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ABSTRACT 

Reducing the temperature-induced error in MEMS gyroscopes will increase 

their accuracy and may allow them to be used in high-precision applications. The 

simplest models of the temperature dependence of the null signal bias (gyro output 

when there is no rotation about its axis) and scale factor (Volts/degree/second) are 

linear, modeling the needed correction as the product of a temperature dependence 

parameter and the temperature difference from the reference temperature. Once 

the temperature dependence parameters have been measured, they may be used to 

improve the gyro’s accuracy and precision. This work describes the determination 

of the temperature dependence parameters and their employment to more 

accurately measure the earth’s rotation rate. 
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INTRODUCTION 

In recent years, the TCU engineering department has led an investigation in 

the usage of micro-electro-mechanical systems (MEMS) gyroscopes for subsurface 

navigation.  The end goal for this investigation is the creation of a low-cost 

alternative to the current fiber optic, ring laser, and quartz hemispherical resonator 

gyroscopes used downhole in oil and gas drilling operations.  Gyroscopes are used 

downhole in place of magnetic compasses for the determination of azimuth due to 

high levels of magnetic interference caused by the presence of ferromagnetic 

materials in the earth’s crust as well as nearby steel piping from previous drilling.  

Determining azimuth using a gyroscope is done using a process called 

gyrocompassing.  Gyrocompassing measures the rotation of the earth to determine 

azimuth.  For azimuth determination, the earth’s rotational rate can be compared to 

the output rate of a stationary gyroscope whose axis is horizontal.  The measured 

angular rate is only a fraction of the earth’s rotational rate of about 15°/hr.  This 

rate is much lower than most inexpensive MEMS gyroscopes are designed to 

measure.  Because of this, special measurement and filtering techniques must be 

used to ensure accurate and repeatable azimuth determination.   

The simplest of these techniques requires measuring several thousand data 

points over a long period of time.  Given enough time, this technique has been 

proven to produce highly accurate azimuth measurements.  However,   due to the 

temperature dependence of MEMS gyroscopes, the technique also requires a stable 

temperature during the entire measurement duration.  In real world applications 
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such as down-hole drilling, this requirement is nearly impossible to fulfill, thus 

requiring a temperature compensation scheme. 

The focus of this paper is modeling the temperature dependence of a MEMS 

gyroscope and creating a corresponding temperature compensation scheme.   

Simplicity and ease of implementation (both in software and hardware) are 

considered paramount when choosing models and compensations schemes.   The 

final temperature compensation scheme is demonstrated both as a general stand-

alone technique and in congruence with a gyrocompassing scheme. 

MODELING TEMPERATURE DEPENDENCE 

 The simplest possible models of the temperature dependence of a 

gyroscope’s output signal are linear and non-hysteretic.  Prihodkho et al. propose a 

simple mathematical model of a gyroscope in which the output voltage(y) is 

proportional to the input angular rate (Ω) with scale-factor (SF) and bias (B): 

𝑦 = (𝑆𝐹) × (Ω + 𝐵)  (1) 

In this model, both the scale factor and bias are assumed to be temperature 

dependent.  Each can be modeled independently using a room temperature constant 

(SF0 and B0) and temperature dependence parameter (βSF and βB).  These models 

are given as a function of the difference between the measured temperature and 

temperature where SF0 and B0 were measured: 

𝑆𝐹(∆𝑇) =  𝑆𝐹0 + 𝛽𝑆𝐹 × ∆𝑇  (2) 

𝐵(∆𝑇) =  𝐵0 + 𝛽𝐵 × ∆𝑇 (3) 
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Substituting the two temperature dependence models into the Prihodkho model 

results in the following expanded expression for a temperature dependent 

gyroscope output voltage: 

𝑦 = (𝑆𝐹0Ω) + (𝑆𝐹0𝐵0) + (𝑆𝐹0𝛽𝐵∆𝑇) + (𝛽𝑆𝐹∆𝑇Ω) + (𝛽𝑆𝐹∆𝑇𝐵0) + (𝛽𝑆𝐹𝛽𝐵∆𝑇2) (4) 

This expression is problematic for two reasons.  First, it is somewhat 

complicated and involves several multiplicative interactions between the model 

parameters (𝑆𝐹0 , 𝐵0 , 𝛽𝑆𝐹 , and 𝛽𝐵).  This makes determining the parameters 

difficult.  Second, the final term in the expression indicates that output voltage is not 

linearly dependent on temperature.  Although this non-linear term is generally 

much smaller than the sum of the other five terms, a noticeable error could be 

present if it is ignored. 

