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Abstract— This article presents a novel implementation scheme
of the essential circuit blocks for high-performance, full-precision
Booth multipliers leveraging a hybrid logic style. By exploiting
the behavior of parasitic capacitance of MOSFETs, a carefully
engineered design style is employed to reduce dynamic power dis-
sipation while improving the glitch immunity of the circuit blocks.
The circuit-level techniques along with the proposed signal-flow
optimization scheme prevent the generation and propagation
of spurious activities in both partial-product and adder-tree
stages. Two full-precision Booth multipliers built from proposed
strategies were compared to the state-of-the-art versions known
from literature by means of extensive post-layout simulations
in 65-nm CMOS technology. The proposed versions on average
demonstrated up to 10% and 30% power savings in general.

Index Terms— Alternative logic styles, array multipliers, Booth
multipliers, CMOS, glitch reduction, spurious activities, Wallace
tree, XOR-XNR.

I. INTRODUCTION

ULTIPLIERS are essential components of digital

hardware, ranging from deeply embedded system-
on-chip (SoC) cores to GPU-based accelerators. As they
are often critical for system performance, a great emphasis
was placed on their performance improvement in the past
few decades [1]-[7]. While performance remains important,
the high demand for battery-powered ubiquitous systems has
promoted low-power operation to a primary design goal [8].
However, the majority of proposed high-performance multi-
pliers suffers from increased capacitive loads and spurious
activities due to their complex combinatorial modules and
unbalanced reconvergent paths which could turn the multiplier
to be the dominant source of power dissipation.

The Radix-4 modified Booth encoding (MBE) scheme is
often preferred in high-performance multipliers due to its
minimized delay and silicon area. Booth encoding reduces
the number of partial products required to be added by
approximately twofold compared to non-Booth versions.
Moreover MBE is incorporated with various adder-tree-
reduction schemes such as Wallace [2], optimized Wallace-tree
(OWT) [9], [10], Dadda [3], Braun’s [4] and three-dimensional
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minimization (TDM) [11]-[14] to speedup the partial
product addition. OWT scheme along with carry-save prop-
agation is known for logarithmic delay reduction of the
adder-tree which is composed of either full-adders [14]-[17]
or 4-to-2 compressors [18]-[20]. The latter is preferred for a
regular adder-tree implementation.

Despite faster operation, the fitness of MBE for energy
efficiency has been questioned due to its complex encoding—
decoding circuity and higher spurious activities. This fact is
especially prominent when the input operands are in 2’s com-
plement notation and have a smaller dynamic range. Therefore,
alternative multiplier schemes such as Baugh-Wooley [5],
[21]-[23], sign magnitude (SM) [24], [25], and gray coding
(GC) [26] have been proposed. The Baugh-Wooley imple-
mentation utilizes a 2-input AND array for partial product
generation (PPG), which is simpler in logic and was shown to
be ~25% more power efficient at a slightly higher delay [23]
when compared to Booth version. SM and GC, on the other
hand, leverage the number representation to lower the signal
transitions at the expense of a format conversion logic at both
ends of the multiplier. SM implementations [24], [25] have
reported up to 90% and 50% reduction in switching activity
whereas GC [26] reports 45% of power reduction compared
to MBE. However, the applications where the input operands
rapidly change across the entire word length scarcely benefit
from these techniques. Besides, when the timing constraints
are stringent, the conversion circuits in the critical path make
these implementations slower and even more power-hungry
due to the gate upsizing.

The Booth multiplier has also been subjected to structural
and gate-level optimizations in literature. A more regular
partial product array [15], [16], [27] was proposed to minimize
the extra adder rows for carry summation. The approach
n [27] has improved the multiplier performance by 25%
when compared with the conventional implementations.
Kang and Gaudiot [15] presents a fast 2’s complement gen-
eration circuit to reorganize the partial product array by
removing the subsequent carry-in terms. The work in [16]
proposes a less hardware-intensive mechanism to achieve the
same goal. These approaches have achieved up to 5%-9.1%
improvements in performance while reporting 15%-33% of
power savings for an 8-bit version, respectively. As alterna-
tives to OWT, leap-frog (LFR) [28], [29], and left-to-right
[71, [17] structures were proposed to alleviate the sum-carry
imbalance. Despite their feasible layouts, the incurred area and
delay overhead is not negligible. Alternatively, the optimized
circuits presented in [7] and [16] demonstrate more balanced
data paths and an efficient partial-product array structure that
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outperform other higher level implementations. Row and col-
umn bypassing [30], [31], dynamic operand interchanges [32],
[33] were also considered to exploit the multiplier input
asymmetry for low power. These techniques are questionable
in general cases as the extra circuit overhead is a heavy burden.
More recent approaches [34]-[41] exploit the accuracy and
the number representation for energy efficiency. Among them,
only [41] can be found relevant to the scope of this work, and
it employs the same circuits presented in [7] and [16].

This work proposes a novel transistor-level implementation
of the essential circuit blocks of Booth multipliers aiming to
lower dynamic power dissipation. By presenting a comprehen-
sive study on the contribution of parasitics and the spurious
activities, a careful design strategy and an optimized inter-
connect scheme are presented. The energy efficiency of the
proposed approach is evaluated against previous full-precision
Booth multipliers. The remainder of this article is structured as
follows. Section II carefully analyzes the sources of dynamic
power dissipation in Booth multipliers and the significance
of MOSFET parasitic capacitance on the circuit style. The
functionality of the novel circuitry and its merits are illustrated
in Sections III and IV. An optimal device sizing strategy
for presented circuits is elaborated in Section V. Section VI
presents the performance evaluation and finally, the conclu-
sions are drawn in Section VII.

II. SOURCES OF DYNAMIC POWER DISSIPATION

The switching of parasitics is the dominant power source
of PPG of the MBE. In terms of transistor density of PPG,
MBE [16] requires approximately 40% more transistors than
non-Booth versions [23] and eventually results in more transi-
tions in PPG. In addition to that, both PPG and adder-tree are
prone to spurious (redundant) switching activities resulting in
wasted power. The spurious switching is primarily attributed
to the different arrival times of the input signals to the adder-
tree. It propagates from the first row to the latter rows of
the adder-tree, where the amount of spurious switching grad-
ually increases. The significance of both aspects is evaluated
in this section. Note that this article’s evaluation is based
on 65-nm bulk CMOS technology.

