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PS clearly &inates r- 
I rent market in positioning and 

navigation (POS/NAV). ~ & i +  
U being globally available, it pro& 

vides the whole range of navigation 
accuracies at very low cost. GPS is also 
highly portable, has low powa %oh- 
sumption, and is well suited for integra- 
tion with other sensors, communication 
links, and databases. 

At this point in the developmen 1 
of navigation technology, the need fo{- 
alternative positioning systems only 
arises because GPS does not work ig 
all environments. Current GPS receive$ 
chips are reacbg a unit price of about 
$5, and the pdktians are that this fig- 
ure will drop to about $1 when, most 
likely, it will level off. 

Module cost is not equivalent to sys- 
tem cost, but the recent development of 
receivers at a price of $106 shows clearly 
that module costs are an important fat- 
tor, not only in consumer mass markets 
but also for high-volume commercial 
products, such as for asset and container 
tqwking. 
, Even more importkt is the fact that 
with unit cost that low, GPS is becom- 
ing a wmmodity, comparable to a Sony 
Wahmm, pocket cddators, or a dqgtal 
wmistwatch. Thus, personal GPS devices 
wfll drive the module market and pro- 
vide navigation receivers of high versa- 
tility at even lower cost. 

Considering these price trends, can 
any POSJNAV technology be competi- 
tive with GPS? 

At this point the answer is clearly 
in the negative. 'Berefore* other navi- 
gation technologies would typically be 
developed for "nmGPS" environments, 
that is, for environments in which GPS 

does not function at all (underground, 
underwater, in buildings) or where it 
performs poorly (forested areas, urban 
environments). Although a substan- 
tial navigation market for operating in 
"non-GPS" environments exists, it is 
much smaller than the one predicted 
for GPS. 

In the portion of the market where 
GPS is only available for part of the time, 
the question will be, "How much is the 
user willing to pay for a continuous 
navigation solution?" This obviously will 
depend on the specific application, and it 
might be possible that niche markets will 
develop around such applications. 

In such applications, integrated 
solutions will be of high interest and 
may involve sensor integration as well 
as data base integration for techniques 
such as map matching. In those appli- 
cations where GPS does not work at all, 
the search for cost-effective alternatives 
will continue. 



One promising development is the 
emergence of micro-electromechani- 
cal systems (MEMS) technology (also 
known as micromachined technology). 
MEMS is an enabling technology with a 
massive global maaket volume worth $12 
billion in 2004 and is expected to reach 
$25 billion in 2009 (Source: "NEXUS 
Market Analysis for MEMS and Micro- 
systems 111,2005-2(E09"). This means 
that, overall, MEMS technology will be 
much larger than the market size of GPS 
at that time. 

A small portion of this MEMS mar- 
ket will support inertial sensor technol- 
sgy. Yole Development estimated that 
the world markets for MEMS-based 
inertkd sensors have &ed almost $0.7 
billion in 2004 and will exceed $1 bil- 
lion in 2008. The major growth oppor- 
tunities will come from automotive and 
consumer application markets, with 
a steady growth of the industrial and 
defense business, too. (Source: World 
MEMS Inerfiul Sensor Markets, Research 
Report # YD4264, Yoie Development, 
April 2005). 

article by H.C. Nathanson, et al cited in 
the "Additional Resourcesn section at the 
end of this artide.) MEMS produd devel- 
opments are driven by miniaturization, 
multiplicity, and microelectronics. 

Having miniature sensors and sys- 
tems offkrs many advantages, From a 
practical sense, smaller often implies 
easier to carry or to supply with power: 
features that may be crucial in the case 
of a personal navigation system. In a 
physical sense, smaller and lighter can 
mean higher resonant frequencies (and, 
in turn, higher operating frequencies 
and bandwidths) along with shorter 
thermal time constants, to name a few 
examples. 

Multiplicity is attractive because it 
makes production easier and cheaper. 
Significantly, the multiplicity concept 
also implies that systems that run in par- 
allel might be more easily produced, for 
example, arrays of sensors. With recent 
advances in microelectronics, intelhgent 
electronics can be combined on the same 
chip as the sentars, resulting in relatively 
complex and advanced systems. 

gyro development, due primarily to the 
push for reliable crash detectors in the 
automobile market. 

