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Differential GPS Reference Station
Algorithm—Design and Analysis

Jay Farrell Senior Member, IEERNd Tony Givargis

Abstract—The global positioning system (GPS) allows properly the signal, corresponding to maximum correlation between
equipped users to determine their position based on the measured the two signals is the measured transit time. Ideally, the
pseudoranges to at least four satellites. Differential GPS operation correlation envelope is symmetric about its maximum value

(DGPS) uses a reference station at a known location to calculate Thi t imolifies th f det ining th K
and broadcast pseudorange corrections to local users, resulting in ' 'S SYMMElry SImpliles the process of determining the pea

improved user position accuracy. DGPS accuracy is limited by the correlation time shift.

ability of the reference station to remove the effects of receivermea- ~ Multipath errors are due to reflected signals from surfaces
surement noise and multipath errors from the broadcast correc-  along the direct signal path from the satellite to the receiver. The
tions. This article presents two new algorithms for DGPS reference efjacted signals shift the correlation peak and corrupt the theo-
station design. The accuracy of the algorithms is analyzed both the- . . ) .

oretically and experimentally. The single and two frequency refer- retically symmetric receiver correlation en\{elope. Both of these
ence station algorithms, respectively, achieve 6 dB ang20 dBim-  changes to the correlation envelope result in erroneous pseudor-

provement relative to the raw corrections. ange measurements. Multipath errors affect both stationary and

Index Terms—Differential global positioning, global positioning mobile receivers. For mobile receivers, the signal path and re-

system, Kalman filtering, multipath channels, navigation, state es- flecting geometries are changing, so the correlation time of mul-
timation. tipath errors for roving receivers is significantly smaller than for

stationary receivers. In both stationary and mobile applications,
the unknown characteristics of the direct and reflected signal
paths make modeling (and prediction) of the multipath errors
HE GLOBAL positioning system (GPS) allows properlyan infeasible task.
equipped users to determine their position based on theCode multipath can result in pseudo-range errors of 0.1-3.0
measured pseudoranges to at least four satellites. Discussipdepending on various design and antenna siting factors (e.g.,
of GPS terminology and positioning algorithms can be foundorrelator and choke ring technology, antenna height). The the-
for example, in [4], [9], and [12]. GPS positioning accuracyretical results presented later cover this entire range of multi-
is limited by measurement errors that can be classified as gath signal levels. L1 phase multipath error is less than 5 cm.
ther common mode or noncommon mode. Common mode ®eceiver measurement noise is predominantly high frequency
rors have nearly identical effects on all receivers operating é#md has a standard deviation between 0.2-1.5 m depending on
a limited geographic area60 km). Noncommon mode errorsreceiver technology.
are distinct even for two receivers with minimal antenna sep- GPS or GPS aided inertial navigation systems (INS) are can-
aration. The common mode pseudorange errors have a typigiglate navigation systems for vehicle control applications in
standard deviation on the order of 25 m for civilian receivergarming, aviation, rail, marine, mining, and dredging [1], [10].
The common mode errors are smooth, continuous signals Witbr most control applications, thel00 m. standard GPS accu-
correlation times on the order of 300 s. The noncommon mogsy is not sufficient. Differential GPS (DGPS) techniques can
errors are dominated by multipath and receiver noise. produce positioning accuracies at the 1-10 m level. These accu-
A basic understanding of the operation of a GPS receiveicies are sufficient to enable new automated vehicle control ap-
will help to understand the corrupting effects of multipath. Thglications. The present article presents and analyzes new algo-
receiver determines the GPS signal transit time by correlatifighms for implementation of the DGR8ference statiobased
an internally generated version of a pseudorandom code with optimal filtering techniques.
the received satellite signal. The internally generated signal iSDGPS [3] uses a reference station at a known position to de-
shifted in time until maximum correlation occurs. The timeermine corrections that other local GPS receivers (within 50 km
shift, relative to the known time at which the satellite generates the reference station) can use to reduce the effects of GPS
common mode error sources. The extent to which the common
mode errors are reduced depends on the quality of the design
Manuscript received August 3, 1998. Recommended by Associate Editor,@. the reference station. Therefore, the quality of the reference
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2) A reference station should not attempt to remove the ekference station algorithms that the authors were aware of at
fects of ionospheric error from the broadcast correctionthe time this article was written.
3) A reference station should not attempt to remove the ef-Throughout this article the notationsz, andz will be used
fects of tropospheric error from the broadcast correction®. denote the actual, computed, and measured values of a vari-
4) Except for time transfer applications, the effect of refeablez, respectively.
ence station receiver clock errors should be removed from
the broadcast corrections. A. Observables
5) The eﬁeet of satellite clock errors (based on the standard-l-he code pseudorange measured by a user receiver can be
polynomial correeuon [4], [6]) should be removed fromaccurately modeled as [2], [4]
broadcast corrections.
6) The pseudorange measurements should be simultaneous. p= (e — x)2 + (ijsw — y)2 + (Byy — z)2)0.5
7) The reference station antenna should be located and the
corrections processed to minimize the effects of multi- + ety (1) + MP(t) +0(t) + cAts (¢
path. + SA(t) + E(t) + cAtion(t) + Aty (t) Q)
The specifications of the RTCM 104 standard will serve as ah
basis for the design and discussion of this paper. where

lonospheric errors are not removed by the reference station’ speed of light;

so that corrections are independent of the any particular iono- t(1) re(ie;l\_/ter CIIOCIE E_'as_;

spheric model. If necessary, distant users can use the best avat ASbt sale It'e cloc | kI)aISt ]

able ionospheric model to correct both the correction and their () selective avallabifity error, .
E(t) error in the calculated ephemeris;

measured range for the ionospheric error at the respective loca- . o ) )
tions of the reference station and user. Tropospheric errors ar@t”’"(t) d|sper5|ve 10 nospheric ervors, )
not removed as the errors are altitude dependent. If the user an b () nondsperswe etmosphenc errors,
reference station are at different altitudes, the user can correc P(t) multipath error; .

