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Abstract 
Demand of CO2 gas sensors is expected to continue to increase in the foreseeable              
future, due to an increasing awareness of air pollution and fossil fuel emissions. A              
truly low cost and accurate NDIR sensor has the potential of greatly benefiting the              
environment by an increased human awareness due to CO2 measurements. In the            
objective to reach these goals, a CO2 sensorcore on an ASIC needs to be investigated.               
In this study an ASIC prototype design is tested on an FPGA and evaluated towards               
logic resource requirements, power analysis and estimated cost impacts towards a           
full ASIC. The results show that a potential ASIC implementation would have a             
very small cost impact on a full system design if the use of a pre existing ASIC                 
design is utilized. Using a manufacturing process of 180 nm, the total logic             
implementation would require between 0.54-0.76 mm2. The cost impact of such a            
logic area would be around $0.025 USD per chip. The power consumption of the              
logical part would also be very small when compared to the various analog             
components of a full system design. 
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Terminology 
 
ASIC Application specific integrated circuit 
BOM Bill of material 
BRAM Block random access memory 
BUFGCTRL Global clock buffers 
CO2 Carbon Dioxide (gas) 
clk Clock 
DSP Digital signal processing  
FF Flip flop 
FPGA Field programmable gate array 
I2C Inter integrated circuit (communications protocol) 
IOB Input output blocks 
IR Infrared  
NDIR Non dispersive infrared 
LUT Lookup table 
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1. Introduction 
With an increasing demand for gas monitoring and thus gas sensors mainly due to              
effects regarding air pollution and global warming [1][2]. The market for these type             
of sensors can thus be expected to continue to grow and be a highly competitive               
market. This in combination with an increased public awareness of the effects of             
various gases on the environment and the public health. The need to develop better              
and more cost efficient gas sensors is perhaps more relevant than ever.  
 
One such gas that is of major importance and in focus today is carbon dioxide (CO2).                
CO2 is the major contributing gas for global warming and fossil fuel emissions [3].              
Indoor monitoring of CO2 is also important for air quality and is commonly used in               
HVAC systems [4]. Other application uses for CO2 sensors are in the agricultural             
industry and even as fire alarms [5].  
 
There are multiple ways of measuring CO2 levels, some examples include           
electrochemical sensors, photo-ionization sensors and NDIR (non dispersive        
infrared) [5]. One of the most accurate and cost effective ways of measuring gases              
today is with NDIR sensors [5].  
 
NDIR sensors have been around for several decades and have seen a continued             
trend towards miniaturization, low power and low cost. In an attempt to further             
advance these trends and specifically the trend towards miniaturization and low           
cost. The option of utilizing an ASIC (application specific integrated circuit) needs to             
be further investigated.  

1.1 Background and problem motivation 
It is with these concepts in mind that a study into potential improvements for a               
sensor design is focused. With an already concept ASIC design that handles the             
analog signal processing and LED driver. The next logical step would be to             
investigate the digital signal processing and handling of how the communication           
protocols could be migrated over to a combined ASIC design. And the potential             
impacts regarding costs and power consumption and not to mention the logic            
resources required.  
 
Looking at a typical bill of material (BOM) costs for an NDIR sensor, the readout               
electronics (typically consisting of a microcontroller), IR source and detector          
contribute to some of the higher cost of materials in the BOM. 
 
List prices for some of the currently used microcontrollers, like the           
S9KEAZN32AMLC from NXP are in the order of $1.3 - $1.4 USD per chip in               
volume. The unit list pricings based on larger quantity orders from Digikey and             
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Mouser as of December 2018, are $1.31 USD for Mouser (at minimum order of 2000               
units) and $1.39 USD for Digikey (minimum order of 1000 units).  
 
As such an ASIC design would preferably need to cost less than $1 USD per chip to                 
be a cost effective alternative compared to the microcontrollers. This would           
generally mean that very large quantities would be needed to be manufactured. But             
one cost effective solution to this problem would be to estimate the potential logic              
footprint and additional extra cost of adding the logic processing of the CO2             
calculations to the next generation of pre-existing ASIC designs. This could           
potentially minimize the cost impact by removing the need to create an entirely new              
mask set and would offer no major increases in additional costs in terms of              
packaging and processing of the chips.  

1.2 Overarching goals 
Thus the main objective of this study is the investigate and validate how a digital               
ASIC design could look like and its potential resource usage in terms of logic area,               
power consumption and the potential cost of such an implementation. The system            
design itself should investigate the parts such as processing of the IR signal with              
temperature compensation, communication blocks to other devices and potential         
storage of certain parameters regarding measurements and settings. 
 
The goal of the study is then to investigate the feasibility of implementing a CO2               
sensorcore processing algorithm in combination with communication protocols,        
control and memory logics on an ASIC design.  

1.3 Scope 
Since ASIC design tools and prototyping can be a very time consuming and             
expensive part in any project. A first feasibility test needs to be conducted using              
tools more suited for prototyping and offering more low cost options for this             
purpose. In this scope a field programmable gate array (FPGA) is the logical choice              
for design testing and verification. The FPGA offers a reconfigurable logic           
environment where much of the ASIC design could be simulated, tested and            
verified. 
 
Due to the above described limitations regarding time and resource usage. Some            
additional limitations are needed to be made in order to make the study feasible              
within the given timeframe. 
 