As far as MEMS IMU development, 
gyro development is therefore the lim- 
iting factor in achievable accuracy. The 
next section lists the principles that are 
used for MEMS sensors, classifies them 
according to fabrication process and 
design, outlines their current accuracy, 
and mentions the physical properties 
that limit their accurq. 

chsmd811 of MEMS 
IMmial-rs 
MEMS inertial sensors can be classified 
according to the fabrication process, 
method of detecting the position of the 
mass (if based on that principle), and 
mode of operatien. 

MEMS inertial sensors are divid- 
ed into surface-machined and bulk- 
machined based on the fabrication pro- 
cesses. Surface-micromachined sensors 
offer the opportunity to integrate the 
sensing structure and interface circuie 
on a single chip but have relatively thin 

Since INS technology is capable of 
working in all environments where GPS 
has difficulties, MEMS inertial technol- 
ogy is seen as both a possible comple- 
ment of GPS technology and a potential 
alternative to GPS if market volumes 
develop in the way anticipated. The idea 
of an "inertial measurement unit (IMU) 
on a chipn and unit cost a i  low as GPS 
modules are anticipated in the very.near 
futute. 

MEMS Inertial Sensor 
LmMe 
MEMS is not a p"duetv se but rather 
a way of i m b g  things. As the full name 
m@t imply, those thing$ are 4 1  and 
have both mechanical and electronic 
components. MEMS have been used to 
describe mbrominiature systems that 
are constructed with both fahication 
t e h k p e g  b d  on inkgmtql eircuits 
(ICs) and other mechanical fabrication 
technique& 

Microminiature systems have physi- 
cally ban around since the late 1960's 

- - - . -  I block sandwiched between I silicon micromachining I expensive 6 not good for I 
/ two i a y e r i  I I integration I 

.- - 

As we will see, examples of this are 
closed loop accelerometers and complete 
single chip IMU designs. Among the 
many applications of MEMS in the field 
of positioning and navigation are min- 
iature power supplies, processors, data 
storage devices, and, of course, inertial 
smms. Just the idea of mWtwriein8 
any one of thew is i d *  attrac- 
tive ia m w  ways. 

Several factors have clearly driven 
the rapid development of MEMS iner- 
tial sensors during the last decade. 
These include technological advances 
in miniaturization, new materials, and 
large-scale funding for commercial and 

proof mass and, hence, high mechani- 
cal noise. 

In comparison, bulk-micromachined 
sensors can attain higher resolution due 
to their thick proof mass, but the sensing 
structure is process-incompatible with 
the interface circuitry, and as a result 
they are di%icult to be mess produced. 
Prom the c ~ ~ s t m e r ' ~  perspectiw, the 
e e - m i c r d i n a d h t i a l  
am relatively cheaper and more cotripact 
but have lower performance than the 
bulk-micromachined sensota 

Tablet compares the two main&- 
ods of the fabrication process of MEW- 
based inertial senms. 

when tfK first MEMS device was P gold &t@qr agBti~t~~wa Ac~1erofgd~ I k ean*be 
resomthg MOS gate structure. (See the depe1-t appears more mature than cbs9ified in tern9 cd&e m& pa81tfm 



company that has announced the 
of its gyro is $10 per axis and its 

less than $1 for three axis. 
ized the feature of these 

two strategies of MEMS inertial sensors 

of view of price, com- 
s of MEMS inertial 
cus on the bottom- 

antee the performance. 
To date, the bottom-up and top- 

down trends cannot meet each ether to 

then try to reduce the cost and increase 

ture of l m a s t  for MEMS and tries to 
' 

The market for MEMS inertial sensors 
nprove the performance step by step. (accelerometers and gyroscopes) is set to 
,n example of this approach can be seen _grow from $835 million in 2084 to over 

[ategory Motion sensing Techn~que Advantages Disadvantages 

Piezoresistiw signal Deflect~on of the plezore- Low-cost, slmple ~nterface Low precls~on and h t g a  
sistive material , . , .. and wide range sensitivity to temperature 1 1 ,- ,,- :,: 1 pick-off. 1 Capac~tive Sensors The & a g e  ln capacitance M ~ r e  accurate, excellent Great complenty, electro- 

8t y4 f l ep%,  linearity 6 low tempera- magnetlc interference 6 
ture sensitivity small dynamic range 

