
Space-Time Coding for Avionic Telemetry Channels

Item Type text; Proceedings

Authors Wang, Jibing; Yao, Kung; Whiteman, Don

Publisher International Foundation for Telemetering

Journal International Telemetering Conference Proceedings

Rights Copyright © International Foundation for Telemetering

Download date 19/05/2023 15:43:57

Link to Item http://hdl.handle.net/10150/607482

http://hdl.handle.net/10150/607482


Space-Time Coding for Avionic Telemetry Channels

Jibing Wang
Electrical Engineering Department

University of California, Los Angeles
Los Angeles, CA 90095-1594

Kung Yao
Electrical Engineering Department

University of California, Los Angeles
Los Angeles, CA 90095-1594

Don Whiteman
NASA-Dryden Flight Research Center

Edwards, CA 93523

ABSTRACT

Multiple antennas promise high data capacity for wireless communications. Most space-time coding
schemes in literature focus on the rich scatter environment. In this paper, we argue that minimax
criterion is a good design criterion for space-time codes over the avionic telemetry channels. This
design criterion is different than those of space-time codes over rich scattering Rayleigh fading
channels. Theoretical and numerical results show that the codes with optimal performance in
Rayleigh fading channels do not necessarily have optimal performance in avionic telemetry
channels. Therefore, the space-time codes should be carefully designed/selected when used in the
avionic telemetry channels.
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INTRODUCTION

Wireless channels, including the avionic telemetry channels, are characterized by complex physical
layer effects resulting from time varying impairments such as noise, multipath fading, interference,
etc. In such environments, reliable communication is possible only through the use of diversity



techniques in which receiver processes multiple replicas of the transmitted signal under varying
channel conditions. For the past half century diversity has been used to combat the deleterious
effects of multipath fading in many of the current wireless communication systems [5]. Commonly
used diversity methods include: temporal diversity, in which interleaving and channel coding are
used to replicate and distribute the signal in time; frequency diversity, in which the signal is
transmitted on multiple RF carrier frequencies; antenna diversity in which multiple antennas are
used at the transmitter and/or receiver [1]-[4]. Recently it was shown by information theoretic
studies that spatial diversity provided by multiple transmit and receive antennas allows for a
significant increase in the capacity.

An effective approach to increasing the data rate as well as the power efficiency over wireless
channels consists of introducing temporal and spatial correlation into signals transmitted from
different antennas. The idea of using space-time coding has been introduced for aeronautical
telemetry systems [1]. Most work on the space-time coding, including those for space-time trellis
coding and space-time block coding, assumes a rich scattering environment [2]. The channel would
be modeled statistically as Rayleigh fading or Rician fading. The statistical description of the
channel model allows the use of  the average probability of error, with respect to the different
channel realizations, as the design criterion. Therefore, the design criteria advocated in [2] are based
on the rank-and-determinant criterion. In avionic telemetry channels, however, the rich scattering
assumption is not valid anymore. Therefore, the space-time codes designed for Rayleigh fading
channels may not be optimal for the avionic telemetry channels. In avionic telemetry channels, the
complex path gains from the transmit antenna to the receive antenna is a fixed number depending on
the carrier frequency and the geometry. This motivates the code design criterion to optimize the
worst-case performance with respect to all possible channel gains as advocated in [3]. One can think
of this criterion as minimizing the worst-case error rate with respect to all possible aircraft positions,
i.e., a minimax criterion. As in [3], it can be shown that the minimax criterion leads to the following
design criterion: to maximize the smallest eigenvalue of the codeword pair difference matrix. This
criterion means that the full-diversity space-time codes are essential to achieve good performance in
the avionic telemetry channels. However, the coding advantage for the avionic telemetry channels is
quite different from the coding gain for the rich scattering Rayleigh fading channels. Therefore, the
space-time codes should be carefully designed/selected when used in the avionic telemetry channels.
We provide numerical results to corroborate the above arguments. In this paper, we focus mainly on
the frequency flat channels. However, similar arguments are also valid for the frequency selective
channels combined with orthogonal frequency division multiplexing (OFDM) to obtain equivalent
frequency flat channels.

