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An effective method of decreasing multipath errors in

GPS or GPS/GLONASS receivers by changing delay lock

loop correlator reference signal is discussed. Unlike other

approaches, this method does not lead to apparatus

complication, power consumption increase, or augmen-

tation of digital processor load. This method eliminates

the multipath error completely if the difference in delays

of direct and reflected signal is more than 30 m, and

decreases this error for smaller delays. The cost of such

decrease is that the noise error is increased. However, the

noise error is much less dangerous than the multipath

one because of its smaller value and much shorter cor-

relation interval. Calculated and experimental data

for the method are given for multipath and noise errors.
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INTRODUCTION
he multipath error is currently the main limit-

ing factor of differential GPS positioning accu-

racy. Strobe correlators improve accuracy. Since 1975

(Zhodzishsky, 1975) work on this issue has been con-

ducted by the scientists of the Moscow State Aviation

Institute. Some results were published (Zhodzishsky,

1978; Zhodzishsky, 1980; USSR patent grant 1367815;

Zhodzishsky, 1990; Veitsel, Zhdanov, and Zhodzishsky,

1997). Additional results are being published for the first

time.
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At the present, strobe correlators and their refine-

ments are built into Ashtech navigation receivers, which

operate with signals from both GPS and GLONASS navi-

gation systems (Zhodzishsky et al, 1997; Garin et al.,

1996; Garin and Rousseau, 1997; Garin et al., 1998).

SOME TYPES OF STROBE SEQUENCES USED AS
REFERENCE SIGNALS IN CORRELATORS
The term strobe correlator refers to an accumulator of

the product of an input mixture of a satellite signal with

an interfering signal and a reference signal. The latter

represents a strobe sequence. A single strobe is charac-

terized by its full duration D and shape. Particularly, a

strobe may consist of several pulses of various lengths

and values. A reference signal in the form of a strobe

sequence is phase locked with the pseudorandom noise

(PRN) signal generated in the receiver [Figures 1 (a) and

2(a)]. In Figure l(a) PRN signal chip duration is denoted

as A. There are two possible variants of locking:

« locking with a moment of PRN signal sign change

[Figure l(b)],

• locking with a PRN signal chip edge [Figure l(c)].

A strobe shape is of great importance. A strobe may

be simple, in the form of single pulse [Figure 2(b)] or

complex, that is, formed of several pulses [Figures 2(c)-

2(f)]. Complex strobes may be bipolar symmetrical [Fig-

ure 2(c)], antisymmetrical [Figures 2(d) and 2(e)], asym-

metrical [Figure 2(f)], et cetera. In any case, when a chip

changes polarity, the strobe is inverted [Figures l(b) and

Kc)].
Strobe correlators generate the component dl for
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FIGURE 1. Reference signals.

the coherent delay lock loop (DLL). In addition to com-

ponent dl, the in-phase / and quadraphase Q compo-

nents are generated by conventional correlators. Note

that a DLL with a simple strobe of duration D, is equiva-

lent an early-late DLL with spacing DL.

DLL DISCRIMINATOR CHARACTERISTIC
The strobe shape actually controls the DLL discrimina-

tor characteristic Zd(s) (relation of the mean error signal

Zd on the time shift e between an input and a reference

PRN signal), which in turn controls the main quality

characteristics of DLL, such as accuracy, reliability, et

cetera. By varying the strobe shape one may build a DLL

with various characteristics to match with various ex-

traneous conditions.

In the case of locking the strobe with a PRN signal

sign change and a DLL algorithm Zd = dl, the discrimi-

nator characteristic for strobes consisting of rectangular

pulses (Figure 2) is determined by the following equa-

tion:

~ denotes proportionality,

n is a number of strobe rectangular pulses,

S,- is the value of strobe pulse number i (with regard to

the sign),

Dt is the duration of a strobe pulse number z,

e, - s + vp

vt is the time shift of a center of strobe pulse number z

relative to the first pulse,

h(t) is a receiver filter response to a voltage jump.

FIGURE 2. Strobes.

It should be noted that often the discriminator al-

gorithm is made more complicated to avoid the influ-

ence of signal amplitude and information symbols (al-

gorithms Zd - dill, Zd = dl • sign /, etc.). Here sign ( ) is

the signum function. For these cases Eq. (1) must be

corrected accordingly.

