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ABSTRACT

When using two antennas to transmit telemetry from an airborne platform, self interference results
when both transmit antennae are visible to the receive antenna. This self interference can lead to link
outages and severe distortion, especially as data rates increase above 5 Mbits/sec. Space-time coding can
be used to provide transmit diversity to overcome this self interference problem. This paper describes
the results of experiments (conducted at Edwards Air Force Base, California, USA) using FQPSK-JR
waveforms coded with ARTM Tier-1 Space-Time Block Code.

INTRODUCTION

Historically, air-to-ground telemetry links were comprised of a transmit antenna mounted on the under-
side of the fuselage and a fixed ground station equipped with a tracking antenna as illustrated in Figure 1
(a). However, aircraft maneuvers can place the place the fuselage in between the transmit antenna and
receive antenna thus blocking the line-of-sight propagation path as illustrated in Figure 1 (b). The tradi-
tional solution has been the use of two antennas to transmit the same signal. The typical configuration
uses one antenna mounted on the bottom of the fuselage and a second antenna mounted on the top of the
fuselage. As illustrated in Figure 1 (c), when the line-of-sight propagation from the bottom antenna to the
ground station is blocked, line-of-sight propagation from the top antenna is unobstructed and the link is
maintained.

Since the two antennas are separated in space, the two signals arrive at the ground station with different
phases. This is not a problem when only one of the signals has an unobstructed line-of-sight propagation
path to the ground station. When both signals have an unobstructed line-of-site propagation path to the
ground station, some unintended behavior is observed. For certain aspect angles, the phases of the two
signals are such that the signals reinforce each other. However, for other aspect angles, the phases of the
two signals are such that the signals cancel (or nearly cancel) out. As a consequence, the two-transmit



antenna system behaves as a single composite antenna with an undesirable gain pattern as illustrated in
Figure 1 (d).

Several solutions to this problem have been considered. One obvious solution is to use different carrier
frequencies for the two antennas. While simple, this solution requires twice the bandwidth and can claim
the use of two ground station antennas. The reallocation of 60 MHz in the lower S-bandfromaeronautical
telemetryto commercial uses in 1997 has exacerbated the competing demands on the remaining spectral
allocations. This situation, coupled with the increasing data rate requirements for new systems to be
tested, makes the solution unworkable. Another solution to this problem is to equip the aircraft with a
steerable antenna thereby allowing the signal to be “pointed” directly at the ground station. This solution
requires high resolution TSPI and aircraft attitude information which are required to compute the proper
“pointing angles.” These family of solutions require substantial on-board processing capability as well as
sophisticated antenna technology to implement electronically steerable antennas.

An alternate solution, proposed by the authors [1], is to transmit twodifferent, but related, signals from
the two transmit antennas. The relationship between the two signals is defined by a space-time code [2, 3]
called the ARTM Tier-1 Space-Time Block Code. The two signals are transmitted at the same time and
on the same frequency using any of the bandwidth efficient ARTM Tier-1 waveforms described in IRIG
106-04 [4]. The code is designed to that the instantaneous phase relationship of the two signals is adjusted
to avoid destructive interference when averaged over the length of the block code. In addition, all data
can be recovered when only one of the two transmitted signals is available at the receiver. In comparison
with the other solutions described above, this solution does not require additional spectrum and places
only modest complexity increases (to be described below) on the airborne platform. The complexity is
concentrated in the ground station, where size and weight are less important.

This concept was tested in an experimental setting at Edwards AFB in early 2004. This paper describes
the experiment and the results of the experiment. It is shown that a dual-antenna space-time coded system
operating in a real environment can eliminate the link outages caused by the self-interference associated
with the traditional dual-antenna configuration.

MATHEMATICAL MODEL

The basic system is illustrated in Figure 2. The signal transmitted form antenna 0 is an ARTM Tier-1
signal, which may be expressed as an offset modulation as

s0(t) =
∑

k

[
a0(k)pI,k(t− kTs) + jb0(k)pQ,k(t− Ts/2− kTs)

]
(1)

wherea0(k) ∈ {−1, +1} andb0(k) ∈ {−1, +1} are the inphase and quadrature symbols, respectively,
transmitted during thek-th symbol interval;Ts is the symbol time (twice the bit time); andpI,k(t) and
pQ,k(t) are the data-dependent pulse shapes used for the inphase and quadrature components, respectively.
Similarly, the signal transmitted from antenna 1 may be expressed as

s1(t) =
∑

k

[
a1(k)pI,k(t− kTs) + jb1(k)pQ,k(t− Ts/2− kTs)

