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 Introduction 

This report presents the design, synthesis, and optimization of a custom hardware accelerator for the 
Attention Mechanism in Transformer models. The primary objective of this project is to implement an 
efficient vector processor architecture at the Register Transfer Level (RTL) to execute Query (Q) and Key 
(K) matrix multiplications, followed by a hardware-based output normalization stage. Through a multi-step 
design space exploration, the architecture is incrementally scaled from a baseline single-core matrix 
multiplier to a hierarchically synthesized dual-core system, leveraging asynchronous protocols for 
cross-domain data synchronization. Finally, the design is aggressively optimized for Power, Performance, 
and Area (PPA) through advanced microarchitectural techniques to maximize operating frequency and 
minimize dynamic power consumption. 

Step 1. Single Core RTL,Synthesis & PNR 

          ​ Implementation  

Implements a parameterized multiply-accumulate (MAC) hardware core that integrates query, 
key, and partial sum SRAMs with a MAC array and an output FIFO  to calculate and store vector 
operations. 

 

Performance Analysis 

Area (mm2) Total Power(mW)  Switching Power(mW) WNS(ns) 

0.317 181.742 1.708  -0.391 

Step 2. Output Normalization  

          ​ Implementation 

●​ Regional Summation: Upon the sfp_acc pulse, 8 values from pmem_out are converted to 
absolute values and summed to create a regional sum_q. 
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●​ Dual Buffering: The sum_q is written to two FIFOs: one for local core processing (sum_this_core) 
and one for the partner core (sum_out).Similarly, the sfp_row receives the neighbor's sum via 
sum_in (tied to 0 in Single_Core case), calculating a combined sum_2core total. 

●​ Scaling: The system uses the upper bits of this total to perform a shift-based scaling operation 
prior to division. 

●​ Normalization: When sfp_div is pulsed, the 8 original absolute values are divided by the 
sum_2core and driven to the sfp_out port. 

●​ Output Selection: A multiplexer selects between the raw MAC array output and the processed 
sfp_out for the final write-back to the pmem SRAM. 

Accumulation Step 

 

Normalization Step  

 

Step 3. Hierarchical Synthesis of core. 

          ​ Implementation  

The SRAM PNR is implemented first and then used as a macro for the core design, finally merging the 
gds files into core gds. 

 

        Performance Analysis 

Area (mm2) Total Power(mW)  WNS(ns) DRC Violation  LVS Violations 

3.568 182.29 -1.025 (Setup) 2 0 

 

Step 4.  Hierarchical Synthesis of dual core. 

          ​ Implementation 



3 

The fullchip implementation is an asynchronously-clocked dual-core Systolic Attention Transformer 
designed to perform dot-product array operations and normalization across independent clock domains. 
Each core encapsulates its own MAC array, SRAM banks, output FIFOs, and a dedicated Systolic Filter 
Processor (SFP) block. To bridge the independent clock domains (clk0 and clk1), the top-level fullchip 
module instantiates asynchronous, multi-depth cross-core FIFOs that safely handle Clock Domain 
Crossing (CDC) data transmission. During the normalization phase, each core independently calculates 
its local partial sums and pushes them through the CDC FIFOs to the neighboring core; the SFP blocks 
then pop these synchronized values (sum_in) to compute a global shared denominator (sum_2core) and 
dynamically divide their local outputs before writing the final normalized results back to PSUM memory. 

 

Step 5. Optimization 

          ​ Implementation  

1.​ Redesigned the cross-core SFP sum-sharing path by adding a dedicated asynchronous FIFO in 
fifo_async_depth16.v and a separate read clock as sum_rd_clk in sfp_row.v. Decouples two 
clock domains and uses Gray-coded pointer to synchronization to ensure data transfer across 
two cores. 

2.​ Changing the absolute-value accumulation in sfp_row.v to 
a balanced adder tree by converting the cumulative depth 
from linear to logarithmic.will help reduce the critical path 
and combinational delay. 

3.​ Added the reset synchronizers for each clock domain in fullchip.v it will make the dual-clock 
operation more stable. The reset is asynchronously asserted but synchronously released in each 
domain to avoid metastability during reset deassertion. 