Building upon previous low cost NDIR system design knowledge from using LED            
drivers and detectors from Asahi Kasei, namely the parts AK9721AE and           
AK9700AE in combination with a microcontroller from NXP in a new CO2 sensor             
design. The same type of functionality as performed by these modules should be             
tested and evaluated towards an ASIC design prototype.  
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The FPGA design should include all of the major workings parts of the design              
carried out by the currently used microcontroller. Such as CO2 calculations from IR             
signals, data storage, I2C communication lines to internal and external components,           
filtering options and processing of transmitted and received data from external           
sources. 

1.4 Concrete and verifiable goals 
With the goal of the study to determine the functionality, viability and potential cost              
impact of a full ASIC NDIR sensorcore. Determine the resource utilization of the             
design in regards to logic utilization and power consumption. In addition a cost             
estimate of the realization of said design into a working ASIC. The design itself              
should include a CO2 calculation algorithm with an additional filtering stage. I2C            
communication blocks serving as both master and slave to the outside world as well              
as additional control logics.  
 
As such the goals of the study are.  

● Estimate the logic resource requirements of an ASIC design containing the           
following components. 

○ CO2 calculation algorithm with temperature compensation. 
○ Interpolation tables and digital filters. 
○ I2C master-slave and I2C slave-master communication modules. 

● Determine a cost estimate of this design on an ASIC process. 
● Estimate a power cost for this design. 

1.5 Report structure 
This report is structured into segments regarding a short theoretical review and            
background of NDIR sensors combined with a review of the power consumption in             
a digital circuit. Method chapter describes how the cost, resource utilization and            
power consumption was conducted. A chapter on construction of the implemented           
design describes more in detail the steps and parts of the tested design. Followed by               
the results, conclusion and a discussion chapter about the results. In addition a             
chapter regarding the socio-economic and environmental issues is presented last. 
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2. Theoretical background 
To provide an background understanding of the system design and components of            
an NDIR sensor together with some of the potential problems and design            
challenges. A brief overview of the NDIR sensor theory is provided in section 2.1. 
 
In section 2.2 an overview of the equations and concerns regarding power            
consumption in a digital circuit is described. 

2.1 Non dispersive infrared sensor  
A NDIR sensor consists in its most basic form of five different components. A              
infrared light source, optical pathway, optical filter, detector and readout electronics           
(signal processing) [2], [6].  
 

 
Figure 1: Basic workings of NDIR sensor. 
 
Fig. 1 shows how these basic components are connected. The infrared light source is              
often a blackbody radiator, but can also be an LED or even a laser [2]. The                
waveguide is guiding the light waves from the source to the detector (path length).              
The optical filter blocks unwanted interference from reaching the detector. The           
detector itself induces a signal (current or voltage) based on the received radiation             
level. Finally this signal is usually fed into a microcontroller to calculate the gas              
concentration from the received IR signal (signal processing). 
 
The relationship describing the emitted light with the received light at the detector             
is described by the well known Lambert-Beer law. Which relates the absorbance            
between emitted light and a gas concentration [2][6]. 
 

 
 
Where I (w/m) is the received light intensity on the detector. I0 (w/m) is the light                
intensity of the light source. L (m) is the length of the optical pathway. k is the gas                  
specific absorption coefficient. C is the gas concentration (ppm). It should be noted             
that this form of equation (1) is only valid for monochromatic absorbance and thus              
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for a true application in a detector (1) would need to applied (integrated over the               
wavelength envelope) to every wavelength at the detector [7], [8]. 

2.1.1 Infrared radiation sources 
One of the most important factors when using NDIR sensors is the light source              
itself. The most reliable choice historically have been a miniature light bulb acting as              
a blackbody radiator (in reality a greybody) due to several factors such as its ability               
to produce a broad spectrum of IR light and its low cost [5]. A broad output                
spectrum is often used since a single output wavelength source is not feasible in              
practice [9]. This lamp is often also pulsed at low frequencies to enable signal              
processing of IR noise [5].  
 
The radiation spectrum produced by a blackbody radiator can be described by            
Planck's law.  
 

 
 
Where ρ(w,T) is the spectral radiance, h is planck's constant, c is the speed of light in                 
vacuum, w is the frequency of the emitted radiation, k is Boltzmann's constant and              
T is the absolute temperature of the radiating body. As the temperature increases,             
the spectrum intensifies and shifts towards smaller wavelengths.  
 
There are other blackbody heaters besides lamps, such as MEMS micro heaters [10].             
For non blackbody radiator IR sources there are LEDs and even Laser diodes that              
can act as a light source [2]. Usage of an LED as an IR source can potentially offer                  
many advantages over a standard blackbody radiator. Some of these advantages can            
be reductions in duty cycle per measurement and thus a potential increase in             
measurement frequency [2].  
 
In more recent years, LEDs working at longer wavelengths of up to 4.6 µm have               
become more available commercially [7]. This in turn has led to the option of              
multiple choices when determining what type of IR source to use in an NDIR              
sensor. 
 
Comparing some advantages and disadvantages between a blackbody and an LED           
light source. Some disadvantages with using a lamp or blackbody radiator include            
its slow response time and due to equation (2) an emission spectrum that can be far                
outside of the desired range [8]. A LED on the other hand can be made to emit a far                   
more efficient matching spectrum in the desirable range [8]. 
  
