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I 

Abstract 
In an anesthesia machine, there is a need to monitor the anesthesia concentration that is being 

delivered to the patient, mainly to stop and flush the system in case of fault but also to control the 

dosage of anesthesia. The infrared sensor with absorption spectrometry technology that Maquet use 

today is expensive and the desire for a cheaper solution leads to this master thesis. 

It is possible to determine the proportion of one gas in a gas mixture by using the acoustic properties 

in a sound wave. This thesis describes an attempt to replace the infrared sensor with an acoustic 

sensor using ultrasound technology. Modification on an existing acoustic sensor optimized for 

measuring O2 concentration was done in order to expand its functionality to measure concentration 

of N2O and different anesthesia drugs. 

It is observed with the binary gas analyzer developed by Maquet that it is possible to measure O2 

concentration with a maximum absolute discrepancy from the built-in Control Gas Analyzer in the 

FLOW-i anesthesia machine of    in air/O2 mixture and      in O2/N2O mixture. 

The concept to measure anesthesia is based on two ultrasound sensors, one placed before the 

anesthesia vaporizer and the other one is placed after the vaporizer. The sensor placed after the 

vaporizer will use its measured value as well as the measured fresh gas concentration value from the 

first sensor to determine the anesthesia concentration. It will inherit the error of the first sensor. 

However, the error inherited from the first sensor is minimal, since the dynamic range of the sound 

speed for measuring anesthesia ranging from 0% to 100% is a lot higher than air, O2 and N2O which is 

the gas compounds that the first sensor measures. 

Thus the first sensor in the Dual Gas Sampling System has minimal influence on the measured 

anesthesia concentration. This also means temperature changes on the first sensor that occur 

because of pressure variation in FLOW-i’s working condition will have minimal effect on the 

measured anesthesia concentration. 

Measurement shows that the binary gas analyzer designed as semi side-stream can be fast enough to 

replace FLOW-i’s Control Gas Analyzer for measuring the fresh gas concentration. The reaction time 

of the sensor can further be improved if the ultrasound transducers are placed to directly measure in 

main stream gas flow instead of in a semi side-stream. A modification to the sensor by attaching a 

thin variable flow restriction that forces the gas flow into the measurement chamber gives an 

improvement with 10 times shorter rise time for flow rates up to 1 l/min. At higher flow rates, the 

variable flow restrictor will be pushed open to ease the pressure variation in the measurement 

chamber. This modification is equal as having the transducers placed in main stream for low flow rate.  
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1 Introduction 

1.1 Maquet, ventilators and anesthesia machines 

Maquet is a company that develops ventilator and anesthesia machines for the Swedish and 

international market. Ventilator and anesthesia machines are used for treatment of patients under 

critical care and under surgery.  

A medical ventilator designed to mechanically assist or replace spontaneous breathing by 

mechanically pushing breathable air (or other gas mixture) into and out of the lungs, to provide the 

mechanism of breathing for a patient who is physically unable to breathe, or breathing insufficiently. 

Mechanical ventilation is often a lifesaving intervention. It can be used as a short term measure, for 

example during an operation or critical illness. A ventilator may be used in intensive care, home care 

or in an emergency situation as a standalone unit and in anesthesia delivery as a component of an 

anesthesia machine. Modern ventilators are electronically controlled by a small embedded system to 

allow exact adaptation of pressure and flow characteristics to an individual patient's needs. Different 

ventilation profiles are available to make the ventilation more tolerable and comfortable for the 

patient.  

The latest ventilator in Maquet’s development is called SERVO-i, SERVO-i is an intensive care oriented 

ventilator capable of treating all patients’ categories from infant to adult. A ventilator is capable of 

mixing two gases, in this case air and oxygen (O2). There is also a requirement to monitor or control 

the resulting gas concentrations. The binary gas analyzer module that is used in this work to measure 

nitrous oxide (N2O) and anesthesia is normally a part of the monitoring system in SERVO-i. It is 

located at the inspiration channel in order to monitor the oxygen concentration, so that it does not 

deviate from the desired setting. If this would be the case, the device will sound an alarm in order to 

get attention of the operator. In a ventilator the breathing gas is delivered to the patient and then 

released to ambient, thus it is a non-rebreathing system where it is sufficient to primarily monitor 

the gas delivered to the patient only. 

  
Figure 1: Picture of FLOW-i. Figure 2: Picture of SERVO-i, an Intensive Care Ventilator product. 
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The latest anesthesia machine in Maquet’s development is called FLOW-i. In FLOW-i more gases are 

added to the gas that is inspired by the patient. The anesthetic agents that are used are expensive 

and thus the system is made to partially recycle and re-use the gases. In FLOW-i there is a need to 

measure the anesthetic gas concentration after the incorporated vaporizer in which the anesthetic 

drugs are introduced. This is done both to monitor that a normal dose of anesthesia is delivered and 

to quickly stop and flush the system in case of fault. The need for gas monitoring in FLOW-i is more 

complex than a ventilator, there is a need not only to measure the gases to the patient but also to 

monitor the gases recycled, inspired and expired by the patient. The monitoring system has two tasks, 

one is to monitor the delivered gas. This is called the Control Gas Analyzer (CGA). The other task is to 

monitor the expired gas of the patient. This is called the Patient Gas Analyzer (PGA). The monitoring 

system is an important part of the machine since over-dosage of anesthesia drugs can leads to 

irreversible damage or can even be life threatening. Thus, if a problem occurs during administration 

of a drug, it must be addressed immediately.  

1.2 Goal 

The main goal of the thesis is to develop a monitoring system that is capable of detecting high 

anesthetic concentration using binary gas analyzer with ultrasound technology. This master thesis 

was done in parallel with “Anesthesia monitoring system using ultrasound technique” by Karl 

Weisser where the purpose is to investigate in a better solution on monitoring the anesthesia drugs 

after the anesthesia vaporizer. The chosen binary gas analyzer is a possible solution that takes 

advantage of the acoustic velocity detection using ultrasound technology which was developed in 

Maquet for measuring O2. The focus in this thesis is to modify the binary gas analyzer for measuring 

concentration of N2O and anesthesia drugs. This will be presented in chapter 5 and 6. It also includes 

evaluation on the accuracy of measuring N2O with the modified sensor which will be presented in 

chapter 8. The parallel master thesis by Karl Weisser [1] will focus in more detail with measuring 

anesthesia using two of the modified sensors as a complete system for monitoring the anesthesia 

concentration after the vaporizer. 

The goal of this master thesis is to investigate and describe the technical and theoretical 

requirements for determining O2 and N2O concentration as well as anesthesia concentration after an 

anesthesia vaporizer by ultrasound technology, also to design, produce and evaluate a model to 

demonstrate the measurement. All gases passing the measurement points are assumed to be dry 

and free from H2O vapors.  

This study includes investigating how accuracy is affected by nitrous oxide (N2O. The assignment also 

includes investigating whether it is possible to replace the CGA1 (Control Gas Analyzer) that is 

incorporated in FLOW-i.  

                                                           
1
 CGA: Control Gas Analyzer is used to monitor gas concentration in FLOW-i. 
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1.3 Present technology for measuring anesthesia gas concentration 

The present technology for measuring the concentration of anesthesia in Maquet’s latest anesthesia 

machine FLOW-i is based on a purchased OEM module using infrared absorption spectrometry. The 

module is connected side-stream, it draws a gas sample from the gas flow to measure the 

concentration. The side-stream technology introduces a sample lag that negatively affects the 

response time of the supervisory system. There is thus a need to study alternative technologies with 

the potential to be faster, with greater range and possibly lower cost. One such technology is the 

ultrasound technology used today for expiratory flow measurement in FLOW-i and the oxygen 

concentration measurement in SERVO-i. This technical solution will be examined more closely in this 

thesis.  

1.4 Earlier work of the binary gas analyzer 

Determination of anesthesia gas concentration is important in clinical anesthesia machine, in 

October 1986, the American Society of Anesthesiologist (ASA) first approved Standards for Basics 

Intraoperative Monitoring, last updated in 2010 [2]. The methods for measuring anesthesia 

concentration today are mostly based on infrared spectrometry, RAMAN spectrometry, infrared 

photoacoustic spectrometry, and piezoelectric crystal agent analysis [3]. This thesis focuses on a 

method to measure anesthesia gas concentration based on acoustic sensor. Earlier work in Maquet 

has showed the principle of using ultrasound technology to measure oxygen concentration in a 

binary gas mixture worked well when applied in the special working conditions of a ventilator, where 

both flow and temperature varies with time. The continued effort leads to developing the binary gas 

analyzer into a finishing product for use in a ventilator. A binary gas analyzer with an integrated 

inspiration channel and sufficient accuracy was eventually launched as an option to the ventilator 

SERVO-i. This study takes advantage of the binary gas analyzer and results from several studies which 

were done earlier in Maquet. 

1.5 Technical prerequisites 

By measuring the speed of sound in a binary mixture of gases, it is possible to calculate the mixing 

ratio provided that the molecular weights and the specific heat ratios (     ) of the included gases 

are known. It is then also necessary to know the temperature of the gas mixture very accurately as 

the sound velocity is highly temperature dependent. 

If this idea is applied to the present case we should be able to estimate the gas composition from the 

vaporizer if the sound propagation velocity is measured before and after adding anesthesia. 

Anesthetic vapor have a sound propagation velocity that is significantly different from air/O2 mixture 

and N2O/O2 mixture. 
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1.6 Requirements 

o The volume that passes the first binary gas analyzer should not exceed 184 ml with the 

vaporizer and 123 ml without the vaporizer before detecting a change in concentration. This 

is the volume to the safety valve that stops and flushes the system in case of fault. 

o The reaction time (response + rise time) of the binary gas analyzer should be faster than 0.7 s 

which is the response time for the CGA. 

o The Dual Gas Sampling System concept should have better than     (absolute) accuracy 

compared with CGA for anesthesia. 

o The binary gas analyzer should have better than     (absolute) accuracy in O2 and N2O 

measurement compared with CGA. 

o Measurement range for O2 from 21% to 100% with good accuracy. 

o Measurement range for N2O up to at least 79% with good accuracy. 

o Measurement range for Isoflurane up to at least 5% with good accuracy. 

o Measurement range for Sevoflurane up to at least 8% with good accuracy. 

o Measurement range for Desflurane up to at least 18% with good accuracy. 

o Measurement range of N2O and anesthesia should be able to go beyond the above stated 

range without failure. 

o The code and design should be well documented so that it can be maintained by someone 

other than the original creator. 

o The functional model should be a stand-alone system consists of dedicated components. 

1.7 Overview of the master thesis 

Chapter 2  Describes some ventilator theory and settings to give an understanding of how the gas is 
delivered in a ventilator and anesthesia machine that the lab environment is built upon. 
The aim is to provide an understanding of the demands placed on the sensor and how 
the tests have been performed.  

Chapter 3  Aims to give some understanding of the physical relationship and equations that 
concentration measurement is based on.  

Chapter 4   The Dual Gas Sampling System concept to measure anesthesia drugs is introduced. 
Chapter 5  This chapter will start by giving some understanding of the binary gas analyzer that is 

used to measure O2, N2O, anesthesia and to monitor the vaporizer.  
Chapter 6  Describes the necessary modifications made to the original binary gas analyzer in order 

to measure N2O and anesthesia concentration. It also discusses different methods that 
were evaluated to compensate for a sound attenuation effect found to occur in N2O. 

Chapter 7  Describes how the lab environment was built and the transient problem that occur 
when Dual Gas Sampling System concept is used in the system to measure anesthesia 
drugs.  

Chapter 8  Describes the evaluation of the sensor’s reliability, rise time, response time and accuracy 
in order to compare the speed with FLOW-i’s CGA. 

Chapter 9  Discusses possible reasons to acoustic absorption that is observed when measuring N2O. 
Chapter 10  Discusses limitation of the ultrasound technology and binary gas analyzer. 
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2 Ventilator theory, FLOW-i and the vaporizer 
The purpose of this chapter is to briefly describe the functioning and settings of a ventilator. The aim 

is to provide an understanding of the demands placed on the sensor and how the tests have been 

performed. Measurements with anesthesia connected to FLOW-i showed that the measurement 

result was influenced by the ventilation mode. 

2.1 General 

Maquet currently produces two different ventilator models, SERVO-i and SERVO-s. A ventilator, also 

known as a respirator, is used to maintain ventilation in a patient with impaired or lost ability to 

breath. The valves control a flow of pressurized air/oxygen mixture to the patient's lungs. The 

function can be simply described by the figure below: 

Patient 
or 

test lungBinary gas analyzer

O2

Air

Expiration valve

Ventilator

Mixing 
chamber

Insp. flow

Ex
p.

 fl
ow
 

Figure 3: Overview of a ventilator. 

