
INTRODUCTION 

GPS was originally conceived and designed to 
provide accurate, reliable, and global navigation 
capability to properly equipped users. Some of the 
more stringent applications of the system require 
additional resources, for example local area and wide 
area augmentations used for aircraft navigation and 
landing. In visibility-limited environments such as 
urban canyons, mines, or inside buildings or tunnels, 
an augmentation that provides additional ranging 
signals provides even greater utility. Ground-based 
pseudosatellites or pseudolites, first proposed by Beser 
and Parkinson in 1982 [l], provide ranging signals 
and data to the user in addition to those provided 
by the GPS constellation. More recently, airborne 
pseudolite concepts have also been developed [2]. 

The additional signals provided by pseudolites 
can improve navigation accuracy in environments 
where visibility is limited, such as mines or urban 
canyons. In particular, range measurements to 
nearby pseudolites have a significant impact in 
reducing the vertical dilution of precision (VDOP). 
A pseudolite can also be used for carrier phase 
ranging and resolution of integer ambiguities. In an 
airport approach environment, a GPS augmented with 
pseudolites has been shown to provide accuracies 
down to 10 cm [3]. This makes it a highly desirable 
system for Category I1 (within f 5  m) and I11 (within 
&1 m) precision approaches and landings. 

The primary challenge in using pseudolites is 
overcoming the so-called near-far problem. GPS 
satellite transmitters are at a large and relatively 
constant distance from all Earth-based GPS receivers; 
hence, the signal levels from the different satellites 
are quite comparable. The largest variation in range is 
only about 20% and the current GPS satellite antenna 
patterns are shaped to approximately equalize the 
received signal power at the surface of the Earth. Most 
GPS receivers take advantage of this feature in their 
design. That is, they do not allow for a large dynamic 
range between received satellite signals. 

In contrast, the proportional change in distance 
between a pseudolite and the receiver can be quite 
large when the two are in close proximity. Thus, the 
received power level of the pseudolite signal can vary 
over a large range. For example, if the pseudolite 
is designed to provide a specific signal level at a 
distance of 30 km, then at a distance of 30 m the 
power level will be 60 dB higher assuming free 
space loss only. The discrepancy in power levels 
between a pseudolite signal and the satellite signals 
will definitely jam the receiver, resulting in a loss of 
navigational capability. 
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NEAR-FAR PROBLEM SOLUTIONS 

In order to solve the near-far problem, various 
methods have been proposed. These methods can be 
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divided into three broad categories-signal pulsing, 
frequency offsets, and use of different PN codes. 
Frequency offset schemes involve transmitting 
pseudolite signals on a carrier frequency offset from 
the GPS L1 carrier. Transmitting the pseudolite signal 
outside the GPS band requires changes to be made 
to the receiver front end. In 1993, Van Dierendonck 
and Elrod suggested placing the pseudolite signal 
on the first null of the GPS satellite signal, an offset 
of 1.023 MHz from the L1 frequency [4]. However, 
this also requires considerable modification to current 
receiver design. 

have been recommended by RTCM SC 104 [51 and 
RTCA SC 159 Working Group 4a [6]. The RTCM 
Subcommittee 104 in 1986 recommended a pulsed 
pseudolite architecture for the airport environment. 
This protocol requires the pseudolite transmissions 
to have a 10% duty cycle, resulting in a reduction 
in interference to nonparticipating users. Additional 
improvements in the signal-to-interference ratio 
can be achieved at a minimal penalty (0.46 dB) 
in tracking if the receiver blanks the GPS signal 
during the pseudolite transmission times [5]. Pulsed 
operation based on a PRN sequence is recommended 
in [6] with additional enhancements including a 
modified signal polarization, use of longer PN codes, 
some chipped at higher rates, to reduce the effect 
of pseudolite transmissions on receiver tracking of 
satellite signals. Ndili also evaluated various codes 
and recommended a pseudolite PN code of length 
4 x 1023 at the CIA code rate combined with a 
switching sequence [7 ] .  The longer code results in an 
improvement of the processing gain for the pseudolite 
signal by 6 dB with respect to the standard coarse 
acquisition code. This allows the pseudolite signal 
to be transmitted at a lower power level and thus 
reduces the crosscorrelation power of the pseudolite 
with the satellite C/A code transmissions. A recent 
study by Martin [SI investigated pseudolite antenna 
designs optimized to provide the maximum area over 
which the signal-to-noise ratio ( S N R )  variations of 
the received pseudolite signals are within acceptable 
bounds. This is useful for determining the area over 
which a pseudolite can be used, but does not alleviate 
interference experienced when a user is too close to a 
pseudolite transmitter. 