A. Behavior of Parasitic Capacitance in MOSFETs

Fig. 1 illustrates the MOSFET parasitic behavior from 40-
and 65-nm technology libraries, respectively. Note that PMOS
is ratioed with respect to the minimum sized NMOS device
for equal driving strengths. C,, C4, Cs, and C, represent
the parasitic capacitance at corresponding MOSFET terminals.
During the rise/fall time period #,—t, of the complementary
control signals, each device transits from cutoff region to
saturation. As such, the channel formation imposes a non-
linear time-variant behavior on all parasitic capacitances. The
average current consumed during this transition period at the
kth terminal can be expressed as

c 1 (5] dVi(1)
i =0 f;l Crdrt - =10 (1)

where dVi(t)/dt is the slew rate of the signal at terminal k.
The total capacitance seen at the gate terminal is expressed
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Fig. 1. MOSFET parasitic capacitance behavior during the switching.

s [42], [43]
Cg = Cgs + ng + Cgb Cg,on = Z(WLOC()X + WLCOX /3)
Cy off =2WL,Cox + WLCpxCiep/(WLCox + Ciep)

)

where Co, L, represent the oxide capacitance and the gate
overlapped length of the MOSFET. C, o and C, o, are the
equivalent gate capacitances in cutoff and saturation regions.
Depletion capacitance Cgep is relatively smaller in nonsatura-
tion, so that Cy off < Cg_on. Similarly

Cs off = WLoCox + WLsCj + L5 + W)Cjsp
+ WstlUf(' (3)

Cs,on = ZWLcox/?’ + Cs,o_/f Cd,on = Cd,o_f_/ = Cs,o_/f

Cj, Cjsw, and Cjy,,_. correspond to the junction bottom plate
and sidewall capacitances. Ly represents the sidewall length.
It should be noted that both Lg and L, are much smaller
than the gate length L. The junction capacitances can be
minimized by sharing the common drain—source areas between
adjacent devices in cell layouts. Simulation results confirm the
aforesaid behavior of the parasitics and the dominance of the
gate parasitic capacitance in both technology nodes. Therefore,
the cell topologies of the least number of gate parasitics and
of smaller geometries are ideal for dynamic power reduction
regardless of the technology node in use.

B. Spurious Activity Generation

The dominant source of spurious activities in a multiplier
was attributed to the sum-carry imbalance of the adder-tree [7],
[11]-[14], [28], [44]. However, a considerable amount of these
activities also stems from PPG. This can be further elaborated
by referring to the top-down structure of the improved Booth
multiplier [16] (8 bit) shown in Fig. 2(a). PP; ;, C;, S;, and
7; in PPG, represent the partial product, negative carry-in,
sign-extension and LSB terms of each row, respectively. The
adder-tree can be in one of the presented routing schemes.
The final adder is typically realized by a faster adder such as
a carry-lookahead (CLA) or a carry-propagation (CPA) adder.

For an M x N multiplier, the encoder—decoder signal
arrangement for PPG is depicted in Fig. 2(b). Fig. 2(c) depicts
the contribution of spurious activities from both PPG and
adder-tree of an 8- and 16-bit conventional Booth multipli-
ers [27]. Note that these adder-trees were constructed utilizing
full adders. The activities were captured in an analog SPICE
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Fig. 2. (a) Top-down structure of the 8-bit Booth multiplier [16]. (b) PPG
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stage. (c) Spurious activities contributed by PPG versus Adder-Tree of the

multipliers. (d) Delay variation across the Adder-Tree rows L1-L4 of 16-bit version (¢ — maximum delay difference, ¢ — standard deviation of delays).

environment by monitoring the narrow pulses that cross the
50% level of Vpp. As depicted, the glitches that emanate
from the PPG block of the 8-bit version is ~16% of the total
glitch count and this becomes prominent in the 16-bit version
(~7x) due to the imbalance of the accumulated capacitive
loads along the encoder signal lines. Moreover, the encoder
(Eo—En ) driving strength required for large operand widths
is higher due to the high fan-out nature of the signals So—Sy ».
Hence, the delay mismatch among the signals arriving at
decoder loads (Dg—Dy;—1) is inevitable. In the worst case,
these glitches could propagate till the final adder row.

The rest of the spurious activities originates from the adder
cells owing to two reasons: the mismatch of the adder cell
input capacitance and intracell sum-carry delay imbalance. The
delay variation of the arrival signals at different levels of a
16-bit multiplier adder-tree (1.2 V, at 250 MHz) is depicted
in Fig. 2(d). L1-L4 represent the adder-tree levels, whereas
4 corresponds to the maximum delay observed in the signal
arrival at each level. o represents the standard deviation of the
delays. With the aid of Elmore [45] delay model, the arrival
time to a CMOS adder cell input can be related to the inertial
delay zp of the cell as follows:

Vou(1) = Vpp(1 — ™!/ Feaea)

Vbp 4)
= ReqCeqIn | ———————
i care n(vDD_Vth)
where the total parasitic time constant ReqCeq is given by
ReqCeq = Ry1 Crri—poly + (Ry1 + Rpoty)Cr )

Ru1, Rpoty, Cui—poly represent the extrinsic metal-1,
polysilicon interconnect parasitic resistances and metall-poly
via capacitance, respectively. C; corresponds to the intrin-
sic capacitive load seen at the adder cell input, according
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to (2). In 65-nm technology, typically Rpoy > 60Rj while
Cr(ie.,Cy) = 4Cumi-poly per unit area. The Vi of the
transistors which switch, is assumed to be the minimum
compliance voltage for the full adder input so that the input
signal should be stable after rp to excite the input tran-
sistors properly. If the PPG outputs are synchronized and
sufficiently strong in driving strength, the first row (L1) of
the adder-tree becomes relatively less prone to the arrival
mismatch, as depicted in Fig. 2(d). According to (4) and (5),
the arrival time of the PPG signals to full adders
mainly depends on the intrinsic parasitic elements as the
encoder—decoder blocks are typically placed near to the adder-
tree. The subsequent stages of the adder-tree are susceptible
to larger variations as the intracell sum-carry delay dominates
in L2-L4. The intercell sum-carry delay has been addressed
to some extent in [7] and [28] with the aid of different
routing schemes. However, the complexity of these schemes
is relatively higher and the spurious activities remain. Alter-
natively, the latch-based adder-tree [44] is a promising way to
counteract this issue, yet the gain of the implementation could
be less favorable for high-performance multipliers.

III. NOVEL CIRCUITS FOR MBE

As observed in earlier research, a proper choice of inter-
mediate signals in the interface between Booth encoding
and decoding offers opportunities for logic optimization.
Fig. 3(a)—(d) illustrates the traditional implementations of
MBE circuits found in the literature. Note that only
the full-swing circuit topologies were considered in this
study. Fig. 3(a) (BEDI13) depicts a hybrid implementa-
tion of encoder—decoder circuits which require 36 and 10
transistors [46], respectively. This non-CMOS implementa-
tion reports the least number of transistors for the decoder
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Various Booth encoder—decoder implementations. (a) BED13 [46]. (b) BED20 [27]. (c) BED22 [7], [16], [41]. (d) Erroneous Booth circuits in [17].

(e) 6T-XOR/XNR circuits of this work (Wys1—yms = 0.15u). (f) Proposed encoder—decoder circuits (BEDI18). (g) AO22 (J3) of the decoder (Wyr1—pma =

0.16 o, WMS—M8 = 0.15 ,u).

block among the presented. However, there are a few issues
that emanate from this implementation. First, the unbuffered
selector circuit which is denoted by SEL (composed of four
pass transistors), forms cascaded resistive paths from decoder
inputs to the outputs as highlighted in Fig. 3(a). This results
in an asymmetry in the driving loads to the SEL blocks for
different input combinations and therefore different arrival
times. Secondly, the routing congestion across the decoding
blocks in Fig. 3(a) is relatively higher and increases the
interconnect parasitics across the PPG.