 
The gas that is given to the patient is ordinary air with any proportion of pure oxygen. The gas is 

compressed and has a pressure of about 2 to 6 bar when it reaches the ventilator. 

2.2 Principles of ventilation 

There are two different types of ventilation modes: assisted breathing and controlled ventilation. In 

assisted breathing, the ventilator assists the patient in his attempt to breath. The controlled 

ventilation is controlled entirely by the ventilator. It can operate with inspiratory pressure control or 

volume control. The exhalation and expiration works in the same way for both principles. The gas 

that is released through a valve on the outflow side of the ventilator is able to maintain a pressure 

called PEEP (Positive End-Expiratory Pressure), which is the minimum pressure maintained during 

expiration. 

2.3 Pressure controlled ventilation 

A breathing cycle is divided into an inspiration phase and an expiration phase. During inspiration 

phase, a constant pressure is provided to the patient under pressure controlled ventilation. The 

breathing frequency and duration of the inspiration will remains constant at a preset value. The 

inspiratory pressure above PEEP is set and will remain constant during the inspiration phase. The 

typical pressure and flow curves are shown in Figure 4 for pressure controlled ventilation. The 

beginning of the inspiration can be made smoother by changing the set rise time of the pressure. 
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Figure 4: Ideal curve of pressure and flow with pressure controlled ventilation. 

 
The flow is dependent on airway pressure and patients lung and will normally be high at the 

beginning of an inspiration and slowly decrease to a saturated value. During the expiration the 

pressure will fall to the set PEEP value while the expired flow from the patient will decrease and 

reach zero at end of expiration, see Figure 4. 

2.4 Volume controlled ventilation 

The volume controlled ventilation always delivers a preset volume with a constant flow during a set 

time for every breath. The ventilator controls all the timing parameters of the breath with the 

exception that the patient can trigger the start of a new inspiration. The patient can also affect the 

amount of flow if necessary. Figure 5 shows the typical pressure and flow curves for volume 

controlled ventilation. A pause time between the end of inspiration and the beginning of expiration 

may be set. 

 
Figure 5: Ideal curve of pressure and flow with volume controlled ventilation. 

2.5 The bias gas flow 

The bias flow is a flow that is always present under expiratory phase in all ventilation modes. The 

purpose of this flow is to trigger a new breathing in volume control and pressure control ventilation. 

The bias flow varies depending on the patient profile that is set. There are currently two profiles 

available, neonatal and adult. The bias flow for neonatal is 0.5 l/min and 2 l/min for adult. 

Insp. Exp. 

Breathing cycle 

Pressure 

Time Flow 

Time 

PEEP 

Pressure 

Time 

PEEP 

Flow 

Time 

  

  

Insp. Exp. 

Breathing cycle 

 Pause 
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2.6 Settings of SERVO-i and FLOW-i 

The purpose of this section is to give a basic understanding of some typical settings of gas delivery 

and gas concentration that is available in SERVO-i and FLOW-i. These describe also the limitation of 

the test environment that is used in the measurements, since the test environment is based on 

modifying an existing FLOW-i with a binary gas analyzer in order to create a realistic test 

environment. 

Following are the main settings for SERVO-i and FLOW-i: 

Patient type   Two different patient types can be set: adult and neonatal. This setting affects the 

monitoring alarm profiles, maximum flow and pressure, as well as the continuous 

bias flow of: Adult 2 l/min and neonatal 0.5 l/min. 

Respiration rate  Number of ventilation controlled breaths during controlled ventilation mode. 

Range of 4-100 breaths/min. 

Inspirations time  The proportion of a respiratory cycle for an inspiration. Range: 10-80% of the 

respiratory cycle. 

Pause time   The pause time between the end of inspiration and the beginning of expiration 

can be adjusted in volume controlled ventilation mode. Range: 0-30% of the 

respiratory cycle. 

Insp. rise time  The time it takes for the flow or pressure to rise to the set value from the 

beginning of an inspiration. Range: 0-20% of breathing cycle time. 

PEEP  Positive expiratory pressure. Range: 0-50 mbar. 

Pressure above peep levels   The airway pressure level in pressure controlled ventilation mode. 
   Range: 0-100 mbar. 

 
Tidal volume Breathing volume. Range: 20-2000 ml. 

O2 conc. (air/O2)  Oxygen concentration in air/O2 mode. Range: 21-100%. 

 

The following are settings that are only available in FLOW-i: 

O2 conc. (O2/N2O)  Oxygen concentration in O2/N2O mode. Range: 28-100%. 

Isoflurane   Isoflurane concentration. Range: 0-5%. 

Sevoflurane   Sevoflurane concentration. Range: 0-8%. 

Desflurane   Desflurane concentration. Range: 0-18%. 
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2.7 FLOW-i and the vaporizer 

FLOW-i is an advanced ventilator with added capability of delivering anesthesia to the patients. The 

different anesthesia agents that are in use are Desflurane, Isoflurane and Sevoflurane. The anesthetic 

agents that are used are expensive and thus the system is made to partially recycle and re-use the 

gases. A modern anesthetic machine is a so called rebreathing system, see Figure 6. In a rebreathing 

system some of the gas from patient’s expiration is stored in a volume reflector, a volume reflector is 

a cassette with track that reminds of a spiral which purpose is to store some of the reused gas, while 

the rest is going out of the system via the expiration valve. The volume reflector is connected to a 

drive gas to press the gas inside the volume reflector back into the patient. The reusable gas from the 

volume reflector will pass through an absorber, the absorber contains soda lime to clean the recycled 

gas from any CO2 residue before delivering it back to the patient. This is also called a circle system 

since the gas is flowing in a circle. 

 
The vaporizer module (see Figure 7) that is incorporated in FLOW-i consists of a container with 

refillable anesthesia in liquid form. A valve connects the container to a vaporizer chamber via a spray 

injector that deliver anesthesia agent with small pulses. The amount of delivered anesthesia 

concentration are dependent on the pulsating rate, a higher set concentration will result in faster 

pulsating rate. The flow rate will also affect the pulsating rate to maintain the set concentration of 

the anesthesia. Inside the vaporizer chamber the anesthesia is heated up and vaporized by a heater 

film that is surrounding the vaporizing chamber. The anesthesia vapor is then added to the fresh gas 

when the fresh gas flows through the vaporizer. A valve is mounted on the connecting pipes to both 

the fresh gas inlet and the fresh gas outlet of the vaporizer, which purpose is to control the fresh gas 

by routing the main stream gas flow through the vaporizer or bypassing it if the vaporizer is turned 

off or is mounted. 

reflV

drivegasV
freshgasV

Volume reflector

2OV

Absorber

Mixer Vaporizer

Exp Valve

Reflection fraction

Safety valve

P

P ExpP

InspP

FA

·Anesthesia concentration 

monitoring

Exsp-Insp

PATIENT

ONAir
V

2
/



P ValveP

 
Figure 6: An overview of the FLOW-i system. 
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Figure 7: An overview of the vaporizer module used in FLOW-i. 
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3 Principle of gas mixture measurement using 

ultrasound 
The purpose of this chapter is to give some understanding of the physical relationship that 

concentration measurement is based on. 

3.1 Physical relationship 

The speed of sound depends on in which medium the sound is propagated. If the speed of sound is 

measured in a binary gas mixture (a mixture of two gases), the ratio of the mixture can be calculated 

if the gases molecular weight are known. The temperature must also be well known since the speed 

of sound in a medium is dependent of the medium temperature. Calculation of the mixing ratio is 

done using the thermodynamic relation based on the ideal gas law. 

Below is given a derivation of those formulas that is used to determine the proportion of the gas 

mixture, in other word the concentration of a gas in a mixture. 

3.2 The ideal gas law 

The mass of the gas volume is large relative to the volume that the molecules occupy. The forces 

between molecules are small so they can often be neglected. When molecules collide with a wall, it 

creates a force which represents the gas pressure. The pressure is defined as force per unit area. The 

pressure is proportional to the number of molecules in a gas, a gas with lesser molecules will result in 

fewer collisions which leads to lower pressure. The ideal gas represents the case of randomly moving, 

non-interacting, point-like particles. 

The ideal gas law exactly describes the behavior of an ideal gas under all conditions [4]. 

Unfortunately, we encounter only real gases. Ideal gases don’t exist, but as long as the pressure on 

the gas isn’t too high and the temperature isn’t too low, real gases approximate ideal behavior. The 

ideal gas law is given by [4]: 

      

Where 

  is the pressure in       

  is the volume in       

  is the absolute temperature in   

  is the gas constant in          

The gas constant, R is different for different gases and is calculated as: 

  
  

 
 

Where 

   is the universal gas constant                   

  is the molecular weight in         
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3.3 Sound velocity in a gas 

The velocity of sound   is defined as the speed which a small change of pressure is spreading in the 

medium.   √(
  

  
)
 
 [   ] [3.1] 

where (
  

  
)
 
 is the derivation of the pressure   with respect of density   at constant entropy. 

For an ideal gas that goes through an isentropic2 process: 

        
           

Where 

  
  

  
 

   is the heat capacity at constant pressure in          

   is the heat capacity at constant volume in          

Since   
 

 
, we get the following expression     (

 

  
)
 

 [3.2] 

The following expression is derived from equation 3.2 with respect to  : 

(
  

  
)
 

 
  

  
          (

 

  
)
  

 
  

 

 
 

With 

 

 
             (

  

  
)
 

     

This means that the speed of sound for an ideal gas with constant entropy, equation 3.1 can be 

written as 

  √    [3.3] 

Since   
  

  
 and   

  

 
, we can rewrite equation 3.3 as: 

  √
     

   
 [3.4] 

  

                                                           
2 Isentropic process is a process that takes place from initiation to completion without an increase or 

decrease in the entropy of the system, i.e., the entropy of the system remains constant. 
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3.4 Calculating the heat capacity 

The molecular weight for the actual gases is [6]: 

Molecular weight 

                   
   

               

                   

                           
                           
                            

 
For an ideal gas the following equations apply: 

      
  

 
 [3.5] 

  (
  

  
  )  

  

 
       {  

  

  
}                

  

 
 [3.6] 

The   value for the different gas compounds that are used are         
     ,           [7] 

and              . 

With the   value, it is possible to solve    from equation 3.6: 

   
  

      
 [3.7] 

Insert 3.7 in 3.5 to solve   : 

   
  

 
    [3.8] 
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3.5 Determining the volume concentration in gas mixture 

The following indexes will be used in the formula: 

1 – Nitrous oxide (or air on calculating     in 3.14) 

2 – Oxygen 

The sound velocity in a gas mixture can be written as:  

  √
  
    

  
    [3.9] 

where       and   in a gas are replaced with values corresponding to a mixture of gases. The new 

magnitudes   
    

  and    are dependent on the gases [5]. 

In a mixture of ideal gases with volume proportion    applies: 

             [3.10] 

  
  

               

         
 [3.11] 

  
  

               

         
 [3.12] 

        [3.13] 

We can resolve the volume concentration of N2O from equation 3.9–3.13 as: 

   

 
 

 
(                                               

  

(          
                  

                   
      

           
         

         
                 

   
       

      
   

    
      

   
       

   
   

  

     
   

   
     

                      
         ) 

 

 )  (                 
  

             
  ) [3.14] 

A simpler form is achieved by inserting the constants in equation 3.14: 

             
√                                            

  
  [3.15] 

The same method (equation 3.9-3.13 and 3.16) is used to calculate the concentration of O2 with air 

mixture, where the index 1 is changed to air instead of nitrous oxide and index 2 is still O2. With the 

proper constant inserted, we get the equation below where     is the volume concentration of O2 

with air mixture. 

A compensation for air/O2 mixture is needed since air contains about 21% O2: 

                         [3.16] 

               (                        √                                    )

   [3.17] 
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3.6 The measurement resolution of the present binary gas analyzer 

The binary gas analyzers measure the time of flight for an ultrasonic sound wave in a gaseous media. 

The resolution of the measurement is a function of the resolution of the time measurement as well 

as the length of the measurement chamber itself. In the binary gas analyzers the time measurement 

is made using the internal timers built in into the microcontroller and is limited by the CPU clock 

frequency. This theoretic calculation is to estimate what the measurement resolution in either O2, 

N2O or anesthesia correspond to in the smallest increment in time for the binary gas analyzer if the 

first pulse transit time of the binary gas analyzer is used.  

The speed of sound for different concentration ranging from 0% to 100% of the gas is calculated 

using Matlab by utilizing knowledge about the gas molecular mass, heat capacity at constant 

pressure, heat capacity at constant volume as well as, the measurement chamber’s length and 

temperature. The pulse transit time is then derived from the general speed of sound equation 3.18 

and plotted on a graph as a function of increasing concentration, see Figure 8 and Figure 9. The 

corresponding graphs for anesthetic agents are covered in a separate thesis [1]. 

