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Abstract: As technology advances into sub-10nm nodes, power consumption remains one of the most challenging constraints in
VLSI (Very Large Scale Integration) designs. In this paper, we explore how multi-bit flip-flops (MBFFs) and multi-bit banking
techniques can be used effectively to achieve significant power reduction while maintaining high performance and low area
overhead. Through extensive simulation results and design comparisons at 7nm and 5nm technology nodes, we show that
MBFFs combined with optimized banking provide a compelling solution for power efficiency. Our findings demonstrate that
these techniques reduce dynamic power consumption by up to 30% compared to traditional flip-flops, without significant
performance degradation. This research highlights the potential of combining architectural changes with advanced node design
considerations to enable energy-efficient systems.

Keywords: Physical Design, Power reduction, Multi-bit flip-flops, Multi-bit banking, VLSI, Advanced technology nodes, Power-
performance-area (PPA), Low-power design.

I INTRODUCTION
The increasing demand for portable and energy-efficient devices has created a strong need for low-power VLSI designs. As the
semiconductor industry moves toward advanced technology nodes, such as 7nm and 5nm, the challenges of power dissipation have
become more pronounced.
High-frequency circuits in modern processors and other digital systems often face significant power constraints, making power
management a crucial aspect of VLSI design.
In digital systems, flip-flops are key components for storing state information, and their power consumption contributes
significantly to overall system power. Traditional single-bit flip-flops (FFs) suffer from inefficiencies, particularly in high-speed
applications where large numbers of flip-flops are required. Multi-bit flip-flops (MBFFs) have emerged as an effective solution to
address this inefficiency. By combining multiple flip-flops into a single unit, MBFFs reduce switching activity and help mitigate
power consumption [1], [2].
In addition to MBFFs, multi-bit banking techniques offer another avenue for power optimization. By grouping related flip-flops into
"banks" and controlling them jointly, multi-bit banking reduces the clock tree complexity, which in turn reduces both dynamic
power and routing overhead. This paper investigates the power efficiency of MBFFs and multi-bit banking, particularly in advanced
nodes such as 7nm and 5nm, and evaluates their impact on power, performance, and area (PPA).

1. BACKGROUND AND RELATED WORK
A. Power Consumption in VLSI Circuits
In VLSI designs, power consumption can be divided into three main components: dynamic power, static power, and short-circuit
power. Among these, dynamic power consumption is the dominant factor, especially in high-performance circuits. Dynamic power
is primarily due to the switching activity of gates, and flip-flops contribute a significant portion to this power due to their constant
switching during clock cycles.
Traditional single-bit flip-flops are not optimized for low-power design, as they require a clock signal for each flip-flop in a large
register file, leading to increased clock tree complexity and excessive switching. Therefore, reducing the number of flip-flops or
consolidating multiple flip-flops into one unit has been a key focus in reducing power [3].
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B. Multi-Bit Flip-Flops (MBFF)

MBFFs integrate multiple bits of storage into a single flip-flop unit, significantly reducing the overall clock load and switching
activity compared to using individual flip-flops for each bit. These flip-flops combine the functionality of several single-bit flip-
flops into a single physical unit, reducing the number of clock edges required to switch between states. As each flip-flop in an
MBFF shares a common clock edge, the total switching activity is reduced, thereby minimizing power consumption.

Previous studies have shown that MBFFs, when properly designed, can achieve up to a 30% reduction in dynamic power
consumption without sacrificing performance [4], [5].

C. Multi-Bit Banking in VLSI Designs

Multi-bit banking groups flip-flops based on their function or connectivity, reducing the overall number of banks that require clock
distribution. This optimization simplifies the routing of clock signals and minimizes power dissipation due to redundant clock
signals. In systems such as register files or memory blocks, where multiple flip-flops are used for storing related bits, banking these
flip-flops can result in reduced clock skew and lower power consumption [6].

Studies such as those by Zhang et al. have shown that multi-bit banking in high-performance processors can reduce power
consumption by as much as 25%, with minimal impact on performance [7].

1. MULTI-BIT FLIP-FLOPS (MBFF)
A. Structure and Operation
A multi-bit flip-flop is a composite flip-flop unit that stores more than one bit per flip-flop. These flip-flops combine the
functionality of several single-bit flip-flops into a single physical unit, reducing the number of clock edges required to switch
between states. As each flip-flop in an MBFF shares a common clock edge, the total switching activity is reduced, thereby
minimizing power consumption.

B. Power Reduction Mechanisms

The primary power reduction mechanisms of MBFFs include:

1) Reduced Switching Activity: By sharing a clock edge across multiple bits, the number of transitions per clock cycle is reduced,
leading to lower dynamic power consumption.

2) Clock Tree Optimization: Fewer flip-flops reduce the complexity of the clock distribution network, which directly translates to
power savings.

S.NO Power comparison
MBFF without clock gating | Dynamic power | Static power
1 2-bit multibit flipflop 80% 20%
2. 4-bit multibit flipflop 89% 11%
3 8-bit multibit flipflop 81% 19%
S.NO Power comparison
MBFF with clock gating Dynamic power | Static power
1 2-bit multibit flipflop 44% 56%
2. 4-bit multibit flipflop 56% 44%
3 8-bit multibit flipflop 70% 30%

Simulation results demonstrate that MBFFs can achieve a power savings of 20-30% compared to traditional flip-flops, without
compromising performance [8].