near-far interference involve modifications to the 
transmitter or transmitted signal to reduce the 
underlying interference to GPS produced by the 
transmitter. This work describes a technique, known 
as successive interference cancellation (SIC), that 
is applied at the receiver signal processing stage to 
reduce the effects of GPS-like transmissions at power 
levels above the ambient noise. SIC has previously 
been proposed for mitigation of the near-far problem 
in cellular IS-95 systems [9, 101 and here we 

Pseudolite signal structures for airport operations 

In summary, the previous methods for addressing 

consider its application to GPS. This approach 
is most applicable to software or digital signal 
processing-based receiver designs in which many 
channels can be run in parallel with considerable 
signal processing capacity. 

SIC METHOD 

In a conventional code diviision multiple access 
(CDMA) system, all users interfere with each other. 
Significant near-far resistance can theoretically be 
achieved if a user can negate or cancel the effect of 
the other users on his signal. A more fundamental 
view of this is to treat it as a multiuser detection 
problem, in which all transmissions are considered as 
signals for all users. In this way, signals intended for 
other users are specifically modeled and/or accounted 
for. SIC is one multiuser detection scheme that looks 
like a promising method to combat the near-far 
problem caused by pseudolite transmissions. 

The idea of interference cancellation arises in 
many contexts, e.g., noise cancellation in speech. 
However, there are important differences between 
canceling noise, which has no useful purpose, and 
canceling interference that is (due to other detectable 
signals. The case considered here is of the second 
type, where the signals being canceled are also of 
interest. 

The model of the received signal is given by 

M 

r(t) = C A , D , ( t  - T ~ ) C , ( ~  - ‘~,)cos(w,f + g$) + AWGN 
1=l 

(1) 
where r(t), the received signal is assumed to be 
the sum of M PN modulated contributions, plus 
additive white Gaussian noise (AWGN). Each of the 
PN signals has a unique amplitude (At) ,  time delay 
( T J ,  navigation data sequence: (D,), PN code (C,), 
Doppler-shifted frequency (U,), and carrier phase 
off set ( 4 J .  

The SIC detector takes a serial approach to 
canceling pseudolite interference. Each stage of the 
detector identifies the parameters of the strongest 
remaining signal component; then it regenerates and 
cancels out this component from the received signal. 
As a result, when the next stage attempts to acquire 
and track the remaining signals, it sees less multiple 
access interference (MAI). A block diagram of this 
detector is shown in Fig. 1. 

The first stage implemenl s the following steps. 

1) Detect the strongest signal, s1 with a 
conventional detector. Conventional detection begins 
with the acquisition stage--a sequential search in 
Doppler and code offset to find the approximate signal 
parameters. Coupled code and carrier tracking loops 
then provide more accurate measurements of the code 
offset and Doppler. The code tracking loop is typically 
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Fig. 1.  SIC architecture. 

implemented as a delay lock loop using an “early” 
and “late” correlator, spaced symetrically about the 
desired “prompt” signal. The carrier tracking loop 
may be a frequency lock loop for vehicles with high 
dynamics, or a Costas loop for phase tracking and 
data recovery. 

2) Regenerate an estimate of the strong signal, il, 
using knowledge of its PN sequence and estimates of 
its timing, amplitude and phase. These parameters are 
derived from the tracking loops in the conventional 
detector. 

3) Subtract i, from the total received signal r(t), 
yielding a partially cleaned version of the remainder 
of the received signal, 

If the estimates of the strong signal parameters 
are accurate, the output of the first stage is a correct 
data decision on the strongest signal and a modified 
received signal without the MA1 caused by the 
strongest signal. 