These complications in the model are an effect of the assumption that the 

bias is added to the input rate before being multiplied by the scale factor.  Since both 

of these parameters are temperature dependent, the interaction between the two 

leads to an overly complicated model.  A simpler model adds the bias after the 

angular rate is scaled: 

𝑦 = (𝑆𝐹 × Ω) + 𝐵 (5) 

Substituting in the temperature dependent expressions for the scale factor and bias 

produces a much simpler expanded expression for the gyroscope output voltage: 

𝑦 = 𝑆𝐹0Ω +  𝛽𝑆𝐹∆𝑇Ω + 𝐵0 + 𝛽𝐵∆𝑇  (6) 

This expanded expression is advantageous since it addresses all the problems 

associated with the Prihodkho model.  Namely, it is a simpler expression that does 



4 
 

not involve any multiplicative interactions between the model parameters or a 

second order temperature dependence.  

 Assuming this model is correct, determining the four model parameters can 

be achieved in a simple process.  By setting the input angular rate (Ω) to zero, the 

two bias parameters, 𝐵0 and 𝛽𝐵, can be found by performing a linear regression on  

output voltage vs. temperature data.  The data is gathered by measuring the 

gyroscope’s output voltage and temperature while heating or cooling the gyroscope.   

Once these two parameters are known, the two bias parameters, 𝑆𝐹0 and 𝛽𝑆𝐹 , 

can be found by one of two methods.  In both methods, a rate table is used to apply a 

constant and known input angular rate, Ω.  Another linear regression is performed 

on output voltage vs. temperature data to obtain the two bias parameters.  Of 

course, the temperature dependent bias will still be present and must be included.  

This is where the two methods differ.  In the first method, the two previously 

measured bias parameters are used to determine the bias before performing the 

linear regression.  This method is accurate but slightly more difficult to implement.  

In the second method, a large enough input angular rate is applied to cause the bias 

to be considered negligible.  This method is less accurate but can produce good 

results when a comparatively small bias is present and when a large input rate can 

be applied and accurately measured. Further analysis of the applicability of each of 

these methods will be discussed later. 

MEASURING TEMPERATURE DEPENDENCE PARAMETERS 

To implement the linear temperature dependence model in a temperature 

compensation scheme, the four temperature dependence parameters must first be 
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determined.  These are the two bias parameters, Bo and 𝛽𝐵, and the two scale factor 

parameters, 𝑆𝐹0 and 𝛽𝑆𝐹 .  In general, these parameters are unique to each 

gyroscope.   

Once the parameters are determined, confirmation of the model can be 

achieved by using it to create a temperature compensation scheme.  If the 

compensation scheme successfully eliminates the temperature dependence of the 

gyroscope, then it can be concluded that both the model and its parameters are 

accurate over the temperature range of interest.  

For this project, the temperature range of interest is approximately 25°C-

35°C.  This range was chosen for three reasons: 

a. This is the easiest temperature range to apply to a gyroscope.  Since the 

range is from room temperature to 10°C above room temperature, 

varying the temperature can be done by simply heating the gyroscope 

with an inexpensive heating coil and fan (a simple space heater). 

b. The primary objective of this project is a proof of concept for temperature 

compensated gyrocompassing in a lab setting.  The type of temperature 

fluctuation experienced in the lab is minimal and centered around room 

temperature. 

c. The model could be used for a piecewise compensation scheme that 

allows for a wider range of temperatures.  This requires more than one 

calibration curve (discussed later).  
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SETUP 

Two Analog Devices ADXRS646 MEMS gyroscopes were used throughout the 

investigation.  These were selected for several reasons.  First, the sensor offers good 

performance at an affordable price.  The most important performance metric to 

consider for a gyroscope used in a gyrocompassing application is the Allan Variance 

of the gyroscope.  The Allan Variance characterizes the stability of a gyroscope due 

to noise.  The ADXRS646 has a nominal minimum Allan Deviation (square root of 

Allan Variance) of about 12°/hr.  This is lower than many comparably priced MEMS 

gyroscopes.   The performance of the ADXRS646 is also highlighted by its superior 

vibration and acceleration rejection.  This rejection is important in real world 

applications such as downhole drilling. 