Produces an electr~c . Relatively wide dynamic Low sensitivity 
charge due to ~han~!,\~! I range I motion 

MBLE 2. Classification of MEMS sensors according to mass position detection 

MEMS Category Top-down Bottom-up 

machining 

-scale 
t ! , ,  > 

Meroe the two aooroaches I I 

$1360 million in 2009 (Source: NEXUS). 
Currently, the main applications are in 
the automotive industry. These markets 
are well established and growth rates 
range from a stagnant one percent fm 
airbag acceleration sensors up to eight 
percent for gyroscopes used in electronk 
stability program (ESP) units and navb 
gation assistance systems. 

Much more exciting for MEMS im- 
ertial sensors is the market opportuniv 
for mobile applications and consumw 
electronics. Over the sext few year& 
NEXUS report predicts annual growth 
rates exceeding 30 percent for acceleg* 
ometers. Mobile phones in particulge 
will provide multi-axis accelerometem 
with interesting opportunities in menu 
navigation, gaming, image rotatioa, 
pedometers, GPS navigation, and t b  
like. Gyroscopes are largely servicing 
markets for image stabilization and 
hard disk drive protection in camcord- 
ers. 

Accden~ ant. MEMS 
inertial accelerometers, when produced 
in large quantities, will be extremely 
inexpensive. Current prices per sensor 
range from US$2-10, depending on 
accuracy, but predictions are that they 
will get into the range of dimes rather 
than dollars. At least 10 companies are 
working on tri-axis MEMS accelerom- 
eters, some of which were initially devel- 
oped for the automotive industry. 

With f w  exceptions, accelerometers 
work by measuring the motion of a proof 
mass versus a fixed frame or reference. 
The main sensing approaches are capaci- 
tive (an approach followed by companies 
such as Bosch, Freescale, Kionix, oki 
Electric, STMicroelectronics and Ana- 
log Devices), piezoresistive (for example, 
Hitachi Metals, Matsushita, Fujitsu, and 
Hokuriku) or the less common thermal 
accelerometers from sole proponent 
MEMSIC (with two-axis and three-axis 
in development). 

Each design has its advantages, but 
price is the bottom line. The lowest cost 
three-axis sensors are currently $2 per 
unit in volume. The lowest cost solution 
for two-axis sensors is now under $1, 
and a $0.50 price point is expected to 
be reached this year, Meanwhile, power 
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noise level. There- 
fore, MEMS IMUs 
are rarely used as 
stand-alone navi- 
gation systems, but 
combine with other 
complementary sys- 
tem such as GPS. 

Because of such 
combinations, the 
slow bias drifts of 
the sensors (that 
is, long-term bias 
instability) can be 

inertial system implementation. There- 
fore, the position drifts after a certain 
period of GPS blockage is often used 
as an indicator of the quality of MEMS 
navigation systems. 

Table4 lists the specifications of the 
MEMS gyro and accelerometer from one 
manufacturer. They have various types 
of errors, but the short-term bias insta- 
bility of the gyro is our major concern, 
as mentioned previously. 

The most popular method of mea- 
suring the bias instability is the Allan 
Variance analysis. (For more details see 

estimated by the the citation "(IEBE 1997 in Additional 
integration algo- Resources.). Figure 2 presents an Allan 

grade gyro with a perfbrmance of 1-10 
deg/hr should have a minimal size of 
about 20 millimeters. 

Chip size thus will essentially lintit 
the accuracy of the IMU-on-a-chip. 
Similarly, the likelihood that MEMS- 
based gyroscopes will reach navigation- 
grade &smmce is tied to the nominal 
size of the gyro, which n d s  to be about 
six centimeters in diameter to meet the 
requirements. 

The argument in favor of MEMS 
gyro usage for navigation-+ applica- 
tions is b a d  on publications recently 
presented at the IEEE PLANS 2004 
conference and results obtained by the 
Mobile Multi-Sensor Research Group at 
the University of Calgary, Canada. The 
latter were obtained in a Isnd-vehicle test 

IMU M o p e d  by 
employing OR-the-shh MEMS sensors 
with a n  average cost $5-20 per sensor. 
More details about the performance of 
this system will be given later in the sec- 
tion entitled, "A Low-End Example." 