both the correction and the measured range for the troposphiré%(t) random measurement noise.

error at the respective locations of the reference station and udele Satellite POSitioNiZsu, Jev, Zv) i Calculated based on the
g_lndard GPS equations [6]. The last five terms in (1) repre-
|

Reference station clock bias is removed to decrease the "1t the common mode errors. Thev are referred to as common
namic range of the broadcast corrections and to ensure the contl- : y

nuity of the corrections. Similarly, the calculated satellite cIociPOde' since they affect all receivers in a limited geographic area
In the same manner.

errors are removed by the reference station to decrease the H - L L
y he objective of the DGPS reference station is to accurately

namic range of the corrections. . . .
The reference antenna can be carefully sited or augmen?esé'mate ‘f.’mq broadcast real-time corrections that enable a GPS
er to eliminate the effects of the common mode errors from

with additional hardware (e.g., choke ring) to decrease the %‘f

. ) . : ._the positioning solution. The extent to which this objective is
fects of multipath; however, some multipath error will remain._ . . . .
: . a(c)h|eved will depend on the ability of the reference station to
This article presents and analyzes the performance of tvsve arate the common mode and noncommon mode errors. Car-
new algorithms for DGPS reference station implementation.IO '

The main objectives in the design of these new algorithmsrfgr phase information, as diseussed in the n.ext two paragraphs,

the removal of noncommon mode errors (i.e., multipath afg be used adyantageously in this separation Process.

receiver noise) from the differential corrections. Theoretical The full carrier phase measured by a user receiver can be
. . . - accurately modeled as [2], [4]

and experimental data analysis are included. Existing reference

station algorithms [8], [11], [13] are reviewed in Section II-D. N 2 s 2 . 200.5

Algorithms for determining phase corrections are not dis- OA = ((Fow = 2)" 4 (Gov = )" + (Zov = 2)7)

cussed. Phase correction calculation algorithms are discussed, + At (t) + mp(t) + ((8) + NA + cAts(t)

for example, in [1] and [4]. This article does not address the + SA{) + E(t) — cAtion(t) + cAty(t) 2

important issues related to reference station integrity moni-

toring. Discussion of such issues can be found, for examplevifere

[3], [11], and [12]. In the remainder of this article, it will be A =c¢/f wavelength corresponding to the carrier fre-

assumed that all measurements are made simultaneously. This quencyf;
assumption may not be applicable to early generation receiversimp phase multipath;
¢ phase measurement noise.

Phase multipath error has a typical magnitude on the order of
a centimeter. Phase measurement noise has a standard devia-
This section presents background information necessary fimm on the order of a millimeter (i.e., 1% of the wavelength).

reference station algorithm design and analysis. Section IIFe variableN is a constant integer that represents the whole
discusses three GPS receiver measurements and their amonber of carrier cycles between the satellite and receiver at
models. Section II-B discusses the calculation of basic DGRS initial measurement time. This integer bias is unknown. The
corrections. Section II-C discusses the calculation of a filteréall carrier phase measurement cannot be used as a pseudorange
reference station clock error correction. Section 1I-D reviewseasurement unless the integer b¥ss determined [7]. The

Il. BACKGROUND
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bias NV is referred to in the GPS literature as théeger ambi- satellite clock errors. Therefore, the broadcast corrections will

guity. take the form
The measured Doppler is formed as the change in the ob- N . R R .
served carrier phase over a short interval of time. The Doppler Agrs(t) = Ho + cALy(t) + cAtsy(t) = 5 ©)
measurement can be accurately modeled as
=~ d 5
D = %((-/ﬁsu - x)Q + (gsv - y)2 + (25'1; - 2)2)0.0 = - (66t0(t) + 66t5’”(t) + SA(t) + E(t)
+ At (t) + MP(t) + n(t)) (10)

d d d

+ — At (t) + —mp(t) + () + —
1 CZt ) + ijt) + B - Atdt(t) + eAt(8)] wherecét, andcét,, represent the residual reference receiver
CRtsu CRbion Bt it)l- and satellite clock errors. The residual satellite clock error
(3) is small and common to all receivers using the same set of

Note that the Doppler measurement is not affected bytheinteg?%hemens data to calculate the satellite clock corrections.

T . S . . . erefore it will be removed through differential operation.
ambiguity, since this constant is eliminated in the time differen: . : .
L 4 i .. Removal of satellite clock errors prior to broadcasting the
tiation. Since all the error terms are slowly varying quantities,

. rrections greatly decreases the magnitude of the broadcast
the Doppler measurements from four satellites can be use . . o :
: ) . corrections without sacrificing any accuracy. The calculation
provide an accurate estimate of user velocity.

of cAt, will be addressed in Section II-C.