In addition to the high price/performance ratio of the ADXRS646, the device 

is also equipped with a temperature output signal.   The manufacturing data sheet 

claims that although the temperature output is not useful for accurately determining 

the temperature, it is highly repeatable.  For the temperature compensation scheme 

discussed previously to effectively work, accurate measurement of the absolute 

temperature is less important than repeatability.  It is also important that the 

temperature output voltage of the device be linearly related to the actual 

temperature.  Figure 1 shows the nominal temperature output vs. temperature plot 

for the ADXRS646.  The graph shows a nonlinear temperature output over the entire 

operating range of the device.  However, over a smaller range centered at room 

temperature (25°C), the output is linear enough to produce good results.  
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Figure 1 
Analog Devices ADXRS646 typical onboard temperature output voltage vs. temperature 

 

 

Temperature and rate-out data from two gyroscopes were recorded 

simultaneously using a LabJack U6-PRO data acquisition device.  The gyroscopes 

were mounted on a single-axis Aerotech rate table, which itself was mounted on an 

optical table to minimize any vibrations through the ground.  The rate table was 

controlled via a MATLAB script and provides a rate resolution of approximately 

0.001°/s. This is more than enough resolution required.  The MATLAB script also 

handled reading and processing the data from the U6-PRO.  The gyroscopes were 

heated using a simple space heater mounted less than a foot away.  This crude 

method of heating the gyroscopes was sufficient since we were not interested in 

control of the gyroscope’s absolute temperature. 
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MEASUREMENT TECHNIQUE 

Before determining the temperature dependence parameters of the gyroscopes, a 

test was performed to investigate the linearity and hysteretic relation between each 

device’s rate and temperature output.  Temperature and rate-out data was recorded 

while the gyroscopes were heated and allowed to cool.  A plot of the results for one 

of the gyros is shown below in Figure 2.   

 

Figure 2 
Gyroscope rate output voltage vs. temperature output voltage hysteresis plot 

 

The temperature reading started at approximately -30 mV and increased to 

approximately 90 mV.  According to the ADXRS646 data sheet, the temperature 

scale factor of the on-board temperature sensor is 10 mV/°C nominally.  This 

corresponds to an approximately 12°C temperature variation for the graph in Figure 

2.   The graph proves that the gyroscope does not experience temperature 

hysteresis and that the temperature/rate-out relationship is indeed linear over a 

limited temperature range.  

After confirming the linearity and non-hysteretic behavior of the gyroscope, 

the next step was to determine the four parameters in the model for each gyroscope.  
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The general method for achieving this was outlined in the “Modeling Temperature 

Dependence” section of this paper.  Two methods for determining the two scale 

factor parameters were presented. Both methods were performed and results 

analyzed.  

Although previously discussed, the steps required to determine the four 

parameters for each gyroscope are listed in detail below: 

1. Obtain a stationary calibration curve by heating the stationary gyroscope 

from room temperature.  The calibration curve is a plot of the on-board 

temperature sensor voltage on the horizontal axis and the rate-output 

voltage on the vertical axis. 

2. Perform a linear regression on the stationary calibration curve to 

determine the slope and y-intersect of the linear best fit.  The slope gives 

the bias temperature dependence, 𝛽𝐵, and the y-intercept gives the Bo 

term.  Here BO represents the bias voltage corresponding to zero voltage 

output for the onboard temperature sensor.  This does not necessarily 

correspond to room temperature.  

3. Obtain a spinning calibration curve by heating a gyroscope spinning at a 

constant rate.  

4. Perform a linear regression on the spinning calibration curve to 

determine the slope and y-axis of the linear best fit.  The slope for this 

curve gives the scale factor temperature dependence, 𝛽𝑆𝐹 , and the y-

intersect gives the SF0 term. 
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 If the two bias parameters, 𝛽𝐵 and Bo, are not going to be incorporated into 

the second linear regression, the rate applied to the gyroscope in step three must be 

high enough to minimize the error caused by the bias temperature dependence. In 

this measurement, the two gyroscopes were spun at 100°/s, which is the fastest 

allowable speed for our rate table. 

