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Abstract—Neural networks are widely used in various fields 

due to their superior learning ability. Concurrent with the increase 

in their popularity, the rise of Big Data has resulted in increased 

computational requirements and processing power. To meet the 

requirements of real-time learning and classification, the process 

of finding the maximum value proves to be the performance 

bottleneck, and therefore needs to be accelerated. To the best of 

our knowledge, most studies reported in the literature cannot 

satisfy the requirements of low latency, high resolution, and low 

power consumption simultaneously. In this paper, we propose a 

Voltage-Racing Winner-Take-All (VR-WTA) circuit for 

acceleration of real-time learning engine. The linear delay 

elements transform multiple bits into different current racing 

speeds, and the fastest winner is detected by a sense-amplifying 

detector. The resolutions are scalable and reconfigurable for the 

needs of different applications. Simulation results show that the 

proposed VR-WTA achieves more than three times latency 

reduction, and saves 81% of the unnecessary power consumption 

compared with related works. Moreover, these results are also 

evaluated under 100 rounds of Monte Carlo simulations with 

different corner conditions and process/voltage/temperature (PVT) 

variations to guarantee that our approach works properly.  

Keywords—Neural Network (NN), learning engine, Winner-

Take-All (WTA), high performance, low power.  

I.  INTRODUCTION 

Advances in artificial neural networks (ANNs) have led to 
their application in fields such as image processing, healthcare 
systems, pattern classification, speech recognition, learning, and 
prediction. For example, Convolutional Neural Networks 
(CNNs) are widely used for image object recognition, Recursive 
Neural Networks for predicting a tree structure, and Recurrent 
Neural Networks (RNNs) for constructing a meaningful search 
space via Deep Learning [1]-[3]. 

As the amount of data has increased, computational and 
processing power requirements have also increased greatly. 
Neural networks implemented in software are flexible, but they 
are insufficient to meet the requirements. On the other hand, 
hardware acceleration is  a more attractive option because of the 
growing demand of real-time learning and classification [4].  

In the above-mentioned applications, larger learning systems 
combining various learning techniques are often required. These 
require unsupervised and deep learning, such as self-organizing 
map and k-means learning. In the classification process, each 
node at the output layer computes the total weighted sum as the 
classification result, and the maximum value of the outputs 
stands for the winner of this classification. Although hardware 
implementation can make use of parallelism embedded in the 
neural network (NN) algorithm, finding the maximum/minimum 
value among the nodes still needs a long computation chain 

during the learning and classifying process. These high-latency 
processes create bottlenecks in the system performance.  

A winner-take-all (WTA) circuit that consists of 
computation cells also has the ability to evaluate the highest or 
lowest input. The input of the WTA may be a current or a voltage, 
depending on the application. Although WTA circuit design has 
been intensively studied for portable devices [5]-[6], three major 
issues are yet to be addressed when using WTA for large-scale 
real-time learning engine acceleration: 

1) High computation latency: High computation latency 

increases the burden on the overall system, especially in 

applications with high computation dependency. As a result, in 

addition to a high-throughput rate, decreasing the decision 

latency is necessary for real-time learning and classifying 

engine. 
 

2) High power consumption: The large-scale learning system 

consumes considerable power. In addition, the power density of 

advanced semiconductor processes has reached a bottleneck. 

Thus, low power consumption is also an important design 

consideration. 
 

3) Insufficient resolution and stability: Poor resolution directly 

affects the accuracy of learning and classifying results. 

Although many related works shows good performance with 

limited resolutions, the computation overheads increase 

drastically with higher resolutions. Moreover, their stability is 

almost never taken into account. 