This process can be repeated in a multistage 
structure. The reasons for canceling the signals 
in descending order of signal strength are 
straightforward. First, it is easiest to achieve 
acquisition and demodulation on the strongest signal. 
Second, the removal of strongest signal gives the most 
benefit for the remaining weak satellite signals. The 
result of this algorithm is that the acquisition and 
tracking of the strongest signal will not benefit from 
any MA1 reduction, whereas the weakest signals will 
potentially see a significant reduction in their MAI. 

The stronger the pseudolite (or other structured 
interference) signal, the better will be its parameter 
estimates obtained in the tracking loop. Accurate 
signal parameter estimates result in proper 
cancellation. However, if the pseudolite signal 
becomes weaker due to an increasing distance 
from the receiver, then the estimates of the signal 
parameters will deteriorate. This results in inaccurate 
cancellation and actually has a harmful effect on the 
subsequent signal acquisition efforts. In order to avoid 
this, the SNR of the dominant signal is continuously 
monitored at the output of the correlator. A threshold 
is set to identify the presence of an interference signal 
that would prevent the acquisition and traclung of 
GPS satellites. For our study the threshold is set 

to 25 dB, which is approximately 10 dB above the 
nominal GPS C/A code postcorrelation SNR. When 
the measured signal level exceeds this threshold the 
SIC is implemented. Once initiated, signal removal is 
stopped when the strong signal falls below 24 dB. 

SIC IMPLEMENTATION 

SIC algorithms are applied to sampled IF data in 
the GPS receiver. To evaluate performance, we use 
signals simulated numerically in MATLAB or sampled 
data recorded from a hardware GPS simulator. In both 
cases, the signals comprise nominal GPS satellite 
transmissions and one or more nearby pseudolite 
signals at higher power levels. The experimental 
hardware simulator data sets were provided to us 
by the Air Force Research Laboratory at Wright 
Patterson Air Force Base (WPAFB), OH. The SIC 
and other receiver acquisition and tracking algorithms 
are implemented in MATLAB in a pseudo real-time 
mode. That is, we use data sequentially in time, but 
do not control the processing speed to correspond 
to the data sampling rate. Thus, the fundamental 
algorithms are configured to be compatible with a 
real-time implementation in a GPS receiver, but are 
not yet constructed as such. 

Both the experimental and simulated signals are 
represented with 8 bits of precision. The number of 
bits in the A/D converter fixes the dynamic range 
of signals that can be tracked simultaneously. When 
no interference is present, GPS receivers can work 
quite effectively with very few bits to represent the 
signals. The degradation of SNR for a signal in 
Gaussian white noise is on the order of 2 dB for a 
1-bit analog-to-digital (AD) converter and 0.55 dB 
for a 2-bit A/D converter [ 111. When the interference 
exceeds the thermal noise, the number of bits required 
to avoid further degradation for a linear A/D converter 
can be computed based on the number of signal 
levels that must be represented. For an interference to 
noise power ratio (Z/No) of 10 dB, 2 x loll2 voltage 
levels must be accurately represented. This requires 
a minimum of 3 bits. For interference power 20 dB 
above the noise, we require a minimum of 5 bits, 
and for 40 dB above the noise, 8 bits. In general, the 
number of bits required, N ,  can be computed from 

2N > 2 10(IlN0)/20 - 

N > -  + 1. 
6.02 

SIC RESULTS 

To evaluate performance, a MATLAB simulation 
was constructed, in which the received signal consists 
of seven satellite signals at nominal power levels 
(17-20 dB below the thermal noise level) and a strong 
pseudolite signal (SV8), at 10 dB above the thermal 
noise level. The sampling rate was 5 MHz and the IF 
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Simulated Data 

Conventional SIC 
SV# SNR (dB) SNR (dB) 

5 -7.7 8 .O 
6 -7.0 8.8 
10 -8.2 7.0 
13 -9.0 7.7 
22 -8.7 7.6 
24 -8.0 7.8 
30 -6.4 8.3 

Experimental Data 

Conventional SIC 
SV# SNR (dB) SNR (dB) 

