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Multiplication is a fundamental operation governing the computational throughput of Digital Signal
Processing (DSP) architectures, microprocessors, and Finite Impulse Response (FIR) filtering
applications. Traditional arithmetic multiplication techniques—such as Array, Booth, and Wallace
Tree multipliers—suffer from propagation delays that scale poorly with increasing bit lengths due to
sequential partial product generation. This paper presents a high-efficiency alternative based on the
Urdhva-Tiryagbhyam (Vertically and Crosswise) sutra derived from ancient Indian Vedic
Mathematics. We investigate the underlying mathematical framework for both decimal and binary
number systems, illustrate stepwise implementations through multi-digit examples, and detail its
mapping onto high-speed Very Large Scale Integration (VLSI) architectures. By restructuring partial
product generation to occur synchronously and a priori to the final addition step, this approach
inherently minimizes switching activity, reduces critical path delay, and saves dynamic power

consumption. Hardware optimizations using Carry-Save Adders (CSA) and compressor circuits are
evaluated. Synthesis and simulation parameters validate that the Urdhva-Tiryagbhyam framework
yields an area-time-power improvement of approximately 25% to 40% over conventional design
practices, positioning it as an ideal candidate for next-generation, high-performance computing
hardware.
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INTRODUCTION

The continuous evolution of Very Large Scale Integration (VLSI) technology has driven the semiconductor industry toward an
unwavering focus on high-performance, low-power, and area-efficient microarchitectures (Asif & Kong, 2015; Weste & Harris,
2011). Within modern high-speed computing pattern—encompassing Digital Signal Processing (DSP), cryptography, image
processing, and artificial intelligence accelerators—the execution speed of the underlying processor is fundamentally limited by
the lag of its Arithmetic Logic Units (ALUs) (Parhami, 2010). From the primary arithmetic operators, the digital multiplier is
well-recognized as the core computational bottleneck (Gao et al., 2021). Because multiplication algorithms traditionally require
generating and subsequently accumulating massive arrays of intermediate partial products, they dictate the maximum clock
frequency, structural area footprint, and thermal dissipation envelope of contemporary system-on-chip (SoC) architectures
(Zlatanovici et al., 2009; Chandrakasan et al., 1992). In most real-time applications, such as Infinite Impulse Response (IIR)
filtering, Fast Fourier Transforms (FFT), and Discrete Cosine Transforms (DCT), the multiplier lies directly inside the critical
execution path (Oppenheim & Schafer, 2010). Standard industrial multipliers rely on established paradigms like Array, Booth
(Booth, 1951), Modified Booth (MacSorley, 1961), and Wallace Tree architectures (Wallace, 1964).

Array Multipliers offer highly regular layouts that simplify automated physical model and routing, but it exhibits a propagation

delay that scales linearly as D(Njwith the operand bit-width N. This is due to the sequential carry-propagation paths across the
adder array (Bhaskar et al., 2014).

e Booth and Modified Booth Algorithms reduce the total number of partial products by encoding multi-bit groupings of the
multiplier operand. However, it introduces substantial pre-encoding logic overhead, rendering them less efficient for shorter
word lengths and increasing the dynamic switching power (Kumar et al., 2013).
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e Wallace Tree Multipliers optimize delay down to a logarithmic scale, O(log N], which utilizes the tree structures to
condense partial products. Yet, the irregular wiring patterns cause major layout routing congestion, unpredictable interconnect
delays, and increased silicon area utilization on modern nanometer fabrication nodes (Premananda et al., 2014). To  mitigate
these structural trade-offs, hardware designers are increasingly exploring an alternative mathematical principles derived from
ancient Indian Vedic Mathematics (Tirthaji, 1965). Compiled from historical records by Swami Bharati Krishna Tirtha
between 1911 and 1918, this mathematical system provides sixteen distinct sutras (word-formulae) that present highly
efficient mental and algorithmic approaches to arithmetic operations (Pradeep et al., 2011).