The circuits shown in Fig. 3(b) (BED20) [27] uses trans-
mission gate pairs for encoders leading to a faster operation
in PPG. However the unbuffered encoder outputs become
transparent to the hazards induced by the circuit itself. The
additional wiring and higher capacitive loading at the decoder
leads to a higher power consumption in PPG at the same
time. The arrangement in Fig. 3(c) (BED22) [7], [16] is
the most optimized version in terms of transistor count and
signal synchronization. The XORs which produce ny;_j—ny;
are shared among the decoders and the AOI22 cell provides
balanced loads to the encoder signals. Therefore, it was also
preferred for the truncated multiplication in [41]. The unique
Booth circuits presented in [17] and [44] are not considered
for the evaluation due to functional failures when all the
encoder inputs (by;—1—b»;+1) are at logic “1” [see Fig. 3(d)].
The proposed MBE circuits in this work are shown in
Fig. 3(e)~(g).

The essential leaf cell of the proposed circuitry is depicted
in Fig. 3(e). This XOR/XNR arrangement results in fewer
number of gate capacitances when compared to any other
full-swing implementations [47]-[49]. Despite this merit,
it suffers from the delay asymmetry between the signal paths.
If, for example, in the circuit of Fig. 3(e), when both inputs
change from 0 — 1, M1 of the XOR drives the output for a

short period of time due to the inertial and propagation delays
of the inverter and as a result, a glitch appears at the XOR
output. The inversely proportional relationship between the
inertial and propagation delays limits the liberty of device
sizing. As such, the direct interfacing of these XOR/XNR
outputs to high fan-out nets could only worsen the spurious
activities in PPG.

Fig. 3(f) (BED18) illustrates the proposed encoder—decoder
circuit blocks in this article. /; and I, of the encoder block
are directly constructed from Fig. 3(e) by sharing by;. This
requires only one inverter for the input by;. I3 and I generate
X;—2X; while providing output buffering to these signals.
The buffering capacitance of I3 and I along with the resis-
tive paths of I} and I, now acts as a low-pass filter and
absorbs possible glitches produced at XOR/XNR outputs as
depicted in Fig. 3(h). These observations were captured at
the worst-case corner (SS, Vpp—10% and 125 °C) operation.
SS (TT) denotes slow—slow (typical-typical) corner process
parameters for NMOS/PMOS devices, respectively. From (4),
the condition to satisfy this filtering requirement is given by

!
f(A—4) — T™D_B < TXOR—Vth 6)
!
Tp_INV + Tpd INV — TD_B < TXOR—Vih

where

, Vbp
7xor—vith = Rp1(Ca1_on+CorFr_xor +Cr_12) In Von—ve )

t4_, 7 is the total delay for input A to reach its complement A.
7p g and 7'xor_vm represent the inertial delay of M7 and the
time for A to reach Vy, of the MOSFET at load C L_12- TD_INV
and 7 pq_nv represent the inertial and propagation delays of the
inverter /1. Copr_xor 18 the total off-state parasitic capacitance
at the XOR node and Rp; is the equivalent drain resistance
of MI. Up-sizing of the inverter is not practical here as it
increases the inertial delay 7 p ny. Instead, this condition can
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be met by fine tuning Rp;, Cy_j; and Cy,_j>. This corresponds
to the width adjustment of pass transistors of XOR/XNR
circuits and the input transistors of /3 and I,. When standard
device sizing in Fig. 1 is applied, the required width for
Cr_n—Cyr_» was found to be ~1.8x of the minimum drawn
width (Wp,). Consequently, the glitch peak will never reach
Vi as depicted in Fig. 3(h). The effect of these adjustments
to the overall delay is negligible because the width adjustment
of Iz and I ultimately reduces their propagation delays.
A more elaborate analysis on transistor sizing will be given
in Section V.

Furthermore, the worst-case delay mismatch between /; and

I, outputs occurs when by; = by;+; = 1. The equivalent
RC circuits for the paths of XOR-XNR for this scenario
are shown in Fig. 4. Assuming by;—; = “1” in this state,

the paths correspond to M1 of XOR and M7 and M8 of XNR
in Fig. 3(e) become activated. The effective parasitic drain
resistance during this period can be expressed as follows [45]:

Ro =3 b ™
D~ =
4 uCor ¥ (Vpp — Vi)*(1 — ZAVpp)

where 1 is the channel length modulation parameter. Note that
Rp is calculated for 50% rise—fall time. Since the NMOS
and PMOS pass transistors of both circuits are sized for
equal driving strengths, Rp~Rp nmos~Rp_pmos- For simplic-
ity, the source resistance of the preceding driving stage is
assumed to be smaller for all inputs, so that the effect of
Co5_ont+Cg_ott and Cg7_on+Cyg_on is negligible for XNR. For
the propagation delays from inputs to the outputs of /; and I,
(4) and (5) can be rewritten to (at 50% of Vpp)

Tpa_xNR = 0.69(Rp7||Rp8)(Cs7_on + Cag_on + Corr_xnr +Cr_n1) (8)

Tpd_x0oR = 0.69{Rinv (Cinv + Cg3_ofr + Csi_on)
+ (Rinvv + Rp1)(Cat_on + Corr_xor + Cr_12)}

©)

From (8) and (9), 7pq_xor evidently becomes larger due to the
series Ryvy and Rpi. However, interfacing the faster path to
the both inputs of /3 and I, as shown in Fig. 3(f) alleviates
this timing mismatch (C;_;; > Cr_p2).

The XOR J3 in decoder block is constructed by combining
the XNR circuit in Fig. 3(e) with an inverter. In addition to
glitch filtering, this satisfies the delay matching between ny;
and the rest of the decoder input signals. The inputs to the
decoder are connected to the equally sized NMOS-PMOS pair
in AO22 (J4) cell which reasonably provides equal loads for all
the input signals. Similar to the encoder, the buffering capaci-
tance introduced by AO22 in Fig. 3(g), filters out any possible
glitch in the decoder block. Moreover, the output buffering
relaxes the sizing of MI-M8 of AO22. This property is not
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available in OAI22 of Fig. 3(c) and hence OAI22 requires
wider transistors despite the fewer number of devices. If the
regular PPG scheme presented in Fig. 2(a) is adopted for an
8-bit multiplier, the implementations in Fig. 3(a)—(c) require
an average of 13, 20, and 22 transistors per block for PPG,
respectively, while the proposed one needs 18.

IV. MULTIPLIER ADDER-TREE OPTIMIZATION
A. Balanced Full Adder Design

Full adders are the basic building blocks of the multiplier
adder-tree. The most prevalent, rail-to-rail static full adder
implementations are shown in Fig. 5(a)-(e). For a fair com-
parison, the buffered versions of the original implementation
are considered. The blue arrow line indicates the critical path
of each full adder. Fig. 5(a)—(c) [S0]-[52] requires a minimum
of 22 transistors (including the inverters for the input signals
that have not been drawn). The numbers for Fig. 5(d)—(f)
are 26, 28, 26, respectively. Fig. 5(a) (RFL22) [50] utilizes
a simultaneous, six transistors XOR-XNR circuit which is
delimited by a dashed line in 5(a). Despite its compactness,
the regenerative feedback paths introduced by this circuit
results in slower transitions. In addition, the cascaded trans-
mission gates worsen the sum-carry generation (SCG), thereby
making the outputs more susceptible to glitches. In Fig. 5(b)
(TFA22) [51], the Sum output (S) is produced faster when
input C = “1,” compared to other input combinations. Besides,
the late arrival of XOR-XNR signals to the SCG could intro-
duce glitches at output S. By contrast, the control signals to the
transmission gates in Fig. 5(c) [52] (BFA22) are reasonably
synchronized except its input signals, i.e. early arrival of input
C when XORy_, | is a potential scenario for glitch generation at
output S. Similar to RFL22 and TFA22, HFA26 in Fig. 5(d)
[49] suffers from asymmetric path delays despite its faster
operation. Fig. 5(e) (CMOS28) [44] represents the traditional
CMOS full adder which is reasonably immune to glitches. The
proposed full adder (PBFA26) is illustrated in Fig. 5(f).

