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Abstract—We propose a high-speed and energy-efficient
two-cycle multiply-accumulate (MAC) architecture that supports
two’s complement numbers, and includes accumulation guard bits
and saturation circuitry. The first MAC pipeline stage contains
only partial-product generation circuitry and a reduction tree,
while the second stage, thanks to a special sign-extension solution,
implements all other functionality. Place-and-route evaluations
using a 65-nm 1.1-V cell library show that the proposed archi-
tecture offers a 31% improvement in speed and a 32% reduction
in energy per operation, averaged across operand sizes of 16, 32,
48, and 64 bits, over a reference two-cycle MAC architecture that
employs a multiplier in the first stage and an accumulator in the
second. When operating the proposed architecture at the lower
frequency of the reference architecture the available timing slack
can be used to downsize gates, resulting in a 52% reduction in
energy compared to the reference. We extend the new architecture
to create a versatile double-throughput MAC (DTMAC) unit
that efficiently performs either multiply-accumulate or multiply
operations for N-bit, 1 x IN/2-bit, or 2 x IN/2-bit operands.
In comparison to a fixed-function 32-bit MAC unit, 16-bit mul-
tiply-accumulate operations can be executed with 67% higher
energy efficiency on a 32-bit DTMAC unit.

Index Terms—Arithmetic circuits, energy efficient, high speed,
multiply-accumulate unit, variable wordlength.

I. INTRODUCTION

HE multiply-accumulate (MAC) unit is a common dig-
T ital block used extensively in microprocessors and digital
signal processors for data-intensive applications. For example,
many filters, orthogonal frequency-division multiplexing algo-
rithms, and channel estimators require FIR or FFT/IFFT com-
putations that MAC units can accelerate efficiently.

A basic MAC architecture consists of a multiplier and an ac-
cumulate adder organized as in Fig. 1. Inputs are fed to the mul-
tiplier, and successive products are summed by the accumulate
adder. Multipliers are typically comprised of a partial-product
unit (the PP unit) and a carry-propagate adder (the final adder).
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Fig. 1. Block diagram of a general MAC architecture. Here, the register be-
tween the PP unit and the final adder is removed/included to obtain a two/three-
cycle MAC architecture.

To increase MAC performance, we can reduce the critical path
delay by inserting an extra pipeline register, either inside the PP
unit or between the PP unit and the final adder. This creates a
three-cycle MAC architecture (Fig. 1), but increases overhead
in terms of latency, energy, and area.

Much prior work focus on design techniques to reduce the
multiplier delay, either in the PP unit or the final adder. Inside
the PP unit, the partial-product circuitry might be implemented
using the modified-Booth algorithm [1] or one of its succes-
sors [2]. The partial-product reduction tree of the PP unit can
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be implemented using high-speed compressors [3] or speed-op-
timized structures [4]. Mathew et al. propose a sparse-tree carry
look-ahead adder for fast addition of the PP unit outputs [5], and
Liu et al. introduce a hybrid adder [6] to reduce delay compared
to a design that assumes equal arrival time on all adder inputs.

Performing two different carry propagations in the same
MAC circuit is wasteful, since carry propagation is time con-
suming. Feeding the multiplier output back to the input of the
PP unit reduction tree obviates the need for a conventional
accumulate adder [7]-[9]. Accumulation is thus handled by the
final adder of the multiplier, and only one carry-propagating
stage is required. The problem is that this optimization only
applies to one-cycle MACs, where the long critical delay is a
limiting factor in most applications. If a pipeline register were
to be inserted, the MAC output would no longer produce the
correct result each cycle. In fact, to get the final result, we
would have to add an extra, empty cycle after the final mul-
tiply-accumulate cycle of a loop. Furthermore, it is not obvious
how guard bits can be accommodated in these designs. Guard
bits are important for avoiding overflow when computing long
sequences of multiply-accumulate operation. Ercegovac and
Lang present a MAC architecture in which the multiplier’s
final adder is replaced by a stage of 4:2 compressors and guard
bits are handled by an incrementer circuit [10]. However, this
architecture only supports sign-magnitude numbers.

