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INNOVATIONS  DESERVING  EXPLORATORY ANALYSIS (IDEA) PROGRAMS
MANAGED BY THE TRANSPORTATION  RESEARCH BOARD (TRB)

This investigation was completed  as part of the ITS-IDEA Program which is one of three IDEA programs
managed by the Transportation  Research Board (TRB) to foster innovations  in surface transportation. It
focuses on products  and result for the development  and deployment  of intelligent transportation  systems
(ITS), in support  of the U.S. Department of Transportation’s  national  ITS program plan. The other two
IDEA programs areas are Transit-IDEA,  which focuses on products  and results for transit practice in
support  of the Transit  Cooperative Research Program (TCRP), and NCHRP-IDEA,  which focuses on
products  and results for highway construction,  operation,  and maintenance in support  of the National
Cooperative Highway Research Program (NCHRP). The three IDEA program areas are integrated to
achieve the development  and testing of nontraditional  and innovative  concepts,  methods and technologies,
including  conversion technologies  from the defense, aerospace, computer, and communication  sectors that
are new to highway, transit,  intelligent,  and intermodal  surface transportation  systems.

The publication  of this report does not necessarily indicate approval or endorsement  of the findings,
technical opinions,  conclusions,  or recommendations,  either inferred  or specifically expressed therein,  by
the National  Academy of Sciences or the sponsors of the IDEA program from the United States
Government or from the American Association of State Highway and Transportation  Officials or its
member states.
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1. all sophisticated signal processing is implemented in
software which provides both high performance and
flexibility, and

2. the system forms an ideal testbed  for testing of the design
of future enhancements and modifications to fit specific ITS
applications.

Transmitter and receiver block diagrams for the wireless
modem produced  by this project are shown in Figures 9 and 10,
respectively. Each block in the transmitter  works in conjunction
with a block in the receiver (e.g., the FEC coder and the FEC
decoder, the interleaver and the de-interleaver, etc.)

On the transmitter side of the system, the baseband
transmitter is implemented with a digital signal processor (DSP)
which performs the FEC coding and interleaving on the data
symbols, the mapping of symbols to the QAM constellation,
the generation of pilot symbols and their mapping to a phase
shift keying constellation, the insertion  of pilots into the symbol
stream, and fmally the pulse shaping filter. The intermediate
frequency (IF) up-converter is implemented digitally and
produces three IF outputs with offset center frequencies which
are needed for transmitter antenna diversity. Finally, the radio
frequency (RF) up-converter shifts  the IF signals to the final
carrier frequencies around 220 MHz and drives the three
transmit antennas.

On the receiver side of the system the RF down-converter
shifts the received signal  to an IF center frequency where the
IF down-converter digitally shifts the signal back to baseband.
The implementation of the RF down-converter is shown in
Figure 2. The remainder of the receiver is the baseband
demodulator which is implemented in Signal Processing
Workstation (SPW)  code. It performs  matched filtering, symbol
timing synchronization and sampling, frame synchronization,
fading channel estimation, de-interleaving, and soft decision
FEC decoding. The graphical user interface of the SPW
environment is shown in Figure 1 1.

The use of a programmable DSP in the transmitter and
SPW in the receiver streamlined the development, testing, and
modification of the sophisticated algorithms implemented in the
ITS wireless modem. The system is very flexible and will serve
as an ideal testbed  for future enhancements. Further details on
the system operation are contained in the body of this report.

The wireless modem produced in this project has been
thoroughly tested via analysis and bench testing. Field testing
has begun and more is planned In genera the tests performed
to date have verified that the modem design performs well, and
in fact, the agreement with theory is very close. The laboratory

bench testing setup is shown in Figure 22. Three series of bench
tests were performed: (1) the baseband demodulator test, (2)
the IF test, and (3) the RF test. These tests verified the correct
operation of all of the various blocks shown in Figures 9 and
10. The tests allowed for the isolation of problems and the
characterization of the entire system. Preliminary field testing
was performed by transmitting and receiving inside the MSEE
building at Purdue University. These tests including both
moving and stationary receivers and the transmitter antenna
diversity scheme More details are contained in the body of the
report.

FIGURE 2: The RF down-converter. The waveform on
the monitor is 16 QAM quadrature channel.

We have demonstrated a proof of concept for a general
purpose ITS data communication resource. Every aspect of the
system works as predicted and our implementation of this
modem is quite efficient. Significant work remains to be
completed to fully test this system in more realistic environments
for ITS applications, but we do not foresee any potential
problems. While this implementation does not yet meet the high
goal of 3 bps/Hz, this goal can be achieved with fairly minor
modifications (a change in the FEC coder/decoder) of the current
architecture. This project provides a testbed  for future proposed
modem improvements or applications of the ITS spectral
allocation.