For the analysis that follows, it is important to note that the . . .
. L . Equation (9) shows the actual reference station calculation.
dispersive ionospheric effects affect the code and phase mea- . - .
) . . X . yation (10) shows the remaining error sources in the cal-
surements in opposite senses (i.e., code is delayed while phage . : .
: . ; ulated signal. Note that thApgps signal contains the de-
is advanced [7]). The ionospheric effects are dependent on the . .
: ) sired common mode error sources, which will cancel the cor-
carrier frequency and can be modeled to first order as

responding errors in the user’s position calculation. It also con-
A tains the multipath and measurement noise terms. Since these
cAtion(t) = 5 TEC 4) o . )
f errors can be as large as several meters, it is beneficial to filter
eAgps signal to remove the noncommon mode errors prior to

: N .t
where7 EC is the total electron count in a fixed cross SeCt'on%%loadcast. Appropriate filters will be discussed in Sections II-D,

area along the actual path traversed by the signal between ﬁ ,ean div

satellite and receiver. The GPS system currently uses two carg. . . : :
. . Similarly, a differential Doppler correction can be calculated
rier frequenciesf; = 1575.42 MHz and f, = 1227.60 MHz). y PP

Therefore, it is convenient for the analysis that follows to de-

fine the quantityl, = (A/f1 f2)T EC. With this definition, the Apprr(t) = i[fgo + e, () + cAl, ()] =D (11)
ionospheric delay affecting the pseudorange measurements de- dt

rived from thef; and f; carrier signals can be represented, re-

spectively, as = - i[céto (t) + bt (t) + SA(E) + E(t) — cAty(t)]

Aty () = 221, and At ()= 21, (5) g
iong fl a ons f2 a- _ amp(t) —/3(t) (12)

Again, (11) represents the calculation of the correction. Each
] ] .term in (11) is either calculable or measurable at the reference
A reference receiver at an accurately calibrated locatiQRysion. Equation (12) shows the error terms contained in the
(2., Yo, 2o) Can calculate the reference-to-satellite range as Apprg signal. TheApprr signal (per satellite) is added by
)05, (6) the user. _This Doppler C(_)rr_ection signal is al_so used_as an (_)b—
servable in one of the existing reference station algorithms dis-
The basic range space differential correction (per satellite)dgssed in Section II-D.

determined by differencing the calculated and measured refer- lock Bi i
ence-to-satellite ranges C. Clock Bias Compensation

B. Differential Corrections

Ro = ((-/i'sw - -/L'o)Q + (st; - y0)2 + (ésw -

In the user position calculation, any bias common to all pseu-

Apcps(t) =R, — p (7)  dorange measurements will only effect the accuracy of the es-
= — (cAt,(t) + cAte, () + SAR) + E(t) timated user clock bias [12, p. 476, vol. I]. Therefore, it is not
+ cAto(t) + MP(t) +n(t)) (8) necessary to remove the effects of the reference receiver clock

bias from broadcast corrections. The reference clock bias is re-
where At, represents the bias in the reference receiver cloagkoved as a matter of convenience to conserve broadcast band-
The sign of Apgps(t) is motivated by the RTCM DGPS stan-width and to produce continuous corrections.
dard [1] which states that the correction will be added by the The reference clock bias estimate that is removed need not
remote user. be exact, since the residual reference clock bias error will be
Based on the RTCM specification list, the broadcast correiclentical on all the corrections. Therefore, it will only affect the
tions should be corrected to remove the reference receiver arsér’s clock bias estimate. However, due to the fact that some
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users model the clock bias as a continuous time Markov proce: Acps
[2, Sec. 10.4], the subtracted estimate of the reference clock bii
should be a very low bandwidth signal. 5 Clos

One method of removing clock bias at the reference statiol P _12 cty ;
, : ) : _ dp; Filter
is to estimate it as the least squares estimate over all satellit: M isim
available at the reference station [11], [13]

R0

, 1 (& i e ~(i
cAt, = i <Z (Rg )(t) + CAtgu? (t) — Pg )(t))> (13) Fig. 1.

im1 Basic reference station with reference station clock bias correction.

Reference (9). Wide lines represent vector variables.
whereM is the number of satellites available and the notation

($)" refers the quantity to the:th satellite. An alternative ap- aigorithms can be represented by the block diagram of Fig. 2,
proach is to seleatA, to minimize the magnitude of the max-which shows the basic DGPS corrections of Fig. 1 being filtered
imum correction. For a fixed set of satellites, the clock estimafgyfore they are broadcast to users. The purpose of the filtering
of (13) has a smoother derivative than the estimate that woydo reduce the noncommon mode multipath error and receiver
be selected to minimize the maximum magnitude. measurement noise prior to broadcast. In addition, the filters

When a new satellite becomes available or a satellite drogsnerate the rate of change of the correction which is useful for
Out CAt W|” Change dISCOﬂtII’IUOUS|y by the Satel“te d|ﬂeren'correct|ng Dopp|er measurements and for propagaﬂng latent
tial range correction of (9) divided by/. Such rapid changes in corrections to the time of applicability [1].
cAt, may affect user position accuracy depending on the imple-The existing algorithms and those proposed in subsequent
mented user algorithm. If the user algorithm involves double difections are distinguished from each other by the filter model
ferencing [4], then user position will be unaffected, since all refing the measurements that the filter incorporates. All the pro-
erence receiver and rover clock bias effects are removed. If {igsed filters are designed using the Kalman filtering method-
user algorithm involves single differences and the positioningogy [2]. In Fig. 2, wide lines represent vector variables. For
algorithm involves clock model filter states, then the referenggample, the wide line entering the stack of Kalman filters rep-
station designer must carefully consider the rate of changergkents the vector of basic DGPS corrections from (9). The di-
cAf,. When a user navigation algorithm is Kalman filter baseghension of the vector is equal to the number of in-view satel-
and includes a clock model, the rate of change (i.e., bandwidfi¢s. The basic correction for each in-view satellite will be pro-
of the clock error states is determined by the covariance of thgssed by its own Kalman filter. Subsequent text will discuss the
clock state driving noise, the differential equation for the clociesign of this (per satellite) Kalman filter.
model, and the measurement error covariance. If the rate ofor the Kalman filter descriptions, the state model will be
change of:Af, is greater than the rate of change expected baseghresented as
on the clock error model, then the user position accuracy will be
affected. z(k 4+ 1) = ®x(k) + Tw(k) y(k)=Hz(k)+vk). (14)