CHANNEL MODEL

Consider a multiple antenna communication system with MT transmit antennas and MR receive
antennas as shown in Figure 1.  Assume a flat fading channel where the fading coefficient from the
i-th transmit antenna to the j-th receive antenna is denoted by ijh , . We assume that the channel

fading coefficients remain fixed for a duration of N information symbols, where N is the frame
length of the code  words. Assuming linear modulation, the signal received by antenna j at time t is
given by
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where the noise j
tn  is modeled as independent samples of a zero-mean complex Gaussian random
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Figure 1 Multiple-antenna channel model

variable with variance 0.5 per dimension, i
tx  is the signal transmitted from antenna i at time t,

normalized such that 1
2
=i

txE . Here ρ  denotes the signal to noise ratio (SNR) per receive

antenna, regardless of the number of transmit antennas.  We construct the matrices
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then the following matrix form of the input-output relation is given by

VHXY +=
TM

ρ
.                                                                                      (4)



DESIGN CRITERIA

Assume that the channel state information (CSI), i.e., the realization of the channel matrix H, is
perfectly known at the receiver, the maximum likelihood (ML) detection corresponds to choosing
the codeword matrix X which minimizes the quantity given by
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where for a matrix A,
2

A  is the squared Frobenius norm given by
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Using the methods of [3], conditioned on the channel matrix H, the pairwise error probability (PEP)
of mistaken codeword X in favor of X̂ when X  is transmitted is given by

( ) ( ) 2
ˆ ˆ| ,

2 T

P Q
M

ρ→ = −X X H H X X                                            (7)

where Q(x) is the Gaussian complimentary distribution function.

The performance of the space-time codes for the ML detection depends on the underlining
characteristics of the multipath fading. In the following, we will discuss the design criteria that are
appropriate for rich scattering environment and avionic telemetry channels, respectively.

Design criterion for rich scattering environment

In rich scattering environment, even when the transmitter and the receiver are stationary, the path
gains can still be assumed to change independently from one code word to the next due to the
movements of the surrounding scattering medium. Therefore, the channel would be modeled
statistically as Rayleigh fading or Rician fading. The statistical description of the channel model
allows the use of the average probability of error, with respect to the different channel realizations,

as the design criterion. In the following, for simplicity, we assume that the path gain ijh ,  follows

independent Rayleigh distribution. In this case, the pairwise error probability averaged with respect
to the randomness of the channel gain is given by
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where r is the rank of the codeword difference matrix

( )( )ˆ ˆ ,
H

= − −A X X X X                                                                      (10)

and { }r

ii 1=λ  are the set of nonzero eigenvalues of the matrix A. From equation (9), the design criterion

for the space-time coding in the Rayleigh fading channels is given by the well know rank-and-
determinant criterion [2]. The rank criterion consists of maximizing the minimum rank r for any
codeword pair X and X̂ , and the determinant criterion consists of maximizing the minimum product

∏
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r
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λ  for any codeword pair X and X̂ . Full diversity space-time codes means that the minimum

rank r for any codeword pair X and X̂ is equal to TM . In this case the product ∏
=
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i
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determinant of the matrix A. For the Rayleigh fading channels, therefore, the design goal for the
space time codes is to satisfy the full rank requirement with maximum worst case determinant.

Design criterion for avionic telemetry channels

In avionic telemetry channels, the complex path gains from the transmit antenna to the receive
antenna is a fixed number depending on the carrier frequency and the geometry. In this case, the rich
scattering assumption is not valid anymore. Therefore, the space-time codes designed for Rayleigh
fading channels may not be optimal for the avionic telemetry channels.
Let us employ for a moment the channel model in [1]. Assume two transmit antennas and one
receive antenna. The two transmit antennas are located at ( )111 ,, zyx  and ( )222 ,, zyx , respectively,
where the coordinates are expressed in a local coordinate system for the air vehicle. Assume that the
receive antenna is located at the point ( )ϕθ ,,r  in spherical coordinates. In [1], the fading coefficient
from the i-th (i=1,2) transmit antenna to the receive antenna is expressed as

1,
( sin cos sin sin cos )

,i
i i ijk x y zh e θ ϕ θ ϕ θ+ +=                                           (11)



where λπ2=k and λ is the wavelength.