This arrangement differs from the others in two aspects.
First, the internal signals are capacitively terminated at the
SCG stage and the gate capacitances of the transmission gate
pairs in SCG absorb possible glitches similar to Booth circuits.
Secondly, the synchronization of all signals to SCG is achieved
by incorporating a low-overhead intracell delay element [44]
depicted by M1-M4 of Fig. 5(f). MI and M4 provide the
required delay to the input C through their drain—source para-
sitics C4/C, which are smaller than C,. Since C, of both M1
and M4 are not switched, its parasitic contribution to the full
adder dynamic power is significantly lower when compared to
an inverter-based delay elements. Hence, the arrival of C can
be independently controlled without a significant overhead.
The equivalent RC circuit for M/-M4 for condition Clgy_,; is
shown in Fig. 6. Similar to (8) and (9), the synchronization
delay required for input C can be expressed as follows:

Tpd_c —c1 = 0.69{Rp1(Cai_on + Cs2_on) + (Rp1 + Rp2)

(10)
X (Caz_on + Ca3_off + Cinv)}

With appropriate device sizing to M1(M4), the required delay
can be obtained with the minimal impact to the loading of
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Vpp —7——mmmm——m = « Cl C2 Algorithm 1 : Parasitic-Aware Signal Routing (PASR)
Rp, Rpa : Il‘lpllt: Pin of input list i, € {PP,'j, Tios Tils Cis ?i, Qj, Sija
Icsl on chlion*’CsZ?onl chzionJer}?oferC[NV Co;}: n € N; 0<n<3
= = : = Output: Optimum i, assignment to FA; inputs
v - Connect i, of max{p;, : n=0,...,2} to pin C
D4 S
Ca o+Cat on Upidate the list i,; 0<n<?2
I if pio # pi1 then
= = Connect i, of max{p;, : n=0,1} to pin A
Fig. 6. Equivalent RC circuit for M1-M4 of Fig. 5(f) when Cly_, 1. Connect last i, to pin B

the inverter M2 and M3, such that 7,q_c - c1 = Tpd_A,B - xor ~
Tpd_A,B — xnr-

B. Optimized Interconnect Network

If the conventional full-adders or 4-to-2 compressors are
utilized, care must be taken to synchronize the sum-carry
signals with the aforementioned techniques (i.e., TDM, LFR).
In addition to the reduction schemes (i.e., OWT or Array),
if the proposed full adder (PBFA26) is adopted, the signal
probability can be exploited to lower both spurious activities
and dynamic power of the adder-tree. It is apparent from
Fig. 5(f) and (2) and (3) that the transitions at inputs A and B of
PBFA26 are internally driving a higher gate capacitance than
at input C. Moreover, the total capacitance excited by input
Al|p—o is slightly higher than input B|4—¢. This is also true for
both inputs when their corresponding reference signals are at
logic “1.” More importantly, the worst-case input capacitances
seen at inputs A and B (*®FO2-FO3) is moderately higher
than input C (*®FO1), so that the predriver at input C always
consumes less power. Note that FO2 refers to a fan-outs
of 2. These facts justify that P4> Pp> Pc where P; is the
average power consumed due to the transitions at input j.
From the standard Radix-4 MBE table [16], the switching

else
Connect i, of max{~;, o : n=0,1} to pin B
Connect last i, to pin A

end if
Fig. 7. Greedy algorithm for signal flow optimization in adder-tree.
7 5 4 3 2 1 0
o1 jei el o} o1 e o
}oi loi :-i :ni :oi o o
ol el lel lel le!
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e 2 S S o-1
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Fig. 8.  OWT-carry-save Scheme and PASR for the adder-tree, with ref-

erence to Fig. 2(a) (S1,7 or Sy »—input C and Cop ;—input B of PBFA26
as ps > pCu)~

probabilities p; of PPG signals in Fig. 2(a) and sum-carry pairs
(ps, pco) in the adder-tree can be generalized in the order:
PS> Pco> PPp> P> P> Pr, While py, and pg. being the
lowest [16]. If the switching information is readily available,
a greedy algorithm can be developed for the adder-tree routing
as shown in Fig. 7. Note that p;, and y,, o represent the
toggle count of the input n and the number of occurrences
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Algorithm 2 : Optimal Transistor Sizing

Steps 1-4 for 6T-XOR/XNR CUT in Fig. 3(e):

1: Input: W, of the transistors of CUT; n € N; 1<n<10
2: Qutput: List of W, for the optimal PDP of CUT

3: Assign W, to W, of all NMOS transistors.
4: Assign Wiy, X Buwos ¢, W, of all PMOS transistors.

BPMOS
5: do
6: Simulate the circuit and compute PDP
7 if Tcp > next critical path then
8: Up-size W, of M,, in XOR and XNR critical paths;
9 nx0R={l, 9-10}, nXNR={6}
10: else
11: Balance the Tpp of all paths by adjusting W,, of
12: M,; nX0R={2—4}, nXNR={5, 7-8}
13: end if

14: while PDP = desired PDP,,;,

Steps 4 and 6 for BED18 CUT in Fig. 3(f):

15: Input: W, of the transistors of I3 / I4; n € N; 1<n<8
16: Output: List of W, to satisfy glitch suppression and the
driving strength requirements.

17: Assign W,,;, to W, of all NMOS transistors.
18: Assign Wy, X ﬂ”"“’f to W, of all PMOS transistors.

BFM()S
19: do
20: Up-size W, for NMOS/PMOS pairs in the list of M,,;
21: n={1-8} to fine-tune Cy_;; and Cf_p.
22: Obtain Wp i, and improve driving strength.

23: while (Txor-vin > t4_, 5 - Tp_B) and (T pp_xor™T pp_XNR)

Steps 5 for PBFA26 CUT in Fig. 5(f):

24: Input: W, of the transistor M,; n € N; 1<n<4
25: Output: List of W, for M1-M4 SCG synchronization.

26: First, synchronize 7,q_aB — zor and Tpq_AB —s znr Dy ad-
justing XOR/XNR transistors.

27: Assign Wy, to W, of all NMOS transistors.

28: Assign Wy, X g’:z;’; to W, of all PMOS transistors.

29: do

30: Fine-tune W, of M1-M2 and M3-M4 for equal rise/fall

31 delays at CI and C2.

32: while (Tpd_C — Clr’dTpd_AB — zor ™~ Tpd_AB — mm")

Fig. 9. Optimal device sizing algorithm for CUTs.

of logic “0” at input n, respectively. If the toggle rates of
input signals are comparable, signals of higher y;, o can be
interfaced to input B, so that the parasitics of the transmission
pair in the XOR stage remain in off-state in most cases. The
application of parasitic-aware routing scheme (PASR) in an
OWT-carry-save adder-tree is illustrated in Fig. 8. Numbers
0-N represent the bit positions of the adder-tree partial prod-
ucts [Fig. 2(a)]. S;; and Co; ; represent the full/half adder
outputs accumulated in carry-save and PASR fashion.