In general, two-cycle MAC architectures have a first (multi-
plication) stage that is significantly slower than the second (ac-
cumulation) stage. We propose a new two-cycle MAC architec-
ture in which the second stage is somewhat slower, but the first
stage is significantly faster, leading to a better delay balance be-
tween the two stages. The key to the new architecture is the im-
plementation of product sign extension: the sign-extension cir-
cuitry is located in the second stage, together with the accumu-
late adder and the saturation unit. As a result, the feedback of
the product is contained within the second pipeline stage.

The remainder of this paper is organized as follows: Section II
describes our MAC architecture and contrasts it to a basic two-
cycle architecture. Next, Section III provides an evaluation with
respect to performance, power, energy, and area. The new MAC
architecture has some features that enable us to design a unit
that efficiently performs multiply-accumulate operations on dif-
ferent data operand sizes. Thus, as an extension to Section II, we
introduce and evaluate the double-throughput MAC (DTMAC)
architecture in Section IV. Finally, we conclude the paper in
Section V.

II. PROPOSED MAC ARCHITECTURE

The proposed two’s complement MAC architecture [11] is
shown in Fig. 2. Compared to the basic architecture in Fig. 1,
the new design replaces the final adder in the first stage with a
carry-save adder in the second. The MAC architecture’s critical
path delay still depends on the PP unit, but the delays of the
two stages are now similar. The second stage remains faster,
especially for larger operand sizes, which allows the accumulate
adder to accommodate more guard bits.
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Fig. 2. Block diagram of the proposed MAC architecture.

Fig. 3 shows a basic multiply-accumulate operation using the
Baugh—Wooley algorithm [12].! First we compute the product
of the two inputs. Then this result is sign extended to have the
same size as the accumulate adder. The accumulate adder is
Ny bits wider than the multiplier to allow multiple (29) mul-
tiply-accumulate iterations without overflow. Finally, the sign-
extended product is added to the stored accumulated value. The
disadvantage here is that P[2N — 1] in Fig. 3 must be computed
and used for sign extension in the accumulating addition.

In our architecture, we use a carry-save adder composed of
full adders (3:2 counters). This adder (Fig. 4) sums the accu-
mulated value with the two outputs from the PP unit’s output
registers. We avoid the complicated sign-extension procedure
by adding the accumulated value to a row of Ng + 1 bits of “1”
(circled in Fig. 4) in the carry-save adder, much as in Hatamian
and Cash’s implementation of the Baugh—Wooley algorithm
[14]. This removes the need to perform carry propagation inside
the multiplication to obtain P[2N — 1] for sign extension. The
product sign extension can instead be moved to the second
stage.

Our MAC architecture offers a number of advantages in terms
of latency, speed, area, power, and energy.

» If we compare to a two-cycle MAC (Fig. 1), the proposed

MAC architecture needs no final adder.

e If we compare to a basic three-cycle MAC (Fig. 1), our
architecture allows us to remove not only the final adder
but also one pipeline register level—and the corresponding
clock power—without degrading speed.

e Because our architecture is smaller, it uses shorter
interconnects.

A modified-Booth scheme such as that in Yeh and Jen [2] can be used, but
offers no gain in terms of timing, and incurs significant power dissipation over-
head [13].
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Fig. 3. A multiply-accumulate operation using inputs X' and Y, assuming the three-cycle MAC architecture of Fig. 1. The multiply-accumulate operation starts
with the generation (assuming the Baugh—Wooley algorithm) and reduction of partial products. The final adder performs carry propagation of the sums and carries
produced by the PP unit. Finally, the accumulate adder sums the pipelined products (3]) to the accumulated result (F'), producing the new result (G).
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Fig. 4. Carry-save adder with product sign extension.

A saturation unit removes the guard bits (Ng) such that the
final result is 2NV bits wide (see Fig. 2). The saturation unit takes
G[2N + Ng —1 : 0] as input, where G is the output of the accu-
mulate adder (as shown in Fig. 4), and implements the following
algorithm:

IF G[2N+Ng—1:2N] = {Ng’bG[2N—1]} THEN
# not saturated

MAC_output [2N—1:0] G[2N—1:0]

ELSE IF G[2N+Ng—1] = '1' THEN
# set to the minimum negative 2N-bit value
MAC_output [2N—1:0] = {1’b1, 2N—2'b0o, 1'b1}
ELSE
# set to the maximum positive 2N-bit value
MAC_ output [2N—1:0] = {1'bo, 2N—1'b1}

END
III. EVALUATION

A. Evaluated Architectures

‘We consider three architectures that share the same structure
for the PP unit, the final adder, and the accumulate adder.