Another disadvantage with using a light bulb as IR source has been that the glass               
envelope around the lamp has been known to block light above the 4-5 µm range,               
limiting its use to gases within a certain spectrum [5][8]. A LED source on the other                
hand is often more temperature dependent to certain degrees then a blackbody, as             
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such the IR output intensity can vary more with operating temperature of an LED              
[7][8]. If LEDs are used as both source and detector (photodiode) then the             
corresponding relationship between absorbance and gas concentration can deviate         
from the linear behaviour described by equation (1) and become non linear [7]. 

2.1.2 The IR detector 
There are a variety of different detector technologies available for use in NDIR             
sensors. The two most commonly used detector type examples are thermal           
(example: thermophile, pyroelectric) and quantum (example: photodiodes)       
detectors [11].  
 
The received incoming infrared radiation on a detector is going to depend on the              
source emission and the ambient temperature. For an IR source consisting of a             
blackbody radiator the received radiation at a point can be described with the help              
of Stefan-Boltzmann's law [12]. 
 

 
 
Where RT is the thermal radiance per unit area, σ is 5.67×10^−8 [W/(m^2⋅K^4)], Tbody              
[Kelvin] is the temperature of the radiant body and Tamb [Kelvin] is the ambient              
temperature.  
 
Thermopile detectors makes use of the Seebeck effect with several thermocouples           
connected in a serial configuration. Pyroelectric detectors on the other hand uses            
materials that becomes charged (polarized) when exposed to temperature         
variations. Tradiotally pyroelectric detectors are generally more expensive than         
thermopiles. [13]  
 
A photodiode is a semiconductor that when exposed to light induces an electrical             
current due to the absorption of photons. Photon detectors generally offer a high             
SNR (signal to noise ratio) and response time [11]. The downside to these detectors              
have been that they generally need active cooling to prevent thermal generations of             
charge carriers and thus interference with an IR signal function properly [11].            
However recent developments have led to photodiodes that can operate in normal            
room temperatures without active cooling, such as the IR1011 (by Asahi Kasei            
Microdevices) [14]. 
 
In general IR detectors are often constructed as dual channel devices where the             
second channel acts as a reference channel with an absorption filter outside of             
measured spectrum and can help reduce various drifts and noise [7][15].  
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2.1.3 Wavelengths, interference and optical filtering 
The absorption spectrum of CO2 around the wavelengths of 4.26 µm is most often              
chosen as the center wavelength for optical bandpass filter designs. This is due to              
the high absorption characteristics of CO2 at these wavelengths and a minimum            
overlapping absorption spectrums from other interfering gases [15].  
 
The filters used in NDIR sensors are non dispersive as in they do not separate light                
spatially. Thus only light within a specific wavelength can get through to the             
detector. Sources of interference could still occur due to the spectrum overlap and             
wide bandwidth filtering. To increase signal strength at the detector, an optical            
pathway is often used as a waveguide for the infrared light. This correlates to              
equation (1) and that path length has a direct correlation to the intensity of received               
radiation. [5] 

2.2 Power consumption 
A digital electronic circuits power consumption is related to the voltage level of             
various states as well as the time does lines are driven high coupled with the               
currents. In addition the power consumption is going to depend on the number of              
logic gates inside the circuit and switching speed that these gates operate at. Thus a               
power estimate directly correlates to the resource usage as described in section 2.3.1.  
 
The normal power consumption in a electric circuit is given by.  
 

 
 
The energy required to switch a single gate is given by. 
 

 
 
Where C is capacitance of the complementary metal oxide semiconductor (CMOS)           
technology and V is the voltage of the circuit. To get the total power requirement,               
which is energy per unit time we can divide (5) by time and that frequency (in Hz)                 
is equal to 1/T where T is time (seconds). A digital clock also has two states, logic                 
high and logic low. Combining these factors into (5) and accounting for the amount              
of switching required by the signal (value between 0 and 100%) we end up with the                
resulting average power per gate that is then given by [16]. 
 

 
 
Where α is the percentage of activity (value between 0 and 1) and F is the clock                 
frequency in Hz [16]. Looking at equation (6) it can be seen that the power               
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consumption of a digital design is going to depend on the switching frequency of              
the gates as well as the underlying CMOS technology used to fabricate the digital              
design. 
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3. Method 
Descriptions of how resource estimation, power analysis and cost estimation have           
been conducted. Divided into three different sections of instruments and          
components, resource and power analysis and finally cost estimates. 

3.1 Instruments and components 
Tools used during the system design and implementation were Matlab and           
Simulink version 2017b together with the hdl coder toolbox for the model based             
design and verification of the algorithm.  
 
The FPGA design and prototyping has been designed with the aid of the Vivado              
2017.3 software and an ARTY development board from Digilent running a Xilinx            
artix-7 fpga with part number xc7a35ticsg324-1L. This FPGA has 33,280 logic cells            
divided into 5200 slices, 400 Kb distributed RAM, 90 DSP slices, 50, 36Kb Block              
RAMs with a max Kb of 1800, 5 I/O banks with a max user I/O of 250 [17]. This                   
makes the XC7A35T FPGA sit slightly below the middle performance wise for            
Artix-7 FPGAs.  

3.2 Resource and power analysis 
To determine the resource and power usage of the system design. These analysis             
have primarily been conducted using the built in functionalities of the design            
software. 
 
An FPGA in the form of a Xilinx artix-7 uses reconfigurable logic blocks in the form                
of LUTs (lookup tables), DSPs (digital signal processing macros), MUXes          
(multiplexers) and Flip flops (FFs) [18]. This makes direct correlations between           
FPGA resource usage and ASIC resource usage more difficult to estimate.  
 