V. TRANSISTOR SIZING FOR OPTIMUM PERFORMANCE

Several strategies for optimal device sizing to obtain
minimum power-delay product (PDP) have been presented
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Vb2 Vopi V$D1 )
J_ CUT
| x] | x3 T
Tcp

Fig. 10. Simulation test setup used for power-delay measurements of all
circuits (T¢p: critical path delay).

in [49] and [53]. The method proposed in [49] is more com-
prehensive and considers the dependency of adjacent devices
as well. In this work, this dependency has been explicitly
formulated in Sections III and IV. In addition to smaller PDP,
the conditions for glitch-free operation has also been studied in
this work. Considering all this information, the device sizing
procedure for major building blocks in this work has been
summarized in Fig. 9. Note that CUT and T¢p in Fig. 9
represent the circuit under test and the critical path delay
of CUT, respectively. The MOSFET current gain f is given
by 0.5 uCox (Vpp—V)? for typical operation and L = Ly,
(60 nm).

VI. EVALUATION AND COMPARISON

This section evaluates both cell level and top level merits
of the proposed techniques against the state of the art. All the
evaluations are based on the post-layout simulations in 65-nm
bulk CMOS process technology. The simulation test setup for
the circuits is depicted in Fig. 10 (CUT). The power con-
sumption of the input drivers is excluded from the total power
for better accuracy. The circuit blocks were implemented in
Cadence Virtuoso environment and the SPICE simulations
were carried out in Cadence Spectre tool.

A. Booth Encoder—Decoder Performance

The baseline circuits presented in Fig. 3(a)—-(c) were con-
sidered for this evaluation. Device sizing is performed with
respect to the minimum drawn W/L values (0.15/0.06 uxm)
and using the algorithm in Fig. 9. For a fair comparison,
the Booth encoder/decoders were arranged to generate an even
number of partial product bits in all simulations, satisfying
BEDI13 requirement [46]. Fig. 11 summarizes the figures of
merits of these circuits when each encoder circuit drives two
decoders at different operating conditions. The stimuli to the
CUT consisted of a uniformly distributed random (UDR) test
sequence of 5000 patterns. The propagation delay of the circuit
was measured from the inputs (i.e., by;) of the encoder to the
output (PP;;) of the decoder covering the critical path of each
circuit.

In this arrangement, the encoder and decoder loading
conditions are minimal and correspond to FO2 and FO4,
respectively. As can be seen, the proposed BED18 version
reports the lowest power consumption across a wider supply
voltage range. This corresponds to 22.7% of reduction at
typical supply voltage and 16.7% at near-Vy, voltage levels.
When it comes to the propagation delays, BED20 outper-
forms BED18 thanks to its transmission gates. As depicted
in Fig. 11(b), the maximum performance improvement of
BED20 over BED18 can be seen at 0.6 V which is ~9%.
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Fig. 11. Power (at 250 MHz), delay, and PDP of the Booth circuits: Fig. 3(a)-(c) and (e) in typical conditions (TT/at 25 °C/encoder-FO2/decoder-FO4).
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Fig. 12. Power, delay, and PDP of Booth circuits (1.2 V/TT/1 GHz/at 25 °C). (a)—(c) Different encoder loading conditions. (d)—(f) Different decoder loading

conditions.

However, the larger switching capacitance and extra wiring
of the BED20 circuit overshadows its higher performance and
consumes ~24% more energy than BED18 at 0.6 V as shown
in Fig. 11(c).

Power, delay, and PDP of these circuits against different
loading scenarios under typical operating conditions (Vpp =
1.2 V/at 1 GHz/TT/at 25 °C) are illustrated in Fig. 12(a)—(f).
This depiction reflects the effect of the loading conditions
on the integrity of the encoder/decoder signals at a higher
performance level. Here FO4, FO8, and FO16 represent the
loading conditions of a single encoder in 4-, 8-, and 16-bit
multiplier arrangements. Fig. 12(a)—(c) evidently suggests that
the proposed BED18 has the most energy-efficient figures
compared to all baselines. Interestingly, the propagation delay
of BED20 degrades at FO16 and becomes comparable to
BEDI18. This is caused by the higher input capacitive load
of BED20 decoder (OAI32 cell). Under the same condition,
the delay of BED22 increases by 22% compared to BED18.
The lack of driving strength of encoder (AOI33) as well as the
accumulated input loads of decoder cell (AOI22) were found
to be the causes of this. Notably, at 1 GHz, BED13 fails to
sustain its operation when the encoder loading > FOS. This

|—BED20 — BED22 —BED13 —BEDI38|

1.2
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g 0 £ 100
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12
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Delay (ns) Delay (ps)
Fig. 13. PP;j waveforms (encoder-FO16/decoder-FO4) and process/

mismatch variations in Booth circuits (1.08 V/SS/at 125 °C/encoder-FO2/
decoder-FO4).

is mainly due to the cascaded and imbalanced resistive paths
of the SEL blocks as foreshadowed in Section III.

Fig. 12(d)—(f) depicts the circuit performance against dif-
ferent decoder loading conditions when the encoder load
is FO16 under the same operating conditions as was
in Fig. 12(a)—(c). BEDI18 circuit outperforms all other cir-
cuits in both power and delay figures under heavily loaded
conditions. This advantage is evidently seen in its energy
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(a)—~(c) Power (at 320 MHz), delay, and PDP of full adders (TT/at 25 °C/C;=FO4 at S and Co). (d) Worst-case input capacitance in fF.

(e)—(g): Worst-case power, delay, and PDP of cascaded full adders under the same operating conditions.

consumption, reporting ~26%-37% reduction compared to
BED20. Furthermore, this indicates that the driving strength
of the proposed decoder is more than sufficient, even though
smaller devices were used. The output signals of the Booth cir-
cuits for Fig. 12(c) loading condition are illustrated in Fig. 13
(left). As shown, the degradation of BED13 output is promi-
nently seen in heavily loaded conditions while all other circuits
perform reasonably well.

Fig. 13 (right) also outlines the process and mismatch
variations on the Booth circuits based on 1000 Monte Carlo
iterations (MCIs). In this case, the loading condition is min-
imal and corresponds to the FO2 condition of Fig. 11(b).
A similar behavior in delays can be observed in both
graphs. BED13 reports the largest delay with the highest
standard deviation. The variation of BED22 is slightly bet-
ter than BED18 due to the fewer number of transistors in
BED22 decoder. Even though BED20 has more transistors
in its decoder, the reduced encoder critical paths result in
less variations. Nonetheless, its higher power consumption
overshadows this merit.

