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Abstract—This paper presents carry-lookahead adder (CLA) based
design of the contemporary inexact-speculative adder (ISA) which is
ﬁne grain pipelined to include few logic gates along its critical path
and thereby, enhancing the frequency of operation. Additionally, various
stages of the proposed ISA architecture has been clock gated to reduce
the power consumed by this design. Functional veriﬁcation and hardware
implementation for various conﬁgurations of the suggested ISA is carried
out on ﬁeld-programmable gate-array (FPGA) platform. It could operate
at a maximum clock frequency of 324 MHz which is 52% better then the
conventional ISA. Thereafter, the synthesis and post-layout simulation of
32-bit proposed ISA is carried out using 90 nm complementary metaloxide semiconductors (CMOS) technology node for power and area
analysis. Our design occupied 5.11 mm2 of chip area and consumed
9.68 mW of total power at 400 MHz clock frequency. The proposed ISA
burns 52.8% lesser power than the state-of-the-art work.
Index Terms—Inexact speculative adder, carry lookahead adder,
pipelining, FPGA, very-large scale-integration (VLSI) and applicationspeciﬁc integrated-circuits (ASIC).
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High-speed adders are highly desirable in the present day scenario,
though power (or energy) and silicon area are equally vital. Spectrum
sensors used in intelligent cognitive-radio environment [1], [2] as
well as internet of everything (IoE) [3] devices focused on physical
interfaces are largely-explored research areas in the recent time.
Hardware for the algorithms of such applications is basically focused
on sensing and actuating where the response time is key component
to be optimized for real-time interfaces. Thereby, the design of highly
optimized adders in terms of speed play signiﬁcant role in the present
era and hence this paper focuses in the design of same.
With tolerable degradation in accuracy and performance, it is
feasible to conceive high-speed, low power and area efﬁcient design
using inexact and approximate circuit technique [4]. Accuracy of
such circuits can be traded off to improve the power and speed by
speculation. Thereby, such adders are referred as inexact speculative
adder (ISA). Various optimized versions of such ISA have been
reported in literature [5]-[9] and these works concentrated mostly
on enhancing the accuracy of their results. However, there is space
to further improve the speed of such adders by retaining the accuracy
with minimum error. Thereby, our contributions in this work are as
follows: design and analysis of the carry lookahead adder (CLA)
based ISA has been carried out. Thereafter, this adder is ﬁne grain
pipelined to reduce the critical path delay that further enhances
the operating speed. FPGA implementation of 8, 16 and 32 bit
versions of the proposed ISA has been carried. Obtained post place&-route results of these adders are compared with reported nonpipelined ISAs. Subsequently, clock signal fed to various stages of the
deep pipelined ISA-architecture has been gated to reduce the power
consumption. Eventually, ASIC synthesis and post-layout simulation
of the proposed 32-bit ISA has been performed in 90 nm-CMOS
technology node and is compared with the state-of-the-art ISA adder.
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Fig. 1: (a) Basic block diagram of n-bit conventional inexactspeculation adder (ISA). (b) Gate-level circuit representation of
speculator block. (c) Digital architecture of compensator block.

II. P ROPOSED VLSI A RCHITECTURE OF ISA
Block diagram and data ﬂow of conventional ISA for n-bit addition
is shown in Fig. 1. In the proposed architecture, we have segregated
the n-bit input into 4-bit blocks (i.e., the value of x = 4 in Fig. 1) and
each of these blocks is fed as operands to the x-bit adder. Unlike the
conventional ISA architecture, the adder unit has been replaced with
4-bit CLA to further enhance the speed of operation. Comprehensive
explanation with circuit details of various sub blocks of this adder
are presented as follows:
1) Speculator and Adder Blocks: Prior delving into the circuit
details, it is necessary to understand the notations used in this
paper. Two n-bit operands for addition are represented as A =
{𝐴0 , 𝐴1 , ....𝐴𝑛−1 } and B = {𝐵0 , 𝐵1 , ....𝐵𝑛−1 }; whereas, the sum,
carry input and carry output are expressed as S = {𝑆0 , 𝑆1 , ....𝑆𝑛−1 },
𝐶𝑖𝑛 and 𝐶𝑜𝑢𝑡 respectively. Gate-level circuit diagram of the speculator used in our adder design is presented in Fig. 1(b). This block
is based on CLA logic to speculate the output carry for each 4-bit
adder block. Speculation is carried out for ‘r’ msb bits of each block
where r is less than the size of block, (i.e., r < x = 4). Subsequently,
the input carry for each speculator block is 0 (or 1) which introduces
positive (or negative) errors respectively. The output carry, which is
denoted as 𝐶𝑠𝑜 , from each speculator block is fed as an input carry
for the adder block succeeding it, as shown in Fig. 1. Now, each 4-bit
adder block need not wait for the input carry from the preceding 4bit adder block. Instead, all such adder blocks perform simultaneous