3 -9.0 8.4 
14 -8.8 8.2 
16 -10.2 7.6 
18 -11.3 8.3 
19 -12.0 6.9 
25 -9.5 8.4 
31 -7.4 8.1 

RMS 
RMS Code 
Phase Phase 
Error Error SNR 
(degs) (chips) (dB) 

Conventional SIC 
I 

RMS 
RMS Code 
Phase Phase 
Error Error SNR 
(degs) (chips) (dB) Correct 1 

~~ 

5.4 0.03 11 
10 0.05 5.7 
- - -5.5 

- -14.3 - 
Chips Chips 

Fig. 2. Correlation plots for SV5 (top) and SV6(bottom) for 
simulated signals. 

5.2 0.028 12.08 
4.9 0.025 12.2 
4.91 0.026 12.17 
4.93 0.027 12.18 

was 1.25 MHz. The effect of an 8-bit A/D converter 
was modeled. A coherent integration time of 1 ms was 
used, corresponding to a data length of 5000 samples. 

A single stage SIC was implemented and 
compared with a conventional acquisition routine 
[12]. Table I gives the post correlation SNR for the 
pseudolite and all satellites using the conventional 
and SIC approaches. Fig. 2 shows an example of the 
correlation plots for SV5 and SV6. From these graphs 
one can see that the conventional detector, with an 
integration time of 1 ms, would not be able to detect 
the correct code offsets reliably. However, using the 
SIC scheme to remove the strong pseudolite signal 
resulted in reduced MA1 for the weaker satellites, and 
SV5 and SV6 were acquired with the correct code 
offset. All the satellites in this simulation were, in 
fact, acquired with the correct code offset. Thus, by 
identifying and explicitly removing the pseudolite 
signal, SIC has eliminated MA1 above the thermal 
noise level and enabled the weak GPS satellite signals 
to be readily acquired and tracked. 

experimental near-far data generated at WPAFB, Ohio. 
GPS signals, modeling both satellite and pseudolite 
C/A and P-code transmissions, were generated by 
an RF signal simulator at the lab. On the receiving 
end, the signal was passed through a 2 MHz BPF, 
downconverted to a 1.25 MHz IF, and sampled at 

The SIC technique was also applied to 

SIC Conventional 
6 ,  

Chips Chips 

Fig. 3. Correlation plots for SV3 (top) and SV14 (bottom) in 
experimental data from AFRL. 

TABLE I1 
Satellite Tracking Improvements in F'resence of Pseudolite Direct 

Signal Only 

PL 
SNR 

-7 dB 
3 dB 

13 dB 
23 dB 

Conventional I SIC 

5 MHz using an 8-bit A/D converter [13]. A data 
recorder logged the samples ai 5 MHz. We applied the 
same conventional and SIC algorithms to these data. 

For the experimental data the composite 
signal included nine satellites. SV1 was 25 dB 
higher than the nominal power level and all other 
satellites were generated at nominal levels. Table I 
presents the postcorrelation SNR for all satellites. 
Example correlation plots for SV3 and SV14 using 
conventional and SIC approaches are shown in Fig. 
3. It is clear from the figures that the strong signal 
interference prevents acquisition with the conventional 
detector, but a good postcorrelation SNR is again 
achieved using SIC. All the satellites were acquired 
and tracked with the single stage SIC implementation. 

Table I1 shows an example of satellite tracking 
improvements in a simulation consisting of one 
pseudolite and five satellites. SV2 was set as a 
nominal GPS satellite with a lxecorrelation SNR of 
-17 dB and the power of the pseudolite signal was 
increased in steps of 10 dB. The receiver coherent 
integration time was 1 ms. The RMS code and phase 
tracking error statistics shown in the table were 
calculated over a 200 ms data set. 