Xilinx FPGAs are built on the concept of slices and reconfigurable logic blocks. Each              
slice consists of several lookup tables (LUTs) that can mimic any combinational logic             
by being cascaded together. In addition each slice contains multiplexers and           
registers as well as carry logic. The total number of these slices and logic cells can                
vary widely between the type of FPGA used from between a few thousand logic              
cells up to several million for the biggest FPGAs. 
 
Outside of each slice there are other dedicated hardware resources that can be             
accessed and used to increase the performance of the designed logic. These            
resources include digital processing slices (DSPs) and block rams (BRAM). Typical           
operating speeds of a modern FPGA is between 100 - 500 MHz.  
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Each logic cell consists of lookup tables (LUTs) that can mimic any combinatorial             
logic. In addition to these logic cells, the Xilinx FPGAs also uses other resources for               
logic such as DSP slices and block RAMs. All of these resources can also vary from                
chip to chip. 

3.2.1 Resource utilization 
The FPGA resource usage is going to depend on several factors such as code              
structure, word lengths of input/output data and the use of macros in the Vivado              
software. Resource usage is also dependent on the routing algorithm for the            
synthesis tool as well as other vendor specific implementations.  
 
Some of these factors are more easily controlled than others. The easiest factors to              
control is the hardware code structure itself. As such they make up the majority of               
contributing factors in terms of efficiency of the implementation in this case.  
 
The FPGA resource utilization has been determined with the use of the Vivado             
software itself. The design has been synthesized and then deployed on the Arty             
development board. A resource utilization report together is then generated with           
detailed description of the various components usage. 
 
The FPGA resource usage is divided into components and resources such as the             
number of LUTs, Flip Flops, DSPs, Block RAMs, I/O ports (input, output) and Clock              
domains (BUFGCTRL).  
 
There are numerous ways to estimate the resource usage correlation between an            
FPGA and ASIC, From industry rules of thumb [19]. To older comparisons such as              
those conducted by (I. Kuon and J. Rose, 2007) [20]. Since the technology is              
advancing quite rapidly older comparison might not be relevant. In this case            
external consultation from Asahi Kasei Microdevices have provided the means by           
which a more accurate and realistic estimate can be conducted.  
 
For a typical ASIC digital circuit, around 50 percent of the total logic area is usually                
taken up by flip flops. In this case for the ASIC area estimate, different percentage               
ranges have been used between 40-50% logic area consumption by the flip flops             
total area usage of the available silicon. Using a baseline manufacturing process of             
180 nm gives a flip flop area size of approximately 70.57 µm2 per flip flop.               
Combining these values with how effective the area utilization is going to be (space              
efficiency), ranging from estimates between 75% up to 85% effective area utilization.            
Five different use cases have been constructed relating to best case and worst case              
scenarios. Se table 5 in section 5.1.2 for details. 
 
Using these above estimates, the total area consumption calculation is then given by.  
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Where NFF is the number of flip flops, AFF is the area of one flip flop, Cp is the area                    
coverage (in percent) of the circuit for the flip flops and AU is the area utilization of                 
the circuit (in percent) (formula derived with the help of Asahi Kasei Microdevices).  

3.2.2 Power analysis 
Based on equation (4), (5) and (6), a power consumption estimate can be conducted              
inside the Vivado software using the integrated Xilinx XPower Analyzer. As the            
base of inputs for this analysis is the FPGA netlist in combination with the switching               
activity of the design. A full measurement cycle is taken to be 16 seconds and               
determines the baseline for the activity switching for each net.  
 
Since the final system clock for the future ASIC is unknown at this stage, the power                
analysis is performed on the FPGA logic with respect to the Xilinx XC7A35T FPGA              
used during the implementation. The power consumption profile of the FPGA will            
give an approximation of how a future ASIC power consumption profile could look             
like in regards to power consumed by the logic gates.  
 
A secondary power utilization report was conducted on the smaller FPGA device,            
xa7a15tcpg236-2I. This was done as a comparison, if the power usage profile would             
differ between two FPGAs of the same family but slightly different sizes. The             
xa7a15tcpg236-2I has a I/O count of 236, 10400 LUTs, 20800 FlipFlops, 25 block             
RAMs and 45 DSP slices. Resource wise this make it have about 50% less resources               
then the xc7a35ticsg324-1L. 

3.2.3 Cost estimates 
Typical costs for a full scale and complete ASIC solution would need to address              
factors such as the non recurring engineering (NRE) cost, combined of factors such             
as mask set fabrication, salaries, tools and various additional costs. In addition there             
are costs for processing and packaging for the chips themself. 
 
As such, the development cost of a full ASIC design is dependent on several factors               
such as a fully custom ASIC design vs one combined of more reusable blocks. But               
also what type of manufacturing process used. The type of blocks used inside the              
ASIC, such as if it is only digital logic and/or a combination of analog and digital                
specific needs.  
 
All of these factors combine to make the creation of an ASIC very different              
depending on the application and in turn, its total final cost. Due to the competitive               
market for ASICs, it can be difficult to get a proper cost estimate for all of these                 
various parts of an ASIC construction process. Some cost estimates can be had using              
online services, for example (Hassan et al.) [21] used EURO-PRACTICE [22] as a             

source for their ASIC cost estimates (based on circuit size). However, since the             

proposed ASIC here would be integrated into an existing design, the cost            

estimates provided would not be accurate.  
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As mentioned in section 1.2 the major cost reduction would likely come in the form               
of an integrated logic part in an already existing ASIC design. This means that much               
of the NRE costs can be avoided. There would still be a small NRE cost to                
implement the ASIC, however this NRE cost will not be considered in depth in this               
study due to the difficulty of getting accurate information of the many uncertainties             
regarding this cost estimate.  
 