Due to the constraint thatAf, be very slowly time varying,
the estimate of (13) should be filtered prior to adding it to thEstimated variables will be indicated by hats (i#., The sam-
corrections. An appropriate filter could be a Kalman filter incorPling period will be denoted b¥’, so thatz(k) denotes théth
porating the state transition matrix and process noise covariag@éple of the continuous time process) at the timet = £7".
described in [2, Ch. 10] witlf = [1, 0] andR > 30%/M. The The algorithm of [13] calculates reference station corrections
clock bias output by this filter [denoted\, ;(¢)] may still be by passing the basic correction of (9) through a three state
biased, since all the error processes have not been complet@yman filter withz = [c, v, a] wherec is the filtered cor-
modeled; however, the bias that appears in the resulting corrégction (i.e., pseudorange errov);s the rate of change of the
tions will vary slowly enough that the user filter will be able tcorrection,a is the acceleration of the correction. The Kalman
model the bias as user clock error. filter is driven by the basic differential correction of (9)

The block diagram for a basic reference station is shown Tierefore, the state-space model of the filter is parameterized
Fig. 1. The figure incorporates the principles described abovelt

produce range corrections for each in-view satellite which are 72
corrected for satellite clock error and filtered reference station 1 T =
clock bias. The resultant differential corrections from this basic P = 01 7T and H =11, 0, 0]. (15)

algorithm are those of (9). The corrections are corrupted by the
reference station multipath and receiver noise. Algorithms to 00 1

attenuate the effects of these noncommon mode errors on i resulting filter is suboptimal, since it neglects the time cor-
broadcast corrections are the topic of the remainder of this @gtation in the multipath errors, which have been modeled as
ticle. measurement noise. Specific values of the covariance of the dis-
- . crete time driving noise and of the measurement noise are not
D. Existing Algorithms presented in [13]. The article does state that the filter is tuned
Differential reference station algorithms have been prés eliminate receiver noise as much as possible without jeopar-
viously presented in [11] and [13]. Both reference statiogizing the ability of the filter to track the changes in the correc-
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Fig. 2. Reference station design with correction filtering. Wide lines represent vector variables.

tions due to selective availability. The article shows that the diéan lead to “code carrier divergence” as discussed in [11],
ference between the corrections of two reference stations usimigich was a primary motivation for the approach described
separate antennae but identically software had standard deaiasve from [11].
tions of approximately 3.6 m and peak values of approximately The filter presented in [13] is able to decrease the effect of the
10 m. Therefore, the standard deviation of a single reference stagh frequency random receiver noise, but cannot substantially
tion using the design of [13] would be about 2.5 m. decrease the effects of multipath since the frequency content of
The algorithm of [11] is based on a four state filtar = the corrections and the multipath error are very similar. Both
[e, v, a, ¢]T wherec, v, anda are as defined above, andep- have correlation times on the order of minutes. The filter pre-
resents the difference between the rates of change of the cedeted in [11] uses Doppler measurements to smooth the code
and carrier pseudorange corrections. This fourth state is useddorections. This requires one additional state, but gives the filter
allow the filter to account for the fact that changes in the ion@greater ability to reject multipath errors. Performance statistics
spheric error affect the code and phase measurements in ogge-not presented in [11], but can be inferred (using a PDOP
site senses. The state transition model is parameterized by ~ 3) to be at the 1.6—-2.6 m level based on the 5-8 m position
accuracies stated in the conclusion of that article.

2
1 T = 0 An alternative two frequency reference station algorithm is
2 presented in [8}. Distinctions between [8] and this article in-
=101 T 0 (16) clude: the algorithm herein uses eight physical states while the
8 8 (1) (1) algorithm of [8] uses 11 nonphysical states; the presentation of

this article includes a thorough theoretical analysis; and, the ex-
The covariance of the discrete time driving noise is discusségrimental analysis of the present article allows a more complete
but not completely specified in [11]. The driving noise spectrainderstanding of the accuracy of the reference station DGPS
densities were tuned to achieve the objectives of: 1) the fougrrections. Due to space limitations, a comprehensive presen-
state having low enough bandwidth to accumulate the ionition of the method of [8] has not been included herein.
spheric divergence between the code and carrier measurementihe subsequent sections of this article will present a six state
while remaining unaffected by the code multipath and 2) ttngle frequency reference station filter and an eight state two
first three states accurately reflecting the common mode errdfegquency reference station filter. Each filter will utilize both
while being unaffected by noncommon mode errors. The filtépde and phase pseudorange measurements. Each filter will be
uses the measurements of (9) and (11) as observables. Tharelyzed both analytically and experimentally to determine the
fore, the observation matrix is filter performance. The main objective being to generate correc-
tions essentially free of the effects of code multipath and mea-

(17) surement noise.

