wy in (2) and (4), but have con-
siderable flexibility in their selection if we maintain a
certain minimum width (15um for the chosen param-
eters).

However, the paths without an output buffer (short-
to-short and long-to-short) show a much greater delay
dependence on width; so we should use the values cal-
culated for W, and Wi, in (1) and (3). Since long-to-
short is short-to-long reversed, and we showed that the
choice of W,; is quite flexible, we will set W,; equal to
the value obtained for Wi, from (3). This is greater
than the minimum width requirement for Wy;.

Lastly, we showed that the choice of Wy 18 uncon-
strained. Therefore we can choose Wj; to save area, as
long as we maintain the minimum width.

4 Conclusion

We have investigated alternative implementations
of an interconnection frame for FPGAs used on an
MCM substrate with fixed wiring. We determined
that conventional CMOS full swing signals would af-
ford the best inter-chip performance rather than some
form of low swing signalling. Surprisingly, 1/0 buffers
were not needed in many cases due to the decreased
MCM capacitance and switches controlled by 7V sig-
nals.

Fig. 5 shows simulated delay versus switchmatrix
dimensions of our chosen implementation for the short-
to-short case. Although we have yet to determine what
mix of short and long connections our prototyping ar-
chitecture will require, this graph and similar ones for
the other cases show that neighboring connection de-
lays of 3.5ns and long-range connection delays of 6ns
are attainable when routing a signal through a chip
with the interconnection frame. Such speeds will make
our prototyping architecture feasible.
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Figure 5: short-to-short delay versus sizes N, and N;.
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