additions on receiving input carries from the concerned speculator
blocks. Speculator block computes carry based on the equation shown
below:
𝑃𝑖 = 𝐴 𝑖 ⊕ 𝐵 𝑖 ;
𝐺𝑖 = 𝐴𝑖 ⋅ 𝐵𝑖 ;
(1)
𝐶𝑖+1 = 𝐺𝑖 + (𝑃𝑖 ⋅ 𝐶𝑖 );
where (i+1)𝑡ℎ carry bit is computed using the propagate (𝑃𝑖 ), generate
(𝐺𝑖 ) and carry (𝐶𝑖 ) of 𝑖𝑡ℎ bit. This block is situated along the critical
path of ISA architecture; however, it doesn’t produce much delay as
it computes the carry for few bits. On the other hand, adder block
performs addition of 4-bit input blocks using CLA logic based on
the equation below.
(2)
𝑆 𝑖 = 𝑃𝑖 ⊕ 𝐶 𝑖 .
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This work employs CLA in the suggested architecture, as it has
smaller propagation delay compared to the conventional ones. Here,
the local sum obtained in parallel from each adder block is not
the exact output because the addition has been performed using
speculated carry inputs. Correction or Balancing of such sum value is
carried out by the compensator block, as illustrated in Fig. 1. Adder
and compensator blocks are the ones which consume maximum delay
along the critical path of the architecture. Thereby, we tend to reduce
this delay using the concept of pipelining which will be discussed in
the later sections of this paper.
2) Compensator Block: Fig. 1(c) shows the digital architecture
for compensator block used in the proposed ISA adder. This block
compares the output carry from each 4-bit adder block with the
corresponding speculated carry using a XOR gate. Thereafter, the
output from XOR gate generates an error ﬂag (𝑓𝑒 ) that triggers the
activation of one of the two compensation techniques: error correction
and reduction. If the XOR-gate output is ‘0’ then the local sum is
directly passed to the ﬁnal output. Similarly, if the XOR gate gives
‘1’ then this indicates that an error has occurred which can be either
positive or negative. A positive error indicates a speculation of ‘0’
instead of ‘1’ and, hence, induces too low sum. Albeit a negative
error indicates a speculation of ‘1’ instead of ‘0’ which induces too
high sum. The compensation block performs an unsigned increment
or decrement to the group of LSBs in the direction of this potential
error (too high error is solved by a ‘-1’ and too low by a ‘+1’). This
correction is possible only if it does not result overﬂow. In case of
overﬂow, the compensation block balances a group of MSBs of the
preceding sub-adder in the opposite direction of the error. Balancing
is performed based on the following observation:

Fig. 2: Deep-pipelined VLSI architecture of the proposed ISA for n
= 16 bits and x = 4 bits, with ﬁve pipeline stages, for high speed
applications.

2𝑛 > {2𝑛 + 2𝑛−1 + 2𝑛−2 + ....... + 20 }.

where ∂𝑥𝑜𝑟 , ∂𝑎𝑛𝑑 , ∂𝑑𝑒𝑚𝑢𝑥 and ∂𝑚𝑢𝑥 are the combinational delays
of the logical XOR, logical AND, de-multiplexer and multiplexer
respectively. It is to be noted that the speculator, compensator, 4-bit
adder and the overall ISA design is feed-forward VLSI architecture.
Thereby, carefully analyzing these circuits and on ﬁne-grain pipelining this ISA architecture, we can shorten the critical path delay and
hence realize fast VLSI-architecture for this adder.
For the ease of understanding, pipelining process of this work
has been explained using n = 16 bit ISA architecture. Even though
the value of n increases, critical path delay is unaffected because
the value of x is always 4 bit (as discussed earlier) and the adder,
speculator as well as compensator architectures remain unchanged.
The proposed 16-bit ISA VLSI-architecture is shown in Fig. 2 where
the conventional blocks has been replaced by the pipelined speculator
(PSPEC), pipelined compensator (PCOMP) and pipelined 4-bit CLA
(PCLA) units. Sub blocks PSPEC, PCLA and PCOMP contain two
pipelined stages. Overall architecture of the suggested ISA adder has
been designed with ﬁve pipelined stages and there are six levels