If h(t) is given by an analytical function [for the

purposes of theoretical analysis the trapezoidal h(t]

function corresponding to a frequency response func-

tion (FRF) of a sin(wl)/cor filter prevails] an analytic

expression for Zd(e) can be obtained. However, to solve

specific problems it is necessary to take into account the

more detailed characteristics of h(t] of real filters. In

these cases h(t) is given by a data array obtained experi-

mentally from a real filter. The possible shapes of dis-

criminator characteristics are shown in Figure 3.

The discriminator characteristic of a simple strobe

has a single tracking system steady balance point s = 0.

In contrast, the discriminator characteristic of a com-

plex strobe generally has several zero points, each of

them may be chosen as steady balance point. However,

it is desirable that in the_ steady balance point s0 the

discriminator gain Kd = SZd/ai,\ and the mathematical

expectation of component I are approximately maxi-
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mal. In order to make the DLL operate at the desirable
point EO (Figure 3) in the tracking mode (tracking error
T = e — e0), the initial acquisition system must provide
initial shift e within the acquisition range (from sl to s2),

and it is necessary that the gain sign in the DLL is cor-
rect. If the gain sign is not correct the point e0 will be an

unsteady balance point and the points s1 and e2 will be
steady points.

The DLL error caused by reflected signals (a mul-
tipath error) is one of the main factors determining the
accuracy of a delay measurement. At a given reflected

signal amplitude, a multipath error depends on the re-
flection delay value and consequently on the reflector
location. We can estimate the maximal multipath error

that occurred at the most dangerous delay value. The
error is estimated as the a • Zm/Kd ratio, where a is the
relative amplitude of the reflected signal, and Zm is the
absolute value of the discriminator characteristic maxi-
mal side peak, which is located to the right of steady

balance point e0 (Figure 3). The latter results from the
fact that the reflected signal is never ahead of the direct
one. Thus we conclude that advantages can be gained
from significantly asymmetrical discriminator charac-
teristics if peaks at the right side are reduced at the

expense of increased peaks located to the left of the
chosen point e0 (Figure 3).

Another DLL quality factor, which is also related to

the reflected signal effect, can be estimated by the in-
fluence zone size of the reflected signals. This size

should be determined as a delay range where the mul-
tipath error for reflected signals with preset amplitude

exceeds some threshold value. The influence zone of
the reflected signals is also determined by the discrimi-
nator characteristic. In Figure 3 by convention this zone
corresponds to the intervals (s0 -f- e4) and (e5 -^ e6). It is
evident that the narrower the reflected signal influence
zone, the weaker the DLL response to the reflected sig-
nals. In this connection the various methods of zone

narrowing with the aid of specially shaped strobes are
worth consideration.

MSE ERROR
The first stage in the analysis of noise errors of DLL,
phase-lock loop (PLL), binary signal demodulator, and
other microprocessor-based systems is to define statis-

tical characteristics of correlator output signals /, Q, dl.

In fact, only these values enter from the application-
specific integrated circuit (ASIC) to the digital signal
processor (DSP); hence their statistical characteristics
entirely determine the errors of any measurements.

It may be shown that in the first (quasilinear) ap-

proximation the noise errors (as well as multipath errors
in DLL and PLL) of various systems are governed only
by some of the 7, Q, dl values. For a binary signal de-

modulator the noise errors are governed by I, for PLL
they are governed by Q, and for coherent DLL they are

governed by dl.
Correlator outputs I, Q, dl are obtained as a result
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of accumulating over a substantial time T. Therefore
these values have Gaussian distribution. In the first ap-
proximation they are independent, and consequently
they are characterized only by their mathematical ex-
pectations and variances. For a DLL with a coherent
discriminator the standard deviation of tracking error T
may be estimated by

acteristic of dland practically do not depend upon /for
all DLL discriminator algorithms. This approximation is
admissible if the PLL error is not large. The reflected
signal distorts the discriminator characteristic Zd(e). We
assume a mirror reflection from a single reflector and
find the characteristic after distortion Z'd(e)

where

V(dl) is the variance of dlat-r = 0,
-BDLL is the DLL equivalent noise bandwidth

Hence, the problem on DLL accuracy estimation
reduces to the determination of mathematical expecta-
tion dl and variance V(dl). Analysis has shown that in
digital systems these values depend on such parameters
as time sampling frequency, number of quantization
levels in analog-to-digital converter (ADC), signal-to-

noise ratio at the receiver filter output, filter FRF shape,
and correlator reference signal strobe shapes. The effect
of sampling in digital circuits is conveniently expressed
by the loss factor (to compensate for the increase of a
noise error in the digital circuit as compared with the
analog circuit for which the carrier power to noise spec-

tral density ratio C/N0 should be multiplied by a loss
factor). Under the conditions of binary quantization in