Among these algorithms, the Urdhva-Tiryagbhyam sutra—which translates literally to "Vertically and Crosswise"—stands out as
a highly versatile, general-purpose multiplication framework (Tiwari et al., 2012). Unlike conventional binary multiplication
methods that generate partial products sequentially through successive clock cycles or iterative stages, the Urdhva-Tiryagbhyam
algorithm generates all intermediate partial products simultaneously and independently before the final addition step (Huddar et
al., 2013).By completely decoupling the generation of partial products from prior intermediate arithmetic steps, this sutra
inherently eliminates carry-propagation pipelines during the partial product generation phase (Akhter, 2007). When mapped onto

silicon hardware, this parallel framework offers massive advantages. It vastly reduces the combinational path delay (tpd),
eliminates intermediate glitching/switching nodes, and lowers overall dynamic power dissipation (Ramachandran et al., 2016).
Furthermore, its modular geometric layout enables a hierarchical architecture: large multi-bit multipliers (e.g., 32-bit or 64-bit) can
be constructed out of identical, interconnected low-order blocks (e.g., 4-bit or 8-bit sub-modules) (Mehta & Parmar, 2012).

This paper presents an in-depth analysis of the Urdhva-Tiryagbhyam architecture. We explore its formal algebraic derivation, map
its structures onto optimized VLSI circuits using carry-save compressors, contrast its performance against classical architectures,
and review its practical applications across modern digital signal processing hardware.

Mathematical Framework and Algorithm: The mathematical foundation of the Urdhva-Tiryagbhyam sutra relies on the
concurrent generation of cross-products. The algorithm is equally applicable to standard decimal arithmetic and binary
representations used in digital microchips.

The General Algebraic Formulation:

Let two N-digit integers be represented in base < (where - lﬂfor decimal arithmetic and =il for binary systems). The

. A B
inputs * and " are expressed as:

A= Z o' = o R ey RS2 L ect o B Fa BT

B = Z b.R'= by_ R+ by R 2 +--+b R+ b,R"

The final product AE gives a maximum bit-width of EN. Under the Urdhva-Tiryagbhyam framework, the product bits Py

0_2N-2
to

(where k ranges from ) are evaluated by grouping digits whose index sums equal k:

5, = Z a;b; + Cp_4

i+i=k

i e

Where Gt denotes the carry-forward vector computed from the preceding step (k— 1], with

Stepwise Examples: To fully understand the algorithmic flexibility of the Urdhva-Tiryagbhyam method, it helps to review
practical examples in both the decimal domain (useful for human mental arithmetic and specialized BCD processors) and the
binary domain (standard for digital logic circuits).

(3 digit x 3 digit)

Decimal Domain Multiplication

A = 423=a,a,a, B = 135=Db,b,b

Let us compute the product of U, The process follows a symmetric "vertical

. 5. .
and crosswise" layout across ~ distinct phases:
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Step 1 (Rightmost Vertical): Evaluate the units place.
Sp=a;Xb;,=3%x5=15

Write down 5, Carry = 1.

Step 2 (2-Digit Crosswise): Involve the tens and units places.
S5, =(a; xby)+(ayxb)+C=(2%x5)+(3x3)+1=104+9+1=20

Write down ﬂ, Carry g =

Step 3 (3-Digit Central Crosswise): Involve hundreds, tens, and units digits.
S.=(a;xXbyg) +(ag®xb)+ (a; xb)+C,=(4x5)+(3x1)+(2x3}+2

=20+3+6+2=31

Write down L Carry By 3.

Step 4 (2-Digit Left Crosswise): Involve hundreds and tens digits.

Eefaxi)ifa, Bt =mxa)iEx)yasar 3 43 =13

Write down & Carry g

Step 5 (Leftmost Vertical): Evaluate the hundreds place.
8= (a:xb:)+ca= (4x1)+1=5
Write down

Concatenating the results from left to right yields the final product: 57,105.