In this paper, we aim to develop a high-performance, low-
power-consumption, and reconfigurable resolution WTA VLSI 
circuit design for large-scale real-time acceleration of learning 
engine, as depicted in Fig. 1. The main contributions of this 
paper are as follows: 

1) The proposed linear delay element can transform multiple 
bits into different speeds of current racing. The fastest 

 

Fig. 1.  NN and learning engine using WTA 

 



winner is detected by a sense-amplifying detector, thus 
avoiding a long computation chain from bit to bit. Therefore, 
compared to the traditional cell-based WTA, the proposed 
VR-WTA achieves more than 3 times the latency reduction 
and saves 81% of the unnecessary power consumption 
compared with the losers. 

2) The proposed VR-WTA processing elements can be 
cascaded to realize different resolutions if required. 
Moreover, the overall area cost is similar to that reported in 
related works. Thus, the proposed VR-WTA design is 
suitable for the emerging high-performance real-time 
learning engine acceleration in future large-scale systems 
that need low latency and power consumption with 
sufficient accuracy. 

To validate our design, we evaluate the low-latency low-
power VR-WTA in TSMC 40 nm CMOS technology. These 
results are also evaluated under different corner conditions and 
PVT variations to ensure that our design operates properly. 

The rest of this paper is organized as follows. Section II 

briefly introduces state-of-the-art WTA circuit designs. Section 

III presents the proposed VR-WTA circuit for large-scale real-

time learning engine acceleration. Section IV evaluates the 

design and compares it with other related works. Section V 

concludes this paper. 
 

II. STATE-OF-THE-ART BACKGROUND 

A. Analog Approach  

The advantage of the analog approach [5],[6] becomes clear 
when the NN directly processes the analog input signals. In 
analog NN, all signals can be calculated without using analog-
to-digital converters (ADCs) at the input of the NNs. As a result, 
the overall system can occupy a smaller area and dissipate 
relatively less power. It is, therefore, suitable for portable 
devices. However, these techniques cannot achieve the high 
throughput rate in the real time learning engine. Moreover, the 
whole analog NN system can be influenced by various non-ideal 
physical phenomena. However, previous studies have not 
considered the problem of variance. A related work [5] shows 
an analog approach that can only tolerate 10% process variation. 
Therefore, the analog approaches need careful design and 
optimization strategies.  

B. Digital Approach 

In larger systems with a predominance of digital blocks, the 

NN is one of the stages in the overall signal-processing chain. 

Compared with analog signals, digital signals are easier to store 

and process. Therefore, it is more convenient to use digital NNs 

and WTA for large-scale real-time learning engine acceleration. 

 There are three types of digital WTA circuit design: binary 
tree-based [7], thermometer code [6], and bitwise comparison 
architecture [8]. Binary tree-based circuits can eliminate half the 
input signal at each stage. However, even 256 nodes of NNs 
need 8-stages to decide the winner, resulting in very long 
computation latency. Moreover, power wasted by losers 
dominates the overall system power consumption. 

 Thermometer code transforms the binary code into 
thermometer type. The processing time may be very short, 

depending on the input pattern. Nevertheless, the resolution is 
very limited (32-bit in the thermometer code for 5-bit only), and 
the critical path grows exponentially. Using bitwise comparison, 
the architecture can compare all the inputs (from LSB to MSB). 
The power consumption may be reduced by turning the valid bits 
off and excluding the losers at the next turn. However, this 
architecture requires long OR-path computation at every bit, 
which results in long latency and considerable power 
consumption.  

Table I summarizes these related works. It can be seen that 
neither achieves low latency and sufficient resolution 
simultaneously. In this paper, we aim to avoid this long 
computation chain to reduce the latency and improve the 
throughput rate without sacrificing the resolution. Therefore, 
instead of bit-stream comparison, we compare multiple bits 
simultaneously.   