 
Figure 8: This graph shows how the pulse transit time changes with the O2 concentration and the influence of 
temperatures. 

 

 
Figure 9: This graph shows how the pulse transit time changes with the N2O concentration and the influence of 
temperatures. 
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It is possible to estimate the resolution of the gas concentration measurement for the respective 

agent by analyzing the slope, i.e. the systems sensitivity of the graph. The smallest increment of gas 

concentration per tick value is calculated using equation 3.22. This is to show the resolution for the 

different gases that is used in the measurements. 

The general speed of sound equation is given by: 

  
 

            
 [3.18] 

The time amount corresponds to an increase of 1% in gas concentration is calculated as: 

             
  

  
 [3.19] 

where    is the difference between the shortest and longest time in the chosen range and    is the 

difference between the highest and lowest concentration in the chosen range from the graphs in 

Figure 8 and Figure 9. 

The number of ticks3 corresponding to an increase of 1% in gas concentration is calculated as: 

       
 

    
 [3.20] 

                
            

      
 [3.21] 

where        is the time step of the CPU’s internal clock, used for measuring the time of flight of the 

propagated sound wave. 

The resolution for O2 and N2O concentration can be calculated using equation 3.22. This calculation 

shows the resolution correspond to one tick.  

            
 

               
    

      

            
    [3.22] 

The binary gas analyzer’s microcontroller is running on 25 MHz which corresponds to a cycle time of 

40 ns. The following tables are achieved with equation 3.18-3.22 by analyzing the slope of the graph 

in Figure 8 and Figure 9 at 20%-40% gas concentration 

 

                                                           
3 Ticks, here is the time resolution of the internal timer and thus the smallest increment of time 

possible to determine when estimating the time of flight of the sound pulse. 
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 O2 with Air 

Chamber’s 
length 
[mm] 

     [ ]             [    ]                
 [      ] 

18 

288 26.508 1.51 
298 26.059 1.53 
308 25.633 1.56 
318 25.227 1.59 

 

 O2 with N2O 

Chamber’s 
length 
[mm] 

     [ ]             [    ]                
 [      ] 

18 

288 124.74 0.32 
298 122.62 0.33 
308 120.62 0.33 
318 118.71 0.34 

 
By using a chamber length of 18 mm it is possible to get a satisfactory resolution of the N2O 

measurement using the available 25 MHz clock, since FLOW-i’s CGA has an inaccuracy of     

(absolute) at the range between 0-20% and     (absolute) at the range between 20-100%. It is 

possible to increase the resolution by using a higher clock frequency. The other way to increase the 

resolution by increasing the chamber’s length is not ideal since the N2O attenuates the signal. The 

completing tables showing the systems’ resolution for anesthetic agents shown below are taken 

from a separate master thesis [1]. 

  O2 with Desflurane (C3H2F6O) 

Chamber’s 
length 
[mm] 

 
     [ ] 

 
            [    ] 

 
               

 [      ] 

 
18 

              
              
              

 

  O2 with Isoflurane (C3H2ClF5O) 

Chamber’s 
length 
[mm] 

 
     [ ] 

 
            [    ] 

 
               

 [      ] 

 
18 

              
              
              

 

  O2 with Sevoflurane (C4H3F7O) 

Chamber’s 
length 
[mm] 

 
     [ ] 

 
            [    ] 

 
               

 [      ] 

 
18 
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4 The Dual Gas Sampling System concept 
FLOW-i uses six different gas compounds where three of them are fresh gas compounds (air, O2 and 

N2O) while the other three are the anesthesia drugs (Desflurane, Isoflurane and Sevoflurane). The 

fresh gases are delivered as a mixture of either air/O2 or O2/N2O and only one of the anesthesia drugs 

can be added to the fresh gas, thus there can only be three unknown gas compounds that are 

delivered at a time. 

The concept for measuring anesthesia developed in this and the accompanying thesis by Karl Weisser 

[1] is based on Dual Gas Sampling System using two binary gas analyzers of a type previously only 

used for measuring O2. The sensor is using ultrasound technology to measure the sound speed in the 

gas mixture in order to calculate the gas concentration. One of the sensors is placed before the 

vaporizer to measure the fresh gas concentration, while the other sensor is placed after the vaporizer 

to measure the added anesthesia agent, see Figure 10. The DGSS concept is based on binary gas 

mixture where the molecular weight and the specific heat capacity for the respective gas compounds 

are known. In order to calculate the added concentration of anesthesia agent in the system with 

three unknown gas compounds, one must know the composition of the fresh gas. The fresh gas is 

always a binary gas mixture and can be measured using a binary gas analyzer. Therefore two sensors 

are necessary in DGSS concepts where one of the binary gas analyzer will be modified to measure the 

fresh gas concentration thus transforming the system back to a binary gas mixture problem, while 

the other sensor will be modified to measure the anesthesia concentration treating the fresh gas as 

one gas component.  

Vaporizer

Anesthesia agent

Fresh gas mixture with 

added anesthesia agent

 

Fresh gas mixture

Of O2/N2O or Air/O2

Measuring the sound speed 

of the fresh gas mixture

Measuring the sound speed 

of fresh gas mixture with 

added anesthesia agent

 
Figure 10: An overview of the Dual Gas Sampling System concept. 

  



   18 

5 The binary gas analyzer module 
This chapter will start by giving some understanding of the binary gas analyzer that is used to 

measure O2, N2O, anesthesia and to monitor the vaporizer.  

5.1 The binary gas analyzer 

The binary gas analyzer in SERVO-i is used to monitor the oxygen concentration of the gas delivered 

to the patient. It measures the transit time for an ultrasonic pulse over a given distance and can thus 

calculate the speed of sound in the gas. The measurement is based on the ingoing gases different 

molecular weights resulting in different speeds of sound, which are proportional to the concentration 

of gas in the mixture. The gas concentration can be calculated assuming that it is a mixture of two 

known gases, a so called binary mixture. The binary gas analyzer has an inlet and outlet flow channel 

with an integrated measurement chamber. Measurement of the speed of sound is done with two 

ultrasound transducers where one is the sender and the other one is the receiver. The geometry of 

the chamber and the distances between transducers are optimized so that the gas in the chamber 

can be flushed quickly and as uniformly as possible. An excitation pulse is sent with the sending 

transducer by applying an alternating voltage across the transducer. The pulse will propagate to the 

receiver transducer through the gas in measurement chamber with a fixed length. The time it takes 

for the pulse to propagate to the receiver transducer is dependent on the gas in the chamber as well 

as the temperature, the molecular weight and the binary gas analyzer design. The binary gas analyzer 

is specifically designed to minimize the temperature variation issue because of the pressure variation 

that regularly occurs during ordinary ventilation.  

  
Figure 11: Picture of the binary gas analyzer module. 

5.2 Speed of sound measuring with ultrasound 

The transducer and control electronics developed at Maquet is used to measure the speed of sound. 

The equipment is specially designed for the measurement of gases and the transducer is acoustically 

designed for gas measuring. The transducer is excited by a voltage, resulting in an ultrasound pulse. 

The pulse propagates in the gas and is registered by the receiver transducer. The time of flight 

between the sending pulse and the received signal is measured and logged as timestamps. The speed 

of sound in the gas can be calculated provided that the distance between the transducers is known.  
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5.3 Calculation of speed of sound 

The time of flight in binary gas analyzer is based on starting a timer when the first excitation pulse is 

excited and the zero crossing of the  :th oscillation in the chosen response pulse as a stop event for 

the timer. The detectable pulse   is always >1 since the first oscillation is hidden in the noise, this 

leads to the first detectable pulse is     and result in a delay of          with a frequency of  

170 kHz. For more information on this matter see chapter 6.15. 

The time for the sound wave to propagate through the damping material at the transducers edge 

must be subtracted in order to get an accurate time of flight to calculate the speed of sound. The 

damping material at the transducers edge has a speed of sound of 2300 m/s which result in an extra 

time delay of         when the length is measured to        (        for each transducer). 

The estimated total delay in time is:  

       
 

           
 

         

         
 

 

      
  (

      

    
)            [5.1] 

This estimated delay time is not exact since the chosen pulse is slightly dependent on the medium 

that the sound wave is propagating in. Thus a calibration algorithm is needed in order to determine 

an exact delay time for the different gas mixture in use, more detail on the calibration algorithm is on 

chapter 6.1. 

The speed of sound in a gas mixture is calculated as: 

     
      

                
 [5.2] 

Where   is the number of chosen zero crossing and      is the distance of the propagated gas. 
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6 Modification of the binary gas analyzer 
The purpose of this chapter is to describe the modifications to the existing binary gas analyzer in 

order to measure other gases such as N2O and different anesthesia drugs, since the original binary 

gas analyzer was meant to measure air/O2. The idea is to use two binary gas analyzers where the first 

sensor measures the fresh gas (air, O2, N2O) concentration while the second sensor is used to 

measure the added anesthesia drugs. The sub-chapters below will describe some modifications that 

can be made on the binary gas analyzer as well as some complications and different methods that 

are evaluated to solve the problem. 

6.1 Calibration algorithm for binary gas analyzer 

The fixed chamber length and the electronic circuit delay is needed in order to calculates the speed 

of sound. In addition to the fixed chamber length and the electronic delay, one needs to take into 

consideration the undetected pulse that is shown in Figure 13. Since the chosen pulse transit time for 

calculating the speed of sound is using the first pulse, the delay for the gap between the undetected 

pulse and the first pulse has to be taken into consideration. This parameter is determined using a 

calibration procedure. The calibration also takes into consideration where the starting point of the 

first oscillating pulse is and since we use two different gas mixtures the starting point for these will 

not be the same. Thus if the sensor was calibrated for air/O2, it will expect 0% O2 to start from a 

certain sound speed and if this calibrated values are used to calculate N2O it will result in some error 

since the range of sound speed for O2 and N2O are not the same. Therefore two different calibrations 

are needed for the different gas mixtures. 

The calibration procedure is based on measuring two concentration points and then using the set 

concentrations to calculate the unknown parameters. The two concentration that are chosen for the 

case with air and O2 mixture are 100% air and 100% O2. These points are chosen to avoid an 

uncertainty in the gas mixture. Another concentration point is needed to calibrate the measurement 

for O2/N2O mixture. The concentration that is chosen for the case with O2/N2O mixture is 79% N2O 

since this is the highest N2O concentration that can be set on FLOW-i. 

It is assumed that the measured time of the binary gas analyzer contains the actual time of flight of 

the measured gas mixture with some electronic circuit delay needed to excite the excitation pulse, 

the electronic circuit delay is constant and is not dependent on the change of any gas properties: 

                        [6.1] 

                     [6.2] 

The actual chamber’s length can be calculated as: 

                   [6.3] 

                 [6.4] 

The electronic delay and the chamber’s length can be calculated using equations 6.1-6.4 as: 

       
                 

        
 [6.5] 
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 [6.6] 

The calibrated speed of sound is calculated using equations 6.5-5.6 as: 

         
        

                
 [6.7] 

The time delay for using O2/N2O mixture can be calculated using equation 6.7 as: 

                  
        

    
 [6.8] 

The calibration for O2/N2O can be calculated using equation 6.8 with the fixed chamber’s length that 

is calibrated from O2/air mixture and the measured time of flight           . 

6.2 The chamber design 

Since measurement of the speed of sound is a very fast process, the response time will be 

determined by how quickly the gas in the measuring chamber can be replaced. A minimal volume is 

therefore preferable. When the speed of sound changes, it moves the entire pulse train, the relative 

distance between the pulse trains will be increased or decreased depending on the gas. If the 

excitation pulse from the previous pulse train is still present, there is a risk that these pulses will be 

interpreted as a response with improper time as result. To prevent this, the time between excitations 

has to be sufficiently long. The minimum pause time between excitations is estimated to 1.69 ms, see 

chapter 6.8 for more information. A distance of 18 mm has been chosen to be a suitable distance 

between the transducers based on the calculation that will be detailed in chapter 3.6, see Figure 12. 

The actual measurement distance is determined by the number of bounces and in this case leads to, 

              where          … was originally chosen to 2 in Servo-i to provide a better 

resolution in measurement of O2 but has now been changed to 0 due to the effect of signal 

attenuation with N2O. 