MEMS llasrtial Pa 

in tarns of navigation accwacy. Among 
t h e e n : o m O f ~ ~ - ~ b i g s d b -  
bility (include the run-to-run Mas) is the 
dominant e m r  becaw the inertial sys- 
tems o h n  work alone. This is why the 
inertial systems are cataloged in terms 
of the p bias error. 

However, MEMS sensorsl espe- 
cial&@wts an the b - u p t r a a C ,  
have much larger bias instability aad 

r i h  (i.e., ~alman ~ilterjand then com- 
pensated online. Therefore the residual 
short-term bias instability becomes the 
rnajor concern that &kt  the navigation 
accuracy, espmiaity when GPS outages 
occur. 

MEMS INS combined with GPS 
normally has good podtioning perfor- 
mance, which is actually dominated 
by the GPS accuracy. The inertial part 
doesn't contribute much when plenty of 
GPS q d s  am available, except offering 
the 3D attitude information. The MEMS 
inertial system plays an important role 
when the satellite signals are blocked. In 
that case, the MEMS INS works alone to 
bridge the GPS gaps. 

Such stand-alone solutions nor- 
mally drift quickly with time. This drift 
depends on not only the stability of the 
inertial sensors, but also the state esti- 
mation accuracy at the moment of losing 
GPS. The latter rely on the appropriate 
design of the navigation algorithm and 
the fine-tuning of the Kalman filter, 
which is a major challenge for MEMS 

Variances plot of the& gyros. (Actually, 
the figure uses Allan standard devia- 
tions, i.e., square root of Allan vari- 
ances.) 

Bias instability is normally picked 
from the bottom of the curve, which can 
be somehow regarded as the best bias 
stability the sensor can offer. In Figure 
2, this value is about 0.01 degrees per 
second. 

How, then, will this gyro bias insta- 
bility affect the navigation performance? 
In other words, how much position drift 
will it cause after losing GPS signals? 
This is really a tough question to answer. 
To simplify the analysis, the following 
assumptions need to be made: 

assume that the vehicle is static, to 
screen the effects of other kinematic 
errors (i.e,, scale factor error) 
assume that the system has no navi- 
gation errors (including position, 
velocity, and attitude) at the moment 
of losing GPS 
assume that the best gyro bias esti- 
mation by the navigation Kalman 

Gyros Accelerometers I 

I TABLE 4. Example specification of  MEMS IMU after lab calibration *bused on Allan Vuriunre Annlysis I 
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filter can be only as good as the short-term bias instability 
given 4 the Aiian Variance cww stnd that this gyro bias 
error is constant during the GPS outage. 
Because of our assumption that the vehicle is not moving, 

the heading error caused by the gyro drift won't generate a 
position error. So, we can focus on the errors along pitch and 
roll, that is, the tilt angles. The constant gym bias will cause a 
linear increase tilt error; then make the wrong projection of the 
gravity on to the horizontal plane as acceleration error; and be 
integrated twice to become to position drift. The derivation is 
as follows: 

where, t is the time after losing GPS; 
AQ is the assumed constant gyro bias; 
A0 is the tilt error; 
Av is the velocity error; 
Ar is the position error. 

Assuming a GPS signal outage of half minute and substitut- 
ing the gyro bias error of 0.01 degls (according to Figure 2) into 
the equation, the derived position drift is 

This is only the drift along one direction (north or east). 
Considering the 2D error, the total position drift should be 

&.Ar =&x7.7m=10.9 m 

Similarly, assuming a GPS signal outage of one minute (t = 
60s), the corresponding position drift will be 87.1 meters. Please 
note that this quick evaluation is based on a highly simpli- 

other sensor errors) and the coupling of these errors. Therefore, 
the results will be definitely optimistic. 

The actual position drift might be several times larger 
than the analysis result. But the starting point of the analysis 
- short-term gyro bias instability is the major error source of 
MEMS navigation systems during GPS signal outages - is a 
firm assumption. This analysis is a handy way to have a rough 
idea of the navigation accuracy. 

Fof more precise investigation of the navigation perfor- 
mance of MEMS GPSIINS systems, a summary of different 
levels of comprehensive methods as "Lab testing," "INS sirnu- 
lator," "Field testing," and also a proposed hybrid emulation 
method can be found in the article by X. Niu et al(2006a) listed 
in Additional Resources. 