* MAC-2C represents the two-cycle MAC whose critical

path goes through the PP unit and the final adder (Fig. 1).

* MAC-3C represents the three-cycle MAC whose critical
path lies entirely within the PP unit (Fig. 1).

* MAC-NEW represents our proposed two-cycle MAC
whose critical path also lies entirely within the PP unit
(Fig. 2).

B. Methodology

All PP units are based on the power-efficient Baugh—Wooley
algorithm for partial-product generation [12], [13] and the HPM
partial-product reduction tree [15]. The accumulate adder is of
conditional-sum type [16] and has an extension of eight guard
bits (Ng = 8). This allows the MAC unit to support loops of up
to 256 iterations without requiring the output to be right-shifted
to avoid overflow. A final adder based on [17] supports fast ad-
dition of the PP unit outputs in the MAC-2C and MAC-3C.

Our VHDL descriptions for MAC-2C, MAC-3C, and
MAC-NEW use registers on primary input and output. Each
architecture is implemented for four different operand sizes;
16, 32, 48, and 64 bits. The VHDL blocks are synthesized
using Synopsys Design Compiler and a commercial 65-nm
standard-Vr library. Delay and power estimates are done for
1.1 V and the worst-case corner. We verify all netlists with
logic simulation, and perform place-and-route in Cadence SoC
Encounter. We extract the critical delays of individual units
of each architecture with Synopsys PrimeTime. We estimate
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TABLE I
EVALUATION RESULTS OF THREE ARCHITECTURES FOR 16, 32, 48, AND 64 BITS IN OPERAND SIZE
Delay (ps)

Operand | Architecture PP Final Final Critical Clock | Power | Energy Area

size adder | MAC stage” | path delay (ps) (mW) (pJ) (um?)
MAC-2C 1317 597 1039 1914 2294 6.9 15.8 12937
16 MAC-3C 1312 621 1039 1312 1692 10.3 174 13711
MAC-NEW 1312 N/A 1247 1312 1692 8.2 13.8 12014
MAC-2C 1671 701 1110 2372 2794 17.1 47.7 42216
32 MAC-3C 1664 711 1110 1664 2045 21.2 433 43545
MAC-NEW 1664 N/A 1318 1664 2045 19.8 40.5 39357
MAC-2C 1976 884 1089 2860 3196 30.4 97.3 84894
48 MAC-3C 1931 925 1089 1931 2310 38.3 88.5 86898
MAC-NEW 1931 N/A 1297 1931 2310 323 74.5 82696
MAC-2C 2090 824 1242 2914 3279 54.6 179.0 149121
64 MAC-3C 2082 848 1242 2082 2463 62.1 152.9 152179
MAC-NEW 2082 N/A 1450 2082 2463 41.6 102.5 142942

(*) Here the delay of the final MAC stage is the cumulative delay of the extended accumulate adder and the saturation unit for MAC-2C
and MAC-3C. For MAC-NEW, the delay of the carry-save adder is also included.

TABLE II
ENERGY PER OPERATION AT IDENTICAL CLOCK RATE AND TIMING CONSTRAINT

Power dissipation (mW)
Operand | Architecture PP Final | Carry-save | Acc. | FFs™ | Clock | Power | Energy
size adder adder adder (ps) (mW) ®J))

16 MAC-2C 1.64 1.64 N/A 1.33 | 1.90 2294 6.52 15.0
MAC-NEW 0.66 N/A 0.26 .64 | 2.12 4.68 10.7

32 MAC-2C 6.60 6.32 N/A 223 | 3.04 2794 18.20 50.9
MAC-NEW 347 N/A 0.39 3.07 | 3.69 10.62 29.7

48 MAC-2C 13.56 9.34 N/A 2.88 | 397 3196 | 29.75 95.1
MAC-NEW 5.54 N/A 0.36 351 [ 4.89 14.30 45.7

64 MAC-2C 27.58 | 17.23 N/A 432 | 577 3279 | 54.90 180.0
MAC-NEW 11.76 N/A 0.47 458 | 6.83 23.64 71.5

(*) FFs (flip-flops) represents input, internal and output registers, as well as the clock tree.

power dissipation using a value change dump (VCD) analysis
with 20000 random test vectors and RC data extracted from
SoC Encounter.