(3)

When 2𝑛 error is detected in the sum, it could be compensated by
intentionally causing the LSB errors for the sum in the opposite
direction(for example, 𝑆𝑛−1 = 1 −→ 𝑆𝑛−1 = 0). In the best case
where all the LSBs can be balanced in the opposite direction, the
total error is reduced to 1, as follows:
{2𝑛 − 2𝑛−1 − 2𝑛−2 − ....... − 20 } = 1.

(4)

In general, if the number of bits used for correction is p then the
ﬁrst computed ‘p’ LSBs from the 4-bit adder block are passed on
to the compensation block where it is checked whether any overﬂow
occurs or not. It does then the right compensation technique which
is balancing will be selected. All this is carried out prior the 4-bit
adder block ﬁnishes computing the sum of all other bits. Preferably
the value of p is 1 for the optimum results. Thus, a signiﬁcant feature
of this adder is that neither the pre-computing of error correction nor
the compensation choice lies in the critical path of the ISA adder.

The components of compensation block which are involved in the
overall critical path of ISA are the XOR gate, de-multiplexer and
multiplexer.
A. Fine-Grain Pipelined Architecture
In the conventional ISA architecture, let us assume that the combinational delay of 4-bit adder, speculator and compensator blocks to be
∂4𝑏−𝑎𝑑𝑑𝑒𝑟 , ∂𝑠𝑝𝑒𝑐 and ∂𝑐𝑜𝑚𝑝 respectively. In this architecture, carryin is speculated for each 4-bit adder block and based on this; adder
block calculates the local sum. Thereafter, the faulty speculation is
detected by comparing speculated carry-in and prior carry-out from
4-bit adder. Subsequently, compensator block performs the correction
and balancing operation. Thus, the critical path of the conventional
ISA architecture includes delays of speculator of the 𝑖𝑡ℎ instant and
the 4-bit adder plus compensator delays of (𝑖+1)𝑡ℎ instant, as shown
in Fig. 1 (with colored lines and blocks) and expressed as follows:
∂𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = (∂4𝑏−𝑎𝑑𝑑𝑒𝑟 )𝑖 + (∂𝑠𝑝𝑒𝑐 )𝑖+1 + (∂𝑐𝑜𝑚𝑝 )𝑖+1 .

(5)

Thereby, based on the internal architectures of speculator and compensator blocks, the detailed version of critical path delay is given
as:
∂𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = (∂4𝑏−𝑎𝑑𝑑𝑒𝑟 )𝑖 + (2×∂𝑥𝑜𝑟 + ∂𝑎𝑛𝑑 )𝑖+1
(6)
+(∂𝑥𝑜𝑟 + ∂𝑑𝑒𝑚𝑢𝑥 + ∂𝑚𝑢𝑥 )𝑖+1 .

Table II: Comparison of area consumed by the proposed 32-bit
pipelined adder (PLA) with respect to 32-bit non-pipelined adder
(NPLA).
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Fig. 3: Gate-level circuit of (a) Four-bit pipelined-carry look-ahead
adder (PCLA) (b) Pipelined speculator (PSPEC) (c) Pipelined compensator (PCOMP) used in the proposed ISA VLSI architecture.

of registers included in this design, as shown in Fig. 2. This is a
scalable architecture because the number of pipeline stages remains
constant on increasing the bit widths of the operands, retaining the
same critical path delay. The deep pipelined architectures of sub block
have been illustrated in Fig. 3. It shows the gate-level designs of
PSPEC, PCOMP, PCLA and their respective pipelined stages. On
observing the proposed VLSI architectures from Fig. 2 and 3, it can
been seen that the critical path of suggested architecture lies in PCLA
and it includes only four two-input gate delays (one XOR and three
AND gate delays). Thereby, the expression of critical path delay that
decides the maximum clock frequency of the proposed ISA is given
as
∂𝑐𝑟𝑡−𝑝𝑟𝑜𝑝 = ∂𝑐𝑙𝑘−𝑄(𝑓 𝑓 ) + ∂𝑥𝑜𝑟 + 3×∂𝑎𝑛𝑑 + ∂𝑠𝑒𝑡𝑢𝑝(𝑓 𝑓 )