ADC for the case when the signal power is much lower
than the noise within a filter passband (which is com-

mon to the PRN signal receivers), the loss factor lies in
the range ~ 1 • • • 2 dB with the proviso that the time
sampling frequency is 3 • • • 8 times more than the filter
passband. As the number of quantization levels is in-

creased the loss factor is reduced.
In the DLL correlator with complex-shaped strobes

the noise errors are generally increased. Transition from
locking with moments of PRN signal sign change [Fig-
ure l(b)] to locking with all PRN signal chip edges [Fig-

ure l(c)] increases the noise error by an additional 3 dB.

fVfULTSPJtTH ERROR M DLL WITH
CORRELATOR

As was already mentioned, the multipath errors in the
first approximation are governed by the statistical char-

OL is the relative amplitude of the reflected signal
8 is the reflected signal delay relative to the direct one

9 is the phase shift of reflected signal carrier relative to
the direct one

Zd(s) is determined by Eq. (1)

The multipath error AT is calculated as a root of the
equation Z'd(e) = 0 near the steady balance point e0.

The following results were obtained for the acoustic
surface-wave intermediate frequency filter SAWF CTI-

1652, which determines the analog channel frequency
response. Here the equivalent noise bandwidth at in-
termediate frequency BIF ~ 11 MHz.

DLL discriminator characteristics (Figure 4) and as-
sociated multipath error envelopes (Figure 5) for the

reflected signal with parameters a = 0.5, 8 = 0, and IT; 0
=s 8 =s 1.36A were computed for the C/A code of GPS for
the following preferable strobes:
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For approximate calculations the maximal mul-

tipath error can be estimated according to the formula

• Simple strobe as shown in Figure 2(b) (for pulse du-

ration Dl = 60 ns),

• Bipolar strobe as shown in Figure 2(c) (D2 = 60 ns; D}

= D3 = 30 ns; Sl = S3 = -1; S2 = 1),

• Asymmetrical strobe as shown in Figure 2(f) (D1 - 40

ns; D2 = 60; D3 = 20 ns; Sl = S3 = -1; S2= 1).

Full strobe duration D in Figure 5 is indicated after

the strobe designations. Additionally, there are range

standard deviations <TR - 3 • 108 • aT for the DLL band-

width BDLL = 1 Hz and binary quantization in ADC. Here

the time sampling frequency and carrier power to noise

spectral density (single sideband) ratio C/N0 at a re-

ceiver input are set to be equal to 33 MHz and 50 dB Hz,

respectively.

The situation where chip duration is much longer

compared to the transient process time of the h(t) func-

tion is typical for C/A code. Then (Figure 5), for a simple

strobe the multipath error rises as the delay 5 increases

from 0 to some value S0, and then it is held near con-

stant until S approaches A. At the further increase of 8

the error drops to zero. The value of 80 is determined by

the strobe duration D} or by the front duration l/B1F,

whichever is longer. Accordingly, the multipath error for

the most dangerous delays is determined by D1 if Dl >

1/BIF or by l/Blf if Dl < 1/BIF. In this case the reflected

signal influence zone size is practically equal to the chip

duration A.

More accurate numerical estimates show that Eq.

(4) determines A-rmax with an accuracy of 15%; the ac-

curacy increases as the difference between 1/BIF and Dr

increases and a is reduced.

The application of the bipolar strobe [Figure 2(c)] in

the reference signal results in considerable reduction of

the multipath error for C/A code. If the strobe positive

pulse area is equal to the total area of the strobe nega-

tive pulses, the reflected signal influence zone size is

reduced significantly. The error AT begins to decay to-

ward zero once a delay 8 has exceeded 80 (Figure 5). At

the same time the maximal error is reduced approxi-

mately by 30%. For the strobe sequence of the type

shown in Figure l(b), the multipath error occurs also at

delays of order A. The maximal error in this range is

reduced by half as compared with that in the small de-

lay range. The error does not occur at great delays if we

use a sequence of the type shown in Figure l(c). But

then, as was already mentioned, the noise error crT is

increased on 3 dB.