100 0
H‘[010—2}'

The standard deviation of the range and Doppler correc- Ill. SINGLE FREQUENCY REFERENCESTATION DESIGN

tion measurements were defined to bg € [1,2] m and This section presents a theoretical analysis of the per-

o8 = 0.01(m/s). This algorlfthm doe_s not model the code ml_“formance of a single frequency reference station algorithm
fupath as a separate state, instead InC|LdeI’.]g. the qode mU|t'p&H\1/en by code and phase pseudorange measurements. Due to
in then term. Therefore, the term has significant time corre- the different effect that ionospheric effects have on the two
lation violating the standard Kalman filter assumptions. Artic'ﬁ]easurements the ionospheric effects will need to be modeled
[11] also discussed issues related to integrity managemegg arately frorr,1 the remaining forms of common mode error.

fiIFer health, a_md data reasc_)nableness_che_cking. These is§|_4 Pthis purpose, let the desired differential correction for the
will not be discussed herein. Hatch filtering [7] is another,

d d b
means by which the carrier pseudorange can be used to st&tﬁo © pseudorange be

the code-based range corrections. Unfortunately, this method f2

Apaprs = =7 — T 1a (18)
IThe following description is slightly modified from that presented in the Vil

cited article to show the consistency and distinction of the approach relative to N o o ) o )

the subsequent approaches and to account for changes in receiver technologosition dilution of position is an approximate multiplicative factor relating

since the time the cited article was written. The modifications are minor aff# fange and position error standard deviations [2], [4], [12].

most were alluded to within the cited paper. 3The authors thank the reviewers for alerting them to the existence of [8].
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wherel, was defined in (5) and vehicle clock error. The outpuk represents the range correc-
tion rate of change.
re(t) = cbto(t) + cotsu(t) + SA(E) + E(t).  (19)  To construct the state-space differential equation, the first
hree states use a PVA (position, velocity, acceleration) model
, the multipath and ionospheric states are modeled as first-
order Markov processes, and the integer ambiguity is modeled
as a random constant. The state-space model is therefore

Since the differential correction calculated at the reference s
tion is corrupted by multipath and receiver noise, the measu
correction is modeled as

f2

Apaps = —7¢ — f_Ia -MP—n. (20) ro 1 0 0 0 07
! 00 1 0 0 0
Let 21 = Apaps (Mmeasured in meters), then 1
A X 00 —— 0 0 0
Z21(t) = Ro(t) + cAtg,(t) + cAtop — po1(t) (21) L) — Ta . A (29
=1, o o _1 o o|s®+e® @9
™ 1
o 00 0 0 -= 0
=—r,— I —MP — . (22) Ti
f1 00 0 0 0 0]

Let z; denote a similarly processed version of the measurgg ..o arer,, are on the order of minutes angis on the
J1 carrier phase range correction (measured in cycles) at f)@er of hours. These correlation times are selected on the basis
reference station, then of the physics behind the processes and the experimental results

5o(8) = (R (t Af.(t Aty ) /AL — ot (£ 23 reported in the literature [4], [9], [12]. For the simulations and
22(t) = (Ro(t) + (8) + cAtop)/h = darlt) - (23) experiments that followr, = 60 s, 73y = 300 s, andr; =

21600 s.
1 1 The spectral density of the white driving noise vector
=—r.+—I, — N1 —mp; — 11 (24) (i.e., Q,) was selected so that the magnitude of the steady

A1 A2 state covariances in a simulation without GPS measure-
where the subscripts in the right-hand side of the equation indirents would match the magnitude of the covariance of the
cate to which carrier frequency the subscripted variable referghysical process. Calculation of the steady-state covariance

Use of both the code and phase measurements to ditvedescribed for example in [4, Sec. 3.4.4]. Letting the co-
the filter will therefore require the state to be defined agriances of the (uncorrected) acceleration, multipath, and
x = [re, oy P, MP, I, N]T. The first three state variablesionospheric states be denoted By, Py;, andP;, respectively,
represent the range correction and its first two derivativediag@,,) = 2[0, 0, P, /7., Pri/7a1, Fi/7i, 0]. For the results
excluding ionospheric effects. The fourth state represents catlat follow, P, = 1 x 10=*(m/s?)? and P, = 100.0 m?.
multipath, which is to be removed. The fifth state represenBerformance will be evaluated for various levels of multipath
ionospheric effects, which are modeled separately to prope(iy., values ofPy;).
account for their different effects on the code and carrier Fig. 3 shows in block diagram form the implementation of
observables. The sixth state accounts for the carrier integiee single frequency reference station that incorporates filtering
ambiguity, which will be estimated as a real variable. Th# reduce the effects of code multipath and measurement noise.
measurement matrices corresponding to the two observallete that the clock bias estimation portion of the implementa-
variablesz; and z; are tion is identical to that of Fig. 1.

A observability analysis of (29) with measurements described
—é, 0} (25) Dby (25) and (26) shows that the state vector is observable from

Ji the measurements; however, the condition number of the ob-

servability matrix is very highi0?). Physically, the state is ob-
-1 1 servable, but the time required to accurately estimate the states
z(t) = Hyx,  Hy= [)\—la 0,0, 0, N —1} - (26) " mignht be prohibitively long. The first three states reflect quan-
tities affecting both measurements. The multipath state affects
The desired differential correction outputs can be calculate@ly the code pseudorange estimate. Although multipath error
from the filter state as also effects the carrier phase measurements, the magnitude of
£ the phase multipath error is much smaller than the code multi-
R 0} (27) path error and has been neglected. The ionospheric state affects
both measurements, but in opposite directions. The integer am-
biguity state affects only the phase measurement. Due to the
ya(t) = Lox(t), L, =10, -1, 0,0,0,0. (28) different linear combinations, the state is theoretically observ-
able; however, due to the very long time constants, separation
The outputy; represents the range correction including ionaf the multipath, ionospheric, and integer ambiguity states may
spheric error, but processed to remove multipath, code measuegire long periods of time. Fortunately, complete separation
ment noise, reference station clock error, and predicted spa¢¢hese states is not required to accurately estimate the desired

