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ABSTRACT

This paper is the first of two papers that present a multipath channel model for wideband
aeronautical telemetry. Channel sounding data, collected at Edwards AFB, California at both L-
Band and lower S-Band, were used to generate channel model. In Part 1, analytic and geometric
considerations are discussed and the frequency domain modeling technique is introduced. In Part
2, the experimental results are summarized and a channel model composed of three propagation
paths is proposed.
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INTRODUCTION

Channel models are important for assessing the performance of modulation, equalization, and
coding techniques on real channels. Channel models are usually categorized as either “narrow-
band” or “wideband.” Narrowband channel models are appropriate for situations where the signal
bandwidth is much less than the coherence bandwidth of the multipath fading process [1, Chapter
14]. In this case, the individual multipath reflections are not resolvable in the signal bandwidth.
The resulting channel models are usually multiplicative fading models where a statistical descrip-
tion of the time-varying attenuation is the central focus of the model [2]. Examples of narrowband
fading models include the Rayleigh fading channel commonly used for urban cellular channels
[2], the Rice fading channel commonly used for modeling land-mobile satellite channels [3, 4],
and a narrowband channel model for aeronautical telemetry [5]. Wideband channel models are
used in those situations where the signal bandwidth is on the order of or larger than the coherence
bandwidth of the multipath fading process. In this case, the individual multipath reflections are
resolvable in the signal bandwidth and the channel can be modeled as a tapped delay line with
time-varying coefficients to account for changes in the characteristics of the multipath.

Channel sounding experiments conducted at Edwards AFB, California under the ARTM pro-
gram provide data which have been used to generate an appropriate channel model for wideband
aeronautical telemetry. This work is presented in two parts. In part 1, the analytic and geometric
aspects of multipath interference are summarized. The experimental configuration is described
along with the signal processing used to turn channel sounding data into a channel model. In part



2, the experimental results are summarized. A three-ray channel model is proposed along with the
properties of the reflections.

ANALYTIC CONSIDERATIONS

A wideband channel can be modeled as a tapped delay line with time-varying coefficients to
account for changes in the characteristics of the multipath. If the channel variations are slow
enough, then over a short time interval, the channel can be modeled as a linear, time-invariant
system whose complex baseband impulse response is composed ofL propagation paths and is of
the form

h̃(t) =
L−1∑

k=0

Γ̃k exp {−jωcτ̃k} δ (t− τ̃k) (1)

whereΓ̃k is the complex gain of thek-th propagation path,̃τk is the propagation delay of thek-th
propagation path, andωc is the RF carrier frequency. We label path 0 the line-of-sight path and
normalize the other path gains and delays to the line-of-sight path using

h(t) =
h̃ (t + τ̃0)

Γ̃0

(2)

= δ(t) +
L−1∑

k=1

Γ̃k

Γ̃0

exp {−jωc (τ̃k − τ̃0)} δ (t− τ̃k + τ̃0)

= δ(t) +
L−1∑

k=1

Γk exp {−jωcτk} δ (t− τk) (3)

whereΓk andτk are defined implicitly in Equation (3). A simple 2-ray model (L = 2) based on
a single ground reflection has proven to be a useful propagation model for predicting large-scale
signal strength for systems that use tall towers and for line-of-sight microcell channels in urban
environments [6]. Rummler’s model [7] is a 3-ray (L = 3) model that is a good model for the 6
GHz terrestrial microwave line-of-sight channel. In part 2 of this paper, we show thatL = 3 yields
an accurate model for the multipath observed in aeronautical telemetry applications. In addition,
we provide models which accurately predict the values of the complex gains and delays for the two
reflected propagation paths.

The channel transfer function is the Fourier transform of the channel impulse response. That is

H(ω) = F {h(t)} (4)

= 1 +
L−1∑

k=1

Γk exp {−jωcτk} exp {−jωτk} (5)

The channel transfer function corresponding to the 2-ray channel model (L = 2) is illustrated in
Figure 1. The transfer function is characterized by periodic nulls that occur every1/τ1 Hz. The
depth of the null is determined by|Γ1|. The frequency of the null is determined by bothτ1 and
the quantityωcτ1 + 6 Γ1. Changes in6 Γ1 causethe frequency of null to move, but not the spacing.
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Figure1: Channel transfer function for the 2-ray channel model.

Changes inτ1 will cause both the frequency and the spacing of the null to change. Note that when
ωc is large, even small changes inτ1 can lead to huge changes in the frequency of the null.