Performance and power evaluations are functions of the syn-
thesis methodology. The “bottom-up” methodology used here
exposes the architecture’s impact on performance and avoids
tool-driven optimization as much as possible: Each of the blocks
(PP unit, final adder, and accumulate adder) is: i) synthesized
with fairly strict timing constraint; ii) placed-and-routed under
the synthesis timing constraint; and iii) used as a building block
for all three architectures. Scripts control all steps of the design
flow. We remove no artifacts of the heuristics used in the EDA
tools, e.g., the small inconsistencies in delay trends.

C. Results and Discussion

Table I presents the results of our evaluation. Clearly, the crit-
ical path goes through the PP unit for all three implementations.2
Since MAC-NEW uses pipeline registers after the PP unit, it ob-
viously operates at the same speed as MAC-3C, while it is 31%
faster than MAC-2C, on average. The delay difference between
the first and second stages of MAC-NEW increases for larger
operand sizes, so even more guard bits can be accommodated
to support many multiply-accumulate iterations without perfor-
mance degradation.

We use energy per operation to simultaneously capture power
and performance for the considered architectures. Averaged

2The critical path delay entry represents only the longest combinational logic
delay, neglecting setup, hold, and propagation delays of surrounding registers.

across the four operand sizes, MAC-NEW dissipates 32% and
23% less energy than MAC-2C and MAC-3C, respectively.
Furthermore, in terms of area, the proposed MAC architecture
results in 4% and 7% smaller footprints, on average, than
MAC-2C and MAC-3C, respectively.

D. Translating Timing Slack to Power Savings

The new MAC architecture intrinsically has a potential for
higher speed than the basic two-cycle architecture. Thus, we
investigate whether the available timing slack can be utilized to
reduce power and energy. In the following, we use the existing
timing slack for gate downsizing only, as this is a practical way
to save power. Supply voltage reduction is clearly an alternative,
but this requires the precise generation of a different voltage and
incurs an overhead.

We now compare MAC-2C and MAC-NEW under equal
timing constraints. This, for example, means that stage 1 of
MAC-NEW is implemented with a timing constraint that cor-
responds to the critical delay of stage 1 in MAC-2C. Since the
final adder is eliminated in MAC-NEW, its PP unit can fulfill
the timing constraint using low-speed gates. On the other hand,
since the MAC-NEW’s accumulate adder is preceded by the
new carry-save adder, its gates need to be upsized slightly to
make the stage as fast as stage 2 of MAC-2C.

The delay profile of the PP unit is such that the bits in the
center of the output word have the longest delays. We downsize
the gates by iteratively examining output bits from the outside
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toward the centre in order to balance the output delay for the PP
unit while still meeting the timing constraint.

Table II shows the power dissipation of individual units for
the two architectures3 when they are operated at MAC-2C’s
maximal clock rate. In MAC-NEW, the removal of the final
adder reduces power. However, since the PP unit only produces
a partial product, there are 2N extra registers between stages
one and two in Fig. 2, which increases the clock power com-
pared to MAC-2C. More importantly, replacing the final adder
with a carry-save adder leads to a 30% reduction of total power,
on average. Furthermore, the removal of the final adder relaxes
the timing constraint on the PP unit to the extent that its power
drops 57% across the four operand sizes. This is significant, as
the PP unit represents a big fraction of total power.

In summary, by downsizing gates in the PP unit, MAC-NEW
dissipates an average of 52% less energy than MAC-2C for the
same operating frequency and supply voltage. Downsizing thus
offers a 29% additional reduction in energy per cycle over the
MAC-NEW implementation in Section III-C that uses the same
gate sizes as MAC-2C. Again, the numbers given here depend
on the enforced timing constraint for the individual stages. For
a more relaxed constraint, the utilization of slack in the faster
architecture would be less effective.