The focus is instead on how much a digital logic implementation would increase the              
price of an existing (mostly analog) ASIC design that would incorporate this logic             
area into it. As a baseline for the cost estimate, a manufacturing process of 180 nm is                 
considered, since this is the manufacturing process that would be the most likely             
one to be used in an ASIC fabrication. 
 
Typical cost estimates for an 8 inch wafer is 1000 USD (dependant on the amount of                
layers needed, type of transistors used etc.), using value of $1000 USD as the              
baseline for the comparison, which includes some margin for error. From this            
baseline cost, four different use cases are presented for the options representing            
minimum and maximum cost estimates. 
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4. Construction and System Architecture 
To design the system architecture for this sensorcore in the amount of time available              
some trade off were made. Since development using VHDL and FPGA often can             
take several months just for just a working prototype [23]. The design choice was              
made to simulate the CO2 signal processing algorithm in Matlab and Simulink with             
a fixed point implementation combined with a floating point reference.  
 
This model was designed in Simulink with the specific goal of utilizing Matlab HDL              
coder to quickly iterate and generate new improved versions in future versions for             
the FPGA/ASIC implementation and thus save development time. As shown by           
(Hai et al. 2015) using Simulink and HDL coder is a good way to speed up                
development time [24].  
 
Since the choice of fixed point word length directly correlates to the implementation             
size and resource usage for the design, a trade-off in precision versus area size is               
needed.  
 
Since some of the final design choices was unknown, such as the final system clk for                
the ASIC. Choices were made to make the design as flexible as possible for future               
iterations and potential changes.  

4.1. System Design 
The system architecture is divided into several sub modules based on functionality.            
In total there are 11 modules including the top module that makes up the total               
system.  
 
The main system clk is the FPGA clk itself running at 100 MHz. One additional clk                
is used for the CO2 calculation and IIR filtering stages. This secondary clk is running               
at 1 MHz. 
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An overview of the system design on the FPGA is shown in Fig. 2 below.              

 
Figure 2: System Architecture overview 
 
As can be seen in Fig. 2 from the system hierarchy shows a block schematic of the                 
various system components. For CO2 calculation there is a top module and five             
submodules including temperature, IR correction, IR calculation, Table value         
calculation, Table interpolation. Then there is an IIR filter component, I2C master            
component, I2C slave component, RAM storage component and finally the top           
module itself.  
 
The external connections are done through the I2C bus coupled with additional I/Os             
in the form of error signals, power and an additional sense line for specific              
requirements of the AK9721AE chip. 
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A state machine diagram showing the functionality stages of the main state machine             
is shown in Fig. 3 below. 
 

 
Figure 3: Main state machine 
 
In Fig. 3 the state diagram of the main control loop is shown. The system is in idle                  
mode for the majority of the time with the other components turned off. When the               
timer triggers, the system goes through the stages of storing system parameters,            
reading new IR and temperature values (get co2 data), processing these values in             
the calc co2 stage then storing of new data parameters (store data) and finally              
proceeding to the done state to update update trigger signals and outgoing data in              
the I2C slave module.  

4.2. Unit Component design 
A more detailed explanation of the system design and the various components is             
presented in sections 4.2.1 (I2C master-slave), 4.2.2 (I2C slave-master), 4.2.3          
(calculations) and 4.2.4 (filtering). 

4.2.1 Communication module (master) 
The communication between the FPGA/ASIC and AK9721AE is conducted over I2C           
and is controlled by an I2C master unit running on a state machine. This state               
machine is triggered every time the main state machine in Fig. 3 reaches the state               
get_co2_data.  

 
Figure 4: I2C master communication state machine 
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As shown in Fig. 4 the FPGA-AK9721AE communication works from a state            
machine using 6 stages. An idle stage, power on stage, set data, set read registers,               
get data and a done stage. The set data stage is only done once on startup or when                  
requested by external user by setting the ak_set flag to 0. 

4.2.2 Communication module (slave) 
In this mode the FPGA design functions as the I2C slave and the external unit as the                 
I2C master. By addressing the specified slave and internal register. The slave will             
respond with either writing or reading corresponding data. 

4.2.3 CO2 calculation modules 
Calculation modules are divided into several different components to increase the           
modularity of the design and to ease implementation and verification of said            
components.  
 
Throughput of the modules is dependent on several factors such as the main clock              
speed of the design as well as if further clocks are used. In this first example the                 
main system clock is running at 100 MHz and thus a clock for the calculation parts                
(CO2 calculation and IIR filter stage) was set to 10 times slow (1 MHz) to decrease                
timing requirements for FPGA netlist. 

4.2.4 Low-pass filtering 
A lowpass filter in the form of an IIR filter is used to smooth out the CO2 values and                   
filter out unwanted signals.  
 
An elliptic IIR filter was chosen due to much lower filter order (stages) compared to               
an FIR (or other IIR filter structures) filter of the same magnitude. In this case there                
was no need for a stable phase margin thus the IIR filter provided the best effect for                 
the lowest resource usage. 
 
The IIR filter was implemented using second order sections (SOS) and consisted of             
three section and a 9th order filter. 

