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Abstract. In low-power digital signal processing and embedded systems, the absolute value detector
serves as a fundamental arithmetic unit whose performance directly impacts system efficiency. This
paper proposes a delay-energy co-optimization design methodology for a 4-bit absolute value
detector based on the logical effort method. Through critical path analysis, we identify the conditional
increment module as the primary bottleneck and leverage the constraint excluding the input -8
(minimum 4-bit two's complement value) for structural optimization. The traditional implementation
exhibits a 13-stage logic gate critical path with a minimum delay of 68.571. By treating -8 as a don't-
care term in our custom adder design, we significantly simplify logic expressions. This reduces the
critical path from 13 stages to 7 stages and lowers the minimum delay to 431, reaching 37%
performance improvement. The logical effort per stage increases from 1.96 to 2.44, approaching the
ideal operating point. For energy optimization, voltage scaling is employed under the constraint that
delay remains within 1.5x the minimum value. Reducing the supply voltage from 1V to 0.775V yields
40% energy reduction at the cost of 50% delay increase. Key contributions include: (1) A constraint-
driven structural optimization methodology; (2) A complete design flow from theory to implementation;
(3) Validation of voltage scaling for energy efficiency under delay constraints. This approach
demonstrates excellent implement ability in standard CMOS processes and offers valuable insights
for arithmetic unit design in low-power embedded systems.

Keywords: Component; Absolute value detector; Logical effort method; Critical path optimization;
Delay-energy tradeoft.

1. Introduction

In low-power digital signal processing and embedded systems, delay and energy represent the
fundamental tradeoff [1], [2]. This paper focuses on a 4-bit absolute value detector, aiming to achieve
minimal energy consumption while constraining worst-case propagation delay within 1.5% the
minimum achievable delay through supply voltage (Vob) scaling and structural optimization, without
pipelining. Energy refers to the total energy drawn from Vop under a given input distribution; delay
denotes worst-case path propagation time. Delay modeling employs Logical Effort (LE) [3],
assuming
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The 4-bit two's complement representation spans {—8, ..., +7} Engineering practice typically
excludes —8 to prevent overflow and maintain symmetric range after absolute value computation [4].
This assumption creates structural optimization opportunities: without considering —8, sign inversion
and increment carry cases can be ignored, enabling simpler structures that shorten critical paths and
reduce worst-case delay.

Using logical effort as the analytical framework [3], this paper completes module partitioning and
path stage design and evaluation, covering absolute value modules including sign detection,
conditional bitwise inversion, conditional increment, and comparison. Optimization focuses on the
"conditional increment" path: leveraging input distribution and the —8 exclusion prior eliminates
carrying generation considerations, reducing worst-case carry propagation depth to achieve lower-
delay gate-level topologies. The methodology emphasizes structural path pruning and topology
selection, facilitating direct implementation in standard cell flows.
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Energy consumption is briefly addressed: dynamic energy is approximately proportional to
equivalent capacitance and

, VDD
Dynamic energy « Won = Vr)? (2)

Assuming V1 = 0.2V [5]. Under the constraint "delay < 1.5x minimum delay", reducing Vop
(within 0-1V range) can significantly lower energy without violating timing requirements [6]. Given
the clear negative correlation between energy and delay in this setting, detailed derivation is omitted.

The contributions are:

* A structural delay optimization flow for 4-bit absolute value detection based on logical effort
stage count and topology selection, achieving lower delay solutions.

* A customized "conditional increment" structure exploiting the —8 exclusion premise,
significantly shortening worst-case carry chains.

The paper is organized as follows: Section 2 presents baseline structure and critical path analysis;
Section 3 details structural optimization of the "conditional increment" path; Section 4 discusses Vb
scaling effects on energy under delay constraints (qualitative conclusions); Section 5 provides
conclusions.

2. Operating Principle and Critical Path Analysis

The circuit employs a modular design, primarily consisting of two parts: the absolute value
computation module and the comparator module. The absolute value module is the core, implemented
through sub-functions including sign detection, conditional bitwise inversion, and conditional
increment.

2.1. Absolute Value Module Operating Principle

The module design leverages the characteristics of two's complement arithmetic, with the following
implementation steps:

1) Conditional Bitwise Inversion:

The numerical bits of the input data are XORed with the sign bit. When the sign bit is O (positive
number), the XOR operation preserves the original value of each numerical bit. When the sign bit is
1 (negative number), the XOR operation performs a bit-wise inversion of each numerical bit. Fig. 1
illustrates the circuit implementation of the conditional bitwise inversion stage, where each numerical
bit (Ao, A1, A2) is XORed with the sign bit (As) to produce the conditionally inverted outputs (Bo, B,
B.).
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Fig 1. Conditional bitwise inversion circuit for absolute value computation.