We have had extensive interaction with the Indiana
Department of Transportation (INDOT)  concerning possible
uses for the modem technology developed in this IDEA project
in ITS application5 and field tests around the state. Some of the
promising possibilities include the following:

1. data communications between highway infrastructure and
mobile incident response vehicles in INDOT’s  Borman
Expressway Advanced Traffic Management System,

2. transmission of surveillance sensor telemetry to remote
concentrators, and
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Experimental measurements and mathematical analysis( 1)
have shown that this results in a signal with frequent deep fades
which occur when the phases of the received paths add up
destructively. The most severe type of fading is where there
is no line of sight path - the entire received signal consists of
reflections. This occurs frequently in urban environments and
mountainous terrain, and is known as Rayleigh fading. The
response of a Rayleigh  fading channel to an unmodulated carrier
is shown in Figure 1. It is apparent that it will be difficult to
transmit information reliably on such a widely fluctuating
channel, especially in the instances when the magnitude
becomes very small.

For transmitted signals with a carrier frequency and
bandwidth in the ITS spectral allocation and vehicle speeds
below 100 mph, the channel fading is relatively constant over
several symbol periods. In this case, the channel is accurately
represented with the following complex baseband model, as
explained in the Appendix:

rn = dncn + nn (2)

where rn is the received signal sample,
dn is the transmitted data symbol,
cn is the multiplicative channel distortion, and
nn is additive white Gaussian noise (AWGN).

The data symbol dn is a complex digital symbol, whereas cn
and nn are complex valued samples, representing the effects
of the channel and noise, respectively. The baseband channel
model is depicted graphically in Figure 6.

Baseband
Transmitter

Baseband
Receiver

cn  nn
FIGURE 6: Baseband channel model

Diversity in Wireless Transmission

The fading inherent in mobile wireless communication
systems severely impairs performance. Figure 7 shows the bit
error probability (BEP)  of a wireline  modem compared to that
of a mobile wireless modem’ as a function of signal-to-noise
ratio (SNR). The BEP is the probability that the receiver

1 This figure was generated assuming zero intersymbol
interference, ideal synchronization and channel estimation, and
no coding or diversity.

5

incorrectly demodulates a bit due to corruption by the channel
and noise. The reason for this reduced performance may be
understood by examining Figure 1. Even if the average SNR
is large, there are still many times when the instantaneous SNR
is quite small. These deep signal fades produce bursts of errors
and significantly degrade performance compared to non-fading
channels. It is evident that sophisticated algorithms will be
required to increase system performance to be commensurate
with wireline  modems.

0
SNR per bit (dB)

FIGURE 7: Performance of wireline (solid) versus
wireless modem with no diversity (dashed), 16 QAM

The key to improved performance for mobile wireless
transmission is diversity(2),  which involves sending multiple
copies of the signal that will suffer independent fading. The idea
is that if enough copies are sent, the chances of them all being
subjected to a deep fade will be small. Figure 8 shows the
improvement in the BEP performance for binary phase shift
keying (BPSK) and 16 quadrature amplitude modulation (QAM,
described in the Appendix) as the number of diversity levels
Ld is increased from one to four. Note that for a given diversity
level the BEP performance of BPSK is better than that of 16
QAM. However, it must be remembered that BPSK encodes
only one bit per transmitted symbol while 16 QAM encodes four
bits per symbol. Therefore 16 QAM is more bandwidth efficient
than BPSK and this advantage can overcome the BEP
performance disadvantage in a properly designed system.

There are numerous ways to implement diversity in radios,
including time diversity, frequency diversity, antenna diversity,
or others. An important design issue is ensuring that the fading
suffered by each copy of the signal is as near to independent as
possible. Effective diversity schemes are based on the fact that
the phase on each path is rapidly changing - if the signal copies
are designed such that the phases of the incoming paths are
different, the fading encountered by each copy will be different
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fc-5000 fc-2000 fc fc+2000 fc+5000

Frequency. Hz
FIGURE 18: Spectrum of square root raised cosine pulse

IF Up/Down-Converter

The final digital operation of the transmitter is to shift the
signal to an intermediate frequency (IF) of 10.7 MHz. Using
this IF makes it easy to filter out image frequencies resulting
from the up-conversion process. There are three IF outputs, each
at a slightly different carrier frequency. This is part of the
transmitter antenna diversity scheme, to be discussed shortly.