Zl(t) = Hl.’l,', Hl = |:—17 0, 0, —1,

yl(t) = Ll.’l,'(t), Ll = |:—1, 0, 0, 0, —
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Fig. 3. Single frequency reference station design with correction filtering. Wide lines represent vector variables wheaada = 7.

range correction of (27). A covariance analysis is required 8ection 1I-D. Neither method is able to accurately estimate,
more thoroughly analyze the expected performance of the pesd hence substantially reduce the effects of, the multipath
posed base station algorithm. error. Both methods essentially use the phase information to

Fig. 4 shows the results of a covariance analysis for ssnooth the code measurement. The state-space model pro-
single frequency reference station. These figures were g@osed herein is more complete, which allows for improved
erated by propagating the Kalman filter covariance equperformance but also requires increased computation.
tions under the following assumptions. Single frequency codeNote from the velocity and acceleration error standard devi-
and phase measurements were processed at a 1.0-Hz a#iten plots [i.e., Fig. 4(b)] that within 12 s, the rate and acceler-
for 160 min. The covariance of the corrections reaches #$ion estimation errors have reached steady-state accuracy. Ac-
steady-state value within about 15 min, so only the first 3furate estimation of the rate and acceleration is due to these two
min of results are plotted. The measurement noise standatdtes being observable from changes in the phase, which are
deviations were 0.5 m. for code measurements and 0.01 gydependent of the integer ambiguily. The range correction
cles for phase measurements. These are typical values riEaches steady-state accuracy in 15 min as does the multipath
receivers. More expensive receivers would result in smallestimation error. The first state, ionospheric estimate, and am-
errors, especially in the code measurements. biguity estimate have still not reached steady state at the end of

The five different plots in each figure correspond to the resultise simulation. This last issue is somewhat immaterial, as long
of five different covariance analysis simulations. Each simulas the correction error is in steady state.
tion used a different power spectral density for the code multi- Even after the 160 min the ionosphere, integer, and first
path driving noise. From bottom to top on each figure the plostate error standard deviations have not reached steady state. At
correspond to steady-state (uncorrected) multipath errors witB0 min, one standard deviation error in the integer ambiguity
standard deviations of 0.1, 0.5, 1.0, 2.0, and 3.0 m. These platsuld still allow =140 integer values. The objective is not to
corresponding to different multipath scenarios are included iakentify this ambiguity, but to properly model the effect of this
allow the reader to evaluate the utility of improving the refedarge constant bias on the phase measurement.
ence station hardware (e.g., choke ring antenna, higher fidelityexperimental results for this reference station algorithm are
receivery presented in Section V.

The seven figures illustrate the estimation error standard

deviation of the six filter states [i.e., Fig. 4(a)—(e)] and the IV. Two FREQUENCY REFERENCESTATION DESIGN

range correction [i.e., Fig. 4(f)]. The figures clearly show T el tfor at heri dh
the benefits of carefully choosing antenna technologies (e.g,, 0 more accurately account for atmospheric errors and hence
btain better observability of the multipath errors, a two fre-

ground plane, choke ring) and antenna location to mini-

mize the received multipath. Careful comparison betwe%\’ency reference station can be designed. Again, the filter de-
error standard deviation plots for the filter states (i ined below is for a single satellite. Identical, but independent,

N, and I,) and for the corrections shows that although thfélters would be implemented for each satellite in view of the
' * - Hgse. The architecture of the algorithm is similar to that shown

former set of plots individually, the filter is able to accun Fig. 3, except for the differences in the observables and state
’ ctor definition as described below.

rately estimate the correction to essentially the same lev&c™ ) .
ith a two frequency receiver, four observable variables

of accuracy as the multipath. Presumably this is due to the

carrier smoothing of the code signal. The covariance simu ased on the two frequency pseudorange and phase measure-

tions predict correction covariances between 0.5 and 2.5 _e_nts W_'” be used. The measurements corresponduﬁgame
depending on the level of multipath. Note that this is si Jefined in (22)~(24). The measurements corresponding to

ilar performance to that inferred for the method of [11] ifre

4Note that the results presented herein have assumed constant parameters for ~ _ ~ ~ ~ N
the multipath dynamic model. In fact, the multipath model parameters are ele- Z3 =R, (t) + cAts, (t) + CAtof - POQ(t) (30)
vation dependent. Since satellite elevation is calculable at the base station, this 1
— 7’c(t) — MPQ(t) — —QIa — 12 (31)

dependence could be built in to the algorithm. Such modifications would only
improve the demonstrated experimental performance. I
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Fig. 4. Theoretical performance results for the single frequency reference station. The five plots in each subfigure correspond (bottom togbm)utitizeath
error standard deviations of 0.1, 0.5, 1.0, 2.0, and 3.0 m: (a) top left—standard deviation of the estimated common mode errors excluding éfexsph@ric
top right—Standard deviation of the estimated rate and acceleration of the range correction, (c) middle left—standard deviation of the etipaditeer rar
(d) middle right—standard deviation of the estimated ionospheric error, (e) bottom left—standard deviation of the estimated L1 integer antbi@uitgttom
right—standard deviation of the estimated range correction.