Table I1 shows that when the pseudolite signal 
power is 10 dB above the satellite signal power, at a 
-7 dB SNR, there is no benefit to employing the SIC 
technique. The reason for this is that the pseudolite 
signal power is still 7 dB below the thermal noise 
level, and does not significantly increase the noise 

, 
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floor. However, when the pseudolite signal power 
is greater than 20 dB compared with satellite signal 
power, the noise floor increases, resulting in increased 
tracking errors when conventional tracking loops are 
used. A two-fold improvement in code and carrier 
tracking accuracy is observed after implementing the 
SIC techniques. 

For pseudolite signal strength greater than 30 dB, 
the conventional algorithms fail to detect the weak 
satellite signal, whereas the SIC approach has reduced 
the MA1 to the extent that acquisition and accurate 
tracking of the satellite signal becomes possible. 

APPLICATION OF SIC IN  MULTIPATH ENVIRONMENT 

In a multipath environment, it may be necessary 
to track and remove the pseudolite multipath signals 
if their power levels are high enough to adversely 
affect acquisition and tracking of satellite signals. 
We have implemented a new approach illustrated in 
Fig. 4, which we call reverse SIC (RSIC). The idea 
is to identify and then remove multipath in order 
to produce a cleaner version of the direct signal 
from the incoming signal r(t). As shown in Fig. 4, 
this implementation acquires, tracks, and removes 
multiple estimates of the strongest satellite signal 
until the output of the correlator is at or below the 
threshold. After a single strong signal is detected, 
sl, the RSIC algorithm attempts to acquire and track 
additional delayed versions of this same PRN signal. 
Say for example, M additional signals have been 
found, sl, ,sin,. .. , s l M ,  and regenerated based on the 
estimated parameters. The strongest signal s1 is most 
likely to be the direct signal. The additional signals 
are multipath. These multipath signals are summed 
and cancelled from the incoming signal r(t). to give a 
partially cleaned-up version of the direct signal, rd(t). 
Acquisition and tracking is then performed on rd(t) to 
get improved phase and timing estimates. The direct 
component of the signal can be regenerated more 
accurately from the improved parameter estimates and 
removed from the incoming signal to further reduce 
MA1 on weaker satellite signals. This operation of 
regeneration of the improved direct component after 
SIC is called RSIC. 

The advantage of the RSIC technique is twofold. 
First, more accurate pseudo-range measurements 
can be made from the pseudolite, and second, by 
estimating and canceling the pseudolite multipath 
signals, we have reduced their interference on satellite 
signals. Two different scenarios of multipath are 
discussed: Case 1 in which the multipath signals are 
at a delay of more than a chip and Case 2 in which 
the multipath signals are within one chip delay. 

seven satellite signals at nominal power levels and a 
pseudolite signal. The pseudolite signal consists of 
a direct signal 30 dB stronger than nominal power 

Case 1 .  Here the simulated signal consists of 
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I I 

:Ti Direct+Multipath 

;;= 0 0 500  1000 

2 

208 210 212 

Chips Chips 

Fig. 5 .  Correlation plots for pseudolite and SV2 with long delay 
multipath. Graphs on left show cross correlation of signal with 

pseudolite replica code and graphs on right show cross correlation 
of signal with (weak) satellite replica code. 

level and a multipath signal at a delay of 1.5 chips, 
attenuated by 3 dB with respect to the direct, and in 
phase with the direct signal. Fig. 5 shows the output 
of the correlator for the pseudolite signal and the 
weak satellite signal. The top two plots show that in 
the presence of the pseudolite direct and multipath 
signal the conventional acquisition process cannot 
detect the right code phase of the weak satellite. In the 
middle two plots the output of the correlator is shown 
after the pseudolite direct signal is removed. The 
middle graph on the right shows that the detection 
of the weak satellite signal is still not possible due 
to the presence of strong pseudolite multipath signal. 
Only after the removal of pseudolite multipath, is 
the detection of the weak satellite signal successful. 
This is shown in the bottom two plots. This case is 
straightforward because the delay between the direct 
and multipath signals is more than one chip. The two 
signals are largely uncorrelated and thus can be easily 
distinguished. 

Case 2. 
one pseudolite signal at 30 dB stronger than nominal 
power are present. The pseudolite signal consists of a 
direct signal and one multipath signal delayed by half 
a chip, attenuated by 3 dB, and in phase with respect 
to the direct pseudolite signal. 