 
Figure 12:  Sensor’s chamber with transducers 

6.3 Threshold level and detection window 

When the amplitude of a response pulse passes the threshold level, a detection window will open 

and let the CPU log timestamp values when a zero crossing is detected, see Figure 14. The threshold 

level is controlled by software in the binary gas analyzer using the digital to analog converter built in 

into the CPU. The detection window is triggered continuously whenever a response pulse is high 

enough during each series of measurements. There is a hold delay determined by a resistor (R1) and 

a capacitor (C1), this hold delay is the delay until the detection window closes if no amplitude is high 

enough to retrigger the detection window, see Figure 13. 

18 mm 
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Threshold level

Group 1 Group 2 Group 3Excitation 
pulse

1 2 3

4

5

 First pulse transit time detected 

Hold Hold Hold

Detection window for zero crossing

2.4V

0V

Zero crossing
6 7

Undetected pulse

 
Figure 13: An overview of a typical pulse train measured by the binary gas analyzer. 

 
The threshold level can be set manually to a fixed value from 0 V to 2.4 V or depending on the noise 

level of the response pulse, an algorithm is used to detect the noise level by opening a small 

detection window right after a transmitted pulse. The receiving transducer tries to read the 

amplitude level of the noise during this detection window. The reference voltage is then set with an 

offset higher than the noise level to ensure that the zero crossing of the noise is never detected. 

6.4 Zero crossing and timestamps 

The detection of zero crossing during the active phase of the detection window is based on a voltage 

reference that uses a comparator to compare the voltage level of the detected response pulse. The 

reference voltage of the zero crossing detection is set to 2.4 V since the comparator is limited to 

represent a signal in the range of 0-5 V. In order to represent the positive and the negative part of 

the response pulse, 2.4 V has been chosen as a virtual zero, see Figure 14. When the amplitude of the 

received pulse passes the reference voltage with its positive derivative, a timestamp is saved by the 

microprocessor in the binary gas analyzer, this is called the zero crossing. The red crosses in Figure 13 

marks the registered zero crossings during the active phase of the detection window. The first 

timestamp that is saved is the time of flight it takes for the sound wave to propagate from the 

sending transducer to the receiver’s transducer. This pulse transit time is then used to calculate the 

sound speed, see chapter 3. 

Received signal

X X<Y

Y GND

R1

C1

Comp 2

X X<Y

Y GND

Comp 1

+3.3V

+2.4V

DAC

CPU
ENp0

Detection window Zero crossing detection

 
Figure 14: A simplified schematics over detection window and zero crossings detection. 



   23 

6.5 Excitation pulse 

The binary gas analyzer uses an excitation voltage to create a sound wave with the transducer, in the 

original design, the sensor uses a excitation signal of three pulses. The excitation voltage is limited to 

44 V by the hardware, mainly by the voltage regulator and the analog switch that is used to create 

the excitation pulse train. An algorithm is used to control the excitation voltage, the excitation 

voltage varies depends on the detected zero crossing. The algorithm will count the detected zero 

crossing during one measurement. If there is too few zero crossing detected during one 

measurement, it will increase the excitation voltage in order to increase the amplitude of the 

received signal to register more zero crossings. In the case where too many zero crossings are 

detected during one measurement, it will decrease the excitation voltage in order to reduce the 

number of detected zero crossings, this is to ensure that the noise won’t be amplified beyond the 

threshold voltage as mentioned in chapter 6.3. 

6.6 Characteristic of the received signal 

The received sound wave looks like a pulse train divided in groups, where each of groups 

corresponds to a bounce against the transducer’s surface. Note that the sound waves bounce back 

and forth within the sensor chamber thus creating a series of received pulses from a single excitation. 

Each of the groups has several timestamps value as shown in Figure 13 but only timestamp 1 is used 

to calculate the speed of sound for the measuring gas. Note that the undetected pulse of the 

received signal has low amplitude and will always remain below the threshold level under normal 

conditions. The binary gas analyzer uses a transducer with a resonance frequency of 170 kHz which 

result in        interval between two pulses. The delay from one group to another is the time it takes 

for the sound wave to bounce back and forth in the measure chamber. Figure 13 shows an overview 

of the excitation pulse and the typical pulse train registered by the receiver transducer. The blue 

signal shows the excitation pulse that is used to create a sound wave, the green signal shows the 

received pulse train and the red dashed signal shows the threshold level to open a detection window. 

6.7 Speed of sound for different gases 

The concept of measuring the fresh gas mixture of air/O2 or N2O/O2 on the same sensor with 

ultrasound technology is based on sound speed of the gas mixtures, see Figure 15. For this to work it 

is important that the sound speed for respective gas mixture does not overlap with each other since 

this is used to determine which gas mixture are in use, for example 50% of N2O should not have the 

same sound speed as any O2 concentration. It is lucky that the sound speed for 100% O2 is in the 

middle of the range in the case of air/O2 or N2O/O2. With the sound speed of 330 m/s for O2 in 

middle, adding air to the gas mixture will increase the sound speed up to 346 m/s, while adding N2O 

to the gas mixture will decrease the sound speed down to 268 m/s (100% N2O based on theoretical 

data) at a temperature of     . Anesthesia drugs contain heavy molecules compared to O2 and N2O, 

which will further decrease the speed of the sound wave when added to the fresh gas mixture. A 

theoretical calculation was made for the different anesthesia agents (Desflurane, Isoflurane, and 

Sevoflurane) that are available in this study. The result shows that the lowest expected sound speed 

of 117 m/s is achieved with 100% Sevoflurane at ambient pressure (700-1100 mbar) and     . But it 

is highly unlikely to get such a high concentration in reality at ambient pressure. 
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Both the Figure 15 and Figure 16 are meant to illustrate the worst case situations at two different 

temperature, the anesthesia (red line) can be added to any concentration of the fresh gas mixture 

(blue line). This is in order to estimate the sound speed in worst case situation. Anesthesia is added 

to 100% N2O in this calculation, since it has the lowest sound speed of the fresh gas mixtures even 

though the available N2O concentration settings on FLOW-i is limited to 72%. However 100% N2O 

might still occur in case of fault in FLOW-i’s fresh gas delivering system. Therefore it is necessary to 

take into account even 100% N2O since this is used to estimate the minimum pause time between 

excitations. 

 
Figure 15: The figure shows an example of sound speed for different gas concentration based on ambient pressure 
(700-1100 mbar) and temperature at     . 

 

 
Figure 16: The figure shows an example of sound speed for different gas concentration based on ambient pressure 
(700-1100 mbar) and temperature at      

6.8 Maximum update frequency of binary gas analyzer 

It is possible to improve the measurements speed of the binary gas analyzer by increasing its 

updating frequency. An update frequency of 400 Hz is used today which correspond to 2.5 ms, this is 

the pause time before sending a new excitation pulse. It is possible to determine the time needed 

the sound wave to die out by doing some worst case calculation based on the slowest gas. The 

slowest gas mixture that is used in FLOW-i is N2O as the fresh gas with one of the anesthesia agents. 

The highest concentration with the lowest sound speed of these agents that can occur is assumed to 

be 100% Sevoflurane even though we know it is physically impossible to occur at ambient pressure at 

    . The sound speed for 100% Sevoflurane is approximately 117 m/s at     . It is observed that 

there will be 4 groups of detectable zero crossings and a faint signal of the fifth group in the general 

case with 100% O2, see Figure 17. Assuming that this is the worst case that applies to 100% 

Sevoflurane, the pulse transit time of the first zero crossing of the first group is calculated to 0.15 ms 

using equation 6.9. 

The pulse transit time of the first zero crossing is calculated as: 

          
 

     
 [6.9] 

O2 

(100%) 
N2O 

(100%) 

Air 

(100%) 

330 m/s 268 m/s 346 m/s 
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(100%) 

124 m/s 

O2 

(100%) 

N2O 

(100%) 

Air 

(100%) 

337 m/s 275 m/s 354 m/s 

Sev 

(100%) 

117 m/s 
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(100%) 
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(100%) 

127 m/s 
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where L is the sensor’s chamber length and       is the sound speed for Sevoflurane at 100%. 

The pulse transit time for the first zero crossings of every group is calculated as: 

                        [6.10] 

where   is    and is the detected groups of zero crossings and iterate with one for each additional 

detected groups of zero crossings, the        in equation 5.12 is due to the bounces of the sound 

wave where the first group reaches the receiver’s transducer without bounce and the second group 

needs to travel back and forth to the receiver’s transducer. 

It is possible to estimates the time it needs for the sound wave to subside by using equation 6.10 and 

set   to 6, since there are 4 groups of detectable zero crossings as mentioned earlier with 100% O2 

and the additional 2 groups is to cover the faint undetected group and one extra margin to ensure 

the sound wave subsided. The estimated time for the signal to subside with     is 1.69 ms which 

is corresponding to 591 Hz. The conclusion is that the minimum pause time to wait before sending 

next excitation pulse is 1.69 ms and it is possible to increase the update frequency up to 591 Hz in 

order to increase the speed to collect measuring data, but increasing the update frequency might 

introduce more measurement noise to the sensor. 

 
Figure 17: Picture of a typical pulse train measured by the O2 sensor. 

6.9 Gas mixing chamber 

One limitation of the binary gas analyzer is that the gas that enters the measurement chamber has to 

be well mixed to avoid unnecessary fluctuation in the measured gas concentration measurements. 

The binary gas analyzer measures the speed of sound which depends on the different molecular 

weight of the gas. It will detect different molecular weight if the gas is not properly mixed before it 

enters the measure chamber thus resulting in an unstable concentration result. An error of 

approximately 5-7% gas concentration is measured when the binary gas analyzer is mounted without 

a mixing chamber, see Figure 18. 

As the fresh gas enters the vaporization chamber it mixes with the applied anesthesia gas. Since the 

chamber’s volume is small, the mixing of the two gases will not be optimal. Therefore the outgoing 

gas from the vaporizer may be in layers. This causes a problem in the measurement of the anesthesia 

concentration since the sensor will detect an unmixed gas resulting in a fluctuating inaccurate 

concentration reading. To prevent this from occurring, a mixing chamber was placed before the 

binary gas analyzer. This gas mixing chamber creates turbulent flows, mixing the fresh gas with the 

applied anesthesia to get a stable measurement. This mixing chamber was modified from the 

inspiration cassette in SERVO-i where it serves as an Air/O2 mixer and proves to work well mixing N2O 

as well as anesthesia. The information in this chapter is based on a separate master thesis [1]. 



   26 

  
Figure 18: Picture of the mixing chamber. Figure 19: Mixing chamber with binary gas analyzer 

mounted. 

6.10 Attenuation effect of N2O 

The original binary gas analyzers were designed to measure an oxygen and air mixture. Oxygen and 

air are gas compounds that are easily mixed and they don’t affect the signal amplitude of the 

receiver transducer as much as N2O. When the binary gas analyzer is used to measure N2O, the 

amplitude of the signal is attenuated. This may be due to gas diffusion in multicomponent mixtures, 

rotational and vibrational relaxation4 in the gas mixture. More about acoustic absorption is described 

in chapter 9. Figure 20 shows the normal received signal (green) above and the attenuated signal 

below (green), excitation pulse (yellow) and the saved timestamps (red). How much it attenuates 

depends on the amount of N2O concentration in the gas mixture and the distance that the sound 

wave propagates. 

Using the original binary gas analyzer that was designed to let the sound wave to bounce back and 

forth three times will result in the response pulse to be attenuated with N2O so that only one group 

of timestamps will be measureable.  

 
Figure 20: Yellow signal: excitation pulse, Green signal: response pulse, Red signal: shows the logged timestamp for 
each zero crossings during the active phase of the detection window. The signal above shows the normal signal 
with Air/O2.The signal below shows the attenuated signal with O2/N2O. 

 

 

  

                                                           
4
 Relaxation: Readjustment of a system to a new equilibrium after the equilibrium of a system is disturbed by a 

sudden change, particularly in an external parameter such as pressure or temperature. 
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6.11 Problem with loss of timestamp 

The signal amplitude variation will result in some error in the time measurement, the error varies 

slightly with the N2O concentration. This is due to the effect of the amplitude difference and how the 

sensor tries to compensate it by increasing or decreasing the excitation voltage to maintain a stable 

amplitude level. Unfortunately the sensor has a maximum excitation voltage of 44 V. At around 40% 

of N2O, the amplitude of the first pulse will be attenuated below the trig level and interpreted as 

noise by the binary gas analyzer, see Figure 21. 

 
Figure 21: Shows the first time stamp as noise of unmodified binary gas analyzer at around 
40% N2O. 

6.11.1 Solution 1: Masking of the first pulse 

Various attempts have been tested to compensate for this phenomenon and one of the first 

attempts was to mask the first pulse and always use the second pulse to calculate the gas 

concentration. The idea is that when the first pulse is lost, the second pulse will be registered as the 

first since the first pulse will not be registered due to its low amplitude. So if one algorithm could be 

written so that during normal operation it will pick the second timestamp and when the first pulse is 

lost it will switch to use the first timestamp since the second pulse will become the first pulse. This 

proved to be difficult and unreliable, the method is based on knowing the second timestamp value 

before first pulse drops below the trig level and is interpreted as noise.  