The channel transfer function corresponding to the 3-ray channel model (L = 3) is illustrated
in Figure 2. In this example,Γ1 > Γ2 andτ2 > τ1. This models the case where the first reflection
is a strong short-delay reflection and the second reflection is a weaker long-delay reflection. The
effect of the additional second reflection in this case is to superimpose a “ripple” on the basic
frequency response of the two-ray model. The period of the ripple is determined byτ2 and the
amplitude of the ripple is determined by|Γ2|.

GEOMETRIC CONSIDERATIONS

An understanding of the geometry defined by the airborne transmitter, the ground-based re-
ceiver, and the possible reflecting surfaces helps in quantifying the properties of the multipath
interference observed. The typical flight geometry is illustrated in Figure 3. The flat reflect-
ing surface between the airborne transmitter and ground-based receiver represents the dry lake
beds typical of test ranges located in the deserts of the Western USA. For a receive antenna with
beamwidthθa set at elevation angleθe, a specular reflection with grazing angleθg will only cause
multipath interference when the specular reflection arrives within the main lobe of receive antenna
gain pattern; that is when

θe + θg <
θa

2
. (6)

For aeronautical telemetry applications, antenna beamwidths range from approximately6◦ for the
8-foot L-band antenna to about3◦ for the 15-foot L-band antenna at Edwards AFB. Given this
scenario, multipath interference is most likely to occur when the elevation angleθe is small and the
environmental geometry supports a multipath reflection with a very small grazing angle.
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Figure3: The geometry of the aeronautical telemetry channel.



Thephysical properties of the specular reflection are well understood in electromagnetic theory
[13]. Given the propagation geometry illustrated in Figure 3, the reflection coefficient can be
modeled as E-field reflection at an interface between free space and a semi-infinite dielectric. For
vertical and horizontal polarizations, the reflection coefficients are

ΓV =

− cos θi +

√
ε0

ε1

√
1− ε0

ε1

sin2 θi

cos θi +

√
ε0

ε1

√
1− ε0

ε1

sin2 θi

(7)

ΓH =

cos θi −
√

ε1

ε0

√
1− ε0

ε1

sin2 θi

cos θi +

√
ε1

ε0

√
1− ε0

ε1

sin2 θi

, (8)

respectively, whereε0 = 8.85×10−12 F/m is the permittivity of free space andε1 is the permittivity
of the reflecting media. For dry earth,ε1 = 3ε0 + 3× 10−4/jωc [13]. As the grazing angle,θg gets
small, the incidence angle,θi, approaches90◦ so thatΓV → +1 andΓH → −1.

Expressions for the delayτ1 and grazing angleθg assuming a flat smooth earth are derived as
follows. The geometry of the flight path assuming a flat-smooth earth is illustrated in Figure 4. In
Figure 4 (a), the transmitter locationT′ = [x′T , y′T , z′T ]T , the receiver locationR′ = [x′R, y′R, z′R]T ,
and the specular pointS′ = [x′S, y′S, z′S]T are plotted on a south-east-up coordinate system [14]
(x′, y′, z′) centered at sea-level at the latitude and longitude of the receiver. For our simple model
of a flat, level reflecting surface, the pointsT′, R′, andS′ reside in a plane as shown. As such, the
three points may by plotted in a new coordinate system(x, y, z) which is produced from(x′, y′, z′)
by a clockwise rotation about thez′ axis as illustrated in Figure 4 (b). The angle of rotation is
φ = tan−1 {xT /yT}. In the new(x, y, z) coordinate system, the transmitter locationT is related
to its coordinates in the old(x′, y′, z′) coordinate system byT = PφT

′ wherePφ is the rotation
matrix given by

Pφ =




cos φ − sin φ 0

sin φ cos φ 0

0 0 1


 . (9)

Similarly, R = PφR
′ andS = PφS

′.
Using simple geometric operations in the new coordinate system, the differential path length

∆ and the grazing angleθg are given by

∆ =

√
(zT + zR − 2zS)2 + y2

T −
√

y2
T + (zT − zR)2 (10)

θg = tan−1

{
zT + zR − 2zS

yT

}
. (11)

For most of the cases of practical interest,yT >> zT , zR, zS so that (10) and (11) are well approx-
imated by truncated Taylor series. Using the Taylor series approximations and the relationship
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Figure4: Geometric details of a multipath reflection. (a) The geometry of a multipath reflection
in a south-east-up Cartesian coordinate system(x′, y′, z′) located at sea-level at the latitude and
longitude of the receiver. (b) The geometry of the same multipath reflection in the rotated Cartesian
coordinate system(x, y.z).

