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Fig. 9. 4-bit parallel MAC composed by array multiplier and RCA. (a) ME-NML circuit. (b) Scheme.

gets bigger affecting the overall circuit latency. On the other
hand, for any number of bits, the RCA is always one col-
umn thick, having a constant impact on the latency. Every
block of the multiplier requires 5 clock cycles to be crossed
horizontally (signal A) and 2 vertically (signal B). Therefore,
the inputs (bottom left) need (5(N − 1) + 2N + 5) · Tclk to
reach the result. In a MAC, each multiplication result is added
to the value in the accumulator. Since each block of the adder
has a 5 clock long feedback loop, the operations cannot be
fed to the MAC in a continuous flow. Two operations must
be fed with 5 cycles delay in order for them to be added to
each other. Therefore, to reach the maximum throughput (one
operation per clock cycle), five uncorrelated operations must
be interleaved.

V. RESULTS

This section presents the performance outcomes for the
MAC unit implementations proposed. The serial MAC
depicted in Fig. 7(b) and the one with shared adder and accu-
mulator of Fig. 7(d) are considered as two distinct circuits. The
four architectures are first examined in terms of throughput and
latency.

The computation of throughput and latency has been pre-
sented for each architecture in Section IV. Results are sum-
marized in Table I. From this comparison, it is clear that the
parallel solution has the best results, in particular, if interleav-
ing is applied. The same is true when considering the latency,
even though for small number of bits, the serial with sharing
implementation has some advantage over the others.

For a complete comparison, it is necessary to understand if
the advantages of parallel MAC in throughput and latency are

TABLE I

COMPARISON OF THE MAC IMPLEMENTATIONS IN TERMS OF MAXIMUM

THROUGHPUT, MAXIMUM INTERLEAVING, AND LATENCY

balanced by worse performance in terms of area occupation
and power dissipation.

Table II puts side by side the two serial implementations,
showing that as expected, the one with sharing improves
area occupation and power consumption, becoming the serial
implementation of choice. Fig. 10 depicts area and power
results by considering isothroughput circuits for the serial
MAC with sharing together the serial–parallel and parallel
MACs. The comparison is performed both with and without
exploiting the interleaving technique. To reach their maxi-
mum throughput, both parallel MAC and serial–parallel MAC
necessitate the interleaving technique. Moreover, for a fair
comparison, in term of area and power, each implementation
should have the same throughput, but that is not the case. The
output rate of the parallel MAC has been used as reference
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TABLE II

RESULTS OF OCCUPIED AREA AND POWER CONSUMPTION FOR
THE TWO SERIAL MAC IMPLEMENTATIONS

for both the cases: with and without interleaving. Therefore,
we combined as many MAC modules as needed to reach a
throughput rate equal to 1. For example, since the serial MAC
has throughput 1/(2N2), the area and power of a single serial
MAC have been multiplied by (2N2) as if (2N2) MAC units
were working together to achieve a 1/1 throughput. Thus,
in Table II, the results of parallel MAC are simply those of
a single unit. The results of the other implementations have
been multiplied by a coefficient, which is the number of units
that should work in parallel to reach the same throughput as
the parallel MAC.

In the following, the results of each implementation are
analyzed in detail.

A. Serial MAC

Even if only the 4- and 8-bit serial MAC with sharing
have been designed and simulated, it was trivial to obtain a
projection of the number of cells for the other parallelisms.
What varies with the number of bits are all the feedback
loops, the accumulator and, only for the version with sharing,
the shift register that brings the products to the adder. In each
single MAC block, to obtain the 2N-bit circuit from the N-bit
one, the multiplier’s loops must get N clock periods longer.
The same is true for the segment of the products’ shift register
and for each of the two segments of the accumulator. From
these considerations, it was possible to predict with good
approximation the growth of the serial MAC with the number
of bits.

In Table II, the serial with sharing rows of data refer to
the whole circuit with shared adder and accumulator. Since
such circuit contains N MAC units, to get an idea of the
weight of a single MAC, the total number of cells has been
divided by the number of bits, which is also the number of
MAC blocks enclosed by the entire circuit. Area and power
are the effective values for a single MAC unit, not those
for the whole structure containing N of them. The results
show that the idea of sharing accumulator and adder has been
fruitful, with an area and power losses reduction of more than
11 times for the 32-bit circuit. However, the throughput of
the serial MAC decreases quadratically with the number of
bits. Therefore, ideally, to keep up with the parallel MAC
performance, the increase rate of a single MAC should be
equal to 1. Unfortunately, this is clearly not the case.