By knowing this, an algorithm can be written so that it should switch to the first timestamp when the 

second timestamp passes this value. The problem lies in this unstable transition state which is not 

fixed. The first pulse is sometimes unstable at 3% N2O, 60% N2O or during a sudden change of N2O 

concentration. 

6.11.2 Solution 2: Changing the excitation voltage of binary gas analyzer 

An attempt to increase the voltage of the excitation pulse proved to be somewhat successful, the 

signal amplitude gets amplified and is able to stay on top of the trig level most of the time. 

Unfortunately with the current hardware design the excitation voltage is limited to 44V by the 

voltage regulator and the switch that controls the excitation pulse. The current design has an input 

voltage up to 33.5V, see Figure 22. It might solve the problem if the excitation voltage can be 

increased further but another problem with an undetected pulse might occur instead. The 

undetected pulse is undetected due to its low amplitude which is dependent on the mechanical 

inertia of the piezo element, the resonance frequency and the damping material in the transducer, 

see Figure 24 which shows the undetected pulse and chapter 6.15 for more information. 

Loss of first timestamp 

Red signal: Indicate a 

detected zero crossing 
Noise 
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Figure 22: Function block of the binary gas analyzer. 

6.11.3 Solution 3: Increasing the amplification factor of received signal 

Another attempt with increased amplification factor of the signal at the receiver’s transducer by a 

factor of 2 (changed R24 from 24.9 kΩ to 50 kΩ) seems to be the best method which is done with 

minimal hardware modification. By doing this the received signal can be amplified enough so that it 

won’t drop below the trig level, another positive feature to this is that the built in voltage controller 

for excitation level will still be functional to regulate the voltage so that the signal won’t be over 

amplified when O2/Air mixture is in use with the sensor. This is also an important function since 

anesthesia has a tendency to amplify the signal amplitude, this function will then ensure that the 

undetected pulse and noise will not be amplified beyond the trig level. 

6.11.4 Solution 4: Lowering the threshold level 

It is possible to lower the threshold level for the detection window described in “6.3 Threshold level 

and detection window” to maintain the detected zero crossings from dropping below threshold level. 

Lowering the threshold level for the detection window will result in zero crossings with lower 

amplitudes to be detected, since the detection window for zero crossing will be wider. As mentioned 

earlier the threshold level is set with an offset above the noise level, it is possible to lower this offset 

in order to keep the zero crossing visible for higher N2O concentration. This is a trade off with 

stability, as it will lower the barrier to detect noise as well. An attempt to lower the threshold level 

has shown a promising result without detecting any noise. 

6.11.5 Final solution to problem with lost timestamp 

For the best result, a combination of increasing the excitation voltage, increase the amplification 

factor of the received signal and lowering the threshold level is needed as mentioned before. 

Unfortunately as mentioned before it is hard to increase the excitation voltage in the present binary 

gas analyzer, but it is still possible to get a satisfactory result with the other mentioned modifications 

that solve the lost timestamp problem with high N2O concentration. 

6.12 Suggestion for improvement of zero crossing detection 

A more robust solution to the present zero crossing detection method to register timestamps could 

be using transducers with lower ultrasound frequency to increase the period of the response pulse so 

that the total dynamic range doesn’t exceed the period of two pulses or at least the change in the 

gas composites influencing on timestamp between two following samples does not overlap this 

period. A faster CPU or FPGA for signal processing in the hardware level would be a great 

improvement that will open up more possibilities for signal processing that is not possible in the 

present sensor due to the limitation of the CPU. Problems like unwanted timestamps that occur 

during the change of the fresh gas mixture for example from air/O2 to O2/N2O without the gas mixer 

could be easily solved with cross correlation. The received response pulse could be cross correlated 

with the previous response pulse to get a signal that is more distinct from the noise. 
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6.13 Amplification effect of anesthesia 

While N2O will attenuate the signal there is an interesting phenomenon about anesthesia agent that 

works the opposite way. Anesthesia has an effect that amplifies the signal, even when the signal is 

attenuated by N2O. The signal will be greatly amplified by adding a small amount of anesthesia agent 

into the gas mixture. This phenomenon was observed in the lab environment and a possible 

explanation to this could be that the acoustic impedance of anesthesia is different compared with air, 

O2 and N2O. More about acoustic absorption is discussed in chapter 9. 

It is observed that the detected response pulse contains four groups of pulse train in the case with 

pure O2 which is the least attenuated signal. When adding 79% N2O into the mixture only one group 

of the pulse train is left detectable. It is observed that by adding approximately 1% Sevoflurane the 

amplitude of the first group will be amplified. A second group of pulse train will be detected when 

adding approximately 2% Sevoflurane. A third group of pulse train will appear when adding higher 

concentration of (2%-8%) Sevoflurane, but the pulse amplitude of the third group is too low and is 

practically useless since it is too unreliable. 

6.14 The signal vs. noise ratio 

The binary gas analyzer is designed to have a fixed distance between the sender and receiver 

transducer by pressing the transducers to the chamber’s edge. Pressing the transducer to the 

chamber’s edge will let some excitation energy of the sound wave to propagate through the wall of 

the chamber. The sound wave that propagates in the wall will have a higher propagation speed and 

serve as a permanent noise in the background when the incoming pulse is detected. The noise is 

unavoidable in the current sensor design and the amplitude of the noise level is slightly dependent 

on the excitation voltage. A higher excitation voltage will result in a noise with higher amplitude. 

An attempt to loosen the clamp that is used to mount the transducers to the chamber’s wall has 

been done in order to verify and show the signal without noise for comparison. In Figure 23 shows 

the received signal noise while in Figure 24 shows the received signal without noise. At an excitation 

voltage of 24.6 V, the noise level is measured to approximately 94 mV at 100% O2 while the first 

undetected pulse is measured to approximately 282 mV at 100% O2. 

6.15 Unwanted timestamp 

The binary gas analyzer has an undetected pulse that remains under the trig level, the amplitude of 

this pulse are almost the same as the signal noise, see Figure 24 which shows that the first pulse is 

undetected. The signal vs. noise has amplitude of approximately 1 V while the undetected pulse has 

amplitude of 2.5 V at an excitation voltage of 44 V. Under normal conditions this pulse is never 

registered as a timestamp due to the threshold level described in chapter 6.3. But if the binary gas 

analyzer is mounted without a gas mixer, it will sometimes be registered as a timestamp. This is an 

unwanted timestamp value that leads to an error in gas concentration. What happens is that the gas 

mixer acts as a low pass filter creating a uniform change in the gas mixture. In the case where there is 

no gas mixer mounted before the sensor used for detecting the fresh gas concentration, the pulse 

trains of the response pulse will moves during the change of gas mixtures and accumulate with the 

noise which results in higher amplitude. The undetected pulse will sometimes get an amplitude level 

high enough to trigger the detection window thus resulting in the pulse to be registered as a 

timestamp. This will occur for example during a rapid change in gas mixture of large difference in 

sound speed (over 40% concentration variation) for example when the gas mixture changes from 
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air/O2 to O2/N2O, or a gas mixture where the noise amplitude and the undetected pulse overlap with 

each other. This will for example results in an error of approximately 140 ticks which correspond to 

approximately 47% N2O.  

  
Figure 23: Pulse response with noise (green signal). Figure 24: Pulse response without noise (green signal). 

 

During a rapid change of gas mixture with large difference in sound speed, the new gas mixture will 

push the previous gas mixture out of the measuring chamber creating an instant situation where 

both gas mixtures is present in the measuring chamber resulting in an undefined gas profiles, see 

Figure 25 as an illustration. But if the gas mixture is switched with a low flow rate, it will have enough 

time for the new and the previous gas mixture to slowly mix together resulting in a more uniform 

exchange of gas concentration, see Figure 26 as an illustration.  

Previous gas mixtureNew gas mixture

 

Previous gas mixtureNew gas mixture

 
Figure 25: Illustrate an unmixed gas in a high flow rate. Figure 26: Illustrate a uniform mixed gas in a low flow rate. 

 
Since the problem with the unwanted timestamp occurs due to the rapid change of fresh gas mixture 

and the signal vs. noise ratio. It is possible to solve or reduce the problem with unwanted timestamp 

by simply restricting the rapid change of a new fresh gas concentration in FLOW-i and instead letting 

FLOW-i stepwise increase or decrease the concentration. It is proven that the sensor can manage to 

measure the N2O concentration in a step of approximately 40% without getting the problem with the 

unwanted timestamp. Another solution to this is to use a gas mixer to create a uniform change in the 

gas mixture that goes into the measurement chamber of the binary gas analyzer. 

With noise Without noise Undetected pulse 
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7 Test environment 
This chapter describes the lab environment and the transient problem that occurs when two sensors 

are used in the system to measure anesthesia drugs according to the concept introduced in chapter 4.  

7.1 Setup of test environment 

In the test environment, two binary gas analyzers are used to monitor the anesthesia agent. They are 

mounted inside the FLOW-i in order to minimize the gas volume between the sensors as much as 

possible, this is to reduce the transient problem that occur when the sensor before the vaporizer 

detects a change in fresh gas mixture before the sensor after the vaporizer. 

 
Figure 27: An overview of the test environment. 

 
The two sensors are placed according to the DGSS concept where the first sensor is placed between 

the ingoing gas mixer and before the vaporizer, while the second sensor is placed after the vaporizer 

but before the circle system and the safety valve, see Figure 27. Two of the pipes in the FLOW-i have 

been modified to allow mounting of the binary gas analyzers, see Figure 28. By using the theory of 

binary gas mixture formula described in chapter 3.5, it is possible to calculate the concentration of 

anesthesia using the DGSS concept with these two sensors. The speed of sound will be different if 

anesthesia agent is added from the vaporizer. By knowing the speed of sound before and after the 

vaporizer the anesthesia concentration can be determined.  
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Figure 28: Picture on the left show the modified pipe to fit binary gas analyzer in FLOW-i and the picture on the right show 
the modified pipe with mounted binary gas analyzer. 

 

An oscilloscope is connected to the sensors in order to monitor the characteristic of the transmitted 

pulse and to verify that the correct timestamp is found, see Figure 27. The data from both sensors 

are sent to LabVIEW through an I2C to USB communication. A LabVIEW VI is created to collect, 

analyze and present the data from the sensors. 

The first sensor placed before the vaporizer is used to measure the fresh gas delivery which consists 

of a mixture of O2 with Air or O2 with N2O depending on the settings in FLOW-i. Inside the binary gas 

analyzer there are two ultrasound transducers that are used to measure the speed of sound and a 

thermistor that is used to measure the temperature. Depending on the speed of sound, one of the 

two equations 6.16 or 6.17 is used to calculate the gas concentration. Another sound speed and 

temperature reading is sent from the second sensor placed after the vaporizer to LabVIEW via the 

same I2C communication. These data from the second sensor is used together with the calculated 

data from the first sensor placed before the vaporizer in order to calculate the concentration of 

anesthesia delivered by the vaporizer. The gas that passes the second sensor consists of three 

different gas components, where two of the compounds are the fresh gas (mixture of O2 with Air or 

O2 with N2O) and the third compound is a chosen anesthesia agent of Desflurane, Isoflurane or 

Sevoflurane. The second sensor needs information of the fresh gas concentration and its molecular 

weight in order to calculate anesthesia concentration using the same binary gas method that the first 

sensor used, the fresh gas is then treated as one gas compound and anesthesia as the other. For 

more information about the calculation of the anesthesia agent see [1]. 

7.2 Transient problem 

A transient problem will occur when changing the gas concentration from one fresh gas mixture to 

another e.g. from air/O2 to N2O/O2 or vice versa. The first sensor that is placed before the vaporizer 

detects the new fresh gas concentration while the second sensor placed after the vaporizer is still 

detecting the old gas concentration before the changes, this is due to the volume gap between the 

sensors resulting in the gas to reach the first sensor before the second. This transient problem will 

confuse the second sensor to use wrong data such as molecular weight and fresh gas concentration 

to calculate the anesthesia concentration.  A compensation flow/volume scheme will be needed in 

order to manage these transient conditions. 

The volume between the sensors results in a gas volume that creates a delay which influences the 

second sensor, preventing it from detecting the same changes as the first sensor. The delay between 
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the sensors is dependent on the placement of the two sensors as well as the flow that is used in the 

system. It is possible to reduce the volume gap between the sensors by placing them as close to each 

other as possible thus resulting in a shorter delay in between. The delay is also very flow dependent 

as mentioned earlier, a lower flow will drive the fresh gas slower to the second sensor than a higher 

flow, this information above is based on a separate thesis by Karl Weisser [1]. 