RESULTS 

Figures 3 and 4 below show the stationary calibration curves for both of the 

ADXRS646 gyroscope.  The red line running through the data shows the linear best 

fit created using MATLAB’s “polyfit” function.  A plot of the residuals for each fit is 

shown below each calibration curve. Both residual plots exhibit a relatively large 

amount of noise, but are centered at zero for the entire temperature output range 

and show no apparent trend.  Also note that the first gyro exhibited much greater 

bias temperature dependence.  

 

Figure 3 
Gyroscope 1 stationary calibration curve with overlaid linear best fit in red (top) and plot of 

residuals (bottom) 
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Figure 4 
Gyroscope 2 stationary calibration curve with overlaid linear best fit in red (top) and plot of 

residuals (bottom) 

 

Figures 5 and 6 below show the spinning calibration curves for both 

gyroscopes.  The bias parameters calculated using the stationary calibration curves 

were used to compute the predicted bias for the spinning calibration curves.  The 

resulting values are shown on the figures below, rather than the raw voltage output.   

This method of removing the bias before performing the linear regression was 

performed first since the assumption that the bias temperature dependence can be 

neglected at large input angular rates is unconfirmed.  

-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0.046

0.048

0.05

0.052

0.054

0.056

0.058

Gyro 2 Stationary Calibration Curve

Temperature Output (V)

R
a

te
 O

u
tp

u
t 
(V

)

-0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
-5

0

5
x 10

-3 Plot of Residuals



12 
 

 

Figure 5 
Gyroscope 1 spinning calibration curve with overlaid linear best fit in red (top) and plot of 

residuals (bottom) 

 

 

 

Figure 6 
Gyroscope 2 spinning calibration curve with overlaid linear best fit in red (top) and plot of 

residuals (bottom) 
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Note that the temperature range varies among each of the calibration curves. 

This is likely the result of the crude heating method used in this procedure and 

demonstrates an inability to control the absolute temperature of the two devices.  

Despite this, both calibration curves for each of the gyroscopes demonstrated a high 

level of linearity.  This is demonstrated by the plot of residuals for each curve being 

centered at 0 across the entire temperature range.   

Using the calibration curves and resulting linear best fit equations, the four 

model parameter for each gyroscope was determined.   The results are summarized 

in Table 1 below. 

 Gyro #1 Gyro #2 
SFo (mV/°/sec) 9.00 9.04 
B0 (mV) 40.1 52.9 
βSF (°/sec)-1 -0.0000145 0.000488 
βB -0.0286 -0.0277 

Table 1 – Measured Parameters 

The two β terms, which measure the temperature dependence of the scale 

factor and bias, do not include a temperature unit.  This is because the ∆𝑇 in 

equation 6 actually represents the output voltage of the on-board temperature 

sensor for each gyroscope.  Converting this output voltage to an actual temperature 

would require an accurate temperature calibration for each gyroscope temperature 

output and is unnecessary for an accurate temperature dependence model.  

A few insights are gained from these measured parameters along with the 

expanded expression for the gyroscope’s temperature dependence (equation 6).   

Figures 7 and 8 use the two β parameters for each gyroscope to show how each 

temperature dependence parameter contributes to the overall temperature 

dependence of the gyroscopes, assuming the temperature dependence model is 
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accurate. The graphs plot the contribution of each temperature dependence 

parameter vs. the voltage differential of on-board temperature sensor.  Because the 

scale factor temperature dependence contribution depends on the input angular 

rate, it is plotted for 3 different input angular rates. The temperature differential 

voltage of 0.1 V corresponds to roughly 10°C.  

 

Figure 7 
Plot showing the contribution of each temperature dependence parameter (βSF & βB) of gyro 1 
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Figure 8 
Plot showing the contribution of each temperature dependence parameter (βSF & βB) of gyro 2 
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Equation 7 can be used to eliminate the temperature dependence of the gyroscopes, 

provided the four temperature dependence parameters have been quantified.  This 

was performed on the two ADXRS646 gyroscopes whose temperature dependence 

parameters were quantified in the previous section.  The results of this temperature 

compensation technique are shown in Figure 9 through Figure 12 below, which 

show an uncompensated (blue) and compensated (red) rate output over a range of 

temperature ranges for both gyroscopes.  Each gyroscope was tested while 

stationary as well as spinning at a constant rate of 100°/sec.   