The bipolar strobe gives the discriminator charac-

teristic (Figure 4), which has the steady balance point e

= 0, provided the gain sign is chosen correctly (if the

gain sign is not chosen correctly the steady balance

points will be B = ±A). The corrected acquisition zone

length is determined by the strobe full duration (± D at

D > 1/BIF) or by the front length (± 1/BIF at D < 1/BIF)

and is narrow. Hence a two-stage procedure of coming

into synchronism may become a necessity. At the first

stage the simple strobe provides a wide acquisition zone

but introduces a relatively large error in the presence of

a reflected signal. Then, after completion of the tran-

sient process the switching to a bipolar strobe is per-

formed to reduce the multipath error. Studies revealed

that in first-order DLL for simple strobe duration Dj =

50 • • • 100 ns (and for about the same 1/BIF) the initial

error resulting from the first stage is reasonably small to

ensure the reliable acquisition at the second stage. The

transient process due to the parametric disturbance

from the switching proceeds rather smoothly.



To further reduce the multipath error, the asym-

metrical strobe of the type shown in Figure 2(f) may be

used. The corresponding discriminator characteristic is

shown in Figure 4. The plot of multipath error via delay

8 (Figure 5) shows that in this case the most dangerous
are large delays (at multipath with 8 ~ A) rather than

small ones. Hence to eliminate these errors, it is neces-

sary to form strobes locked with the chip edges.

TEST OF STROBE CORRELATORS
For this test two Ashtech GG-24 receivers were used. In

the DLL of the first receiver there was the simple strobe;

in the second receiver, the bipolar strobe. The input

signals came from an antenna installed on the roof of a

building in Moscow. The roof has severe multipath con-

ditions: Borders and banisters are metallic; there is ad-

ditional metallic roofing 20 m from the antenna. The

Ashtech GG-24 tracked C/A signals from both GPS and

GLONASS. The measurements were recorded with fre-

quency 2 Hz for 23 min. For the separation of the code

multipath error the full carrier phase was subtracted

from the range. With the help of this subtraction the

satellite motion and the receiver's and satellite's (in-

cluding selective availability) reference oscillator fluc-

tuations were removed. At the same time the steady

component (caused by phase ambiguity), thermal

Gaussian noise, code multipath error (in comparison

with it the phase multipath error is negligible), and time

float ionosphere bias were kept. However, the code

multipath error is major. For instance, such code-phase

is shown in Figure 6 for GPS space vehicle (SV) No. 27

for both first (with simple strobe) and second (with bi-

polar strobe) receivers over a short interval of 400 s. For

ionosphere bias compensation a quadratic polynomial

is subtracted from the code-phases. Figure 7 shows mo-

mentary power spectral density (single sideband) of this

code-phase. Standard deviations of this and other code-

phases are shown in Table 1. Here the GLONASS sat-

ellite number equals the sum of the system number

plus 32.

Additionally, in this table the percent difference

(improvement) between 1 and the ratio of standard de-

viations of code-phase with bipolar and simple strobe is

shown. In the last column the percent difference be-

tween 1 and the square root of the ratio of spectral

density maximums is shown.

One can see that on average the standard deviation

is decreased by bipolar strobe by 47% (by about two

times). However, at spectral density the code multipath

error really is suppressed more—by 62% (about three

times). The difference is explained by the influence of

Gaussian noise on standard deviation.

CONCLUSIONS
The results show that a strobe correlator is a rather flex-

ible tool for adaptation of DLL to the various extraneous
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conditions by choice of a strobe shape in a correlator
reference signal.

Short simple strobes locked with the moment of
reference PRN signal sign change make it possible to
minimize the noise tracking error.

Strobe correlators with low sensitivity to reflected
signals can be made. Complex-shaped strobes reduce
the space where dangerous reflectors may be located,

and mitigate the multipath errors from reflectors lo-
cated within this space.

Increase of DLL noise error, which often accompa-
nies the multipath error mitigation, limits the level of an
achievable effect. However, because the multipath error
controls the real DLL accuracy, the application of com-

plex-shaped strobes have substantial advantages when
operating on C/A code of GPS and GLONASS. •
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