2) Conditional Increment:

The sign bit is added to the numerical bits (after the XOR operation) using a standard 3-bit full
adder [7]. (The exclusion of -8 means a 3-bit adder suffices—obviating the need for a fourth bit).

For positive numbers (sign bit = 0), adding zero leaves the numerical value unchanged, directly
outputting the original value as the absolute value.
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For negative numbers (sign bit = 1), the operation "invert and add one" is completed, converting
the negative two's complement number to its absolute value. Bits A1, A2, A3 yield outputs B1, B2,
B3 after this step. The conditional increment operation is implemented using a 3-bit ripple carry adder,
as shown in Fig. 2.

X0 X1 X2

Fig 2. Three-bit ripple carry adder for conditional increment operation.

2.2. Comparator Module Operating Principle

The comparator module employs a bitwise comparison strategy, starting from the Most Significant
Bit (MSB) and proceeding towards lower bits. The implementation mechanism is as follows:

1) Bitwise Comparison from MSB to LSB:

The comparator first checks the highest bit of the two input numbers. If the values at this bit differ
(one is 1, the other is 0), the number with the 1 in this bit is larger, and the comparison result is
immediately determined. If the values at this bit are identical, the comparison process proceeds to the
next lower bit [8].

2) Cascaded Priority Scheme:

When higher bits are equal, the comparator automatically transfers the decision priority to the next
lower bit, and so forth. This cascaded structure ensures that the result of a lower bit comparison affects
the final output only if all higher bits are equal. The comparison process continues until the first
differing bit is found or all bits have been compared (indicating the numbers are equal). Fig. 3 shows
the conditional bitwise inversion circuit for absolute value computation.
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Fig 3. Conditional bitwise inversion circuit for absolute value computation.

2.3. Common Adder Internal Structure
Fig. 4 illustrates the internal structures of common-adder architecture [4].
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Fig 4. Common-adder architecture.
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2.4. Circuit Longest Path (Worst-Case Propagation Delay)

In digital circuit design, the critical path is the path from input to output experiencing the longest
propagation delay, directly determining the circuit's maximum operating frequency [3]. Detailed
timing analysis of the above circuit structure identifies the following critical path:

2.5. Circuit Core Data Calculation
1) Path Electrical Effort:

C 32
H=-2=""=16
Cin
2) Total Logical Effort:
G = [gii
4 4 7 4 7 5 4
=§><l><§>-:§x1><§>< §><1><§><3><§><2>:—
2,634,240
=76.561 = 401.5

3) Total Effort:
F=GxH=4015 x 16 = 6,424
4) Effort per Stage:

1 1
f = F13 = 642413 ~ 1.96

5) Electrical Effort Distribution:
The electrical effort for each stage is calculated using
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Where f = 1.96 is the optimal effort per stage. Table 1 presents the computed electrical effort
values for all stages in the critical path.

Table 1. Electrical Effort VValues for Critical Path Nodes.

Node | Electrical Effort, h |Node| Electrical Effort, h |Node| Electrical Effort, h
hi 1.47 h. 1.96 hs 1.47
ha 0.84 hs 1.96 he 1.47
h, 0.84 hs 1.96 he 1.18
hio 0.65 hu 1.47 hiz 0.98
his 0.84 — — — —

6) Backward Capacitance Assignment (Unit: Cinv):
Starting from Ciead = 32 Cinv, the input capacitance for each stage is calculated backward using

Ciyin = Clirr)in X n

i

i

Table 2 presents the calculated capacitance values for all critical path nodes."
Table 2. Logical Effort VValues for Critical Path Nodes

Node| Capacitance (Ciny) |Node| Capacitance (Ciny) |Node| Capacitance (Cin)
Coad 32.0 Cisin 38.1 Cuzin 38.9

Cuiin 26.5 Coin 40.8 Coin 34.6

Csin 17.7 Crin 21.1 Céin 144

Csin 7.35 Cain 8.75 Csin 5.95

Cain 3.04 Ciin 2.07 — —
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Based on these Cin values, scale the internal transistors of each gate proportionally to their
equivalent input capacitance [4].
7) Minimum Delay:

Y)p=4+1+3+4+1+3+4+1+4+5+4+5+4 =143t 9
Dopt =N X f + Xp = 13 X 196 + 43 =~ 68.57 (10)

(t represents the delay of a unit-sized inverter driving an identical inverter.)
8) Summary:
The optimization results for the critical path are summarized in Table 3.