Iv. MULTI-BIT BANKING IN VLSI DESIGNS
A. Overview and Benefits
In advanced VLSI designs, multi-bit banking can significantly reduce clock distribution power and improve the overall efficiency of
flip-flop arrays. By grouping flip-flops into banks based on their functional requirements, designers can reduce the overall number
of clock lines that need to be routed to each flip-flop, thus reducing power consumption and routing overhead.
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B. Power and Area Trade-offs

While multi-bit banking offers considerable power reduction, it introduces trade-offs in area and complexity. The area overhead is
primarily due to the additional routing resources required to implement banking logic, though this is generally outweighed by the
power savings in large-scale systems. A well-designed banking strategy can achieve a balance between area, power, and
performance [9]. Simulation results show that multi-bit banking can reduce power by up to 25% in large memory arrays while
introducing only minimal area overhead [10].

V. POWER-PERFORMANCE-AREA (PPA) OPTIMIZATION IN ADVANCED NODES
A. Power and Area Trade-offs with MBFF and Multi-Bit Banking
To assess the effectiveness of multi-bit flip-flops (MBFFs) and multi-bit banking in reducing power consumption and optimizing
PPA, we performed extensive simulations using standard VLSI design benchmarks. Our experimental setup included designs
implemented at both 7nm and 5nm technology nodes. We compared a set of designs that utilized traditional flip-flops versus those
utilizing MBFFs, as well as designs that employed multi-bit banking techniques[17].

Table 1: Power, Area, and Performance (PPA) Comparison for Various Design Strategies

Power | Area |Performanc
Design Strategy (mW) | (mm?)| e (GHz)

Traditional Flip-Flops (7nm)| 25.4 5.1 3.2
Multi-Bit Flip-Flops (7nm) 19.3 5.2 3.2
Traditional Flip-Flops (5nm)| 22.1 4.8 3.6
Multi-Bit Flip-Flops (5nm) 16.7 4.9 3.6
Multi-Bit Flip-Flops +

Multi-Bit Banking (7nm) 17.6 5 3.3
Multi-Bit Flip-Flops +

Multi-Bit Banking (5nm) 13.9 4.7 3.7

From Table 1, we observe that the combination of MBFFs and multi-bit banking offers the most significant power reduction while
maintaining a minimal increase in area. The designs using multi-bit banking at the 5nm node achieve the largest power reduction,
with a 25% decrease in power consumption compared to traditional flip-flops, without any noticeable decrease in performance.

VI. ADVANCED MULTI-BIT FLIP-FLOP DESIGN
A. Design Considerations for Advanced MBFFs
In modern 5nm and 3nm technology nodes, advanced MBFF architectures focus on:
1) Clock Gating Efficiency:
MBFFs allow sharing of clock drivers, significantly reducing clock dynamic power.
A 4-bit MBFF reduces clock power by approximately 30-40% compared to four individual flip-flops.

2) Physical Design Benefits:
Reduces clock tree complexity and wire congestion.
At 7nm, MBFF-based designs show an area reduction of up to 18-22% compared to traditional FFs.

3) Setup and Hold Time Optimization:
Advanced MBFFs employ optimized transistor sizing to maintain hold time robustness while minimizing delay penalties.
A well-balanced 8-bit MBFF can achieve a 5-7% lower delay than a collection of individual flip-flops.

4) Power and Performance Trade-offs:
A 2-bit MBFF provides ~15% power savings, while a 4-bit MBFF can yield 30-35% lower power consumption.
Beyond 8-bit configurations, power savings saturate due to increased capacitance overhead.
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B. Example MBFF Architectures

1) Shared Clock MBFF

A 4-bit MBFF with a shared clock driver reduces total power by 28% at 1 GHz operation in a 5nm node.

Conditional Capture MBFF

This technique selectively enables flip-flops only when data changes, reducing unnecessary switching. Implementing this in a 3nm
node achieves an additional 12% power reduction.

2) Optimized Clock Tree MBFF
Recent research [12][14] shows that integrating MBFFs with hierarchical clock gating can lead to up to 45% dynamic power
savings in large SoCs.
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MBFF vs. Traditional Flip-Flop Comparison

A study at 7nm comparing 10,000 flip-flops showed the following:

Flip-Flop Dynamic Power Area Delay
Type (mW) (mm?) (ps)
Single-bit FF 250 0.05 40
2-bit MBFF 210 0.042 38
4-bit MBFF 175 0.038 35
8-bit MBFF 150 0.036 33

This data confirms that MBFF-based designs consistently achieve lower power consumption and reduced area usage, making them
an essential component in low-power, high-performance VLSI circuits.

VIL. EXPERIMENTAL RESULTS
A. Simulation Setup
The simulation was conducted using a combination of tools, including Synopsys Design Compiler, HSPICE for power simulation,
and Cadence Innovus for place and route.
The test cases involved high-speed register file designs, memory structures, and processor cores, with a focus on evaluating the
power consumption and performance of MBFF and multi-bit banking strategies.
We used several well-known benchmarks, such as the AES (Advanced Encryption Standard) processor design and a 32-bit RISC
processor, to test the effectiveness of these power-saving techniques in real-world applications.

B. Power Consumption Measurements
The power consumption was measured at both the circuit level and the system level using post-layout simulations. Dynamic power
consumption was evaluated by simulating clock-gated and non-clock-gated flip-flop structures across various clock frequencies.
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VIll.  CONCLUSION

This paper explores the use of multi-bit flip-flops (MBFFs) and multi-bit banking techniques to achieve power reduction in
advanced VLSI designs. We presented simulation results demonstrating that these techniques can significantly reduce dynamic
power consumption—by up to 30%—without compromising performance or introducing excessive area overhead. The experimental
setup, which involved designs at the 7nm and 5nm nodes, confirms that MBFFs and multi-bit banking offer a viable solution for
low-power designs in modern VLSI systems.

Future work will focus on further optimizing the area-power trade-offs, especially in ultra-low-power applications like 10T devices
and wearable electronics. Additionally, we will explore the potential of combining these techniques with emerging low-power
technologies, such as gate-level power gating and energy-efficient voltage scaling.
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