τ = ∆/c we obtain

τ ≈ 2 (zT − zS) (zR − zS)

cyT

(12)

θg ≈ zT + zR − 2zS

yT

. (13)

For dynamic channel behavior, the time derivatives of the spatial coordinates are computed. If
the transmitter velocity vector isv′T = [ẋ′T , ẏ′T , ż′T ]T , thenvT = [ẋT , ẏT , żT ]T is given byvT =

Pφv
′
T . The corresponding changes inτ andθg are

τ̇ = −2 (zT − zS) (zR − zS)

cy2
T

ẏT +
2 (zR − sS)

cyT

żT (14)

θ̇g = −zT + zR − 2zS

y2
T

ẏT +
1

yT

żT . (15)

Again, for the cases of practical interest,yT >> zT , zR, zS so thatθ̇g ≈ 0. Hence the changes
in the reflections coefficients given by (7) and (8) are negligible. Changes isτ will also be small.
But even small changes inτ will cause significant changes in the over-all phase of the multipath
reflection since the shift since the phase shift isωcτ and the carrier frequencies are in the L-band
(1500 MHz) and lower S-band (2200 MHz).

CHANNEL SOUNDING EXPERIMENTS

Experimental Configuration

The experimental configuration for the channel sounding experiments is illustrated in Figure 5.
A length-127 PN sequence was transmitted using a 10 Mbit/second BPSK transmitter with a 2-
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Figure5: Block diagram of the experimental configuration used for the channel sounding experi-
ments.

Watt linear power amplifier in a T-39 Saberliner aircraft. The baseband NRZ PCM PN waveform
was filtered by a 7-th order elliptic low-pass filter with a 3-dB frequency of 10 MHz to limit the
spectrum of the resulting RF modulated signal. The transmit antenna was a vertically polarized,
hemispherically omni-directional antenna mounted under the aircraft fuselage. GPS data were
recorded on board the aircraft for data correlation during post-flight processing.

A PN sequence was chosen since it can be used to identify multipath reflections in the received
signal using well-known cross-correlation methods [8]. The cross correlation method identifies a
multipath reflection only when its delay (relative to other propagation paths) is greater than twice
the chip time. In this system, the minimum resolvable delay is 200 ns which is much greater than
the delays produced by the system geometry. While there are multipath reflections that arrive with
delays greater than the 200 ns resolution, the amplitudes are very small and are hard to extract
from the cross correlation data. Some PN cross correlation results for the Edwards AFB data are
presented in [9].

The receiving station used a parabolic reflector which tracked the airborne transmitter. This
antenna was located at the main telemetry receiving complex (Building 5790) at Edwards AFB.



Figure6: Black Mountain (between points P1 to P2) and Cords Road (between points P3 and P4)
flight paths at Edwards AFB. The receiver for all channel sounding runs was located at Building
5790.

The received signal was downconverted to a linear 70 MHz intermediate frequency, filtered by an
IF bandpass filter, and sampled at 100 Msamples/sec using a high-speed sampling oscilloscope. In
addition, the receiver AGC voltage was sampled at 50 ksamples/sec and tagged with GPS-derived
time stamps for calibration purposes during the post-flight processing.

Two flight paths were used for the channel sounding measurements as illustrated in Figure 6.
The first is Cords Road which is an approximately east-west flight corridor just north of the main
telemetry receiving complex at Edwards AFB. The west end of the Cords Road run is located at
35◦ 5.22′ N, 117◦ 59.98′ W and the east end is located at35◦ 4.95′ N, 117◦ 3.89′ W. The channel
sounding flights conducted along the Cords Road corridor were at an altitude of 5,000 feet. The
second is Black Mountain which is also an east-west flight corridor and is north of the Cords Road
flight path. The west end of the Black Mountain run is located at35◦ 12.26′ N, 117◦ 52.17′ W
and the east end is located at35◦ 11.46′ N, 116◦ 53.90′ W. The channel sounding flights conducted
along the Black Mountain corridor were at altitudes of 5,000 and 10,000 feet. The main telemetry
receiving complex is at34◦ 53.62′ N, 118◦ 0.68′ W at an altitude of 2966 feet. The dry-lake bed
that forms the reflecting surface is at an altitude of 2300 feet.