B. Full Adder Evaluation

All the full adders presented in Fig. 5 are considered to
demonstrate their immunity to the spurious activities along
with the typical figures of merit. To highlight the geometry
independent qualities of each, all NMOS and PMOS devices
were equally sized to minimum drawn values (Wxyos = Whins
WPMOS = ;BWNMOS, where IB = 1.5 and Wmin = 0.15 ,um).
This results 0.15/0.060 ym for NMOS and 0.22/0.060 u for
PMOS. This sizing suits for MI-M4 of PBFA26 as well.
A full adder in the adder-tree always drives a single input of
another full adder cell which is typically less than a FO4 load.
Hence minimum-sized devices can be used. Fig. 14(a)—(c)

illustrates power, delay and PDP of each circuit against V pp
under typical conditions (TT/at 25 °C/C;=FO4). The power
consumption of the full adders is the average power observed
for their all 56 possible input transitions [49], [53] at 320-MHz
operation.

As was mentioned, the RFL22 is the slowest design
[Fig. 14(b)]. When the supply voltage goes below 1 V,
the circuit fails to meet the constraints. It consumes more
power at the same time in all operating points leading to
impractical PDP values. Hence, the fitness of RFL22 in this
scope is questionable. Interestingly, the standard CMOS28 full
adder cell reports the lowest power consumption which is
14% and 10% lower than proposed PBFA26 at near-Vy, and
nominal supply levels. PBFA26 is slightly better (~3%) than
BFA22 even though the latter requires only 22 transistors. And
BFA22 is followed by TFA22, HFA26, and RFL22 consum-
ing 9%, 10%, and 14% more power than PBFA26, respec-
tively, at 1.2 V. When it comes to the propagation delays,
PBFA26 only outperforms TFA22 (by 17%—19%) and RFL22.
Notably HFA26 even outperforms CMOS28 and becomes 34%
faster than PBFA26 in both supply domains. Similarly, these
merits lead CMOS28 and HFA26 to be more energy efficient
than proposed PBFA26 as shown in Fig. 14(c) in standalone
simulation. However, this is not the case for cascaded and
multiplier arrangements which will be discussed later in this
section.

Fig. 14(d) summarizes the worst-case capacitance of each
full adder input observed for all possible input combinations.
RFL22 reports the largest capacitance values for all three
inputs. In HFA26, input B sees the largest capacitance which
is ~1.8x of other inputs. Inputs A and B of PBFA26 and
BFA22 have the same values as their input arrangement is
similar. The input A of these full adders tends to see a
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(1.2 V/1 GHz/TT/at 25 °C/C; = FO4 at S and Co).

larger capacitance than the CMOS28 due to the slow rise/fall
short-circuit transitions at the input stage. This phenomena
worsens in TFA22, RFL22, and HFA26 (input B). As was
predicted in Section IV-B, input C of PBFA26 sees the
smallest input capacitance and this will be leveraged to reduce
the dynamic power dissipation in the PASR algorithm. The
probability of a full adder output to drive a higher capacitive
load in the adder-tree is relatively lower in PBFA26 design.
Although the individual PBFA26 is slower, this probability
should lead to an improvement in PDP for a cascaded circuit.

Fig. 14(e)—(g) illustrates the effect of cascading of full
adders in 4-, 8-, and 16-bit arrangements. The full adders
can be cascaded in six different modes [49]. Among these,
the propagation delay of the slowest mode of each arrangement
is depicted in Fig. 14(f) and used for PDP in Fig. 14(g).
Fig. 14(a)—(d) evidently suggests that PBFA26 is more power
efficient than HFA26 and this is similarly observed in cas-
caded modes leading to 18%-21% savings in 8- and 16-bit
modes. Interestingly, the most power efficient design CMOS28
(10.83 W) consumes slightly higher power (~3.88%) than
PBFA26 (10.4 W) in 16-bit cascaded mode. HFA26 outper-
forms all other designs in propagation delays and as depicted
in Fig. 14(f) it is ~16% faster than PBFA26 in 8-/16-bit
modes. When it comes to PDP, CMOS28 (33.6 fJ) and
BFA22 (33.4 f]) become comparable to PBFA26 (34.1 f])
while PBFA26 is 6% more energy efficient than HFA26
(36.3 fJ). The main reason for this slight improvement of
PBFA26 in cascaded mode can be related to its lower input
capacitance and balanced data-paths in general. TFA22 and
RFL22 were found to be the worst designs among the full
adders.

Fig. 15(a) depicts the power consumption of full adders
(except RFL22) for specific input scenarios (SC1-SC4) which
lead to self-emancipated glitches in these adders. The nature
of these scenarios are illustrated in Fig. 15(a). For instance,
scenario SC1 implies that the inputs A and B of the full
adder have simultaneous transitions while input C is at a
constant logic level. SC2 is similar to SCI1 except the tran-
sitions at inputs A and B are in opposite directions. As can
be seen, CMOS28 is sensitive to SC1 and SC2 due to its
inherent XOR/XNR path imbalance. In both of these sce-
narios, PBFA26, BFA22, and TFA22 perform well as their
XOR/XNR paths are more balanced. In SC1, CMOS28 power
consumption (23.6 uW) can go up to 30.8% of PBFA26’s
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Fig. 16. Full adder delays against PVT variations at SS corner (1.08 V/SS/at
125 °C/C-FO4).

consumption (16.31 uW). However, this behavior flips in
SC3 and SC4. Instead of CMOS28, power consumption of
BFA22 (31.2-33.9 4W) increases by 33%-40% compared to
PBFA26 (22.52-22.16 W) due to the poor synchronization
between carry-in (C) and other two inputs. TFA22 shows the
highest power consumption for SC3 and SC4. Recall that the
only structural difference between PBFA26 and BFA22 is
the intracell delay element which demonstrates its impact to
the power consumption in SC3 and SC4 scenarios.

Fig. 15(b) compares the average power consumption
between a UDR stimuli (of 1000 patterns) and SC1-SC4.
Obviously, the probability of the occurrence of SC1 and SC2
(psci—psci1) is much lower in UDR and therefore CMOS28
(8.7 uW) is shown to be 10.7% more power efficient than
PBFA26 (9.75 uW). Even though the probabilities of SC3 and
SC4 are similarly lower, PBFA26 is generally more power
efficient than HFA26 (10.81 ¢W) and BFA22 (9.94 uW) as
was observed in Fig. 14(a). This corresponds to 9.8% and
2% of savings, respectively. On average, proposed PBFA26
(17.1 W) consumes 7.1% and 23% less power than CMOS28
(18.4 uW) and BFA22 (22.2 uW) in specific scenarios such
as SC1-SC4. Fig. 15(c) summarizes the propagation delays
at 1.2-V/1-GHz operation where RFL22 fails to survive. The
propagation delays of the other designs closely follow the
attributes of Fig. 14(b).

Fig. 16 summarizes the PVT variations of full adders
at worst case corner (1.08 V/SS/125 °C) operation based
on 1000 MCIs. HFA26 demonstrates better delay varia-
tions compared to other designs. HFA26, CMOS28, and
TFA22 reported four samples beyond u =+ 30 limits while
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PBFA26 and BFA22 reported only 3. RFL22 (not shown)
demonstrated the worst case performance of u = 2.7 ns/oc =
0.683 ns while having ten outliers beyond u + 3¢ limit.
PBFA26 has shown 12% higher x than BFA22 due to the
variations introduced by its intracell delay element. Their
o values are somewhat comparable.