Zy = (Ro(t) + cAfu(t) + ¢At ) /X2 — doa(t)  (32) and
-1 1
=—7r.(t)+ —I, — No — 5. (33) 1
SNCURY 2o 24 = Hyz, H4:[—— 0,0,0,0, —, 0, —1] (35)
Two additional states are required, relative to the one frequengc
reference station, to model the integer ambiguity and multipa-{

errors on the second carrier frequency. The state is then defined

e desired outputs are

to be y = Lz, L = [—1, 0,0, 0, 0, —%, 0, o} (36)
1
Z = [re, Te, oy MPL, MPy, I, N1, NoJ*.
yo = Loz, L,=[0,-1,0,0,0,0,0,0] (37)

The dynamic and driving noise models for the two new states
are the same as the corresponding states in the single frequéFtoy outputy, is the f; range corrections including atmospheric

model. error, but processed to remove multipath, code measurement
The measurement matrices for the tyip observable vari- noise, reference station clock error, and predicted space vehicle
ables are clock error. The outpu. represents the range correction rate

of change. The rate correction negleéssince it is typically
small (i.e.,~ 5 x 10~*m/s). Corrections for thef, signals are
also straightforward to generate from the state estimates.

_h

z3 = HgI, H3 = —1, 0, 0, 0, —1, f
2

;0,01 (34)
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Fig. 5. Theoretical performance results for the two frequency reference station. The five plots in each subfigure correspond (bottom to tbpjutitipetiua
error standard deviations of 0.1, 0.5, 1.0, 2.0, and 3.0 m: (a) top left—standard deviation of the estimated common mode errors excluding éfezsph@rjc
top right—standard deviation of the estimated rate and acceleration of the range correction, (c) middle left—standard deviation of the e tijpaditeerroy
(d) middle right—standard deviation of the estimated ionospheric error, (e) bottom left—standard deviation of the estimated L1 integer anm{@uitgttom

right—standard deviation of the estimated range correction.

The state-space model is

Again, the five different plots in each figure correspond to the
results of five different simulations. Each simulation used a dif-

0 1 0 0 0 0 0 0- ferent level for the multipath driving noise. From bottom to top
0 0 1 0 0 0 0 0 on each figure the plots correspond to steady-state (uncorrected)
1 multipath errors with standard deviations of 0.1, 0.5, 1.0, 2.0,
0 0 —— 0 0 0 0 0O and 3.0 m. All the conclusions stated for the single frequency
Ta 1 reference station concerning the ability to separately estimate
] 0 0 0 —— 0 0 00 the various states again apply. In addition, the steady-state stan-
= ™ 1 zT+w dard deviations of the corrections are 2.5-3.0 times lower than
00 0 0 ey 0 00 those of the single frequency reference station.
0 0 0 0 0 - 1 0 0 _ A_gain, the rate and acceleration estimation err_or_standard d_e—
T viations converge to the cm/s and cm/s/s level within 10 s. This
0 0 0 0 0 0 0 0 rapid convergence is again due to the accuracy of the phase mea-
Lo 0 0 0 0 0 0 0J surements and the independence of the rate and acceleration es-
(39) timates from the constant values &f and N,.

where all the parameters and driving noise spectral densities arblote that the two frequency measurements yield a greater
defined as for the single frequency reference station.

Fig. 5 shows performance plots for a covariance analysis ofaandz3 allow the estimation accuracy f@y, to be improved.
two frequency reference station. These figures were generatdts increased information abalyf allowsz; andz, to more ac-
in the same manner as Fig. 4 with the same parameter valumgately estimatév;. This improved integer accuracy allows

ability to accurately estimatg, and the integers. Conceptually,
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TABLE | effects of multipath. Although slight improvements in perfor-
VARIOUS STATISTICS RELATED TO THE mance are possible through additional filter tuning, dramatic
REFERENCESTATION CORRECTIONDIFFERENCES . . . .
increases in performance cannot be expected. As predicted in

Max for ¢ > 0 | Max for ¢ > 1000 | Std. for £>0 | Std. for ¢ > 1000 Fig. 4 the single frequency reference station algorithm is not
PRN | u 1 2 u 1 2 u 1 2 u 1 2

4 o1 1 iiT2l 13 19 5 4 18 5% 3 07 able to accurately observ_e the ion_ospheric s_.I@téSincg thi_s_

5 |20 15 99|20 12 .23 |54 35 .12 |.50 31 .06 state is very slowly changing, the filter has difficulty discrimi-

8 22 16 10}18 11 .61 52 35 18| .47 29 .12 . : [P

o |21 11 36121 11 16 | 39 23 05|39 235 03 nating the mtegeramb@wt&ﬁ.Therefore,thg phase measure-
24 20 13 8220 12 67 |49 34 15|.47 32 .12 ment cannot be used as a pseudorange signal by the filter to

directly estimater.. The filter instead uses the change in the
) ) phase measurement to accurately and rapidby ¢.1 min) es-
andsz to be used directly to estlmatg andM P. The_KaIman timate the velocity and acceleration of the correction. The single
algorithm keeps track of the covariances through time to aIIanéquency reference station algorithm uses the phase measure-

this to proceed properly. ment to smooth the corrections (i.e., accurate rate), but cannot
accurately discriminate the correction from the multipath. The
V. EXPERIMENTAL ANALYSIS single frequency reference station therefore yields performance