In the case of short delay multipath, a standard 
correlator spacing delay lock loop (DLL) will not 
work, since the estimate of the direct signal peak 
will be off due to multipath. The early/late correlator 
spacing was reduced to 0.1 chip from standard 1 
chip spacing in order to get a better estimate of 
the direct signal correlation peak. Once the direct 
signal is removed, the multipath signal is tracked. 
The multipath signal is recreated from the estimated 
parameters and removed from the composite signal 
to get a partially clean version of the direct signal. 
Tracking this signal results in a more accurate 

Here again seven satellite signals and 

0 2  

0 0 
500 1000 

,.;I A 1 
208 210 212 '::""*"""i ;:= 

2 

0 
2 0 8  210 2 1 2  0 5 0 0  ,000 

Chips chips 

Fig. 6. Correlation plots for pseudolite and SV2 with short delay - 
multipath. Graphs on left show crciss correlation of signal with 

pseudolite replica code and graphs on right show cross correlation 
of signal with (weak) satellite replica code. 

pseudolite range measurement. More importantly, 
removal of both the direct and' multipath pseudolite 
signals results in less MA1 on the weaker satellite 
signals. The correlation plots in Fig. 6 show that the 
SIC detector identifies the correct peak of a weak 
satellite signal after removal of both the pseudolite 
direct and multipath signal. 

multipath signal is delayed leas than one chip with 
respect to the direct signal and is more than 35 dB 
stronger than the satellite power level, the RSIC 
finds multiple delayed signal versions of the PFW 
signal that exceed the threshold for removal. These 
additional signal component estimates are required 
to attenuate MA1 in the situation where the direct 
and reflected signals are closely spaced in delay and 
highly correlated. In this case., a single direct signal 
and multipath signal estimate are not sufficient to 
determine an accurate set of tracking parameters for 
each. 

Table 111 gives an example of satellite tracking 
improvements achieved by implementing the RSIC 
technique in the presence of a pseudolite direct 
and multipath signal. The simulation included one 
pseudolite and five satellites. The pseudolite multipath 
signal had a delay of 0.5 chip, an attenuation of 
6 dB, and was 180 deg out of phase with the direct 
signal. The coherent integration time was 1 ms, 
and the statistics were calculated over 200 ms. The 
precorrelation S N R  of SV2 was -17 dB and again 
the power of the pseudolite signal was increased 
in steps of 10 dB. The results are very similar to 
the performance of SIC with only direct pseudolite 
signals, shown previously in 'Table 11. 

From the simulations we found that if the 

CONCLUSIONS 

The results presented have: shown that the SIC 
technique has tremendous potential in making the 
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TABLE 111 
Summary of Satellite Tracking Improvements in Presence of 

Pseudolite Direct + Multipath Signal 

~ 

RMS 
RMS Code 
Phase Phase 
Error Error SNR 
(degs) (chips) (dB) 

5.7 0.034 10.4 
12 0.055 4.6 

- - -14.4 
- - -6.7 

PL 
SNR 

RMS 
Phase 
Error 
(degs) 

5.4 
5.0 

4.93 
4.94 

~~ 

-7 dB 
3 dB 

13 dB 
23 dB 

Conventional I SIC 

RMS 
Code 
Phase 
Error .SNR 

(chips) 

0.029 11.87 
0.026 12.11 
0.025 12.12 
0.025 12.15 

GPS receiver resistant to near-far interference. SIC 
allows the GPS receiver to detect nominal level 
satellite signals in the presence of pseudolite signals 
which are 30 dB to 40 dB stronger. The conventional 
detection scheme fails to detect the satellite signals 
at these levels of pseudolite transmissions. An A/D 
converter with a minimum of 8 bits precision is 
required in the receiver to achieve this performance; 
however, no restrictions or accommodations in 
the pseudolite transmitter are required. The RSIC 
technique is shown to be a good method to cancel 
MA1 and multipath, and at the same time improve the 
pseudolite range measurement accuracy. We expect 
these methods to be useful additions to modern digital 
receiver designs with the required computational 
capabilities. 
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