IV. EXTENSION TO A VERSATILE MAC UNIT

Adapting circuits to operate on the actual data precision of
an application can save energy, as demonstrated in micro-pro-
cessors [18] and dedicated circuits [19]. Many embedded appli-
cations are based on a 16-bit dynamic range, while embedded
processors generally have a 32-bit datapath. Thus, potentially a
32-bit datapath could accommodate the execution of two simul-
taneous 16-bit operations. When the dynamic range of the data
varies significantly across applications, run-time adaptation of
the computational precision of a single circuit would be useful,
rather than using several circuits that each has its own fixed
operand size. Our previous work [13] shows that adding this
kind of run-time adaptation to the multiplier of a general-pur-
pose processor reduces execution time of an FFT application by
15%.

We refer to a MAC unit that can optionally switch be-
tween N-bit operations and 2 X N/2-bit operations as a
double-throughput MAC unit (DTMAC). A 32-bit instance of
such a MAC unit could be implemented by tying together two
separate, 16-bit MAC units [20]. To support 32-bit operations
the two 16-bit multipliers must be combined into one 32-bit
multiplier, which requires complex routing and is difficult to
implement efficiently. FPGA technology offers reconfigura-
bility that can support double-throughput multiply-accumulate
operations [21], but FPGAs are still inefficient in terms of speed
and power compared to the ASIC solutions we consider here.

A. An Efficient Double-Throughput MAC Unit

A critical feature of any double-throughput MAC unit is that
it should support several operating modes, without incurring any
significant overheads on timing and power for the default 1 X
N -bit mode. Thanks to the architecture introduced in Section II,

3This investigation uses a newer version of Encounter and thus the MAC-2C
results differ slightly from those in Table I.
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Fig. 5. The general architecture of the proposed DTMAC unit. N = 32 and
Ng = 8 denotes the input operand width and the number of guard bits, respec-
tively.

and the fact that product sign extension, accumulation, and carry
propagation take place in the second stage of a two-cycle MAC
unit, we can create an efficient DTMAC unit [22], see Fig. 5.

While other schemes, such as Kuang and Wang’s scheme
[23], may be used, our two’s complement DTMAC unit employs
the Twin-Precision (TP) technique [24]. A twin-precision par-
tial-product reduction tree generates the TP-PP unit’s outputs,
as shown in Fig. 6(a), which in conventional schemes are fed to
a final adder in order to obtain the final product. Instead, here we
insert the proposed carry-save adder that sums the TP-PP unit
outputs and the accumulate adder output according to Fig. 6(b).
The output of the carry-save adder is fed to an accumulate adder
that performs the carry propagation to produce the final result,
as shown in Fig. 6(c).

As for conventional MACs, the TP-PP unit dominates the crit-
ical path delay. The DTMAC unit actually has the same crit-
ical delay as that of a basic three-cycle 32-bit MAC architec-
ture, in which a pipeline register is inserted between the PP unit
and the final adder to shorten the critical path of the multipli-
cation. The result is that, despite the operating-mode flexibility,
the DTMAC unit has small area requirements, low power dissi-
pation, and short critical path delay.

B. Components of the DTMAC Unit

1) TP-PP Unit: To support double-throughput operations,
the partial-product generation and reduction are based on the
twin-precision (TP) technique [24]. Here, the partial products
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Fig. 6. Structure of the DTMAC unit’s components: (a) The TP-PP unit, which is based on the Baugh—Wooley multiplication algorithm. (b) The carry-save adder.
(c) The accumulate adder, which is based on the conditional-sum adder architecture. (Dark shaded and white colors denote computation in most significant and

least significant N/2 = M circuit sections, respectively.)

that are not needed during narrow-width operations are forced
to zero [gray areas in Fig. 6(a)], while some lower-significance
partial products are negated* to provide the correct function for
the M -bit multiplication in the lower-significance section. De-
pending on the operating mode, ““1” bits can be set in position
N 4+ M, N and M, as shown in Fig. 6(a).

From now on, we assume that M = N/2 and we call the
lower-significance section the “low half.”