A Low-End Example 
With improved performance and the drop in prices, MEMS 
inertial sensors will be used in ever more applications, such as 
3D input devices, robotics, platform stability, camcorder sta- 
bilization, virtual reality, vehicle stability control, navigation 
assist, roll over detection, and so forth. 

One of the most challenging applications is using MEMS 
inertial sensors h r  car navigatim. Dm to price competition, 
commercial vehicles must use low-end MEMS inertial sensors 
(from the bottom-up track), which cost only a few dollars per 
axis. However, land vehicle navigation requires relatively high 
accuracy from the inertial sensors. 

The next sections will demonstrate the capability of MEMS 
inertial sensors by the performance of a MEMS car navigation 
system developed by the Mobile Multi-Sensor Systems (MMSS) 
Research Group at the University of Calgary. This system uses 
low-end MEW sensors with the objective of creating a system 
with a total price of less than $200. We can regard this system 
as a typical prototype that is close to the consumer market. 

shows of the inertial sensor triad, which indudes 
three gyro chips and three accelerometer chips. After lab cali- 
bration to remove the constant bias and scale factor errors, the 
triad is used as an IMU. This MEMS IMU was combined with 
a GPS receiver to produce an integrated GPSIINS navigation 
system. Aided Inertial Navigation System (AINS) software 
developed by the MMSS group was used to process the IMU 
data and integrate it with other updates, for example, the GPS 
data. 

This MEMS navigation system was subjected to a set of field 
trials conducted in test vans under different road and driv- 
ing conditions. Figure4 shows the trajectoryofone test, which 
represents typical highway driving with open-sky conditions. 
To test the performance of the system, a navigation-grade IMU 
was included in the test, to provide h$ accuracy DGPSlcom- 
mercial IMU solution as the rderence solution (i.e., true val- 
ues). 

The MEMS IMU signals wae processed with integration 
of single-point GPS (SPGPS). Because so few GPS signal Mock- 
ages uccuxred during the test, a number of short-term GPS 
signal outages (30 seconds and 60 seconds, respectively) were 
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I FIGURE 5 Navigation Errors of the MEMSinertial system during 30-second GPS signal outages 



b b tion, i.e., V, =vhm where, V, is velocity t o  Figure 5, the position drift during I Here the position error of the 
projection in the body frame along for- most GPS signal outages was decreased single-point GPS has became the domi- 
ward directim V .  is the derived sped . significantly. 'Ihe average position error nant part of the error rather than the 
frm the &meter signals. . ' I  after 30-second outages was reduced drift from the inertial. Figure 8 shows 

,%erefore, the non-holonomie con- from 30 meters to 17 meters. Further- the 2D position drifts during a GPS sig- 
straint and the odometer signal com- more, the azimuth accuracy improves nal outage, which clearly indicates that 
pose a complete 3-dimensional velocity $@nHicantly as well. The maximum the non-holonomic constraint (green) 
update in the vehicle (body) frame, i.e., '&&if was reduced from a few degr* 2 .~duced  the cross-track drift while the 

. to one degree. This is because the no& ' 

- bdometer update reduced t& b g -  &r] - holonomic ability of the update azimuth. improved the observ-", : @a& drift effectively. 
6bviously, the more aiding informa- 

Further applying the odometer 
' 

tion from the vehicle, the better naviga- 
update with non-holonomic constraint tion performance we can get. But con- 

ion drift in . sidering the application scenario, the 
shown & "' '&.lometer signal has to be picked either 

from the transmission or the anti-lock 
braking system of the vehicle, which I 4ola rrpuire pr&s&nal installation 

1d is not quite feasible as a consumer 
roduct. 

Actually, if the odometer signal is 
available, then a simple dead-reckoning 
system composed of the odometer and a 

' heading gyro, plus update from GPS, can 
do a similar great job for car navigation. 
The IMU can be omitted to save cost. 
Relatively speaking, the option of apply- 
ihg non-holonomic constraint is feasible 

1 many cases, and the performance is 
xeptable, as shown in Figure 6. 