Table 3. Critical Path Optimization Results.

Total Effort (F) | Optimal Effort per Stage (f) | Minimum Delay (t) | Number of Stages (N)
6,424 1.96 68.5 13

3. Structural Optimization of the "Conditional Increment' Path

3.1. Fixed Modules and Optimization Focus

In the current circuit design, the conditional bitwise inversion part of the absolute value module
and the comparator module have relatively mature and fixed circuit structures due to their clear
principles and single functionality, leaving limited room for optimization. Consequently, the adder
module becomes the key breakthrough point for overall performance enhancement.

Traditional adder designs suffer from significant performance bottlenecks: the serial carry chain
leads to excessively long critical paths, and the structural complexity constrains system efficiency [9].
Furthermore, within the lengthy carry propagation path, the effort value (f) of the logic gates at
various stages is significantly reduced, resulting in insufficient driving capability and further
exacerbating the delay issue [3].

To address these limitations, this project adopts a customized adder design strategy, aiming to
simplify the circuit structure and improve performance through architectural redesign. Crucially, the
specific application scenario does not require handling the special case of -8 (the minimum negative
number in 4-bit two's complement representation). This constraint provides additional optimization
space for circuit simplification [10]. By employing an optimized adder design, the project anticipates
reducing critical path delay, improving logical effort efficiency, and simplifying overall circuit
complexity, thereby significantly enhancing system computation speed and resource utilization.

3.2. Specific Optimization Scheme
Table 4. Truth Table for Optimized 3-Bit Adder with Don't Care Conditions.

Xz
Bo
As 00 01 11 10
00 0 0 0 0
01 1 1 1 1
11 1 1 X 1
10 0 0 1 0
X1
Bo
AsB) 00 01 11 10
00 0 0 1 1
01 0 0 1 1
11 0 1 X 1
10 0 1 0 1
Xo
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Bo
As 00 01 11 10
00 0 1 1 0
01 0 1 1 0
11 1 X 1
10 1 0 0 1

Based on the usage scenario of a 3-bit full adder, the truth table is re-listed and an adder meeting
the requirements is designed, simultaneously simplifying the circuit structure. Critically, for the input
case corresponding to -8, the outputs in the truth table are treated as don't care (x) conditions.
Leveraging this characteristic, the relevant outputs can be treated as "don't care” terms, enabling
further minimization of the circuit structure during subsequent logic simplification [11]. This reduces
the number and complexity of gates, resulting in a more efficient adder design. Table 6 presents the
complete truth table for the optimized 3-bit adder design.

Based on the truth table, the logic expressions for each output bit (X2, X2° X1, Xo) can be derived.

X, = B, + A3B,B, (11)
X, = A;B2 + A3B,B; + A3B,'B1By + A3B;,B; B (12)
X, = BiBy + A3'B; + A3B,'B, (13)

X, = A;®B, (14)

Here, X2° represents the expression obtained without utilizing the -8 don't care condition, while
X2 represents the expression obtained after utilizing the -8 don't care condition. Comparing the two
clearly shows a significant simplification in the circuit structure achieved through don't care
processing. It should be noted that X1 and Xo are unaffected by the -8 don't care term; the logic
relationships remain unchanged.

Without utilizing the -8 don't care condition, the implementation path for X2° is the most complex,
making it the critical path with the highest delay.

After treating -8 as a don't care condition, the logic expression for Xz is greatly simplified.
Consequently, the path for X1 becomes the most complex and delay-critical path.

Through this optimization process, the circuit structure is not only simplified but the overall circuit
delay is also effectively reduced.

3.3. Optimized Circuit Longest Path

The simplified overall digital circuit schematic Fig. 5 is presented below.
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Fig 5. Simplified overall digital circuit architecture.
After optimization, the longest path is simplified to:
Input — 2-input XOR — Inverter — 3-input AND — 3-input OR — 2-input XNOR — 4-input
AND — 3-input OR — Load (7 stages)
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Fig 6. Theoretical delay and energy functions under supply voltage variation.

3.4. Optimized Scheme Data Calculation

1) Path Electrical Effort:

2) Total Logical Effort:

3) Total Effort:

F=G=®xH=32.26 =

4) Optimal Effort per Stage:

5) Electrical Effort Distribution:
The electrical effort for each stage is calculated using (7), where f = 2.44 is the optimal effort per

stage and gi represents the logical effort of stage i. Table 5 presents the computed electrical effort
values for all stages in the critical path.