2) Carry-Save Adder: The carry-save adder for the DTMAC
unit mainly has the same function as the carry-save adder de-
scribed in Section II. The difference here is that guard bits and
sign extension for the N/2-bit operation in the low half must be
accommodated [see framed gates in Fig. 6(b)]. This is achieved
by inserting a row of Ng + 1 bits of “1” that is summed together
with the accumulated value and the most significant bit of the
result from the TP-PP unit for the N/2-bit operation in the low
half [C[N —4] in bit position N —1 in Fig. 6(b)]. During N/2-bit

4The negation is a function of operating mode.

operations in the low half, S[N — 3] will always be zero, due
to the TP technique in which partial products are forced to zero.
Since S[N — 3] will not carry any useful information during
N/2-bit operations in the low half, this signal can be used to
add the required “1” at bit position N — 1. This is easily done
by feeding S[N — 3] and a control signal through an extra OR
gate, whose output may optionally be forced to “1,” as shown in
Fig. 6(b).

3) Accumulate Adder: The accumulate adder of the DTMAC
unit is based on the conditional-sum adder structure [16], en-
abling efficient separation into high and low halves, each with
Ng guard bits to avoid overflow. Fig. 6(c) frames the added
guard bits for the N/2 operation in the low half have been
framed. To control the operating mode, an AND gate is inserted;
one control bit (CTRLI1[0]) sets the AND’s input at position
N + Ng either to zero or to the carry signal of the /N — 1-bit data
part of the low half of the accumulate adder. For full precision
operations, this effectively bypasses the Ng guard bits used for
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N/2-bit operations in the low half. Similarly, the accumulator
output bits that correspond to unused guard bits (F[N+Ng—1 :
N]) are discarded during N-bit operation.

4) Saturation Circuit: The saturation unit for the DTMAC
not only needs to consider full precision (V') operations but also
the N/2 operations in the high and low halves.

¢ In full-precision mode, 2N + Ng bits ([2N + 2Ng — 1 :
N+ Ng] : [N —1 : 0] in the output of the accumulate adder
in Fig. 6(c)) are processed according to the algorithmic
description in Section II.

¢ In half-precision mode, N + Ng bits ([N + Ng — 1 : 0])
are processed according to the algorithmic description in
Section II.

* In double-throughput mode, not only N + Ng bits of the
low half are processed, but also N + Ng bits of the high
half ([2N +2Ng —1 : N + Ng]) are processed in the same
manner.

C. Operating Modes

The DTMAC unit supports six operating modes—three for
multiply-accumulate operations and three for multiply opera-
tions—as determined by the value of the three-bit control signal
(CTRL):
e 000: Full-Precision 32-bit multiply-accumulate
(FP_MACQ).

e 001: Half-Precision 1 x 16-bit multiply-accumulate
(HP_MAC).

* 011: Double-Throughput 2 x 16-bit multiply-accumulate
(DT_MACQ).

¢ 100: Full-Precision 32-bit multiplication (FP_MULT).

e 101: Half-Precision 1 X 16-bit multiplication
(HP_MULT).

* 111: Double-Throughput 2 x 16-bit multiplication
(DT_MULT).

In Figs. 5 and 6, CRTL, CTRLO, and CTRL1 denote the
three-bit control signal, its one-cycle delayed version, and
its two-cycle delayed version, respectively. Moreover, in
CTRL[2:0], CTRL[2] is the leftmost of the three bits and is
used to force the output of the accumulate register to zero
during multiply operations.

Area
TABLE III
EVALUATION OF 32-BIT DTMAC UNIT

Architecture | Clock | Power | Energy | Area

(s) | mW) | () | (um®)
MAC16-2C 2294 6.90 15.83 | 13167
MAC32-2C 2794 1 17.10 4778 | 42216
HP_MAC 2060 7.71 15.88 | 43397
DT_MAC 2060 15.62 32.18 | 43397
FP_MAC 2060 | 21.30 43.88 | 43397

D. Evaluation Methodology

We evaluate our design with a VHDL model of a 32-bit
DTMAC unit. The DTMAC implementation is fully verified
in logic simulation. We use MAC16-2C and MAC32-2C
for comparison and the DTMAC implementation is synthe-
sized using the same tool (Synopsys Design Compiler) and
65-nm cell library as in Section III. The implementation is
placed-and-routed using SoC Encounter, and PrimeTime is
used to find the critical path delay. Power dissipation is esti-
mated through a VCD analysis on RC-extracted data from SoC
Encounter using the same test vectors as for MAC32-2C.

E. Evaluation Results

Table III and Fig. 7 present the results of the evaluation.
Thanks to the short critical path delay of the proposed MAC
architecture, the 32-bit DTMAC unit can be used at 10% and
26% higher clock rates than conventional two-cycle 16-bit and
32-bit MAC units, respectively.