 
Figure 29: A schematic figure over the transient problem. 

7.2.1 Solution to the transient problem 

The second sensor that is used to measure anesthesia concentration might falsely set off the alarm in 

the vaporizer monitoring system due to the miscalculated anesthesia concentration. This will then 

result in FLOW-i to stop and flush the system. An algorithm that corrects and compensates this fault 

is therefore necessary, since the transient problem affects the monitoring system of the vaporizer. 

The miscalculation varies depending on sudden change of the fresh gas concentration or mixture that 

is currently in use. An algorithm based on knowing the volume in the gap between the two sensors 

including the vaporizer’s chamber volume can be used to solve the transient problem since the flow 

in the system is known. The delay between the sensors can be calculated for any flow based on these 

information and the two sensors can be synchronized with the calculated delay. More detail on the 

algorithm can be found on a separate thesis [1]. 

7.2.2 An alternative solution to the transient problem 

Since the transient problem occurs when the gas reaches the second sensor with a delay after the 

first sensor that is dependent on the flow rate. It is possible to solve the transient problem by 

modifying the FLOW-i to activate the safety valve to flush the system for a very short period of time, 

when the fresh gas changes from air/O2 mixture to O2/N2O mixture or vice versa and when the 

concentration changed with a step that is larger than 40%. The flow rate used to flush the system 

should be sufficient high enough to push the new fresh gas to the second sensor in a short amount of 

time (1-2 seconds). When the safety valve is activated to flush the system the gases will flow out of 

the system as waste gas. Although this might be an easy solution to fix the transient problem, it is not 

the most cost efficient and environmental friendly solution since N2O and anesthesia are pollutant 

gases. 
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Figure 30: An overview of the gas rerouting system. 

7.3 Software used in test environment 

National Instruments LabVIEW software version 9.0.1 has been used as a development environment. 

The user interface consists of two panels. One of them is called the front panel, results are presented 

in form of diagrams and parameters can be changed using sliders and buttons. The other window is 

the graph window, the programming is done by graphical blocks which are connected to each other 

with lines representing the flow of information. Formulas are entered in special boxes in which text 

based programming also can be done. LabVIEW communicate easily with the hardware through I2C 

and Ethernet that is used to collect data from the binary gas analyzer and FLOW-i. 

7.4 Description of software 

VI:s are created in LabVIEW in order to evaluate and collect data from the FLOW-i and the binary gas 

analyzer. Data such as temperature, timestamps, noise level, trig level from two binary gas analyzers 

are sent to LabVIEW for evaluation. The equation for calculating the gas concentration described in 

chapter 3.5 are implemented in LabVIEW. Several graphical interfaces have been created for 

different purposes such as displaying a continuous graph on the different gas concentration for 

comparison, alarm system to monitor the overdose of anesthesia which is described in more detail in 

another master thesis [1]. The advantage with implementing the algorithm for calculating gas 

concentration in LabVIEW is the flexibility to modify the equation and add other sensors to the 

system, in this case the FLOW-i is internally connected to LabVIEW via Ethernet using standard UDP 

communication which allows the LabVIEW VI to gather information from CGA and change settings in 

Flow-i directly from LabVIEW. A script was written to control FLOW-i so that it changes the 

concentration of the gas with a step of choice and chosen time interval, at the same time the value of 

timestamps, temperature and some other useful information was be logged and saved in a 

spreadsheet file. 

The advantage of using LabVIEW as mentioned is the flexibility to modify things without going 

through the compilation steps. While the disadvantage of using LabVIEW is the timing issue, since the 

two binary gas analyzers uses their own internal clock for measuring time of flight. It is hard to get 

LabVIEW to synchronize a countdown for an event since the timing is heavily dependent on the 

created VI program as well as the sensors internal clock. Another disadvantage is the delay added to 

the program when LabVIEW needs to establish a communication with the hardware through I2C and 

Ethernet. This might be optimized by placing the part that manages the communication of hardware 

outside of the program loop, but the communication doesn’t seem to work when this was done. 

Further investigation has not been done since the speed isn’t the main concern. A possible reason to 
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why this doesn’t work could be due to conflict with the communication address since both sensors 

share the same I2C communication. 

7.5 Program to calculate the gas concentration 

LabVIEW is used to collect the data from the binary gas analyzer as input for the calculation of the 

gas mixture concentration. The data that is collected from the binary gas analyzer is the propagation 

time t, which it takes for the ultrasound pulse that propagates in the measuring chamber and the 

temperature sensor’s resistance, R. The test environment is described in chapter 7.1 and a flowchart 

of the program is shown in Figure 31. The measurements data are taken continuously by placing the 

program in a while loop and the data from the two sensors are taken almost at the same time.  

The binary gas analyzer needs to know the distance between the transducers and the electronic 

delay in order to accurately calculate the gas concentration, these data are gathered by doing a 

sensor calibration described at chapter 6.1. Two calibrations are required for the first sensor that 

measures the fresh gas mixtures. This is due to the different gases that are in use will result in slightly 

different delay since this calibration not only takes into account the static electronic delay but as well 

the delay to compensate for the undetected pulse according to Figure 13. Since the resolution is less 

marginal for air/O2 and O2/N2O, the error caused by wrong calibration will be more noticeable on the 

first sensor that is used to measure the fresh gas mixtures. Two sound speeds will therefore be 

calculated from the first sensor with the two different calibrated values, one for each gas mixture. 

From the second sensor there will only be one sound speed calculated, using the calibrated values 

for air/O2 mixture. The reason why the second sensor only needs one calibration is that the 

anesthesia agents gives far better resolution compared with the fresh gas, thus resulting in higher 

error tolerant for the second sensor. Since the second sensor is not modified for its accuracy, this one 

calibration will be good enough, for more detail of anesthesia accuracy see [1]. Otherwise the second 

sensor would need 6 different calibrations two for each anesthesia agent. 

One of the two sound speeds from the first sensor will be chosen to calculate the fresh gas 

concentration depending on the used gas mixture (air/O2 or O2/N2O). As default the sound speed for 

air/O2 will be used as a reference to continuously compare with the sound speed that corresponds to 

100% O2. If the sound speed is below this value it will choose the calculated sound speed for O2/N2O 

mixture to calculate the fresh gas concentration, and if the sound speed is above this value it will 

choose the sound speed for air/O2 to calculate the fresh gas concentration. At current state the 

reference sound speed for 100% O2 has been chosen to be a fix value at ambient pressure and 

temperature. This can be improved to change with the temperature so that a more accurate 

transition between the two gas mixtures can be achieved. The discrepancies between the two sound 

speeds are minimal but will affect the calculation of the gas concentration.  

The anesthesia will then be calculated using the sound speed from the second sensor and the 

calculated fresh gas concentration. The delivered volume of anesthesia will be calculated using the 

flow rate from FLOW-i using standard UDP communication. An algorithm for detecting fault in the 

system with different alarm profiles is implemented, for more detailed information on the alarm 

profiles see [1]. 
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Figure 31: Flowchart of the program to calculate the gas concentration 
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8 Measurement 
This chapter is to evaluate the sensor’s reliability, rise time, response time and accuracy in order to 

compare the speed with FLOW-i’s CGA. 

8.1 Position of the binary gas analyzer 

It is observed that the positioning of the binary gas analyzer affects the measurements while 

measuring the rise time and the response time in the lab environment using low flow in the system. 

A further study indicates that the molecular weight of the gases and the gravitation affects the gas 

flow in the binary gas analyzer. The gas that flows through the binary gas analyzer inside FLOW-i will 

take the easiest path since the design of the binary gas analyzer is meant to be mounted as semi 

side-stream to draw a gas sample into the measuring chamber, see Figure 32. The heavier compound 

in the gas mixture will always try to flow through the lower path because of the gravitation. When 

the sensor is mounted like in Figure 32, some of the heavier gas compound will take the lower path 

while the lighter gas compound will take the upper path resulting in uneven mixture that increase 

the rise time and response time. But the rise time and response time will be faster when switching 

from a heavier gas mixture to a lighter gas mixture with the same setup. This is because of the 

gravitation helps to pull the heavier gas mixture out of the chamber and the lighter gas mixture will 

flow easier into the measure chamber. This effect is reversed when mounting the binary gas analyzer 

upside down since the heavier gas mixture will flow easier into the measure chamber resulting in 

faster rise time and response time switching from lighter gas mixture to heavier gas mixture. More 

detailed information on the positioning can be found in a separate thesis [1]. 

Transmitter Receiver
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Main flow 

channel
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Figure 32: An overview of the binary gas analyzer mounted as semi side-stream on a pipe. The arrows mark the gas flow. 
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8.2 Response time 

In order to measure the response time, a new lab environment has to be created using two separate 

fresh gas units (Siemens Symeon) that provides continuous flow, a pneumatic valve (Enfield 

Technologies SN-26429) that is manually controlled by a push button on the pulse generator (HP 

8011A) and a flow meter (TSI 4000 series) to monitor the main flow, see Figure 33. This new lab 

environment is needed in order to reduce the gap between the fresh gas and the sensor. The binary 

gas analyzer itself is mounted on the modified pipe that was used in FLOW- i, see Figure 28. The gap 

between the sensor and the pneumatic valve correspond to a volume of approximately 3 ml, this is 

kept minimal in order to keep the delay minimal.  

In this lab environment the threshold level of the binary gas analyzer has to be set on a fix level, this 

is due to the fast switch of the gases without mounting a gas mixer before the sensor. The threshold 

level that is set depending on the noise level as described in chapter 6.3 is not fast enough to react 

with the gas switch. For example the threshold level will be set to a very low level when it is 

measuring N2O and when it switches to air/O2 instantly the threshold level will not be fast enough to 

adjust for the changes thus resulting in the detection window to be open for the noise to be 

registered. There will be the same effect if it starts by measuring air/O2 and switches to N2O, the 

threshold level that was set to a high level doesn’t react fast enough with the changes resulting in the 

detection window to open too late and missed the first timestamp. 

 
Figure 33: Overview of the lab environment. 

 
A new LabVIEW VI was created for measuring response time and rise time where all the unnecessary 

things were removed to keep the LabVIEW loop running as fast as possible. Some minor changes in 

the sensor’s firmware were modified with C code in order to output a continuous running time value 

to LabVIEW. The time value is coming from an internal counter of the sensor’s microprocessor that 

have an update frequency of       . This counter is fast enough since the LabVIEW VI that is used to 

measure the response time have approximately 18 ms update frequency after removing all 

unnecessary functions. This means that all the graphs on the rise time, reaction time and response 
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time have a resolution of 18 ms since they all use the same LabVIEW VI. The response time is 

measured from 0% to 10% of the signal’s slope by using the sound speed of steady states (with the 

first pulse transit time in Figure 13) from the two fresh gas units as two states. The gas with highest 

measured sound speed value will be the initial state and the gas with the lowest measured sound 

speed value will be the final state. An output trig signal is taken from the pulse generator and is 

connected to a digital input of the NI-8451 which triggers the LabVIEW to start the measuring. Two 

gas mixtures are chosen and switches alternately with a manual push button on the pulse generator.  

Since the flow meter (TSI 4000 series) is set to measure air or O2, a trick is used by connecting a long 

hose of approximately 5 l directly after the binary gas analyzer and place the flow meter at the end of 

the hose. The hose is fully flushed with air, before switching to a new gas for measurement. When 

the gas is switched, the new gas will drive the air or O2 that is already in the tube to pass through the 

flow meter. This will ensure that the flow is measured correctly using a low flow rate. The response 

time is presented as a graph on Figure 34 and a zoomed in version is on Figure 35. The dashed light 

blue and the dashed purple lines on Figure 35 shows the theoretically calculated transport time for 

the gas to reach the safety valve from the fresh gas input with and without the vaporizer, more detail 

is on chapter 8.3. The response time of anesthesia is covered in a separate master thesis since it uses 

DGSS concept that Karl Weisser is focused on [1]. 

 
Figure 34: A graph of response time for the binary gas analyzer. 
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Figure 35: A zoomed in graph of response time for the binary gas analyzer to compare with FLOW-i’s CGA. The dashed lines 
show the theoretically calculated transport time for the gas to reach the safety valve from the fresh gas input with and 
without the vaporizer. 

8.3 Sensor’s rise time 

The rise time is measured in order to determine how quickly the gas in the measuring chamber can 

be replaced, which is highly dependent on the sensor’s design. Several tests have been conducted 

such as switching from air to 100% O2 concentration and 30% N2O to 80% N2O concentration. The 

same test environment for the response time is used in measuring rise time. 