TABLE I: SUMMARY OF RELATED WORK 

 
Binary tree-

based [7] 

Thermometer 
code [6] 

Bitwise compare 

[8] 

Resolutions Good Very Limited Good 

Critical 
Path 

Long subtract 
path /stage 

Long OR path /bit Long OR path /bit 

III. PROPESD VOLTAGE RACING WINNER-TAKE-ALL 

 (VR-WTA) 

A. Architecture of the Proposed VR-WTA 

Most conventional WTAs need to compare the weighted 

sum value of all neurons bit by bit, which leads to a long 

operation time caused by the long computation chain. The 

proposed VR-WTA does not consider other weighted sum 

values, so the long computation chain is avoided. Fig. 2 shows 

the architecture of the proposed Voltage Racing-WTA (VR-

WTA), which consists of two parts: a Liner Delay Element 

(LDE) and a Sense Amplifying Detector (SAD). Each LDE 

maps its own charging ratio according to the result of the 

weighted sum value. The sense amplifying detector then finds 

the node/neuron with the largest value as the winner. Note that 

the charging and dictation is done simultaneously, and the 

proposed VR-WTA can complete the comparison in half a 

clock cycle, improving latency reduction by a factor of 2. 

  

Fig. 2.  Overview of VR-WTA architecture. 



B. Linear-Delay Element 

Our design goal for the LDE is to map different pull-

up/charging speeds for each node with the result of the weighted 

sum, which is represented by multiple bits. The maximum 

weighted sum will have the fastest charging speed. To 

determine the propagation delay time scales with the voltage, 

we resolve the delay function of the CMOS transistors using the 

following equation: 

 t𝑝𝑑 = 𝐶𝐿
𝑉𝑑𝑠

𝐼𝑑𝑠
= 𝐶𝐿

2𝐿𝑒𝑓𝑓𝑒𝑐𝑡𝑉𝑑𝑠

𝑘𝑊(𝑉𝑔𝑠−𝑉𝑡)
  

where Leffect is the gate length that takes into account the Early 

effect.    

Conventional programmable delay elements [9] use gate 

width (W) as the propagation delay tuning factor. However, 

they face the problem of non-linear increased delay time 

between the two input patterns with neighboring values. This  

increases the operation time for the worst-case design. To avoid 

this problem, the propagation delay is proportional to gate 

length (Leffect) and is an important feature of the proposed LDE.  

The proposed linear delay element that can generate the 

pull-up path is shown in Fig. 3. By folding the binary tree, the 

redundant transistors can be reduced. The weighted sum result 

decides which pull-up path will be turned on, and each pull-up 

path has different Leffect ratio to generate different propagation 

delay times. In addition, owing to the diode at the bottom of the 

LDE, the Leffect of the transistor does not necessarily increase 

drastically, and thus reduces the overall area cost. Furthermore, 

this additional diode can make the LDE more robust to PVT 

variations. With the proposed LDE, we can fix the interval of 

the delay time between the two input patterns with neighboring 

values.  

C. Sense Amplifying Detector 

In contrast to conventional WTA circuit designs that decide 

the winner bit by bit or one by one, we only choose the fastest 

arrival signal as the winner. As a result, a sense-amplifier-based 

detector is designed to find the winner from the previous LDE 

circuit. The design concept of the proposed detector is to use a 

pull-down switch to turn off the losers with sense-amplified 

detection, as shown in Fig. 4. The fastest neuron will generate 

a global valid signal for every neuron, and then turn off other 

neurons by the pull-down switch.  

An example is shown in Fig. 4. Three racing signals arrive at 

t0 and t1; t0 is the first arrival racing signal, which stands for the 

winner. The signal arrival at t0 sends the global valid signal to 

all detectors. Therefore, it can turn on pull-down switches other 

than itself. In our design, the global valid signal charges faster 

than the racing signal of the losers, so there is insufficient time 

for other neurons to latch their pull-down switch. In other words, 

the arrival signal with the slower speed will be dropped, 

avoiding unnecessary power consumption from the losers. 