4.​ Improved the normalization path by registering the inputs before division and handling the 
zero-denominator case in sfp_row.v. The pipeline register we added can break the long 
combinational path, while den=0 to check for prevent invalid divide operations.  
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5.​ Rewritten the mac_8in.v using signed partial products and staged additions, by the structured 
reduction and optional pipelining improve synthesis quality and reduce timing pressure on the 
MAC unit. 

6.​ Updated the testbench fullchip_tb.v with one pipeline stage to the SFP divide/writeback path. 
Because of the extra stage, the testbench writeback timing was delayed by one cycle. Functional 
simulation all passed for both dot-product and SFP normalization 

 

 

 

Step 6 Hierarchical Sparsity-Aware Attention 

          ​ Implementation: 

Row-level sparsity is dynamically applied by asserting a skip_row_flag whenever a row's 
pre-normalization sum falls below a Python-calculated 30% threshold. The hardware leverages 
this flag for both gating (saving dynamic power by freezing combinational divider toggling) and 
skipping (saving clock cycles by bypassing the memory write-back state). Verification is 
achieved through a Python co-simulation script that generates random Q/K vectors, enabling 
the Verilog testbench to validate exact accuracy for dense rows while successfully identifying 
and ignoring the bypassed memory of skipped rows. 

●​ Loading keys and processing query in the systolic array (showing waveforms for column 
1 of both the cores): 
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●​ Read data from pmem and comparing with expected output: 

 

●​ Verifying skip row when sum is less than threshold (threshold = 0x13) for both cores: 

 

 

Conclusion  

Parameter Dual Core (Step 4) Dual Core 
Optimized (Step 5) 

Dual Core with 
Sparsity (Step 6) 

Area (mm2) 7.16 6.925 6.85 

Setup WNS (ns) -4.219 -0.866 -1.06 

Power (mw) 260.98 443.4 334.86 

The optimizations in Step 5 effectively tackled severe timing bottlenecks, drastically 
improving Setup WNS from -4.219ns to -0.866ns, though at the cost of significantly 
higher power consumption (443.4mW). Introducing dynamic row-level sparsity in Step 6 
successfully recovered much of this power penalty, dropping consumption to 334.86mW 
via logic gating. Ultimately, the final sparsity-aware design strikes the best balance, 
retaining the critical timing improvements of the structural overhaul while maintaining 
strong power efficiency. 
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Deliverables  
 

Step  Path  Files  

Step 1 /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step1/De
liverables 

1.​ RTL Verilog  
2.​ PNR .enc File 
3.​ GLS Waveform vcd 

Step 2 /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step2/De
liverables 

1.​ RTL Verilog 
2.​ Behavioural 

Waveform vcd 

Step 3  /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step3/De
liverables 

1.​ RTL Verilog  
2.​ PNR .enc File 
3.​ GLS Waveform vcd 

Step 4 /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step4/De
liverables 

1.​ RTL Verilog  
2.​ PNR .enc File 
3.​ GLS Waveform vcd 

Step 5 /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step5/De
liverables 

1.​ RTL Verilog  
2.​ PNR .enc File 
3.​ GLS Waveform vcd 

Step 6  /home/linux/ieng6/ECE260B_
WI26_A00/richaturvedi/ECE_
260B_Project_Files/Step6/De
liverables 

1.​ RTL Verilog  
2.​ PNR .enc File 
3.​ GLS Waveform vcd 

Submission Directory 

/home/linux/ieng6/ECE260B_WI26_A00/richaturvedi/ECE_260B_Project_Files/ 
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Appendix 
 
Step 1  
PNR 

 
 
 
DRC violations 

 
LVS violations 
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GLS verification 
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Step 3 
 PNR 
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DRC  and LVS Violations 

 

 
 
 
GLS 
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Step 4 
PNR 

 
DRC Violations  
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GLS 

 
 
 
 
 
 
Step 5 
PNR 

 
 
DRC Violations  
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LVS: 

 

 

 

 

Step 6 
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PNR 

 

DRC violations 

 

LVS  
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