The rise time is measured from 10% to 90% of the signal’s slope by using the sound speed of the two 

fresh gas units as two states. The gas with lowest timestamp value will be the initial state and the gas 

with the highest timestamp value will be the final state. The pulse generator is used to change the 

states and LabVIEW will log a time value when it reaches 10% and 90% of the final states. The rise 

time is then resolved from equation 8.1, all the measurement is repeated four times in order to get 

an average rise time. The Figure 36 and Figure 37 show the required time to switch from air to 100% 

O2 and from 30% O2 to 80% N2O in the measure chamber. The rise time of anesthesia is covered in a 

separate master thesis since it uses the DGSS concept that Karl Weisser is focused on [1]. 

             [8.1] 

           
          

 
 [8.2] 

In FLOW-i there is a safety valve located after the vaporizer that can flush the system from 

overdosing with anesthesia when is activated, see Figure 6. The distance from the vaporizer to the 

safety valve corresponds to a volume of 35 ml and the distance from the fresh gas input to the safety 

valve is approximately 184 ml with the vaporizer and 123 ml without the vaporizer. This is the 

transport volume in FLOW-i that is available before it is too late to stop the system and perform a 

cleansing to flush the system in case of fault. Based on the available volume from the fresh gas input 

to the safety valve, it is possible to theoretically calculate the transport time for the gas to reach the 
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safety valve by varying the flow using equation 8.2. This is plotted in Figure 37 as the dashed light 

blue and the dashed purple line in order to compare with the rise time of the sensor. The dashed 

purple line shows the transport time needed from the fresh gas input to the safety valve with the 

vaporizer activated, and the dashed light blue line shows the transport time needed from the fresh 

gas input to the safety valve with the vaporizer deactivated. Notice that the measured rise time value 

is actually the rise time of the binary gas analyzer with respect to the test environment and is not the 

actual rise time of the binary gas analyzer, the actual rise time of the binary gas analyzer is therefore 

faster than the measured values in this test environment.  

 
Figure 36: A graph of rise time for the binary gas analyzer. 

 

 
Figure 37: A zoomed in graph of rise time for the binary gas analyzer to compare with FLOW-i’s CGA. The dashed lines show 
the transport time for the gas to reach the safety valve from the fresh gas input with and without the vaporizer. 
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8.4 Sensor’s reaction time 

In order to compare with FLOW-i’s CGA which is based on reaction time (response time + rise time) it 

is necessary to combine these to have a better comparison with the BGA. The graph on Figure 39 is 

basically a combined version of both the response time and rise time data. The dashed green line in 

Figure 39 is the reaction time (response time + rise time) of the CGA that corresponds to the time 

(0.7 s) it takes for the CGA to detect a change in concentration. This graph shows that the binary gas 

analyzer designed as semi side-stream is fast enough to detect the changes of fresh gas in time for 

the current FLOW-i design to fully flush the system in case of fault for the flow above 3 l/min. For the 

case when changing fresh gas using flow rate lower than 3 l/min shows that the reaction time is 

higher than the transport time to the safety valve with the vaporizer deactivated which indicates that 

it is too slow and is unable to detect the change in time to flush the system. But the over-dosage of 

O2 and N2O is not considered critical and does not necessarily need a fast reaction time to flush the 

system. This measurement also shows that the first binary gas analyzer designed as semi side-stream 

can replace FLOW-i’s CGA for flow rate that is above approximately 7 l/min when measuring the 

fresh gas concentration. 
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Figure 38: A picture to illustrate how the measurement was done. 

 

 
Figure 39: A graph of reaction time (response time + rise time) for the binary gas analyzer compared with CGA. The light blue 
and purple dashed lines show the transport time for the gas to reach the safety valve from the fresh gas input with and 
without the vaporizer. 
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A simple modification to the sensor was made by attaching a thin film flow restrictor whose purpose 

is to force the gas mixture with low flow rate into the measuring chamber instead of by passing it 

through main stream channel, see Figure 40 and Figure 41. The modification will also enable the thin 

film to flip open and let some of the flow to pass by the main stream channel when using high flow 

rate. The material of the thin film should be rigid enough for it to stay closed at low flow rates and 

soft enough to flip open at high flow rates. This modification shows an improvement of 

approximately ten times shorter reaction time in low flow rate up to 1 l/min when measuring the 

fresh gas. 
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Figure 40: Showing binary gas analyzer with attached thin film 
to force the gas into the measure chamber during low flow 
rate. 

Figure 41: Showing binary gas analyzer with attached thin film 
that opens up during high flow rate. 

8.5 Sensor’s accuracy 

An accuracy test is conducted using FLOW-i with the built in gas analyzer as a reference. LabVIEW is 

used to control FLOW-i using Ethernet with UDP communication. A loop in LabVIEW is created to 

increase the concentration of gas mixture by step of 1% and log the value from both the BGAs5 and 

the built in gas analyzer to a spreadsheet file. 

8.5.1 Accuracy in O2/Air mixture settings 

Data in Figure 42 are collected with LabVIEW using the method described in chapter 8.5, the 

measurements are done using a flow rate of 6 l/min. Both the measured concentration value of the 

BGA and FLOW-i’s CGA is plotted against the set O2 concentration on FLOW-i in order to compare the 

accuracy of the sensor. In Figure 43, the maximum discrepancy of BGA is compared to FLOW-i’s CGA 

by calculating the discrepancy of the O2 concentration using equation 8.3 

                    [8.3] 

The discrepancy of the BGA compared to FLOW-i’s internal CGA is presented in Figure 43. It is seen in 

Figure 43 that the maximum discrepancy of the BGA over the whole range from 21-100% when 

measuring O2 is        in air/O2 mixture. 

In the air/O2 mixture settings, the result shows that the accuracy of BGA meets the requirement in O2 

concentration measuring compared with FLOW-i’s CGA, when measuring with a flow rate of 6 l/min. 

                                                           
5
 BGA: Binary Gas Analyzer is the modified sensor to measure O2, N2O and anesthesia agents. 
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Figure 42: Comparison between BGA and FLOW-i’s CGA measuring O2 at 6 l/min flow rate. 

 

 
Figure 43: Discrepancy of BGA in O2/Air mixture compared to FLOW-i’s CGA at 6 l/min flow rate. 

8.5.2 Accuracy in O2/N2O mixture settings 

In the case of O2/N2O mixture the accuracy of O2 is compared with FLOW-i’s CGA while the accuracy 

of N2O is compared to both the CGA and the set N2O concentration on the FLOW-i. This is due to the 

accuracy of the CGA for measuring N2O is known to be very poor. The data of O2 and N2O are 

measured like described in chapter 8.5.1 using a flow rate of 6 l/min.  

Three graphs was plotted for analysis, one to compare O2 concentration of the BGA and FLOW-i’s 

CGA against the set concentration on FLOW-i, while the other two is to compare N2O concentration 

of the BGA against the CGA and the set N2O concentration on FLOW-i.  
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The measured N2O concentration of both the BGA and FLOW-i’s CGA in Figure 44 are plotted against 

the set N2O concentration of FLOW-i (note that the set concentration of N2O is 100%-O2 

concentration since FLOW-i is only able to set O2 concentration in a fresh gas mixture), it is seen in 

this graph that the measured value of N2O using the BGA is linear while the measurements from the 

CGA is fluctuating. This indicates that one of the sensors are inaccurate, either the accuracy of the 

CGA is very poor or the FLOW-i’s delivering system is inaccurate. If FLOW-i’s delivering system is 

inaccurate, the measured N2O concentration will result in a graph with fluctuating characteristic 

similar to the one that is seen measured with the CGA, since the graph shows the measured series 

ranging from 0-100% with the step of 1%. In the other hand if the FLOW-i’s delivering system is 

accurate, the measured N2O concentration will result in a graph with a linear characteristic similar to 

the one that is seen with BGA. 

In order to investigate which of the sensors are accurate, the measured O2 concentrations by BGA 

and CGA in O2/N2O mixture are plotted against the set O2 concentration of FLOW-i in Figure 45 for 

analysis. From this graph it is seen that both the BGA and CGA is linear and similar, this indicate that 

the FLOW-i’s delivering system is accurate and does not fluctuate. Since the delivered gas mixture in 

a binary gas is such that the proportion of the gas that is not N2O is O2. One can draw the conclusion 

that the measurement of N2O using the CGA is inaccurate since both the sensors shows a linear 

characteristic in O2 measurements. One might wonder why the characteristic for O2 and N2O are 

different for CGA. This is due to the measurement of O2 and N2O are independent of each other in 

CGA unlike the BGA that measures the sound speed of a binary gas mixture that depends on the gas 

compositions. Therefore the comparison with the N2O will be made using O2 as reference. In order to 

compare the accuracy of the sensor, the discrepancy in BGA is compared to FLOW-i’s CGA by 

calculating the difference of the O2 concentration using equation 8.3, see Figure 46. It is seen in 

Figure 46 that the maximum discrepancy of the BGA over the whole range from 21-100% when 

measuring O2 is        in O2/N2O mixture. 

 
Figure 44: Comparison between BGA and FLOW-i’s CGA measuring N2O at 6 l/min flow rate. Note that the set concentration 
of N2O is 100%-O2 concentration since FLOW-i is only able to set O2 concentration in a fresh gas mixture 
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Figure 45: Comparison between BGA and FLOW-i’s CGA measuring O2 at 6 l/min flow rate. 

 

 
Figure 46: Discrepancy of BGA O2/N2O mixture compared to FLOW-i’s CGA at 6 l/min flow rate. 
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uncalibrated sensors to evaluate the error in measurement. The same lab environment for accuracy 

test is used in this experiment. 

The accuracy of the first sensor before the vaporizer seems to have a minimal influence on the 

second sensor after the vaporizer for measuring anesthesia. Using an uncalibrated sensor before the 

vaporizer that result in approximately 7% error in both O2 and N2O measurement gives an error of 
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approximately 0.7% on the second sensor after the vaporizer while measuring Desflurane. The same 

experiment is conducted with Isoflurane using the same settings and error on the first sensor before 

the vaporizer. The result shows a maximum error of approximately 0.5% in the sensor after the 

vaporizer. 

A conclusion to this is that the change in sound speed for measuring anesthesia is higher than O2 and 

N2O which result in higher error tolerance that is influenced by the sensor before the vaporizer. This 

is because the molecular weight of O2 and N2O is much smaller than the molecular weight of 

anesthesia. This means that small fluctuation in the first sensor before the vaporizer will have a 

minimal influence on the second sensor’s accuracy after the vaporizer in anesthesia measurement. 

8.6 Effects of temperature on gas concentration measurements 

There was concern that the increased temperature will attenuate the sound wave in N2O 

concentration measurement so that the amplitude of the first detected pulse will be dropped below 

the threshold level for zero crossing detection, see chapter 6.4 for more information of signal 

attenuation. In order to test this, an insulated heat box with built in heat elements capable of 

keeping a constant temperature was used to heat the gas in order to test the sensitivity of the binary 

gas analyzer with respect to temperature change. The heat box has been added some additional 

heater film in order to further increase the temperature. During operation the heat box was 

connected to a power supply that is set to 13.7 V and 2.4 A while the additional heater film was 

connected to a separate power supple that is set to 20 V and 5A. Inside the heat box was a hose that 

correspond to approximately 1 l volume, this hose was connected to FLOW-i on one end and the 

other end is connected to the modified pipe together with the binary gas analyzer, see Figure 28. 

FLUKE 52 II thermometer was used to measure the temperature where one of the temperature 

probe was placed inside the hose right after the binary gas analyzer and another temperature probe 

was placed inside the heat box, this is to measure the temperature of the gas and the temperature 

inside the heat box. The fresh gas on FLOW-i was set to 79% N2O and the flow rate was set to 1 l/min 

in order to heat up the gas inside the insulated heat box. 

The N2O concentration was measured to 84.5% using the binary gas analyzer at        when the 

heat box and the additional heater film was off, the N2O concentration increased to 88% when all the 

heating was on and the temperature of the gas was measured to     .  

Heating Temp box Temp gas Temp BGA 
Set N2O 

concentration 
Measured N2O  
concentration 

Off - -        79% 84.5% 
On                  79% 87% 

 
This test showed that the temperature doesn’t have any attenuation effect on the sound wave but it 

affects the concentration measurements, however the influence of the temperature on the 

concentration measurement is small. On the other hand the anesthesia concentration measurement 

will have higher tolerance against the influence of temperature since it has greater dynamic range 

while measuring anesthesia. 