C. Multiplier Performance

This section presents the figures of merit of the pro-
posed glitch-optimized circuit blocks in the multiplier inte-
gration. Based on the conclusions drawn in Sections III
and IV, this article proposes two multiplier structures Prop-
W, Prop-LFR with OWT, and LFR reduction schemes for
full-precision operation. The sum-carry interconnections of
the adder-tree were arranged according to the generalized
version of the PASR algorithm presented in Section IV-B.
The proposed Booth encoder/decoder in Fig. 3(f) (BEDIS)
and the full adder in Fig. 5(f) (PBFA26) are utilized in these
designs. For the comparison, six baselines were constructed for
16- and 32-bit versions based on OWT, Array, and LFR
schemes utilizing BED22 in Fig. 3(c) and the most promising
full adders in Fig. 5(d) (HFA26) and Fig. 5(e) (CMOS28).
These two full adders produce Co output faster than output
S and therefore, they are well suited for OWT, Array, and
LFR schemes. The 8-bit version scarcely benefits from the
Array and LFR schemes so that it is only limited to OWT.
The OWT and Array versions were further optimized with
TDM. Applying TDM to LFR is not considered as the gain is
expected to be minimal [28], [29]. Moreover, the traditional
“Array-Only” versions are not considered due to their inferior
performance [7]. The regular PPG structure in Fig. 2(a) [16]
and a two-level CLA adder as the final adder were utilized in
all variants which can be summarized as follows.

1) Base-WI(TDM): Baseline with OWT, TDM schemes

and BED22, CMOS28 circuits.

2) Base-W2(TDM): Baseline with OWT, TDM schemes

and BED22, HFA26 circuits.

3) Base-ARI(TDM): Baseline with Array, TDM schemes

and BED22, CMOS28 circuits.

4) Base-AR2(TDM): Baseline with Array, TDM schemes

and BED22, HFA26 circuits.

5) Base-LFRI: Baseline with LFR schemes and BED22,

CMOS28 circuits.
6) Base-LFR2: Baseline with LFR schemes and BED22,
HFAZ26 circuits.

7) Prop-W: Proposed version with OWT, PASR schemes

and BED18, PBFA26 circuits.

8) Prop-LFR: Proposed version with LFR, PASR schemes

and BED18, PBFA26 circuits.

1) Experimental Setup: The cells have been characterized
with intracell parasitics for the physical design experiment.
All the multipliers were fully placed and routed in Cadence
Innovus digital environment to account for both gate-level and
interconnect-level parasitics. To preserve the logic structure
of the design, the optimizations in the physical design tool
were disabled. Due to the cumbersome nature of the transistor
level simulations on the entire design, the power consumption
was observed in two steps. First, the power consumption
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Fig. 17.  32-bit Prop-W multiplier (clock network highlighted).
XOR  XORXNR — A022
1.40 um 1.76 um
CMOs28
5.14 pm
Fig. 18. SEL of BEDI13, XOR-XOR/XNR-AO22 of BED18, AOI33-XNR-

AOI22 of BED22 and full adders.

of each design with intracell parasitics was observed by
transistor-level simulations in Cadence Virtuoso analog envi-
ronment. This is essential as the impact of the spurious
activities can be accurately reflected. Secondly, the impact of
the interconnect parasitics to the total power consumption was
quantified in Synopsys PrimeTime environment by running
relatively larger test patterns. Finally, the numbers obtained
from transistor-level simulations were scaled up by the average
percentage of the interconnect power contribution obtained
from PrimeTime.

In the analog environment, each design was simulated
against a UDR test sequence of 5000 input patterns, given
by P1. Besides, 16-bit versions were simulated against P2,
a realistic data set that was extracted from the JPEG decoding
benchmark (djpeg) application from MediaBench Suite [54].
Typically in lossy JPEG decompression, 8-bit sampled data
with recommended scaling requires only 16-bit wide variables
and constants. The extracted sequence includes 50000 input
patterns, which represent 16-bit multiplication data involved
in inverse discrete cosine transform (IDCT) calculations for
8-bit JPEG image samples. Tables I-III summarize the fig-
ures of merit of the different multiplier versions considered
in this evaluation. Note that these figures only correspond
to the combinatorial portion of the multipliers. Delay and
Inter. Power columns represent the critical path delay and
the contribution of interconnect parasitics to the total power
consumption respectively. The physical layout of the 32-bit
Prop-W and the cell layouts of the proposed circuits are shown
in Figs. 17 and 18.
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TABLE 1
8-bit MULTIPLIER PERFORMANCE (1.2 V, 500 MHz, TT, 25 °C
Scheme Input | Powerior (uW) | Powerjes (LW) ‘ Delay (ns) Inter. Power | Core Area (um?)
Base-WI1(TDM) | P1 | 344 (17.4%) 0.068 1.32 (6.0%) 11.0% 1043 (0.7%)
Base-W2(TDM) | P1 | 353 (19.4%) | 0.074 (8.1%) 1.24 9.2% 1085 (4.5%)
Prop-W P1 284 0.069 (1.4%) | 1.42 (12.7%) 8.5% 1036
TABLE II

16-bit MULTIPLIER PERFORMANCE (1.2 V, 250 MHz, TT, 25°C)

Scheme

Input Powerior (UW) Powerjeax (LW) ‘ Delay (ns) Inter. Power | Core Area (;Lmz)

P1 | 703 (12.2%)
Base-W1(TDM) 0.204 (3.4%) | 2.25 (2.2%) 15.2% 3224 (0.8%)
P2 | 507 (10.5%)

Pl | 718 (14.0%)

Base-W2(TDM) 0.240 (17.9%) 2.20 13.0% 3471 (7.8%)
P2 | 520 (12.7%)
P1 616
Prop-W 0.228 (13.6%) | 2.39 (7.9%) 14.0% 3294 (2.9%)
P2 454
P1 | 770 (20.0%
Base-AR1(TDM) ( o) 0.197 2.50 (12.0%) 15.6% 3198

P2 | 546 (16.8%)

P1 | 767 (19.6%
Base-AR2(TDM) ¢ 0) 0.240 (17.9%) | 2.21 (0.5%) 13.0% 3473 (7.9%)
P2 | 551 (17.6%)

P1 | 716 (13.8%
Base-LFR1 ¢ ) 0.204 (3.4%) | 2.42 (9.0%) 15.3% 3253 (1.7%)

P2 | 515 (11.8%)

Pl | 744 (17.2%)
Base-LFR2 0.240 (17.9%) | 2.38 (7.6%) | 14.0% | 3481 (8.1%)

P2 | 534 (15.0%)

Pl | 710 (13.2%)
Prop-LFR 0.228 (13.6%) | 2.75 (20.0%) | 15.5% | 3294 (2.9%)
P2 | 479 (5.2%)

TABLE III
32-bit MULTIPLIER PERFORMANCE (1.2 V, 200 MHz, TT, 25 °C)

Scheme Input Powerior (LW) Powerjea (LW) ‘ Delay (ns) Inter. Power ‘ Core Area (um?)
Base-WI(TDM) | P1 2462 (9.5%) 0.590 4.16 (3.6%) 18.6% 10930 (1.5%)
Base-W2(TDM) | P1 | 2558 (12.9%) | 0.750 (21.3%) 4.01 15.7% 12024 (10.4%)

