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a b s t r a c t 

The paper presents a novel circuit, implemented in the CMOS technology, that allows for 

sorting analog signals in parallel. The circuit is to be used in neural networks trained in 

accordance with Neural Gas (NG) learning algorithm implemented in the CMOS technology. 

The role of the circuit is to determine, for a given learning pattern, the winning neuron as 

well as its neighbors. The proposed circuit is versatile. It can be also used, for example, 

in nonlinear filtering of analog signals. It is capable of performing simultaneously several 

typical nonlinear operations that include Min, Max and median filtering. The circuit offers 

high accuracy, which means that it is able to distinguish signals which differ by a relatively 

small value. However, the accuracy depends on the calculation time. For example, to be 

able to distinguish the signals that differ by 10 nA (for maximum range of 10 μ A), the 

assumed calculation time has to be set to at least 1 μ s. To improve the accuracy to 5 nA, 

the calculation time has to be doubled. The circuit provides us the sorted list of signals, in 

accordance with their values. This information contains both the positions of the signals on 

the sorted list and their values. The first parameter is used in the NG learning algorithm. 

The circuit was implemented in the TSMC 180 nm CMOS technology and verified by means 

of the corner analysis in the HSpice environment. For an example case of eight inputs 

varying in between 1 to 10 μ A the circuit dissipates an average power of 300 μ W, at data 

rate of million sorting operations per second. 

© 2017 Elsevier Inc. All rights reserved. 

1. Introduction 

Artificial neural networks (ANN) are versatile tools used for data processing and classification. In the literature one can 

find a wide spectrum of examples of systems in which the ANNs are used. They include: control engineering, data mining 

and classification, prediction of signals, data analysis [1,2] and others. One can also observe a growing application of ANNs 

in mechanics, electronics and energetics, in which such tools are used, for example, in a load forecasting in power systems. 

ANNs are also more and more frequently used in medical diagnostics applications for the analysis of biomedical signals 

[3,4] . 

In recent years one can observe a rapid development of portable devices, in which low power dissipation is in high 

demand. An efficient hardware implementation of ANNs can lead to a strong reduction in energy consumption and minia- 

turization of such devices. 
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ANNs can be classified according to different criteria, among which the learning algorithm is one of the most important 

ones. In general, the NNs can be trained with or without the supervision. In our works we focus on the algorithms from 

the second group, as such algorithms can be relatively easy implemented at the transistor level, while simultaneously being 

efficient in many practical applications. In this paper we focus on the Neural Gas (NG) algorithm [5–8] , providing some 

modifications relevant for its efficient hardware implementation. 

The literature studies show that the NG algorithm belongs to the most flexible in the group of unsupervised learning 

rules [1] . It introduces a concept of a soft neighborhood between neurons, which is built ‘ad hoc’ on the basis of instanta- 

neous distances of particular neurons to the winning neuron. In this aspect this algorithm substantially differs from other 

algorithms from this group, e.g. the winner takes most (WTM) algorithm [9] , in which the neurons have fixed connections 

with other neurons in the map. In NG NNs only these neurons are considered as neighbors that are in the closest proximity 

to the winning neuron in the input data space. This approach is more “natural” than the one offered by the WTM NN, in 

which the neurons have no possibility to choose their neighbors. 

In the literature one can find several variants of the NG learning algorithm. One of them is the Growing Neural Gas (GNG) 

with some modifications, that include: Grows When Required (GNR) [10] and Incremental Growing Neural Gas (IGNG) [11] . 

In those algorithms some parameters that in case of the classical NG NN are constant, become variables modified during the 

learning process. One of them is the number of neurons that take part in the competition at a certain stage of the learning 

process. 

A software realization of the NG NNs is relatively simple. In this case after the phase of the calculation of distances 

between particular neurons and a given learning pattern, the neurons are sorted according to the distance values, using 

typical sorting algorithms. After the sorting operation the winner and its closest neighbors are located at the top of the 

sorted list. The sorting operation is fast if the number of neurons is small, however, the computation effort strongly increases 

with the number of neurons. Even the realization of more sophisticated GNG algorithms is relatively simple in this case, as 

new neurons can be dynamically added (or removed) to a list of neurons, which is a well known technique. In practice the 

software realization of the NG algorithm is less complex than in the case of the WTM algorithm, in which the realization of 

the fixed neighborhood is usually more difficult [12] . 

An opposite situation occurs in hardware realization, in which the implementation of the NG algorithms is more com- 

plex than in case of the WTM one. This is due to the sorting operation which becomes challenging if the number of neu- 

rons is large. In GNG algorithms an additional problem is an efficient realization of a mechanism that allows for increas- 

ing/decreasing (activation/deactivation) the number of neurons on the basis of, for example, the course of the quantization 

error, Q err . Calculation of the Q err in hardware is the problem itself. 

In the literature one can find various parallel sorting circuits, in which the computation time only slightly depends 

on the number of the input signals [13–16] . In these cases, however, other problems appear, such as the precision of the 

sorting operation and the ability to distinguish between signals whose values differ from each other slightly. Additionally, 

the number of the inputs has usually an impact on the precision [13] . Another problem is the hardware complexity, which 

usually strongly increases with the number of the input signals. As a reference to the state-of-the art several example 

solutions can be considered [14–16] . In [14] the sorting circuit requires a large number of external controlling clock signals. 

The number of these signals is equal to the number of the sorted signals. For large numbers of neurons, the hardware 

complexity of such circuit will become very large, which makes it not suitable for NNs implemented in hardware. One of 

the problems in this case is a complex multi-phase clock generator that has to be used to control the circuit. The circuits 

reported in [15,16] determine the sorted values of particular analog signals, however, the information about the position of 

particular signals on the sorted list is not available. For this reason, this circuit is not useful for the application in NNs. 

The analysis of the state-of-the art solutions shows that there is still a room for new solutions in this area. For this 

reason, in this paper we focus on a development of a novel sorting circuit suitable for such NNs realized at the transistor 

level. Other components used in this NN are similar to those which we have used in our former projects of other NNs 

trained without supervision, such as the WTM [17] and Winner takes All (WTA) NNs [18] . 

To make the state-of-the-art complete, we tried to find, without success, example realizations of complete NG NNs in 

Field Programmable Gate Arrays (FPGAs) or in Graphics Processing Units (GPUs). One of the possible reasons that such so- 

lutions do not exist is the difficulty in the realization of the sorting as well as the neighborhood mechanisms, which in case 

of the parallel NNs imposes a lot of challenge. We also did not find any hardware implementation of the GNG algorithms. 

Due to various limitations imposed by hardware only relatively simple learning algorithms are implemented in this way, 

additionally with various simplifications. We have an idea how to implement the mechanism that activates/deactivates the 

neurons in the GNG learning algorithm, however in this case various limitations have to be taken into account. One of the 

main problems is the maximum number of neurons that have to be used, which is not known in advance, as it depends on 

the structure of dataset. One possibility is to put into a chip the number of neurons, which seems to be sufficient for a wide 

range of applications. However, in many cases such number of neurons will never be used which makes such a solution not 

optimal. 

The comparison of transistor-level realizations with FPGA or GPU implementations is not straightforward, as in particular 

cases different aspects and parameters are considered as the most important. In the FPGA/GPU approach the paramount 

features include high data rate and the possibility to reprogram the system, even at the expense of relatively high power 

dissipation. Such solutions are suitable for short series, due to relatively high price of a single unit. In case of the implemen- 

tation of the NN as application specific integrated circuit (ASIC) the main effort is placed on reducing the power dissipation 
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