(7)

where ∂𝑐𝑙𝑘−𝑄(𝑓 𝑓 ) and ∂𝑠𝑒𝑡𝑢𝑝(𝑓 𝑓 ) represent clock-to-Q delay and
setup time of launch and capture ﬂip ﬂops, respectively, in the design.
Eventually, the maximum clock frequency that can be achieved by
suggested ISA architecture in real world scenario is
Ϝ𝑚𝑎𝑥 ≤ 1/{∂𝑐𝑟𝑡−𝑝𝑟𝑜𝑝 − ∂𝑠𝑘𝑒𝑤 }

(8)

where ∂𝑠𝑘𝑒𝑤 represents the clock skew which may occur in such
scenario.
III. E XPERIMENTAL R ESULT AND C OMPARISON
This section presents the functional veriﬁcation and the board level
implementation of the proposed architecture of ISA. Subsequently,
the ASIC post-layout simulation results of this design have been
presented and this section also includes the comparison of our results
with the reported state-of-the-art work.
A. FPGA Implementation
In this work, the proposed ISA adder-architecture has been coded
in hardware descriptive language (HDL) and then simulated as well
as synthesized in ISE 14.3 design suite. We have synthesized this
architecture for three different conﬁgurations: n = 8-bit, n = 16bit and n = 32-bit. After the successful syntax check and synthesis
of the design, the generated net-lists are placed and routed (P&R)

on Spartan-3E version of Xilinx FPGA board. Therefore, post P&R
simulated waveform of the proposed 32-bit ISA is shown in Fig. 2
(other waveforms are excluded due lack of space in the paper). On
the other side, the resource utilization and the timing information
for all the conﬁgurations of suggested adder is listed in Table I.
Additionally; it includes the resource and timing information of the
reported non-pipelined (NPL) adder architectures. It can be observed
that the proposed adder can operate at a maximum clock frequency
of 324 MHz. This value is precisely 42.15%, 48.48% and 52%
better than the clock frequencies achieved by 8-bit, 16-bit and 32-bit
NPL adders, respectively, reported in [9]. The comparison of exact
area occupied and power consumed by these adders are possible by
synthesizing as well as laying out ASIC for each of such adders.
Such analysis on area and power is also carried out in the next
subsection. However, Table I clearly shows some degradation in the
FPGA resources utilization of the proposed ISAs. Nevertheless, the
precise degradation will be demonstrated in subsequent subsection.
B. Power and Area Analysis
In the digital circuit design, pipelining is the process of shortening
the critical path at the cost of area which is predominated by the
registers used to create pipeline stages in the design. Therefore, the
suggested ISA architecture that is deep pipelined deﬁnitely requires
extra registers in comparison with the conventional ones. On the other
side, we have segregated the suggested ISA architecture into different
stages by pipelining it. Now, this makes our architecture suitable
for clock gating. In the proposed design, we have gated the clock
signal that is fed into every stage. On doing this, the ideal stages
of our architecture can be deferred from the clock switching which
signiﬁcantly reduces the power consumption. Such gating is valid
only during the beginning and ending sessions of the addition process.
On the starting of addition, later pipeline stages (towards the output
side) of the design are ideal and these stages can be clock gated.
Unlike towards the end of addition process, earlier stages (near the
input side) of the design seem to be ideal and are clock gated. For
example: pipeline stages ﬁve, four, three and two are ideal while
the process is being carried out in the ﬁrst stage when the addition
begins. Similarly, ﬁrst stage will be ideal while rest keeps processing
data when addition is towards the completion. However, while the
adder is in-between the process of adding continuous stream of data
then there is no point of gating the clock because all the stages are
busy performing the operations.
In order to quantify the area occupied and power consumed by
the proposed ISA, this work includes the ASIC synthesis and postlayout simulation results of 32-bit ISA architectures. Additionally,
this process is carried out for non-pipelined 32-bit ISA as well for