Time (sec) 
1 Backward Smoothing 

Some applications of MEMS inertial r system a b w  postprocessing of the data, 
e.g., road surwy. In that case, backward 

I I I smoothing can be considered to improve 

Pitch 
Mmuth 

I 

FIGURE6 Navigation Errors o f  the MEMSinertial  system during 30-second GPSsignal outages (with 

15M) 
Time (wc) 
- - = =---= --- - 

- - 4- 

the navigation accuracy. This smoothing 
can be understood as a kind of weight- 
ed average of the forward solution and 
backward solution. 

The processing algorithm that we 
used, AINS, has a module to run the 
Rauch-Tung-Striebel (RTS) smoother, 
which is a well-known fixed-interval 
smoother for linear filters. The back- 
ward smoothing result is shown in 
Figure 9. Compared to Figure 5, the 
position drift in GPS outages drops 
tremendously! Actually it is hard to 
notice the position error caused by the 
GPS absence. The attitude error is also 
reduced significantly, especially the 
azimuth. 

Figure p&.'g;&~~H'~.&-$#$~# 1 ' " Y " L  s I .U",yULlY,t  L1IYI. ,YI  L l l L  I,,.,.,., l l lC lL lUl  _ I y ~ L C I I I U U I , I I y  JY >LLYI IY  "I d 2 I y I I U I  "ULUYL_I \ . . , . I ,  I non-holonomic constraint and odometer update) 
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GPS outage, which 
is highlighted by 
the orange circle in 
Figure 9. It shows 
how backward 
smoothing signifi- 
cantly bridges and 
smoothes the for- 
ward position drift. 
The figures clearly 

I indicate that back- 
ward smoothing 
can offer excellent 
accuracy that sat- 
isfies many of the 

navigation applications. However, it 
should be kept in mind that this tech- 
nique can only be used for applications 
that tolerate postprocessing. 

Summary 
All the processing results are summa- 
rized in Table 5 (forward filtering) and 
TaUr 6 (backward smoothing). The 

- n, lo[ 
results without simulating any GPS 

ry 

5 
signal outages and with 60-second GPS 

L 

e signal outages are also provided for ref- 
0 

w erence. 
n 3 

1 -5 The second column of the tables lists 
2 1 the RMS error of position and attitude 

-10 
0 500 1000 1500 2000 2500 3000 when continuous GPS updates occur; the 

T~me (set) third and fourth columns list the aver- 
age drift errors after 30- and 60-second 

, rewtively. 
*isofthe&ts 

shows the following coklusions: 
a MEMS inertial system combined 
with GPS can offer good pasition and 
attitude solutions when GPS signal is 

E 0 .- .= -20 - available 
Ln 0 
a 

but significant position drift occurs 
after short-term GPS outages (30 sec- 
onds and up) . aiding information from the land 
vehicle, i.e., non-holonomic con- 
straint and odometer signal, can 
reduce the position drift effective- 
ly; non-holonomic constraint also 
improves the azimuth accuracy 
backward smoothing can almost 
eliminate the position drift during 
GPS outages; it also improves the 
attitude qccuracy 
The more aphet e2ding information 

. used in the system, th teSs wndtbe 
FIGURE 10 Comparison of Forward Filtering and Backward Smoothing Position Drift during a GPS 
Signal Outage 



is the system to the GPS blockage 
time 
on the other hand, the more addi- 
tional aiding information used, the 
less a contribution comes from the 
inertial part. But the bottom line 
is that the inertial part can offer 
3D attitude information of vehicle 
dynamics,-which is not available 
from other sensors. 

Conclusion 
MEMS inertial technology has reached 
the ridge of its development. The fact that 
MEMS-based systems are lightweight 
will translate into decreases in deploy- 

- - m 
terina RMS error with CPS undate Drift error i n  ?05 GPS aan Drift  errnr i n  60s tPS aa 

GPS/INS 3.53 m 29.8 m 169.2 m 
0.93 " 1.88 " 2.79 " 

GPS/INS 3.49 m 16.9 rn 34.6 m 
+ holo 0.36 " 1.05 " 1.55 " 

GPS/INS 
+ holo 
+ odom 

5 1 i Summary of MEMS inertial system field test results (forward filtering) - 
Smoothing RMS error with GPS update Dr i f t  error i n  305 GPS gap Dr i f t  error i n  60s CPS gap 1 1 3.46 m 

0.55 " 
.4.21t1 6.7. 4 1 0.85' 1.40 ' 

GPS/INS 3.45 m 4.0 m 5.2 m 
+ holo 0.24 " 0.47 " 0.64 " 

GPS/INS 3.45 m 3.9 m 4.3 m 
+ h010 0.20 " 0.40 " 0.51 " 

ment payloads (an important aspect for 
military applications) and into increases 
in mobility for personnel and platforms . - 
(an important aspect for cell phone and 
car navigation applications). Similarly, 
their small size means that many of these 
devices can be integrated to increase the 
level of system intelligence (an impor- 
tant element for reliability). . 