RF Up/Down-Converter

The radio frequency (RF) up-converter unit shifts the signal
from the IF to the final carrier frequency (220.5825 MHz is the
allocation we were given by the FCC). This signal is amplified
and filtered to provide the appropriate output power and spectral
response to the transmitter antenna. This unit was built with
prepackaged subassemblies and may be seen in Figure 20 along
with a mobile unit antenna. The RF down-converter provides
the necessary frequency conversion, filtering and automatic gain
control (AGC) needed to translate the signal from the receiver
antenna to an IF frequency with an appropriate power level.
The AGC can detect a signal from -120 dBm to -40 dBm, and
amplifies the output to 0 dBm. The RF receiver is in an
integrated subassembly constructed by an outside vendor, and
is displayed in Figure 2.

The IF down conversion is performed digitally to minimize
implementation losses. The resulting lF signal (centered at 10.7
MHz) is sampled at 40 MHz and then digitally down-converted
to baseband. Figure 19 shows the evaluation boards for the A/D
converter and the DDC.

FIGURE 20: RF transmitter and a
receiver antenna.

9

FIGURE 19: The RF receiver (bottom center) feeds the
IF signal to the A/D board (right), which sends digital
samples to the digital down-converter (Ieft). The
baseband digital signal is fed to a computer where the
results are processed using SPW.

Transmitter Antenna Diversity

This project implements a form of transmitter diversity in
which multiple antennas are used at the base station to achieve
the requited diversity, and only a single antenna is required at
the mobile unit. Each base station antenna uses a slightly
different carrier frequency to transmit the signal(j).  This
frequency offset induces a time varying multiplicative distortion
which is not dependent on the position of the mobile, as seen
in Figure 2 1. Therefore, when the mobile stops (e.g., at a traffic
light) it will still encounter a time varying distortion, and will
never be stopped in a deep fade. Since the receiver is already
designed to tolerate fading, the addition of another fading
process doesn’t reduce worst case system performance. The
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-7 -5 -3 -1 +1 +3 +5 +7
FIGURE 29: Signal constellation for wireless 64 QAM

Unfortunately we did not fully push the envelope of the
links performance in this set of tests (even though we tried)
In the last two tests in Table 2 we positioned the receiver in an
apparent deep fade by using the spectrum analyzer to monitor
the received signal and moving the receiver antenna around until
no signal was evident on the spectrum analyzer. This test
location still resulted in a zero or low error rate for most
modulations, so apparently our receiver front end is more
sensitive than our spectrum analyzer.

Additionally, the transmitter diversity performed as
expected. Figure 30 is a plot of the fading induced in a
stationary environment with multiple antennas each having a
slightly different frequency offset. The fading is quasi-periodic
as expected from Figure 21, and after interleaving a maximum
of one symbol per codeword is faded as the system was
designed(4).  The 64 QAM  signal without the transmitter
antenna diversity was severely distorted, and only 37 of 144
transmitted data frames were able to be demodulated. When
the transmitter diversity system was used at this location the
system recognized 136 of the 144 frames and produced a lower
error rate3.. It will be interesting to investigate this scenario in
more detail in the future. We will measure the AGC gain to
determine where the deep fades are rather than using the
spectrum analyzer, because when the spectrum analyzer cannot

3 The remaining frames were not demodulated because they
were used to establish frame synchronization.

detect any signal, there are still times when our receiver can
demodulate it, even without transmitter antenna diversity.

-20
FIGURE 30: Magnitude in dB of PSAM estimate of
fading channel induced by intentional frequency offset
and multiple transmitter antennas.

The mobile tests demonstrated that system works as theory
predicts with time varying channel distortion. The mobile tests
worked well in general. From Figure 3 1 it is evident that even
at walking speeds significant changes in received signal strength
occur in wireless transmission. Note that these plots do not have
the same types of variations as seen in Figure 1 because the
position is changing slowly enough that the AGC in the receiver
is compensating for some of the changes in the received signal
amplitude.

\ II  
 >

2.5 5 t,  s

FIGURE 31: Fiie seconds of a mobile channel magnitude
(single transmitter antenna)

A dramatic example of how well the PSAM channel
estimation scheme works in time-varying fading is seen in
Figures 32 and 33. Figure 32 shows the scatter plot of the
demodulator output for a short time span of a wireless mobile
test of 16 QAM data Comparing this figure to Figure 15 shows
that the channel is behaving as predicted in theory and the
concentration of the scatter plot around the origin indicates that
the signal had a deep fade over the time span plotted. If the
scatter plot in Figure 32 is compensated by the channel estimate
as was done in Figure 16 then the 16 QAM  constellation is again
evident. Comparing Figure 33 to Figure 16 demonstrates the
demodulator is performing as predicted in theory. This small
battery of field tests is merely a start toward a full
characterization of the link performance, but everything has
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PSK phase shift keying
QAM quadrature amplitude modulation
RF radio frequency
SPW Signal Processing Worksystem
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