 

Figure 9 
Plot of uncompensated (blue) and compensated (red) calculated rate output vs. temperature 

output while stationary for gyro 1 
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Figure 10 
Plot of uncompensated (blue) and compensated (red) calculated rate output vs. temperature 

output while stationary for gyro 2 

 

 

 

Figure 11 
Plot of uncompensated (blue) and compensated (red) calculated rate output vs. temperature 

output while spinning for gyro 1 
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Figure 12 
Plot of uncompensated (blue) and compensated (red) calculated rate output vs. temperature 

output while spinning for gyro 2 
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effectively remove the gyroscope’s null signal bias, which dominates the gyroscope’s 

output at the low input angular rates experienced in a gyrocompassing application.   

However, maytagging can require a long data acquisition time in order to obtain a 

highly accurate azimuth determination.  Because of this long data acquisition time, 

the temperature of the gyroscope can fluctuate over the course of the measurement.  

For the time scale involved with gyrocompassing, the gyroscope will generally have 

sufficient time to reach a thermal equilibrium with its surrounding environment.  

The gyroscope will thus track the temperature of the air surrounding it, even for 

small variations in temperature.  In addition to this, the temperature of the 

gyroscope usually fluctuates for a period of time after it is powered on (known as 

the warm-up time).  For the gyroscopes used in this project, the warm-up time was 

found to be approximately 5 minutes.  

Because of the temperature dependence of the gyroscope’s bias and scale 

factor, changes in the gyroscope’s temperature can cause added error in the 

maytagging process.   The temperature compensation technique previously 

presented was incorporated into a general maytagging process.  

In previous research, the TCU engineering department has demonstrated 

that the azimuth error tolerance associated with Maytagging can be found using: 

𝐸𝑡𝑜𝑙 =  
𝜎

𝐸𝑅𝑅 × cos(𝐿𝑎𝑡) × √𝐺(2𝐶 − 1)
 

Where 

𝜎 = minimum Allan deviation of the gyroscope 
ERR = Earth rotation rate 
Lat = latitude 
G = number of gyro axes in the plane parallel to the Earth’s surface 
C = number of maytagging cycles 
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With our setup consisting of only two gyroscopes, the number of Maytagging 

cycles necessary to achieve a relatively low azimuth error tolerance of 

approximately 1° is extremely high.  Thus, the maytagging process can take several 

hours if one gyroscope is used, but may be significantly shortened by including more 

gyroscopes.  This makes varying the temperature of the gyroscope over the entire 

duration of the maytagging process difficult without a more sophisticated and 

automated method of heating.  Because of this, temperature compensation was used 

to investigate the increase in gyrocompassing accuracy over small variations in 

room temperature (± 1°C).   This small temperature variation is the result of the lack 

of control of the room temperature in the lab. 

 The results of this investigation showed no noticeable improvement in 

azimuth determination accuracy.  This is most likely due to there not being a high 

enough temperature variance to cause significant error in the baseline 

(uncompensated) measurement.  The error present in gyrocompassing over a small 

temperature range can be almost entirely attributed to the inherent noise of the 

gyroscope.  Thus, even a perfect temperature compensation scheme would be 

unable give a measureable improvement in accuracy. 

CONCLUSIONS 

 In this project, a new, simple gyroscope temperature dependence model was 

proposed.  This model was verified over a limited temperature range by first 

measuring each of the parameters in the model and then by utilizing the model to 

create a simple temperature compensation scheme.  The temperature compensation 

scheme was incorporated into a gyrocompassing measurement scheme, but no 
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noticeable improvement in accuracy was observed in azimuth determination for 

small (± 1°C) temperature variations.  

FUTURE WORK 

 A more sophisticated method of heating the gyroscopes would allow for a 

further investigation into the temperature dependence model and temperature 

compensation scheme.   For example, the accuracy of the model was only 

investigated over a range from approximately 25-35°C.  This was the entire range 

that could be applied via the space heater used in our setup.  A better method of 

varying the temperature would allow for investigating the applicability of the model 

over a wider range of temperatures.  Ideally, the temperature range would more 

closely resemble those experienced in down-hole drilling applications.  By being 

able to apply a wider temperature range to the gyroscopes, it could likely be shown 

that the temperature compensation scheme presented here does in fact remove the 

temperature induced error in a gyrocompassing measurement.  Due to the fact 

gyrocompassing can require a lengthy period of measurement time, the heating or 

cooling of the gyroscope would need to be fully automated. 
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