]
(2)
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(c)
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Figure 1: Illustration of the basic problem of dual-antenna air-to-ground communication: (a) the air-
to-ground link for normal, level flight; (b) line-of-sight propagation from a single antenna can be blocked
during maneuvers; (c) the use of two transmit antennas can solve this coverage problem; (d) when the same
signal is transmitted from both antennas, self-interference results and has the same effect as a composite
antenna with a very poor beam pattern.
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Figure 2: Basic system configuration for transmission using space-time codes.

wherea1(k) ∈ {−1, +1} andb1(k) ∈ {−1, +1} are the inphase and quadrature symbols, respectively,
transmitted during thek-th symbol interval. The ARTM Tier-1 Space-Time Block Code defines the rela-
tionship between the symbolsa0(k), b0(k), a1(k), andb1(k).

The received signal is a mixture of the signals transmitted form the two antennas. Since each signal is
received with a different delay, the received signal my be modeled as

r(t) = h0s0(t− τ0) + h1s1(t− τ1) + w(t) (3)

whereh0 is a complex channel gain that quantifies the attenuation and phase shift associated with the
propagation path between antenna 0 and the receive antenna andτ0 is the delay associated with the prop-
agation path between antenna 0 and the receive antenna. Similar definitions apply toh1 andτ1 for the
propagation path between antenna 1 and the receive antenna. Additive white noise is included in (3) using
w(t) which is a zero-mean complex-valued Gaussian random process whose real and imaginary parts have
power spectral densityN0/2 W/Hz.

The effect of the ARTM Tier-1 Space-Time Block Code can now be quantified. It can be shown
that when the same signal is transmitted from both antennas, the signal-to-noise ratio seen by a coherent
receiver is

SNR= |h0 + h1|2 Eb

N0

. (4)

Observe that the signal-to-noise ratio can be quite small whenh0 andh1 have magnitudes that are about
the same but possess phases that are180◦ apart. This is the cause of signal outages using the traditional
two-antenna transmission technique. When the transmitted signals are coded using the ARTM Tier-1
Space-Time Block Code, the signal-to-noise ratio is

SNR=
[
|h0|2 + |h1|2

] Eb

N0

. (5)

This shows that the signal-to-noise ratio will never be smaller than the sum of the magnitudes ofh0 and
h1, even when the phase difference is180◦. (This fact will be illustrated in the experimental results sec-
tion.) For this reason, space-time coding offer substantial improvements over the traditional two-antenna
transmission technique.
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Figure 3: A block diagram of the experimental configuration used for the space-time coding experiments.

EXPERIMENTAL CONFIGURATION

A. Airborne Transmitter and Data Acquisition

The experimental configuration is illustrated in Figure 3. A single data source was encoded into two
parallel data streams using the ARTM Tier-1 Space-Time Block code described in [5]. The parallel data
sources modulated a pair of FQPSK-JR transmitters at a rate of 5 Mbits/sec. The two parallel modulated
signals were transmitted simultaneously from a pair of antennas mounted on the top and bottom of the
fuselage of a Beechcraft C-12 airplane illustrated in Figure 4. The received waveform was received by a
standard telemetry receiver and converted to 70 MHz IF. The IF signal was sampled by the deep memory
oscilloscope (DMO) operating in a “continuous mode.” The data samples were recorded on a DVD and
sent to the BYU Telemetry Laboratory for processing.

The data source used in this experiment was a length-127 PN sequence. Since a space-time code
designed for use with two transmit antennas and one receive antenna was used with a modulation requiring
2 bits/symbol, the output of the space-time coder had a period of4×127 = 508 bits. Due to the differential
encoding of the Tier-1 waveforms, the transmitted waveforms from each antenna had a period of2×508 =

1016 bit periods (or 508 symbol periods).



Figure 4: The C-12 Beechcraft airplane used for the space-time coding experiments.

B. Demodulation and Decoding

Demodulation and decoding were performed using a computer program. The basic structure of the
algorithms is illustrated in Figure 5. The sampled data files were read from the DVDs, mixed to I/Q
baseband using quadrature sinusoids, filtered by an FIR detection filter, and processed by the space-time
decoder. The space-time decoder is a sequence estimator that used the Viterbi algorithm based on the
trellis described in [5].