Prop-W P1 2228 0.712 (17.1%) | 4.22 (5.0%) 15.0% 11310 (4.8%)
Base-ARI(TDM) | P1 | 3093 (27.9%) | 0.631 (6.5%) | 4.92 (18.5%) 18.0% 10771
Base-AR2(TDM) | P1 | 3082 (27.7%) | 0.797 (26.0%) | 4.55 (11.9%) 15.1% 11862 (9.2%)

Base-LFR1 Pl | 2757 (19.2%) | 0.651 (9.4%) | 4.41 (9.1%) 17.4% 10940 (1.5%)
Base-LFR2 Pl | 2887 (22.8%) | 0.815 (27.6%) | 4.64 (13.6%) 17.2% 12022 (10.4%)
Prop-LFR Pl | 2687 (17.1%) | 0.765 (22.9%) | 4.95 (19%) 14.2% 11166 (3.5%)
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2) Power Consumption: Evidently, the Prop-W version is
the most power-efficient design among all the multipliers
for both P1 and P2 patterns. This figure is more prominent
in 8-bit versions (17%-20% against Base-W1 and Base-W2)
as Prop-W significantly benefits from the reduced parasitics
and spurious activities in Booth circuits as well as the adder-
tree. Recall that the proposed Booth encoder/decoder circuit
(BED18) was already shown to be the most energy-efficient
design in Section VI-A. In 16- and 32-bit versions, the growth
of the adder-tree surpasses the complexity of Booth cir-
cuits. Therefore, the power efficiency gradually decreases to
12%-14% for 16 bit and 10%-13% for 32-bit versions
when compared with Base-W1 and Base-W2, respectively.
An exception can be observed for other baselines. Notably,
Prop-W outperforms Array-TDM and LFR versions by nearly
20%-30%. This implies that, even with the imbalanced
full adders, the combined effort of OWT and TDM of
Base-Wx(TDM) has severed the baseline versions reason-
ably well in suppressing spurious activities. Needless to
say that the self-emancipated glitches for CMOS28 and
HFA26 [Fig. 15(a)] still remain in these designs. Even

though the single CMOS28 full adder was found slightly
more power-efficient when compared with the proposed
PBFA26 full adder [Fig. 14(a)], the efficacy of PBFA26 is pro-
nounced in the multiplier integration. Thanks to OWT and PSR
schemes, the parasitic behavior has been efficiently exploited
to address the spurious activities. Even though Prop-LFR ben-
efits from LFR and PSR schemes, it only outperforms baseline
Array(TDM) and LFR versions. More specifically, Prop-LFR
32-bit version is 11.3%—-11.6% and 0.8%—5.3% power efficient
when compared to Base-ARx(TDM) and Base-LFRx 32-bit
versions, respectively.

The leakage power of the multiplier is related to the
worst-case leakage power of its cells. The lowest leakage
was observed for the multiplier variants of CMOS28 full
adder cells. This is obvious as the stacked CMOS devices
in CMOS28 produce less leakage. This figure is followed
by the PBFA26 and finally the variants of HFA26. Despite
the similar transmission-gate structure between PBFA26 and
HFAZ26, the signal synchronization provided by the intracell
delay element [Fig. 5(f)] of PBFA26 further reduces the
leakage currents when the transmission pairs switch in SCG.
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For instance, Base-W1(TDM) of CMOS28 cells shows 17%
and 21% better leakage figures than Prop-W of PBFA26 and
Base-W2(TDM) of HFA26 for 32-bit versions.

Another interesting observation of the experiment is the lay-
out complexity. Even though the Wallace and OWT schemes
were considered notorious for layout power [7], [17], [28],
[29], [44], the contribution of layout parasitics of OWT and
PASR for the high-performance operation was found negli-
gible compared to other schemes. The interconnect power
values across OWT, Array and LFR schemes are almost
comparable. An equal effort was put to optimize the lay-
outs of all the cells by limiting the intracell routing to
metal-1 (MEI) layer. Moreover, the pins of the cells were
placed carefully on the ME1-ME2 routing grid, so that the
routing tool has sufficient room to access the pins. These
facts, as well as the stringent timing constraints (i.e., for
32-bit multipliers), are indeed the cause for these comparable
interconnect figures. More specifically, the 32-bit version of
Base-W1(TDM) required 96 nets in ME6 layer while Base-
W2(TDM) and Prop-W required 26 and 19 nets, respectively.
Hence a negligible increase of 3% in interconnect power of
Base-W1(TDM) can be observed. The metal use is lowest
in 32-bit Prop-LFR version in which only ME1-MES nets have
been used.

3) Propagation Delays: The proposed designs based on
OWT and PSR are slightly slower than other OWT versions
and are indeed faster than the Array(TDM) and LFR versions.
The multipliers of HFA26 full adder are the fastest variants and
they are followed by CMOS28 variants. As was highlighted in
Section VI-B, both HFA26 and CMOS28 full adders are faster
than PBFA26 [Fig. 14(b)]. However, when the full adders are
in cascaded mode (i.e., 8 and 16 bit), the asymmetry of the
input capacitive loading and other parasitic effects average out
the total delay of the cascaded chain [as was in Fig. 14(f)] and
therefore the delay difference becomes negligible. Similarly,
the performance of Prop-W version improves for higher word
lengths. Moreover, the proposed Booth circuit (BED18) has
always been faster than the baseline (BED22) for wider
loading conditions as was depicted in Fig. 12(b) and (e). Hence
the partial products (PP; ;) of the proposed versions arrive
faster at the front-end of the adder-tree. For instance, 8-bit
Base-W2(TDM) is 12.7% faster than Prop-W and it reduces
to 5% for 32-bit version mode. Naturally, the OWT with TDM
or with PSAR outperforms all Array(TDM) and LFR versions
pertaining to its logarithmic delay reduction. Prop-LFR is the
slowest version among all the variants.

4) Core Area: The multiplier variants of HFA26 full adder
consume relatively a larger core area while CMOS28 variants
are the smallest. More specifically, for a given word length,
Base-AR1(TDM) of CMOS28 full adders, reported the small-
est core area. This is 2.9% and 4.8% area efficient than the
proposed versions for 16- and 32-bit versions, respectively.
Base-W1(TDM) and Prop-W are comparable in 8-bit versions.
The continuous diffusion connections of the standard CMOS
style (of CMOS28) is the main reason for this observation.
On the contrary, both HFA26 and PBFA26 based on alternative
logic styles require a relatively larger layout area due to the
diffusion breaks of the cells. Note that in addition to these
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functional cells, the final layout contains physical-only cells
(well continuity and metal fillers) as well.

VII. CONCLUSION

This article has proposed and investigated glitch-optimized
circuit blocks for high-performance Booth multipliers aiming
to reduce the dynamic power dissipation caused by the par-
asitics and spurious activities. The proposed strategy incor-
porates circuit-level techniques with a PASR to achieve this
goal. Therefore, the proposed approach is an excellent choice
for high-performance, energy-constrained multiplication at the
expense of a slightly higher delay. The efficacy of the proposed
strategies has been verified by the extensive postlayout simula-
tions carried out in 65-nm process technology. Two versions of
the multiplier structures (Prop-W, Prop-LFR) comprising these
circuit blocks, have been compared to highly optimized array
and tree versions of the multipliers comprised of the state-
of-the-art building blocks in literature. From the postlayout
simulations, it was concluded that the proposed versions are
on average 10%-30% more power efficient compared to the
baselines.
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