B. Serial–Parallel MAC

Since the serial–parallel MAC layout is very compact,
the area calculated by the VHDL model corresponds to the

Fig. 10. Comparison among the three MAC implementations. (a) Area
for throughput = 1 exploiting interleaving. (b) Power for throughput =
1 exploiting interleaving. (c) Area for throughput = 1/5 without interleaving.
(d) Power for throughput = 1/5 without interleaving.

actual space occupied by the circuit. So increase rates of
area and power are pretty much the same as they are both
proportional to the number of cells. The body and the intercon-
nection parts grow differently as the number of bits increases.
As expected, the body and the input conditioning expand
linearly, while the interconnection regions grow quadratically.
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The ratio total area/body area goes from 1.9 for 4 bits to
16.2 for 64 bits. This result gives an idea of how much input–
output preskew/deskew networks can affect performance and
circuit area.

C. Parallel MAC

The layout of this circuit, as clear from Fig. 9, has many
empty internal regions. So the area evaluated by the model is
smaller than it should be, because it only considers the space
occupied by cells. The value actually assigned to the parallel
MAC is rounded up to the parallelogram circumscribed to the
circuit. To obtain the parallelogram area, we derived a generic
equation to evaluate height and width (in terms of cells) for
any number of bits.

When the number of bits doubles, both the area and power
grow four times. Hence, as expected the increase rate is
quadratic and regular, because is how both the multiplier and
the interconnection regions grow. The wasted space due to
the empty inner regions has a negative effect on the area
occupation, while it does not affect the power consumption.

Referring to Table II, starting from the with interleaving
part, the parallel implementation is undoubtedly the most
efficient, while the serial–parallel has the worst outcomes.

If interleaving cannot be used (e.g., if there are no unrelated
operations to be executed), the hierarchies among the four
MAC versions undergo slight changes. The performance of
the parallel and serial–parallel MAC units worsens, respec-
tively, of five and three times, according to their previous
interleaving usage. The serial MAC with sharing gains a lot in
this situation, because it cannot exploit interleaving anyway.
Therefore, referring to Fig. 10, looking at data for the circuit
that cannot exploit interleaving (C and D), we can notice that
the serial MAC with sharing is the best architecture up to a
16-bit parallelism (the value for area and power is smaller
for serial architecture—labeled with the triangle symbol—
with respect to the other two). However, the trend for area
and power are worse in serial and serial–parallel with respect
to parallel architecture. Thus, none of the implementations
can keep up with the parallel one when the number of bits
increases. The parallel MAC is again the best solution for
32 or higher number of bits.

VI. CONCLUSION

We stated in the introduction that we wanted to understand
if there was the necessity for a paradigm change from parallel
to serial with the change of technology from CMOS to NML.
Achieved results undoubtedly mark parallel architecture as the
best in all metrics also in NML technology.

Indeed, in particular for high parallelisms, the parallel MAC
results are overall better than the other two implementations,
while for smaller circuits, the performance is comparable.
The serial MAC can be a valid alternative when unable to
provide interleaved operations to the circuit. The idea of
sharing accumulator and adder boosts the performance, but it
can also be a setback, as it requires N multiple MAC modules
to be connected together. It is not possible for one of them
to function without the presence of the others. In conclusion,

the parallel MAC has by far the most promising architecture
organization.

In addition, some important advices for NML logic circuits
design have emerged from this paper.

1) Synchronization networks like preskew/deskew greatly
affect performance. Indeed, the serial–parallel MAC
greatly suffers the input–output conditioning networks.
The only way for this circuit to be very competi-
tive would be a system where it could interface itself
with other modules without the need of its additional
preskew/deskew networks.

2) Long interconnections and feedbacks are the main prob-
lem with the ME-NML technology. The systolic array
organization of the parallel MAC keeps them to the
minimum, avoiding for the long feedback required for
serial multiplication that in the serial MAC also affect
the loops of adder and accumulator.

3) Standard cells design can give an added value to the
automatic design of NML circuits. The definition of the
standard cell library, together with the high regularity
of circuit layout, can be the foundation for the cre-
ation of a design tool that could greatly improve the
future research in this field. The design and simulation
methodology proposed for this paper consists of a hier-
archical RTL model, based on the set of standard cells.
The model contains all the information concerning the
physical placement and orientation of cells. Furthermore,
the embedded capability of exact performance evaluation
makes the model an advanced stand-alone tool.
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