  

 
 

22 



 

CO2 Sensor Core on FPGA 
ASIC prototyping and Cost Estimates 

2019-02-23 

 

4.3. Design verification 
Design verification has been conducted on a Digilent Arty development board           
housing an Artix-7 FPGA. The test system has been constructed as follows in the              
figure below. 
 

 
Figure 5: Test setup 
 
 
Fig. 5 shows the test setup used in the implementation and verification of the              
system design.  

4.3.1 Floating point to integer representation 
As always there is a trade-off when using an integer instead of floating point              
representation for a number between resource usage and accuracy of a system. The             
input bit length to the system ranges from 16 bit temperature values up to 24 bit                
signed values for the two IR signal channels. Using some restrictions on word size              
and saturation at certain points in the algorithm stages for consistency in size             
limitation. The end results of the integer representation compared to a floating point             
reference is shown in the figure below. 

 
Figure 6: Simulation of algorithm. 
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In Fig. 6 a simulation of the signal processing algorithm has been conducted using              
Simulink. The input variables here are random signals for both IR channels and             
temperature. The objective is the see how well the hdl fixed point implementation             
follows the floating point reference.  
 
As the results show in Fig 6. there are discrepancies between these two version. The               
discrepancies are as a result of the bit and word length usage. For a first prototype                
version it was deemed adequate as a starting reference point for a fixed point hdl               
implementation. If more accuracy is needed, the bit and word length could be             
increased as necessary.  
 
In Fig 6. there is a rather large error shown, this is caused by the use of fully random                   
input values for the IR signals, which are 24 bit signed integers. Hence they can take                
values between (-223 and +223-1) and since the calculation step contains a division             
between the main IR channel and the reference IR signal. A division with zero can               
occur if care is not taken. As Fig 6. shows, this it what has happened. This is                 
compensated for in the fixed point VHDL implementation but not in the floating             
point reference. 
 
Of note is that the input signals are fully random variables here and as such               
exemplifies extreme cases in regards to input proportions and is thus likely not be              
seen in a real system. Further optimization could be done by doing statistical             
analysis of the input signals and correlate these input ranges towards bit and word              
length. This could potentially reduce the resource requirements even further.  

4.3.2 Communication 
The communication modules have been verified with the help of an external            
Arduino acting as the external I2C master unit. The external I2C master has been              
used to read and write data to and from the system design implemented on the               
FPGA board.  
 
As external microcontroller to function as the I2C master compared to the FPGAs I2C              
slave and Arduino M0 board has been used.  
 
A full readout during the communication cycle between the FPGA (master) and            
AK9721AE takes approximately 3 ms as shown in the scope image below. 
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Figure 7: I2C readout sequence time. 
 
Fig. 7 shows the scope capture of a readout sequence between the AK9721AE and              
the FPGA. The speed of the I2C bus is here 100 kHz.  
 
Validation has been done by 2 way communication sequences between the different            
elements of the FPGA and external microcontroller. 

4.3.2 Throughput 
The design throughput is heavily dependent on the I2C communication speed. Since            
the processing of the algorithm is a fraction of the total time needed for the               
communication modules. As a simulation example shows a processing step is           
approximately in the order of 4 ms per cycle. With the majority of this time taken by                 
the I2C communication lines. 
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Figure 8: Simulation test bench output. 
 
In Fig. 8 a simulation output of the design is shown. Multiple signals are shown               
here but the interesting part is the total time for each cycle. In this example a full                 
throughput is at 4 ms.  
 
With a specified measurement frequency of 16 seconds. The total uptime of the             
communication and calculation part is then as follows.  
 

 
With an activity time of 0.025% of the total time for all signals except the main                
system clocks themself the throughput of the design is not a limiting factor in the               
design even with limited pipeline stages.   
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5. Results 
Results should compare FPGA area utilization with estimation of ASIC nand gate            
estimation. 

5.1. Resource usage  
Resource usage is divided into two sections. Section 5.1.1 details the FPGA resource             
usage while section 5.1.2 details the ASIC resource estimates. 

5.1.1 FPGA resources 
The resource usage of the FPGA design implementation is distributed as follows.            
The experimental board was equipped with a Xilinx artix-7 xc7a35ticsg324-1L          
device. For the FPGA slice logic the utilization is configured as shown in table 1.               
below. 
 
Table. 1. FPGA logic usage. 
FPGA slice logic Used Percent of total 

Slice LUTs 4416 21% 

LUT as logic 4416 21% 

LUT as memory 0 0% 

Slice registers 3261 8% 

Register as Flip Flops 3261 8% 

Register as Latch 0 0% 

F7 Muxes 83 1% 

F8 Muxes 17 0% 

 
The major consumer of LUTs is a division step inside the algorithm. It consumes              
approximately 25 percent of the total LUT usage of the design (1218 LUTs). Most of               
the multiplexers are utilized inside the two I2C communication modules.  
 
Memory resource usage in the FPGA is displayed in table 2. 
 
Table. 2. 
Memory Used Percent of total 

Block RAM Tile 0,5 1% 

RAMB36/FIFO* 0 0% 

RAMB18 1 1% 

RAMB18E1 only 1 - 
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The block RAM usage has been to model memory I/O and data storage. 
 
FPGA DSP slice usage is 44 out of an available 90 in the particular FPGA used.  
 
Table. 3. 
DSP Used Percent of total 

DSPs 44 49% 

DSP48E1 only 44 49% 

 
DSP slices are utilized primarily in the form of optimizing the various multipliers             
spread around the design. Naturally many of these are found in the IIR stage as well                
as in a part of the CO2 table calculation component. 
 