IV. SIMULATION RESULTS AND COMPARE 

The proposed VR-WTA is implemented by using HSPICE 

simulation tool with TSMC 40 nm library CMOS technology at 

a supply voltage of 0.9V. We construct the weighted sum of 256 

neurons.  The comparison is carried out using the proposed VR-

WTA with 16-bit and 32-bit resolution. Our LDE design uses 4 

bits as input vectors, resulting in four stages and eight stages for 

16-bit and 32-bit weighted sum resolution, respectively. Only 

the winner at each stage can go to the next stage, thereby 

reducing power consumption by excluding losers from the next 

stage. 

Fig. 5 shows our LDE simulation result, where 4-bit input 

vectors are the weighted sum value. Different input values will 

be turned on, corresponding to the pull-up path in the proposed 

 

Fig. 3. Example of a 4-bit linear-delay element circuit. 

  
Fig. 5. Transient response of LDE for all input vectors: (a) Output racing 

signal (b) Delay versus input vectors.  

 
Fig. 4. Sense-Amplifying Detector. 



LDE. The output of the racing signal can generate a different 

delay time by the corresponding input vector. 

        

TABLE II 

16-BIT RESOLUTION PERFORMANCE COMPARISON 

 Cell-based WTA [8] Proposed VR-WTA Improvement 

Throughput 333 MHz 1.0 GHz 66.7% 

Latency 12 ns 4.0 ns 66.7% 

Power  6.151 mW 1.151 mW 81.2% 

TABLE III.  

32-BIT RUSOLUTION PERFORMANCE COMPARISON 

 Cell-based WTA [8] Proposed VR-WTA Improvement 

Throughput 333 MHz 1.0 GHz 66.7% 

Latency 24 ns 8.0 ns 66.7% 

Power  8.6 mW 1.686 mW 80.3% 

 

Fig. 6 shows the response of the sense-amplifying detector 

with two input vectors under the worst-case scenario. In this 

case, the time interval between two patterns is only 24.7 ps. 

Therefore, when the fastest racing signal arrives at the detector, 

it will become the winner and generate the global valid signal. 

Although the loser’s racing signal is already charged to half of 

VDD, once the global valid signal is set to logic 1, the pull-down 

switches are still turned-on to drop this racing signal. If there 

are multiple racing signals with fastest speed, all of them will 

become the winners. 

Tables II and III show the comparison between other cell-

based WTAs [8]  and the proposed VR-WTA with 16-bit and 

32-bit resolution, respectively. Compared with other cell-based 

WTAs, the proposed VR-WTA achieves 3 times  the operation 

latency reduction because it can avoid the long computation 

chain. It also reduces power consumption by 81.2% and 80.3% 

with 16-bit and 32-bit resolution, respectively, as it can turn-off 

all operations of the losers. 

 In addition to the performance simulation mentioned above, 

we also consider process variation and corner verification. We 

carry out 100 Monte Carlo simulations with a Gaussian 

distribution for the gate length (Leffect) since it is the most 

dominant tuning factor in the proposed LDE. Our Monte Carlo 

simulation shows that our architecture is able to tolerate 12% of 

process variation. This result shows that our design not only 

shows better performance than cell-based designs, but is also 

more robust to variations compared with analog WTA 

approaches [5] that can tolerate at most 10% of process 

variation. Fig. 7 shows two extreme cases of Monte Carlo 

simulation: corner FF with 0 oC and corner SS with 80 oC, 

respectively.  

V. CONCLUSIONS 

In this paper, we developed a novel VR-WTA architecture 

for a high-performance, low-power learning engine. The 

proposed VR-WTA can find the maximum value without 

bitwise comparison, thereby avoiding long operation latency. In 

our design, process variation is also considered. The proposed 

VR-WTA design is very suitable for real-time learning and 

classifications that need scalable and reconfigurable resolutions 

in neural network applications. 
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Fig. 7. Monte Carlo simulation with two extreme cases: (a) Corner FF, 0 oC 
(b) Corner SS, 80 oC. 

 

  

 

Fig. 6. Example of one stage simulation of VR-WTA. 