In terms of energy per cycle, when the DTMAC unit operates
in 1 x 16-bit MAC mode it dissipates a negligible 0.3% more
than the basic, fixed-function, 16-bit MAC unit. The DTMAC
unit has a 2.8% larger footprint than MAC32-2C due to extra
circuitry to support the multiple operation modes. These com-
parisons reveal that the implementation of operating-mode flex-
ibility in the DTMAC unit comes at a limited overhead.

The important point is that we can save energy by adjusting
the operating mode to the precision of the data:

* When the DTMAC unit operates in the default 32-bit MAC
mode (FP_MAC), its energy dissipation is 8% lower than
MAC32-2C when performing 32-bit computations.

* When the DTMAC unit operates in 1 x 16-bit MAC mode
(HP_MAC), the 32-bit DTMAC unit performs 16-bit
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multiply-accumulate operations 67% more energy effi-
ciently than MAC32-2C performs computations on 16-bit
operands. This reduction largely stems from avoiding
unnecessary switching caused by the 16-bit sign extension
of two’s complement 32-bit data that carry only 16 bits of
information.

* When the DTMAC unit operates in the 2 x 16-bit MAC
mode (DT_MAC), its energy dissipation per 16-bit
multiply-accumulate operation is similar to that of
MAC16-2C. However, the DTMAC unit uses only half the
cycles of MAC16-2C to compute all operations, so the sur-
rounding datapath circuits are engaged for a significantly
shorter time. This leads to significant energy savings for
a system in which the DTMAC unit is integrated. In the
next section, we give a brief account of an evaluation of
this design scenario.

F. Double-Throughput Processor Datapath

In the context of a processor, the execution time reduction of-
fered by the double-throughput modes may help save substan-
tial amounts of energy. In order to evaluate the extent to wich
the DTMAC unit can improve the execution of a C application,
we integrated one such 32-bit unit into a 32-bit embedded Flex-
Core processor [22]. The FlexCore processor has a flexible data-
path interconnect [25] that allows for accelerator extensions in
a fairly straightforward manner, and it has a flexible instruction
set that supports run-time reconfiguration.

We use two benchmarks from the EEMBC Telecom suite that
make use of the multiply-accumulate operation in quite different
ways: The auto-correlation benchmark (Autcor) contains many
long sequences of 16-bit operations; the fast Fourier transform
benchmark (FFT) has many short sequences of the same. A
FlexCore datapath with a 32-bit DTMAC unit executes Autcor
4.37x faster than a conventional five-stage datapath that lacks
the DTMAC unit, but in exchange has a 32-bit integer multi-
plier. The accompanying reduction in energy dissipation was
4.00x, since the DTMAC unit incurs a small power dissipation
overhead. The sequences of multiply-accumulate operations are
quite short for the FFT benchmark, so the computational effi-
ciency of the dedicated MAC accelerator drops. Still, the data-
path equipped with the DTMAC unit executes 1.82 x faster than
the reference, leading to a 1.64 X reduction in energy.

V. CONCLUSION

We describe a new high-speed, energy-efficient two’s com-
plement, two-cycle multiply-accumulate (MAC) architecture.
Replacing the final adder of the multiplier by a carry-save adder
with a new sign extension technique makes our two-cycle MAC
architecture faster and more area- and energy-efficient than a
basic two-cycle MAC architecture. Our evaluation for a com-
mercial 65-nm 1.1-V cell library shows that the new architecture
computes 31% faster and reduces energy per operation by 32%,
on average. The timing slack difference allows us to downsize
gates so that our new MAC architecture dissipates half the en-
ergy of the reference architecture.

We use the new architecture to develop a versatile MAC
unit that supports several different operating modes: three for
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multiply-accumulate operations and three for multiply opera-
tions. We show that a 32-bit DTMAC unit can perform 16-bit
multiply-accumulate operations at one third of the energy
of a fixed-function, 32-bit architecture with the same cycle
count. In double-throughput mode, executing two concurrent
16-bit multiply-accumulate operations delivers high energy
efficiency. Deploying our design in a processor datapath can
yield significant speed and energy impact for applications that
compute many 16-bit multiply-accumulate operations.
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