For I/O connections. 
 
Table. 4. 

IO and GT specific Used Percent of total 

Bonded IOB 14 7% 

IOB Master Pads 6 - 

IOB Slave Pads 6 - 

 
In total 14 I/O connections have been used in the test design. This include various               
lines for output verification and debugging purposes. 
 
Two clock control resources are used in the current design.  
 
Table. 4. 

Clocking Used Percent of total 

BUFGCTRL 2 6% 

 
Two clock resources have been used in the design implementation. The main system             
clock at 100 MHz and a slower clock at 1 MHz for reducing the timing requirements                
of the IIR filtering stage and CO2 gas concentration calculations. 
 
In the case of how the FPGA resources correlate to an ASIC design is approximately               
described in section 3.2.1 and by equation (5). The ASIC resource distribution is             
distributed as follows depending on a typical area coverage of flip flops and a              
manufacturing process of 180 nm. 
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5.1.2 ASIC logic resources  
The ASIC logic resource estimates based upon the results in section 5.1.1 and the              
methods described in section 3.2.1. 
 
Table 5. below shows the 5 use cases with different FF and area utilization              
percentages.  
 
Table. 5. 
Usage CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 

Flip Flop Area [μm2] 70,5744 70,5744 70,5744 70,5744 70,5744 

Flip Flops [count] 3261 3261 3261 3261 3261 

FF Area / Circuit [%] 50 50 40 40 45 

Logic Area [μm2] 460287 460287 575358 575358 511430 

Area utilization [%] 85 75 75 85 80 

Total Logic Area [μm2] 541515 613716 767144 676892 639288 

 
As shown in table 5. the minimum area estimate is approximately 0.54 mm2 (case 1)               
and the maximum area is 0.77 mm2 (case 3) for the logic area of the circuit.  

5.2. Power distribution 
Estimating FPGA power consumption based on active time during circuit          
simulation relative to each measurement cycle of 16 seconds. The power distribution            
for the FPGA is shown to be distributed as follows.  

 
Figure 9: Power distribution in  xc7a35ticsg324-1L FPGA. 
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In Fig. 9 the power distribution inside the FPGA design can be estimated based              
upon activity assumption from the implementation in section 4.3.2. 
 

 
Figure 10: Power consumption in FPGA design. 

 
As Fig. 10 shows a dynamic power consumption of 0.013 Watts and a total on chip                
power average of 0.075 Watts. 
 
Redoing the implementation on a smaller FPGA yields very similar results as those             
in Fig. 9 and Fig. 10. Fig. 11 below shows the power analysis results using the same                 
activity settings but using a smaller FPGA, like the xa7a15tcpg236-2I. 

 
Figure 11: Power distribution in xa7a15tcpg236-2I FPGA. 

 
As Fig. 11 shows, the dynamic results only differ by 0.01 W and the majority of the                 
power usage is device static and from the dynamic portion, it is main clk that               
utilizes the most power. The total static usage is higher on this device (0.074W) then               
the xc7a35ticsg324-1L (0.062W). 
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5.3. Cost estimates 
A cost estimate for ASIC chip using the calculation details provided in section 3.2.3.              
The four different cases in table 6. represents minimum and maximum are            
utilization cases and thus the min and max cost estimates. 
 
Table. 6. 
Production cost estimates CASE 1 CASE 2 CASE 3 CASE 4 

Flip Flop Area [%] 50 50 40 40 

Logic Area [um2] 460287 460287 575358 575358 

Wafer Area [um2] 26703537556 26703537556 26703537556 26703537556 

wafer cost $1,000 $1,000 $1,000 $1,000 

Area utilization [%] 85 75 75 85 

Total Logic Area / circuit [um2] 541515 613716 767144 676892 

Circuits / wafer 49312 43511 34809 39450 

Cost per Chip $0.0203 $0.0230 $0.0287 $0.0253 
 
Table 6. shows 4 different model cases representing the ranges upper and lower             
bounds of the cost estimates. In the best case scenario a design would take up an                
area of approximately 0.54 mm2. This would in turn translate to an estimated cost              
per chip of around 2 cents. The upper limit would be that the implementation              
would take up around 0.76 mm2 of logic area. This would then translate to a cost                
estimate of around 2.87 cents per chip. 
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6. Discussion 
The results show that one of the largest resource consumers of LUTs is a division               
step inside the CO2 calculation algorithm. This division takes up roughly 25 percent             
of the total LUT usage of the design. To optimize the design further, especially in               
regards to area optimization and logic resource usage. A closer look at this division              
part should be conducted. Possible solutions to reduce the area footprint of this step              
is to do a statistical analysis of the IR channels, thus possibly develop a statistical               
model of how the IR signals are commonly distributed which in turn could lead to a                
more optimized design solution regarding resource usage. Another potential         
solution to this problem could be to do a bit serialized division instead of integer               
division. 
 
Another step to potentially reduce the resource usage of the overall design is to              
further share the resources of multipliers and adders as much as possible. This             
would also include the DSP usage which are mainly taken up by the various              
multipliers spread out over the table value calculations and IIR filtering stages.            
These stages could potentially be more serialized and thus make use of time             
multiplexing with more shared multipliers. This in combinations with a slower clk            
rate, could potentially greatly optimize the design in regards to are and power, since              
the time between each measurement is mostly spent in idle mode anyway. 
 