The fact that MEMS-based systems 
are low power means that personnel and 
systems incorporating these devices will 
be able to operate for extended periods 

- without power resupply (an important 
,aspect for both military and civilian per- 
sonal navigation systems). 

An example of MEMS inertial 
bavigation systems based on the com- 
mercial off-the-shelf, low-end MEMS 

. pensors was presented to demonstrate 
the capability of the current MEMS 
inertial systems. Comprehensive field 
tests and processing results have shown 
'$hat the MEMS system works well with 
'continuous GPS updates and-offers atti- 
tude information as accurate as a few ,..J +?,*i+,. \<'--  .-+ 

(degrees. ,<,:2 *a, . 1 2  

~ n d k r  the GPS signal blockagw$ 
urban areas, the tested MEMS ineftfg'1 

'aystem can keep position drift under 
-. 10-20 meters with up to half-minute 

outages, with aiding of non-holonomic 
constraint of the vehicle. This is certain- 
ly acceptable for land vehicle navigation 
purposes. _ Furthermore, the backward smooth- 
ing method can be applied whenever 
data post-processing is allowed. This 
smoothing can e u  the position 

dnift efficiently and suppress the position 
error to the level of the GPS, which is on 
the order of several meters. 

MEMS inertial navigation shows 
promising performance today. It will 
keep improving with the rapid upgrading 
of MEMS sensors entering the market. 
'Ihe cost of these systems is also expected 
to drop quickly with the blooming, over- 
all MEMS sensor market. 

Given the technology push and 
market pull, MEMS inertial navigation 
is going to step into a positive feedback 
loop. One can confidently expect a bril- 
liant future for MEMS POSINAV. We 
should be prepared for that day. 
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Manufacturers 
'Ihe example of the "top-down" MEMS 
IMU in Table 3 is an HG1900 from Hon- 
eywell Aerospace Electronic Systems, 
Minneapolis, Minnesota, USA; the "bot- 
tom-up" MEMS IMU in Table 3 is the 
ADX series from Analog Devices, Inc. 
(ADI), Norwood, Massachusetts, USA. 

The gyro and accelerometers speci- 
fications in Table 4 are based on AD1 

devices. 'Ihe sensor triad IMU developed 
by the University of Calgary Mobile 
Multi-Sensor Systems Research Group 
incorporates three ADXRS150 gyro 
chips and three ADXLlO5 accelerometer 
chips from Analog Devices. 

The MEMS IMU was combined with 
an OEM4 GPS receiver from NovAtel, 
Inc., Calgary, Alberta, Canada, to pro- 
duce the integrated navigation system 
used in the field trials. A Commercial 
IMU (C-IMU) from Honeywell Cor- 
poration, Phoenix, Arizona, USA, was 
used with differential GPS positioning as 
the reference system for the field trials. 

Silicon micromachined capacitive 
gyros are produced by Analog Devices 
and Kionix, Inc., Ithaca, New York, 
USA. Piezo-ceramic devices are avail- 
able from NEC Tokin, Tokyo, Japan, 
and Murata Manufacturing Co., Ltd., 
Kyoto, Japan; thin-film resonators depos- 
ited with PZT from Matsushita Elec- 
tric Industrial Co., Ltd., Tokyo, Japan; 
quartz from Seiko Epson Corporation, 
Nagano, Japan; and Microcomponents 
SA, Grenchen, Switzerland. These are all 
single axis solutions. 

Currently, Murata manufactures a 
piezoceramic single-axis solution that 
costs $7-8. Sony and InvenSense Inc., 
Santa Clara, California, are examples 
of companies with two-axis solutions 
estimated to cost under $10. Today, the 
smallest packaged device is 21 mm3 - a 
single axis quartz piezoelectric gyro- 
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