Two modes of operation were used to produce the data analyzed in this paper. In the first mode,
sampling was triggered by error events generated by the BPSK demodulator. During each trigger
event, the digital oscilloscope recorded 10 consecutive data segments spacedT∆seg seconds apart



Table 1: Experimental Configuration Summary
Carrier Antenna

Flight T∆seg Tseg Frequency Diameter
Number Mode (msec) (µsec) (MHz) (ft) Location Date

10 triggered 200 100 1510.5 8 EAFB 10Dec 98
11 triggered 150 100 2344.5 15 EAFB 16Feb 99
12 triggered 250 100 2360.5 8 EAFB 22Feb 99
18 continuous 20 50 1460.5 4, 8 EAFB 28Jul 99

with durationTseg = 100 µsec (or 10,000 samples). In the second mode, sampling is performed
continuously but interrupted by data transfer to a file when the sampling oscilloscope memory is
full. The sampling process is performed in short bursts spacedT∆seg = 20 ms apart with duration
Tseg = 50 µsec (5,000 samples). With these numbers, oscilloscope memory allowed the sampling
of 800 segments between data transfer events. In this way, snapshots of the channel impulse
response were produced everyT∆segseconds. These details are summarized in Table 1.

Data Processing

The data processing used samples of the transmitted signalx(nTs) and samples of the received
signaly(nTs), whereTs = 10 ns is the sampling time. The Bartlett method (periodogram aver-
aging) [10] was then used to estimate the power spectral densitiesSxx

(
ejΩm

)
andSyy

(
ejΩm

)
of

x(nTs) andy(nTs), respectively, using theM = 1270-point DFT. (Since the length-127 PN se-
quence is repeated every 127 bits, the transmitted signal is periodic the true power spectral density
of x(t) is discrete [11]. The length of the DFT was chosen to match a single period ofx(nTs) so
that the DFT bin centers are aligned with the spectral lines of the power spectral density.) The DFT
frequency bins areΩm = 2πm/M for m = 0, 1, . . . , M − 1. From these estimates, an estimate of
the magnitude-squared of the channel transfer function is obtained:

∣∣∣Ĥ
(
ejΩm

)∣∣∣
2

=
Syy

(
ejΩm

)

Sxx (ejΩm)
. (16)

Thus
∣∣∣Ĥ

(
ejΩm

)∣∣∣
2

is a sampled version of
∣∣∣Ĥ

(
ejΩ

)∣∣∣
2

, the DTFT of the channel impulse response.

Due to the bandlimited nature of the channel input and corresponding output,
∣∣∣Ĥ

(
ejΩ

)∣∣∣
2

, is also

bandlimited and has support in the frequency domain forW1 ≤ Ω ≤ W2. Let W = [W1,W2] be
this region of support and let

M = {m|W1 ≤ Ωm ≤ W2} (17)

be the set of indices corresponding to the frequency bins in the region of support.

The estimate
∣∣∣Ĥ

(
ejΩm

)∣∣∣
2

is compared with the transfer function of the model to estimate

the model parameters (i.e. the amplitudes and delays of the multipath reflections). We begin by



computingthe Fourier transform of the model (3) to obtain

H (ω) = 1 +
L−1∑

k=1

Γk exp {−j (ωτk + ωcτk)} . (18)

The continuous-time channel transfer function (18) is bandlimited by settingH (ω) = 0 for
ωTs 6∈ W . Using the relationship between bandlimited continuous-time systems and the equiva-
lent discrete-time systems [12, Chapter 7], the equivalent discrete-time channel transfer function
is given by

H
(
ejΩ

)
=





1 +
L−1∑

k=1

Γk exp

{
−j

(
Ω

τk

Ts

+ ωcτk

)}
Ω ∈ W

0 else

. (19)

Equation(19) is a function of2(L− 1) parameters which we define as the set

S = {Γ1, τ1, Γ2, τ2, . . . , ΓL−1, τL−1} . (20)

The optimal parameter setSopt is determined using a modified least squares criterion:

Sopt = argmin
S

{ ∑
m∈M

∣∣∣∣10 log10

(∣∣H (
ejΩm ;S)∣∣2

)
− 10 log10

(∣∣∣Ĥ
(
ejΩm

)∣∣∣
2
)∣∣∣∣

2
}

(21)

where the notationH
(
ejΩm ;S)

has been used in place ofH
(
ejΩm

)
to emphasize the fact that the

model is a function of the parameters in the setS. The decibel criterion was chosen to force the
least-squares minimization algorithm to weight modeling errors corresponding to frequencies in
multipath nulls equally with modeling errors corresponding to frequencies with unfaded signals.
This was needed to emphasize the structure of the multipath nulls which depend on the delays
thereby improving the estimates of the delays.

CONCLUSIONS

Channel sounding data collected at Edwards AFB, California can be used to characterize the
multipath propagation observed on the aeronautical telemetry channel. Using a frequency-domain
curve-fitting technique, the parameters of a channel model based on discrete multipath reflections
can be obtained. An analysis of the flight path geometry can be used to determine the validity of
the curve-fitting results. The results of the channel sounding experiments are summarized in Part
2.
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