Since the signals transmitted from each of the transmit antennas arrives with a different delay at the
receiver, the two delays must be estimated. The estimates are a function of the channel gains, which are
unknown and must also be estimated. As a consequence, the channel delays and channel gains estimator
is a joint estimator. The maximum likelihood estimates of the four parameters denotedτ̂0, τ̂1, ĥ0, andĥ1:

0 = Re

{
ĥ∗0

∑

k

[
a0(k)ẋ(kTs + τ̂0)− jb0(k)ẋ(kTs + Ts/2 + τ̂0)

]}
(6)

0 = Re

{
ĥ∗1

∑

k

[
a1(k)ẋ(kTs + τ̂1)− jb1(k)ẋ(kTs + Ts/2 + τ̂1)

]}
(7)



ĥ0 =
1

2L0

∑

k

[
a0(k)x(kTs + τ̂0)− jb0(k)x(kTs + Ts/2 + τ̂0)

]
(8)

ĥ1 =
1

2L0

∑

k

[
a1(k)x(kTs + τ̂1)− jb1(k)x(kTs + Ts/2 + τ̂1)

]
. (9)

Note that there is no closed-form solution for the delays and that the expressions for the delays and the
channel gains are dependent. The estimation algorithm proceeds as follows:

1. Substitute the right-hand-sides of (8) and (9) forĥ0 andĥ1, respectively, in (6) and (7).

2. Search for the zeros of (6) and (7) using any of the well established techniques [6]. In our example,
we quantized the delay axis and to a resolution 40 parts per symbol and evaluated the right-hand-
sides of (6) and (7) for each pair of candidate values. The pair that forced the two equations the
closest to zero was taken as the estimate. More sophisticated techniques can be used to produce
more accurate estimates as described in [6].

3. Using the estimates for the two delays, and the corresponding detection filter outputs, compute the
channel gain estimates using (8) and (9).

This estimator belongs to the general class of “data-aided estimators” (e.g., the estimator requires
knowledge of a pattern of known bits, often called atraining sequence, embedded in the data stream). The
presence of a sequence of known symbols was simulated by searching for the beginning of the length-508
symbol pattern and using the first 64 symbols as training symbols. The remainder of the symbols in the
cycle were assumed unknown and used to test for decoder errors.

EXPERIMENTAL RESULTS

The results of the estimation algorithms for channel gains and timing delay differentials are plotted in
Figures 6 – 8. We make the following observations:

• The magnitude of the two channel gains, plotted in Figure 6, are fairly close to each other and
relative constant during the 19 second window. This is to be expected given the flight path and
air-speed of the airborne transmitter. The phase difference between the two channel gains is plotted
in Figure 7. We observe that the channel gains are close to180◦ out of phase during this portion of
the test. As a consequence, the composite channel, plotted in Figure 9, is small. This is the cause of
the data drop-outs in traditional two-antenna telemetry systems and is the reason this particular data
segment is examined in this report.

• The timing delay differential∆τ = τ0 − τ1 is plotted in Figure 8. The differential delay is ap-
proximately 1/3 of the symbol time and corresponds to 120 nsec. This value is consistent with the
experimental setup: the system geometry, including cable length differences, produces a delay on
the order of 10 to 30 nsec. The data formatter used to encode the data included a feature to intro-
duce a controlled offset between the two clock signals driving the two modulators. (This was done



to simulate the delay estimator performance at higher data rates.) The clock offset was set at 100
nsec for this experimental run. Thus we expect a delay in the 110 to 130 nsec range.

In all the data segments examined, no decoder errors were observed.

CONCLUSION

We conclude that the demodulator worked well. This belief is reinforced by the fact that no decoder
errors were observed,even in the presence of a signal drop out due to channel gain cancellation. This
demonstrates that space-time coding can be used to compensate for the self-interference generated the use
of two transmit antennas.
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Figure 5: A block diagram of the space-time demodulator/detector.



0 5 10 15
0

0.5

1

ch
an

ne
l m

ag
ni

tu
de

h
0

0 5 10 15
0

0.5

1

ch
an

ne
l m

ag
ni

tu
de

time, seconds

h
1

Figure 6: Magnitude estimates of the two channel gains for a typical run in the space-time coding flight
experiments. These estimates correspond to the estimates plotted in Figures 6 – 8.
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Figure 7: Phase difference estimates for the two channel gains for a typical run in the space-time coding
flight experiments. These estimates correspond to the estimates plotted in Figures 6 and 8.
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Figure 9: Composite channel for the data run corresponding to Figures 6 – 8.
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