To experimentally determine the reference station perfofery similar to, but slightly better than, the performance that
mance, two reference stations running identical refereng@uld result from a reference station filter using code pseudo-
station software were run simultaneously. Each reference sta@hge and Doppler as presented in [11]. (See the related dis-
tion receiver was connected to its own antenna. The anten§&é&sion in Section Ill.) The algorithms proposed herein also re-
were located on a building roof edge approximately 5 m abo@lire more computation, due to their higher state dimension,
the surface of the earth. The surface of the earth adjacent to i@ those proposed in [11] and [13].
building was a large parking lot. The differential separation of Fig. 8 shows the difference in the reference station correc-
the antennae i&, e, k) = (—3.28, —1.62, 0.29) m. The data tions as generated by the two frequency reference station. After
presented is the difference between the corrections generaaduief (210 min) transient period, the two frequency reference
by the two reference stations. The mean of the differengtation correction difference is significantly less than that of the
(across all available satellites at both bases) at each sampldagic or single frequency reference station algorithms. The im-
instant is also removed, as the mean will only affect the usefoved performance of the two frequency reference station al-
clock estimate not the user position (see Section 1I-C). Thg®rithm is due to the increased observability of the ionospheric
is essentially the same experimental setup and procedurest@el,. The observability off, allows both integers to be es-
described relative to [13, Fig. 8]. timated rather accurately so that the phase measurements can

The hardware for each reference station includes an Ashtdshused directly as pseudorange estimates in the estimation of
Z-XIl receiver and antenna, and a 486 equivalent PC. The an- Therefore, multipath errors can be accurately discriminated
tenna used a ground plane, but did not use a choke ring. THem the ionosphere and. states. Note that multipath errors
hardware for broadcasting the corrections does not affect taig essentially eliminated after a 10-min transient period. This
analysis. Instead, each reference station calculated and stdr@dnin transient period corresponds well with the transient pre-
time stamped corrections to disk. The corrections were later glicted via the covariance simulations.
alyzed and processed. Fig. 9 shows the correlation function of the reference sta-

The reference station software simultaneously calculated i@ differences for the satellite with PRN 4 for time shifts of
basic differential corrections, the single frequency correctior$;-300 s. The correlation functions were generated using the cor-
and the two frequency corrections for all available satellites ection differences only for > 30 min to ensure that the filter
real-time. Therefore, the results of the unfiltered, single fravas operating in steady state. The correlation functions for all
guency and two frequency filters are directly comparable atiiree reference stations are shown on the same graph. The cor-
based on identical receiver measurements. relation function for the two frequency reference station is dif-

Due to space limitations, the graphical data is only presentticllt to distinguish from the time axis, but is relatively constant
for a single satellite (PRN 4). The experimental results for a satapproximately 0.01 m.
of five satellites are summarized in Table I. The presented dataFig. 10 shows the power spectral density of the reference
was collected the morning of June 9, 1998 for the satellites wistation correction differences for the three reference station
PRN’s: 4,5, 8, 9, and 24. algorithms for frequencies between 0.001-0.5 Hz. The single

Fig. 6 shows the difference between the basic unfiltered cdrequency filtering gives a roughly 6-dB improvement over
rections. The data is stored at a 1.0-Hz rate. Therefore, the gl¢ basic unfiltered corrections at all frequencies. The two
represents about 6000 samples. The difference between the frequency filtering gives better that 20-dB improvement over
rections of the two bases has considerable high and low fthe basic unfiltered corrections at all frequencies.
guency variation. The low-frequency variations are attributed Table | shows statistics of the reference station correction dif-
predominantly to multipath. ferences for all five satellites that were available for the entire

Fig. 7 shows the difference in the reference station corresudration of the experiment (approximately 6000 s). The first
tions as generated by the single frequency reference station. theimn shows the satellite identity by means of its PRN. The
single frequency reference station algorithm is able to decreaseainder of the table is subdivided into four sets of columns.
the effects of receiver noise, but cannot significantly reduce tii@e column headings “u,” “1,” and “2” in each section of table
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Fig. 10. Spectral density of reference correction difference for PRN # for30 min.

indicates that the column of data is for the unfiltered, single freteady-state filter operation. This length of time corresponds
guency, and two frequency reference station algorithms, respgrthe first 1/72 of the satellite 6-h fly-by or approximately
tively. The four sections of the table indicate the maximum vall& of elevation change. Since most users ignore satellites
of the correction difference and the standard deviation of thelow a threshold elevation of 5-21,0the reference station
correction difference for the entire experiment and the steadgrrections would be in steady state before the corrections
state portion of the experiment. The factor of ten improvemebégan to be used. During this low elevation portion of the
is easily noticed in all four statistics for satellites 4, 5, and 9. Fély-by, multipath errors are most significant, so the ability of
satellites 8 and 9, significant multipath error at the start of thike two frequency algorithm to reject multipath is critical. From
experiment caused the correction difference to still be decayiag alternative point of view, even during the transient period,
toward zero at = 1000 s. This affects both the maximum valuethe two frequency algorithm outperforms the other algorithms.
and the standard deviation, but the effect decays steadily withiThe implementation of the two frequency reference station
time. All the data in the table is for the reference station correrequires an eight state Kalman filter for each satellite and a
tion differences. To estimate the standard deviation of the ergingle reference station clock correction filter. The calculations
for a single base, the presented standard deviation should beelituired for this implementation do not impose a significant
vided by+/2. To estimate the peak error of one base, the magemputational burden for state of the art computers. In fact, the
imum of the correction differences should be divided by two. experiments presented herein implemented the clock filter and
the single and the two frequency reference station Kalman fil-
VI. CONCLUSIONS ters for at least eight satellites with writing of data to the hard
) ) . disk at a 1.0-Hz rate on an IBM compatible 66-MHz 486 com-
This article has presented and analyzed two new algorithiigey | desired, the computational load could be significantly
for the design of reference stations for differential GPS implegacreased by either curve fitting the optimal filter gains or using
mentations. Improvement in the performance of a DGPS refryreq gains for the steady state portion of the operation (i.e.,
erence station results in improved positioning accuracy for all,, | min).
users of the resulting differential corrections. The algorithms
presented herein incorporate both code and phase pseudorange
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