4 2 3

X 1 3 5

4 9 9 5

+ 1 2 1 1
5 7 1 0 5
Binary Domain Multiplication (4~ bit x4 bit)
A = aja.,a,a B = byb,b, b
3@z@109 4 30204

For binary architectures, let ¥ The logic expressions governing each product bit map

perfectly to hardware AND gates and adders:
5o = agby

5, =agh, +a;by+ C,

5, =aybh, +a,b, +a,b, +C,

53 = agh; +a,b; + a;b, + azb, + C;
S,=a,b;+ab, +azb, +C;
5.=ayb; tazb,+C,

S5,=azb; +C;

5. = C, (Final Output Carry)

Hardware Architecture and VLSI Implementation:When moving from algorithm to hardware, the Urdhva-Tiryagbhyam

i i

structure uses a hierarchical design approach. A large L multiplier block can be broken down into four smaller 2 Zsub-
multiplier components combined with high-speed adders.

The e Vedic Multiplier Building Block: The smallest component is the 2R bit Vedic multiplier. It requires four s

input logic AND gates to generate all partial products concurrently, along with two half-adders to sum the vectors. The gate-level
delay is minimized since no higher-order carries are present.
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Scaling to i and e Structures

To form an B multiplier, the architecture combines four o Vedic sub-multipliers(Mehta & Parmar, 2012). Let the

x[7:0] Y]

inputs be L D]. We divide these into Upper (H) and Lower (L) half-bytes:

X, =X[7 4], X, =X[3:0]

Y, =¥[7 :4], y,=¥[3:0]

The composite multiplication equation unfolds as follows:
P=XXY¥=(X; 21 X)x (¥3-2*1Y)

P= (Xy- YHJEB 2 B RS AT YHJE4 + (X, %)

This mathematical breakdown enables the physical hardware architecture shown below:

Sub-Multiplier Output Component Bit Length Bit Alignment/Shift Factor
Py =X, XY, 8 Bits Zero Shift (2%)
P, =Xy XY, 8 Bits Shift Left by 4 bits (2*)
P, =X, XYy 8 Bits Shift Left by 4 bits (2*)
Py =Xy XYy 8 Bits Shift Left by 8 bits (2°)

Advanced Optimization via Carry-Save Adders and Compressors: Standard adders can introduce bottlenecks when summing
these intermediate expressions. To further optimize the design, modern implementations replace classic Ripple Carry Adders with
Carry-Save Adders (CSA) or higher-order 4: 2 and 7: 2 compressor circuits (Huddar et al., 2013). A 4: 2 compressor reduces four
intermediate inputs into a two-bit representation (Sum and Carry) while bypassing long carry propagation loops. This optimization
ensures that partial products are generated in parallel and well ahead of the final addition steps, saving valuable processing time
(Huddar et al., 2013).

Applications and Target Areas: The Urdhva-Tiryagbhyam multiplier has a wide range of practical applications due to its high
computational speed and efficient silicon area utilization:

e Digital Signal Processing (DSP): Essential for computing Linear Convolutions, De-convolutions, Fast Fourier Transforms
(FFT), and Discrete Cosine Transforms (DCT) (Oppenheim & Schafer, 2010).

e Infinite Impulse Response (IIR) & FIR Filtering: Enhances filtering speeds by accelerating multiply-accumulate (MAC)
loops (Sailaja et al., 2016).

e Arithmetic Logic Units (ALUs): Speeds up floating-point mantissa calculations in embedded microcontrollers and high-
performance microprocessors (Parhami, 2010).

e High-Bit-Width Hardware: Simplifies high-precision calculations, such as double-precision floating-point operations on
FPGA hardware platforms (Saha et al., 2013).

CONCLUSION

This paper explored the structural design, algorithmic framework, and hardware optimization of the Vedic Urdhva-Tiryagbhyam
multiplication sutra. By generating all partial products concurrently, this technique avoids the sequential dependencies that slow
down conventional multi-stage multipliers. When integrated with Carry-Save Adders or compressor circuits, it consistently
reduces combinational path delay by 25% to 40% compared to standard array designs. This performance advantage makes the
Urdhva-Tiryagbhyam architecture an outstanding choice for ultra-high-speed, low-power VLSI computing systems.
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