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An emerging requirement for processing GNSS signals indoor, where signals are
very weak and subject to spatial fading, has typically led receiver designers to use
of longer coherent integration intervals that provide the additional processing
gain required for the detection and processing of such weak signals. However,

the physical motion of the handset imposed by the user limits the effectiveness
of longer coherent integration intervals due to the spatial decorrelation of the
multipath-faded GNSS signal. Research at the University of Calgary suggests

factors that receiver designers might consider to address this problem.

ndoor GNSS propagation environ-

ments are characterized by multiple

reflected signal paths (multipath)

terminating at the receiver. Conse-
quently, the received signal’s amplitude,
phase, and perceived angle of arrival
attributes vary randomly as the receiver
moves. This has created significant inter-
est among receiver designers and manu-
facturers to develop powerful processing
for GNSS handsets such that these can
operate effectively in indoor faded envi-
ronments.

Typically, to overcome the low sig-
nal strength generally associated with
indoor environments, receiver signal-
processing designs use longer coher-
ent integration times. However, the
processing gain that is achievable by
merely relying on coherent integration
of arbitrarily long duration is limited.
The channel decorrelates both spatially
and temporally, which directly imposes
a limit on the effective coherent integra-
tion interval of the handheld receiver
when the antenna is undergoing some
form of translational motion.

Recently, several efforts have been
considered to extend the coherent inte-
gration time by aiding the process with
auxiliary sensors. Using a Rayleigh fad-
ing model, our research shows that, for
a moving antenna in a typical indoor
multipath environment, the process-
ing gain saturates as the coherent inter-
val increases. Consequently, beyond a
certain integration interval, no further
processing gain can be extracted directly
from coherent integration.

In this article, we seek to derive and
quantify the limits of coherent integra-
tion due to spatial decorrelation using
experimental verification. Our ultimate
goal is to determine the coherent inte-
gration gain limit for various fading
scenarios and antenna motion. This
information, in turn, could be used
to select optimal coherent integration
times in commercial grade chipset
receivers in order to help set appropri-
ate Doppler search bin steps and, by
these efforts, reduce the receiver pro-
cessing load.

System Model

In the diffuse Rayleigh-faded mul-
tipath environments explored in our
investigation, the channel gain can be
modeled by a complex normal (CN)
random variable, as described in the
article by B. Friedlander et alia cited in
the Additional Resources section. The
channel gain is a random process with
a coherence time that depends on how
fast the channel decorrelates spatially
and temporally.

To extract the GNSS signal buried in
noise, the receiver accumulates a tem-
poral snapshot of the received signal
over the snapshot interval T. Assume
that during the snapshot interval, the
antenna moves with a constant veloc-
ity v. As discussed in the article by A.
Broumandan et alia listed in Additional
Resources, after some manipulation and
normalization the signal variance for a
“ring of scatterers” model can be shown
to be

1
ol= ZpTI(l -q)],(27lq) dq = p,Q

0
where p, is the average signal-to-noise
ratio (SNR) as signal energy in a T sec-
ond interval, Q) is defined as the moving
antenna correlation coefficient, and J;
is the zero-order Bessel function of the
first kind.

The problem of interest here is com-
paring the coherent integration time
limit of a receiver in motion to one that
is static. If the signal SNR in the mov-
ing case is defined as a function of the
velocity v and the snapshot interval T as
p QW T), the normalized integration gain
(NIG) metric — which is the ratio of the
integration gain of a moving antenna to
the integration gain of the static anten-
na for T=1 — can be defined as NIG =
QwT)p, /o,

The NIG metric in fading envi-
ronments depends on several factors,
including antenna trajectory and veloc-
ity as well as the geometry of the scat-
terers. To evaluate the performance of
coherent integration in a multipath envi-
ronment, a linear motion with constant
velocity is considered. We also assumed
that the antenna trajectory and incom-
ing signals are located in the same plane
and that signals are coming from a sec-
tor with an angular spread of ¢ .

Figure 1 shows the NIG value for v
=1 A/s and for angular spreads of 0, 45,
90, 135, and 360 degrees. In the range
of T€{0, 0 5} the integration gain is
almost linearly increasing by T for all
cases. Hence, increasing integration
time enhances the processing gain.
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FIGURE 1 NIG value versus T for constant v = 1and different scatterers

angle spread

However, due to receiver motion and signal decorrelation,
increasing T further cause decorrelation of signal samples for
the case of ¢ =360 and ¢_= 135. Thus, after approximately one
second the processing gain of the coherent integration remains
constant and becomes independent of T. Note that in the case
of ¢_= 0 the NIG value given in Figure 1 linearly increases with
the slope of one implying that increasing integration time will
increase the processing gain.

As shown for the cases of ¢_> 90, the processing gain is
saturated after a carrier wavelength receiver displacement.
Hence, even knowing the exact trajectory will not improve
the processing gain.

Experimental Results

Experimental measurements are based on the indoor reception
of GPS L1 C/A signals. A dual-channel front-end was used to
down-convert GPS raw data to the baseband frequency.

To account for the navigation data modulation, reference
signals were collected from a static antenna located on the
rooftop within 10 meters above the measurement area under
line-of-sight conditions. These reference signals were sampled
in a synchronous fashion with the signals received indoors.
Live GPS signals were collected in a large room located in the
commercial office building. After down-conversion GPS sig-
nals were sampled by a digitizer unit, and raw digital complex
samples were stored in a computer.