Table 5. Electrical Effort VValues For Critical Path Stages.

f=F

1
7

16 &

1
= 5167 = 2.44

5316

Node | Electrical Effort, h | Node | Electrical Effort, h | Node | Electrical Effort, h
h: 1.83 h. 2.44 hs 1.46
ha 1.05 hs 1.83 hs 1.22
h, 1.05 — — — —

6) Backward Capacitance Assignment:
Starting from Cioad = 32 Cinv, the input capacitance for each stage is calculated backward using(8),

where Cgin represents the input capacitance of stage i. Table 6 presents the calculated capacitance
values for all critical path nodes.

Table 6. Input Capacitance Values For Critical Path Stages.

Node | Capacitance (Ciny) | Node | Capacitance (Ciny) | Node | Capacitance (Ciny)
Coad 32.0 Crin 32.0 Cein 30.5

Csin 25.0 Ciuin 13.7 Csin 13.1

Cain 9.0 Ciin 3.7 — _

177

(15)

(16)

(17)

(18)



7) Minimum Delay:
Yp=4+14+4+4+4+5+ 4= 267 (19)
Doypr =N X f + Zp = 7 X 244 + 426 ~ 437 (20)

8) Summary:
The optimization results for the critical path are summarized in Table 7.

Table 7. Critical Path Optimization Results.

Optimal Effort per Stage (f) Minimum Delay (t) | Number of Stages (N)
244 43 7

4. Impact of VDD Scaling on Energy under Delay Constraint

The relationship between delay and supply voltage (Vob) can typically be approximated as: (2),
where V7 is the threshold voltage, assumed here to be V1 = 0.2 V [5]. This relationship reveals a
negative correlation (trade-off) between delay and energy consumption [12]: Reducing Vob increases
delay but significantly reduces energy consumption.

The functional relationship in Fig. 6 shows that when Vop = 0.775 V, the circuit delay increases
to 1.5 times its original value, while the energy consumption reduces to approximately 0.6 times its
original value. This demonstrates that by appropriately reducing the supply voltage within the
constraint of allowing a moderate increase in delay, the circuit's energy consumption can be
effectively lowered, leading to higher energy efficiency [2].

5. Conclusion

This paper presents a co-optimization of delay and energy for a 4-bit absolute value detector using
the Logical Effort (LE) methodology. By identifying the "conditional increment” module as the
performance bottleneck and leveraging the constraint of excluding the -8 input, the adder was
redesigned. This optimization reduced the critical path from 14 stages to 8 stages (a 37% reduction
in stage count) and lowered the estimated minimum delay from 68.5t to 43t (a 37% reduction in
delay). Quantitative LE analysis shows the optimized per-stage effort f increased from 1.96 to 2.44,
moving closer to the ideal value. Under the delay constraint (delay < 1.5 x minimum delay), scaling
Vop from 1V to 0.775V achieves a 40% reduction in energy consumption.

The key design innovation lies in fully exploiting the application-specific constraint: treating -8 as
a don't care term enabled the simplification of the X2 output logic from a complex polynomial
expression to a single AND gate. This approach discarded the generic adder structure in favor of a
customized design, avoiding the lengthy carry propagation chain.

Continuous transistor sizing optimization was not performed. Relying on fixed sizes from a
standard cell library limits the precise adjustment of driving capability matching. Optimizing
transistor widths at each stage could potentially reduce delays by a further 10-15%.

Fixed Threshold Voltage (V7): Fixing V1 at 0.2V simplified the analysis. However, Vt varies
across process nodes and with temperature. Future implementations require adaptive adjustment
based on specific process parameters.

Logic Style Limitation: Only static CMOS logic was considered. Alternative logic styles like
dynamic logic or pass-transistor logic might offer superior speed-power trade-offs under certain
conditions.

Higher Bit-Width Systems: Extending the methodology to 8-bit and 16-bit systems. Longer chains
in these systems offer greater optimization potential. Exploring the combination of techniques like
sectional carry or look-ahead carry with the proposed constraint-driven simplification is promising.

Dynamic Voltage and Frequency Scaling (DVFS): Investigating mechanisms to adaptively adjust
Vpp and clock frequency based on real-time workload demands.
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Near-Threshold Voltage (NTV) Design: Exploring operation in the near-threshold region. While
delay may increase by 5-10x, energy consumption could potentially be reduced to less than 1/10th of
the original, making it suitable for applications where speed is less critical but ultra-low power is
paramount.
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