A true power correlation between FPGA prototype and ASIC design is quite            
difficult to do within a high degree of accuracy. Regardless since the major power              
consumer for the digital design is the clock frequency as shown in Fig. 9, it is of                 
concern to choose an optimal oscillator frequency for the final design. A likely             
operating frequency for an ASIC would probably lie in the order of one magnitude              
or more below the main operating clock of the FPGA at 100 MHz. As such the                
power consumption by the clock would be significantly less then the 0.013 mW             
shown in Fig. 9 since the clk is responsible for 81% of the total power consumed in                 
the digital logic of the FPGA. 
 
As the power analysis show that the clocks themself are the major power             
consumers. This is no surprise since the calculation and communication modules           
are inactive the majority of the time and the FPGA itself is running a much higher                
clock then what an eventual ASIC would do. The power consumption of the logic              
part for a final ASIC design would likely be negligible compared to the power              
consumption of the IR source, detector and external communication procedures.  
 
This is also true for the currently active microcontroller design. The vast majority of              
power consumption is done by the IR source itself. Since typical power            
consumption value estimated by the power tool is around 13 mW for the FPGA              
(dynamic value). The ASIC design would likely lie below this value in power             
consumption. For comparison, the power consumption values often seen in IR           
sources are around 100 mW.  
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The cost estimates of around 0.025 USD/chip is in regard to how the digital logic               
would transfer to the cost of an ASIC design.  
 
There would still be a smaller NRE cost associated with implementing this as part of               
a digital area on an existing ASIC design. However due to very high uncertainties              
regarding many of the quantities associated with NRE cost estimates, they were not             
considered in depth. These NRE values are neither very likely to represent a major              
cost increase for the logic implementation on a fully combined ASIC (with analog             
and digital parts). Since most of the tools and processes are already in place and an                
existing analog ASIC is in place, in which a digital logic area could be added with                
relative minimum effort.  
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7. Conclusions 
The results show that a logic implementation without the use of an microcontroller             
is a viable option for a CO2 sensorcore. The implemented design was able to              
incorporate all of the proposed modules in the form of a CO2 calculation algorithm,              
an IIR digital filter and I2C master and slave communication interfaces.  
 
The total logic footprint of this design would with the use of a 0.18 µm               
manufacturing process correspond to an area impact of between 0.54 mm2 for the             
best case and 0.76 mm2 for the worst case.  
 
The overall cost of adding this implementation to an ASIC design would be small              
and directly related to the total logical area of the design. The total logic area of the                 
design would translate to a cost impact per manufactured chip on the order of              
around $0.02 to $0.028 USD/chip.  
 
The majority of the power consumed in the FPGA is static power consumption, with              
the majority of the dynamic part being consumed by the two clocks used within the               
FPGA, running at 1 MHz and 100 MHz. 
 
The power consumption of the logic in an ASIC, would then likely be very low               
compared to the systems full and final design. The logic power consumption            
directly dependent on the overall clock speed of the system. And as such, the total               
power consumed by the logic would very likely be small when compared to the              
total power consumption of a full ASIC, considering analog parts such as light             
source, drivers and detectors etc.  
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8. Further developments and considerations 
In respect to future aspects regarding further development of a low cost NDIR             
sensor and regarding environmental and socio-economic concerns. Discussions        
regarding these concepts are presented in sections 8.1, 8.2 and 8.3. 

8.1. Environmental 
Since one of the major challenges of today's society is air pollution, global warming              
and climate change. Small cost effective CO2 sensors are of vital concern since they              
could lead to a more widespread knowledge and distribution of CO2 gases both             
indoors and outdoors.  
 
The potential downside for a complete NDIR ASIC sensor could potentially be the             
manufacturing of these sensors themself. If the manufacturing of these sensors are            
conducted with an environmental friendly way the end result would far outweigh            
any potential negative impacts. This design itself would likely not need any exotic             
of dangerous chemicals other than those found during manufacturing of any           
microprocessor or similar ASIC.  

8.2. Social and ethical consequences 
The impacts of a potential low cost NDIR sensors could be a great benefit for both                
public awareness and health related issues regarding both indoor and outdoor air            
quality as well as a multiple of different other issues related to CO2 emissions.  
 
The proposed system would offer no integrity issues it self, since it only deals with               
the signal processing of an detected IR signal, based on gas absorptions. 
 
By making people more aware of the issues regarding the environment and health             
issues coupled with CO2 emissions. Widespread usage of CO2 sensors have a great             
potential of increasing awareness and in turn the monitoring of CO2 emissions and             
thus contribute to a more sustainable society.  

8.3. Further developments 
Going forward with future developments on the hard logic implementation, the           
focus would be on further optimizing the logic design to reduce the logical area              
footprint as well as optimizing the power consumption of the device to as high a               
degree as possible. The majority of the focus would likely be spent on optimizing a               
division step in the signal processing algorithm since this single stage is a major              
contributor to the total logic usage.  
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Another focus of optimization is in regards to create more of a shared resource              
design, such as time multiplexing the various multiplier stages.  
 
Since a hard logic implementation represents limitations in regards to design           
flexibility, if future design changes are desirable. Another potential solution could           
be to look into the feasibility of implementing a microprocessor within the ASIC.             
There are several open-source microprocessors that could potentially offer an          
alternative low cost solution (such as the RISC-V architecture). With the additional            
benefit of increasing life expectancy of the ASIC chip, due to the high flexibility in               
regards to implementing future software changes.  
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