In the room, an active antenna mounted on a linear moving
table was used to create a moving-receiver scenario with a con-
stant velocity. During the data-collection process the antenna
was moved back and forth with a constant speed of 0.5 meter/
second on a two-meter linear trajectory.

Before evaluating the coherent integration performance in

(a) Moving (b) Static
25 35
20 f— "
W n 30
15 |oge® e
= lﬂ g e
= 10 I‘I 25
5 e

20

0 W-\-\F’
=5 15
0 1 2 3 4 0 1 2 3 4

Time (s) Time (s)
—=—T=100 —&—T=400 —&=-T=800 —&—T=1600

FIGURE 2 Time series of SNR values for different CITs in moving case
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FIGURE3 SNR PDF for 1,600-millisecond observation time

the moving mode, we conducted a static antenna test. Experi-
mental results of coherent integration performance in this
indoor static case showed that no integration loss occurred due
to the temporal decorrelation during the coherent integration
time of 1.6 seconds.

During the despreading processes a frequency search by the
maximum Doppler frequency centered at the reference antenna
frequency was adopted with the peak of the correlation func-
tion selected as the test statistic. We considered various coher-
ent integration times (CITs) to evaluate the integration perfor-
mance. The mean values for each CIT are tabulated in Table 1.

Figure 2 shows the measured SNR of the various CITs val-
ues for an observation time of four seconds for the moving
and static antenna process. Considering the results of Table
1, processing gain continues to increase

CIT (ms) 100 200 400

1600 even when the coherent integration time

Mean SNR (dB) 13.2 15.9 18.4 203

217 is extended to 1,600 milliseconds, which is

TABLE 1. Mean value of measured SNR for different CIT values equlvalent to an antenna dlsp lacement of
four wavelengths.
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To justify this contradiction, con-
sider the first 1.6 seconds of SNR val-
ues shown in Figure 2a. If one takes the
maximum values of each CIT case dur-
ing this observation time (1.6 seconds),
we can see that they all have almost the
same maximum SNR values — about
18 decibels. This phenomenon cannot
be detected in the SNR variation of the
static antenna case shown in Figure 2b.

On the other hand, if the observation
time is 1.6 seconds, it does not matter if
we coherently integrate for 1.6 seconds
or use four successive 400-millisecond
integration subsets and take the subset
with the maximum signal power. This
latter scheme selects the maximum value
of a portion of data set in each observa-
tion time that has the maximum energy
for a given correlated subset of data.

This is similar to the selection diver-
sity system described in the book by J. D.
Parsons listed in Additional Resources.
In the “ideal” selection diversity system,
Parsons states, “the signal with the high-
est instantaneous [carrier to noise ratio|
CNR is used, so the output CNR is equal
to that of the best incoming signal.”

To verify the selection diversity
process further, the probability den-
sity function (PDF) of the measured
SNRs for different integration times are
shown in Figure 3a. In Figure 3b, Max
(7, k) expresses the PDF of a scenario
for which the observation time is T=7k
milliseconds. The maximum SNR values
at the output of k successive T ms coher-
ent integration is considered to yield the
Max (1, k) plot.

As shown in Figure 3b, for a given
observation time, different integration
scenarios carry almost identical SNR
PDFs, which further confirms that the
processing gain shown in Table 1 is due
to the selection diversity process and not
to coherent integration gain.

Conclusions

This article has considered the coherent
integration performance of GNSS sig-
nals for a moving antenna in a diffuse
fading environment. Our ultimate goal
was to determine the coherent integra-
tion gain limit for various fading sce-
narios and antenna motion.

From the theoretical perspective, we
have shown that the coherent integra-
tion gain of a moving antenna is limited
due to spatial decorrelation such that
the CIT should be commensurate with
an antenna displacement. Our analysis
has also shown that in a case where the
angular extent of the multipath scatter-
ing is wide, knowledge of the antenna
trajectory is of no benefit to enhancing
the processing gain. Experimental mea-
surements were performed to verify the
assumption of the Rayleigh fading and
the diffuse scattering model.

However, the experimental results
seemingly contradicted the theoreti-
cal asymptotic limit of the processing
gain that is available by increasing inte-
gration time. By increasing processing
time, SNR values surpassed the theo-
retical asymptotic limit due to selection
diversity. The coherent integration time
limit in fading environments leads to
saturated processing gain, but by add-
ing incremental processing based on the
selection diversity process, the process-
ing gain can be extended.

The coherent integration time limits
investigated in this article could be taken
into account to choose optimal coher-
ent integration times in commercial
grade chipset receivers operating in the
indoors and in high multipath environ-
ments. This, in turn, would enable hand-
set designers to set appropriate Dop-
pler search bin steps and consequently
reduce the receiver processing load.

Manufacturers

The front-end used to receive and down-
convert GPS signals was designed com-
ponents from National Instruments,
Austin, Texas, USA, and incorporated
an NI PXIe-1065 18-slot, high-band-
width backplane; an NI PXI-5600 mod-
ular broadband downconverter; and an
NI PXI-5142 100 MS/s digitizer with
onboard signal processing.
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