Table I: Comparison of post P&R results obtained from FPGA implementations of 8, 16, 32-bit pipelined and non-pipelined ISA designs.
ISA Conﬁgurations

NPL✠ (n=8b)

PL‡ (n=8b)

NPL✠ (n=16b)

PL‡ (n=16b)

NPL✠ (n=32b) [9]

PL‡ (n=32b)

FPGA Family

Spartan3E

Spartan3E

Spartan3E

Spartan3E

Spartan3E

Spartan3E

FPGA Device

xc3s500e

xc3s500e

xc3s500e

xc3s500e

xc3s500e

xc3s500e

Slices

21

33

41

66

85

134

4-Input LUTs

27

51

52

105

115

213

IOBs

27

27

51

51

99

99

Crit. Path Delay (nS)

5.396

3.081

5.980

3.081

6.419

3.081

Max. Clk. Freq. (MHz)

187.76

324.57

167.22

324.57

155.79

324.57

‡ : Proposed ﬁne-grain pipelined ISA VLSI-architecture.
✠ : Reported non-pipelined ISA VLSI-architecture in [9].

observed that there is a surge in the number of sequential and inverter
cells of the proposed adder due to additional register levels used in
the design. Thereby, the pipelined adder presented in this work has
a area degradation of 40.7% in comparison with the non-pipelined
adder. Eventually, the chip layout of proposed 32-bit pipelined ISA
has been shown in Fig. 4.
IV. C ONCLUSION

Fig. 4: Comparison plot of leakage, dynamic and total power consumed by 32-bit pipelined and non-pipelined ISA, when implemented
in 90 nm-CMOS process and operated at 400 MHz clock frequency
and chip layout of proposed 32-bit pipelined ISA with core area of
5111 𝜇m2 when implemented in UMC 90 nm-CMOS technology
node.

the purpose of comparison. To begin with, HDL coded architectures
of 32-bit ISAs are synthesized with realistic design constraints using
the standard cell library of UMC 90 nm-CMOS technology node.
This process continues iteratively until a timing violation free gatelevel netlist is generated. Thereafter, it is instantiated along with
the input-output (IO) cells using the LEF (ﬁve metal layer) ﬁle of
90 nm CMOS process in the SoC Encounter platform of Cadence
tool. These standard cells are place, power cum signal routed, clock
tree synthesized and time analyzed, couple of times during the
backend (physical) design process. Then, the chip-layout is design
rule check (DRC), layout versus schematic (LVS), density checked
and ﬁnally the switch activity ﬁle (SAF) and the netlist is generated.
Eventually, the ﬁnal netlist along with the test bench, SAF, standardparasitic exchange-format (SPEF) ﬁle are post-layout simulated to
check the valid output of the layout and then calculate the total power
consumed. The proposed architectures could operate up to maximum
clock frequency of 444.64 MHz with a positive slack of 251 pS. At
the supply voltage of 0.9 V and a clock frequency of 400 MHz, the
power consumed (including static plus dynamic powers) by suggested
32-bit pipelined and non-pipelined [9] ISAs are illustrated in Fig. 4.
The pipelined ISA consumes total power of 9.68 mW at 400 MHz
and it can be observed that this pipelined ISA consumes lesser power
by 52.38% with respect to its peer 32-bit non-pipelined ISA, as a
result of the clock gating technique incorporated in the design. On
the other side, Table II shows the total area consumed as well as
the standard cell counts (with their respective area consumption) of
the 32-bit suggested ISA and reported non-pipelined ISA. It can be

In this paper, we presented high-speed and low-power version
of the contemporary ISA design. This architecture has been ﬁne
grain pipelined and clock gated to escalate speed and alleviate
power consumption respectively. Experimental results showed that
the suggested ISA could operate at 324.57 MHz and 444.64 MHz
of maximum clock frequency in FPGA and 90 nm-CMOS ASIC
platforms respectively. Subsequently at this technology node, it
occupied 5111 𝜇m2 of area and consumed 9.68 mW of total power
at 400 MHz. Therefore, the proposed ISA can operate at 52% higher
speed, needs 52.38% lower power and occupies 40.7% more area than
the state-of-the-art ISA design. Thereby, such design would deﬁnitely
play signiﬁcant role in the design of contemporary as well as future
electronic devices for IoE and many other contemporary applications.
However, the area issue can be resolved to some extent by using lower
technology nodes in the design process.
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