8.7 Effects of pressure variation on gas concentration measurements 

There is a need to study the effect of sudden pressure change in FLOW-i in order to evaluate the 

effect on the binary gas analyzer when measuring the fresh gas as well as the anesthesia 
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concentration. The pressure control mode in FLOW-i is used to simulate the sudden change in 

pressure. The pressure control mode was set with 1 mbar PEEP, respiration rate of 20 b/min, 100 PC 

above PEEP and 15 l/min flow rate, see chapter 2.6 for detailed information about the settings. Two 

tests were conducted where one is to test the pressure variation effect on N2O concentration 

measurement and the other was to test the pressure variation effect on anesthesia concentration 

measurement. The fresh gas was set to 79% N2O in both tests and the anesthesia agent that was 

used for the test was Sevoflurane with a concentration set to 2%. The observed result was that the 

N2O concentration measurement was fluctuating between 83.5%-86% while the anesthesia 

concentration measurement was fluctuating between 1.8%-2.8%. The conclusion is that pressure 

variation will result in a sudden change of temperature that will affect the gas concentration 

measurement using ultrasound technology. 

Auto 
breathing 

Set N2O 
concentration 

Measured N2O 
concentration with BGA 

Set Sevoflurane 
concentration 

Measured Sevoflurane 
concentration with BGA 

Off 79% 83.5% 0% 0% 
On 79% 86% 0% 0% 
Off 79% - 2% 1.8% 
On 79% - 2% 2.8% 

8.8 High anesthesia concentration test using Dual Gas Sampling System 

This test was designed to put the DGSS in a stress test to see if it will be able to measure the high 

anesthetic concentration or if it will fail to measure the concentration. The main concern here was 

not the accuracy, but rather if the sensor will continue to function properly or not during high 

anesthetic concentration in case of fault in FLOW-i.  

A docking station that is connected to a PC to manually control the vaporizer are used for this test, 

unfortunately this docking station are placed in a fume6 hood7 and are connected to a PC that is not 

easy to move. So the fresh gas are channeled from FLOW-i’s to the vaporizer via a hose that have a 

volume of approximately 1 l and another hose of the same volume are used to channel the fresh gas 

with added anesthesia from the vaporizer back to FLOW-i. The binary gas analyzers are placed as 

before in FLOW-i, one at the fresh gas output before the vaporizer and the other is placed after the 

vaporizer, see Figure 47.  
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Figure 47: An overview of the lab environment for high anesthesia test. 

                                                           
6
 "fumes", a gas or vapor that smells strongly or is dangerous to inhale. 

7
 A fume hood is a type of local ventilation device that is designed to limit exposure to hazardous or noxious 

fumes, vapors or dusts. 
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The FLOW-i’s vaporizer was used to deliver the high anesthetic concentration with continuous flow 

for the test measurements and the FLOW-i’s built in Patient Gas Analyzer (PGA) is used as reference 

to measure the anesthesia concentration. Two tests were conducted, one with 100% air as fresh gas 

and the other one with 79% N2O as fresh gas using a flow rate of 3 l/min for both the cases, 

Desflurane was chosen as the anesthesia agent in this test since it have the lowest boiling point and 

is the easiest anesthesia agent which can reach to highest concentration. The vaporizer was manually 

controlled by setting the temperature in the vaporizer chamber to     . The set concentration of the 

vaporizer was estimated to start from 1% and will approximately double for each steps until 56%. 

The result are presented on the table below and plotted on a graph on Figure 48 and Figure 49, it is 

seen that the DGSS doesn’t have any problem measuring high concentration of Desflurane while the 

PGA are only able to measure Desflurane concentration up to 29.9%. 

High Desflurane test with Air/O2 mixture (Set O2 = 21%) 

Flow [l/min] 
Estimated 
conc. [%] 

Des conc. 
With PGA [%] 

Des conc. 
With DGSS [%] 

3.13 0 0 0 
3.13 1 0.8 0.49 
3.13 2 1.7 1.3 
3.13 4 3.5 3.03 
3.13 8 7.1 6.6 
3.13 15.8 14 13.7 
3.13 24.2 21.3 21.2 
3.13 39 29.4 35.7 
3.13 56 29 58 

 

High Desflurane test with O2/N2O mixture (Set O2 = 21%) 

Flow [l/min] 
Estimated 
conc. [%] 

Des conc. 
With PGA [%] 

Des conc. 
With DGSS [%] 

3.13 0 0 0 
3.13 4 3,6 3.3 
3.13 15.8 14.1 13.4 
3.13 39 29.9 35 
3.13 50 29 47 

 
The highest Desflurane concentration measured was 58% with air/O2 mixture, this corresponds to a 

sound speed of 152 m/s at      which is approximately the temperature of the gas when it reach the 

sensor. This sound speed also correspond to 52% Isoflurane and 47% Sevoflurane, therefore it is 

expected that the DGSS are capable of measuring high anesthetic concentration even for Isoflurane 

and Sevoflurane. 
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Figure 48: The graph shows that the PGA is limited to 29% concentration when measuring Desflurane at air/O2 mixture. 

 

 
Figure 49: The graph shows that the PGA is limited to 29.9% concentration when measuring Desflurane at O2/N2O mixture. 
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9 Acoustic absorption 
Acoustic absorption processes arise from viscosity, thermal conductivity, gas diffusion in 
multicomponent mixtures that result from molecules with different masses moving toward 
equilibrium at different rates, and rotational and vibrational relaxation of internal energy modes.  
In all cases the degree of absorption of sound energy is evident as a reduction in the intensity of the 

sound. When an acoustic wave propagates from one medium to another which has a different 

density and/or elasticity (i.e. different acoustic impedance), reflection and refraction8 will take place. 

This results in a reduction of the energy in the transmitted wave [8]. 

A possible explanation to the attenuation problems observed with N2O may be vibrational relaxation 

processes and gas diffusion in multicomponent mixtures. The vibrational relaxation processes 

attenuate acoustic waves through gas compression associated with the acoustic wave causing 

perturbations9 in the local translational energy. Through molecular collisions, the translational 

energy is distributed to the rotational and vibrational degree of freedom. During low frequency 

acoustic perturbations, energy is transferred from the translational to the vibrational energy modes 

of the gas during the compressive phase of the acoustic cycle and returned during the rarefaction 

phase. The gas translational and rotational modes will equilibrate very quickly typically within a few 

collisions while the vibrational mode requires several thousand collisions before it equilibrate. Thus, 

even at relatively low frequencies the internal energy exchange processes cannot respond 

sufficiently quickly to acoustic fluctuations, with the effect that energy is not removed from or 

returned to the dilatational10 disturbance in phase with its oscillations [9, 10]. 

A paper was found with an analysis that compared N2 and CO2 to determine which gases are more 

likely to experience vibrational relaxation effects at the reference temperature of 300 K, showed that 

only 0.0056% of N2's overall internal energy is stored as vibrational energy. While the contribution of 

vibrational energy of CO2 represents 5.6% of the overall internal energy [11]. 

The conclusion is for N2 and O2, in contrast to N2O, the contribution of vibrational energy to the total 

internal energy is negligible at room temperature and ambient pressure. Since CO2 and N2O have the 

similar properties, it is suspected that the vibrational energy for N2O is non-negligible and vibrational 

non-equilibrium effects play a role at ultrasonic frequencies. 

 

 

                                                           
8
 Refraction: The change in direction of a propagating wave when passing from one medium to another. 

9
 Perturbation: A disturbance of motion, course, arrangement, or state of equilibrium. 

10
 Dilatational: The act or process of expanding. 
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10 Concentration measurement using ultrasound 

10.1 Limitations of the present ultrasound sensor 

An ultrasonic transducer is a device that converts energy into ultrasound, usually by using a 

piezoelectric crystal. Piezoelectric crystals have the property of changing size, when a voltage is 

applied it expands. When the voltage is removed, it contracts to its original thickness. Applying an 

alternating voltage across them will cause them to oscillate at a very high frequencies and producing 

a very high frequency sound waves (typically over 20 kHz). The piezoelectric crystals mechanical 

inertia results in lower amplitude on the first pulse in the sound wave. This will be a problem when 

measuring concentration in N2O and anesthesia as described in chapter 6 depending on the 

implementation.  

The current design of the binary gas analyzer is not really mounted as mainstream, it is rather 

mounted as semi side-stream such that not all the gas mixture will flow through the measurement 

chamber. This will increase the rise time of the sensor. To get an optimal sensor to measure different 

gas component it should have higher excitation voltage, a better DAC to adjust the voltage in a finer 

steps and larger amplification factor compared to the original binary gas analyzer design.  

The ultrasound sensor used a limitation on how well the gas is mixed before it reaches the measuring 

chamber. Some fluctuation in the concentration measurement will occur if the gas is not properly 

mixed when it reaches the measuring chamber. The fluctuation is dependent on the total input gas 

flow. The gas has a tendency to get mixed properly before it reaches the measure chamber with a 

lower flow value, while it will start to fluctuate with a higher flow. The duration of the fluctuation is 

estimated to a few milliseconds depending on the flow value. A gas mixer with a volume of 

approximately 18 ml should be placed before the sensor in order to avoid this problem.  

The resolution of measurement is dependent on the chamber’s length and the microprocessor’s 

internal clock frequency in the sensor which is on 25 MHz. A shorter chamber length will improve the 

measurement of N2O in the case of signal attenuation at the cost of lower resolution on the 

measurement. More detail on the resolution is on chapter 3.6. 

10.2 Improvement of the BGA 

In order to get a more robust binary gas analyzer, the excitation voltage needs to be increased In 

order for the existing binary gas analyzer to measure N2O. This will make the sensor more tolerant to 

the N2O attenuation effect. The excitation voltage in the current design is limited by the voltage 

regulator and the switching IC11 and it is relative easy to change these if some replacement IC can be 

found. 

The amplification of the received signal should be amplified with at least a factor of 2 in order to 

maintain the signal strength while measuring N2O. This is easily done by changing a resistor in the 

current design. 

                                                           
11

 An Integrated Circuit (also known as IC) is a miniaturized electronic circuit that has been manufactured in the 
surface of a thin substrate of semiconductor material. 
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There is a need for a better algorithm to handle the loss of zero crossing during a rapid change of the 

gas mixture. A suggested algorithm has been proved to work although it was not fully optimized, 

detail of the suggested algorithm can be found in the master thesis by Karl Weisser [1] 

The ideal binary gas analyzer should be designed to measure the gas directly in the main stream gas 

flow instead of drawing a gas sample from the main stream gas flow into a side-stream measurement 

chamber, the sensor should also have the above stated modifications. But the pressure variation in 

the main stream gas flow will result in temperature variation that affects the concentration 

measuring using the binary gas analyzer. This needs to be compensated with a faster temperature 

sensor. 

One big improvement to the existing binary gas analyzer is to incorporate a flexible flow restriction in 

order to force the gas with low flow rate into the measuring chamber as described in chapter 8.3. 

This will have an improvement of approximately ten times shorter rise time using low flow rates up 

to 1 l/min. 

It is possible to only use a single sensor placed after the vaporizer to monitor the delivered 

anesthesia concentration by using information from the FLOW-i such as the flow rate and the set 

concentration on fresh gas mixture instead of measured values. There is also then a need to 

implement an algorithm to solve a similar problem as the transient problem described in chapter 7.2 

since the change of concentration and flow rate happens instantaneously, there is a need to delay 

the provided data to the binary gas analyzer. This is not a problem if the information on the flow rate 

and the volume gap to the sensor is known. 

10.3 Conclusion 

The existing binary gas analyzer as it is, is good enough to measure and monitor the fresh gas mixture 

but it is not good enough to monitor the anesthesia agent during low flow rate. In order for the 

sensor to monitor the anesthesia agent, it should be redesigned to measure the gas directly in the 

main stream gas flow, the mixing of the gas should be taken into account as well as the ultra sound 

technology is limited by how well the gas is mixed before it is being measured. The existing binary 

gas analyzer can also be modified with a flow restrictor attached between the inlet and outlet of the 

gas flow to force the gas into the measuring chamber during low flow rate. This will result in 

approximately 10 times faster reaction time in flow rates up to 1 l/min. A higher excitation voltage is 

preferable, this will result in a more stable signal. 

Some advantages of acoustic techniques for gas composition sensing:  

· Acoustic technology is simple and rugged, resulting in sensors that are durable and 

repeatable.  

· There are no mechanical moving parts. 

· There is no delay for heating up the sensor. 

· It does not require a constant reference point to calibrate the sensor. 

· Acoustic sensors are suitable for measuring gas in static or flow-through configurations. 
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12 Appendix 

12.1 Specification of CGA (Control Gas Analyzer) and PGA (Patient Gas Analyzer) 

 
 

 

Gas Set concentration [ ] Inaccuracy [ ] 

O2 0-100      
N2O 0-79    

Isoflurane 0-5      
Sevoflurane 0-8      
Desflurane 0-18    
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