If the probability density function (PDF) of the angles of the receiver for a flight is denoted by
( )ϕθ ,p , then the pairwise error probability averaged over the these angles is given by [1]
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where the channel matrix H  (in fact, in this case H is a row vector) is given by

1 1 1 1 1 1( sin cos sin sin cos ) ( sin cos sin sin cos )
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In [1] it is assumed that the PDF on the angles is uniformly distributed within the plane of rotation.
However, it is very difficult to evaluate the PEP in Eq. (12) to gain any insight on the code design
criterion.

Now the interesting question is: what is a good criterion for space-time codes over avionic telemetry
channels.  At this point we assume a general RT MM ×  MIMO channel. A useful criterion for our
problem is the minimax criterion, where the code design goal is to optimize the worst-case
performance with respect to all possible channel gains as advocated in [3]. Therefore, the design
criterion is given by
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One can think of this criterion as minimizing the worst-case error rate with respect to all possible
aircraft positions and geometries. For arbitrary channel gain matrix H, however, the above minimax
criterion seems to be a very complicated problem and does not lead to any insight on the design of
the space-time codes. A meaningful assumption for our problem is given by [3] as
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The above assumption assumes that the path gains from different transmit antennas to each of the
receive antennas are normalized. This assumption gives us more insight on the design criterion of the
space-time codes [3]. An intuitive understanding of the above assumption is that when one transmit
antenna experiences deep fading, the other transmit antennas will be able to compensate the fading,
which is exactly the idea of diversity. We also note that the channel model in [1] satisfied the
assumption in (15).  Now we follow the methods of [3] to show that under the assumption in (15),
the minimax criterion leads to a new design criterion of space-time codes.  We perform the singular
value decomposition (SVD) of the matrix A to obtain



,H= ΛA U U            (16)
where U is a unitary matrix and Λ  is a diagonal matrix of eigenvalues.  We have
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In fact, it is show in [3] that
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where minλ is the minimum eigenvalue of the matrix ( )( )HXXXXA ˆˆ −−= .

The above argument gives the following design criterion for avionic telemetry channels: the

minimum eigenvalue of the matrix ( )( )HXXXXA ˆˆ −−=  should be maximized among all pairs of
code words. Comparing this design criterion with those for Rayleigh fading channels, we can see
that the rank criterion is valid for both avionic channels and Rayleigh fading channels. However, the
full diversity space-time codes that have optimum worst case performance should have the
maximum minλ  among all pairs of code words. For rich scattering Rayleigh fading channels, the

optimal space-time codes should have the maximum ∏
=

TM

i
i
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λ  among all pairs of code words. The

codes designed for Rayleigh fading channels with optimum ∏
=
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i
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λ  do not necessarily have optimal

minλ . Therefore, the space-time codes should be carefully designed/selected when used in the
avionic telemetry channels. In the next sections we provide examples for both space-time block
coding (STBC) and space-time trellis coding (STTC) to show the importance of the new criterion for
avionic telemetry channels.



NUMERICAL EXAMPLES

Space-time block coding

STBC was first discovered by Alamouti [6] for transmission with two antennas. According to this
scheme, to transmit x1 and x2 in two consecutive symbol intervals, the code matrix X is given by

1 2
* *
2 1

.
x x

x x
=

−
X                                                            (21)

Alamouti’s STBC achieves full spatial diversity at full transmission rate for any signal constellation.
Furthermore, ML decoding involves only linear processing at the receiver due to the orthogonal
spatial-temporal structure.

More recently, a new structure called threaded algebraic space-time (TAST) coding was introduced
in [7]. In Rayleigh fading channels TAST codes offer better performance with multiple receive
antennas ( 1>RM ) and higher date rates. In TAST constellations with two or more receive antennas,
to transmit x1, x2 , x3, and x4, in two consecutive symbol intervals, the code matrix X is given by
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and finally, for a  4-QAM constellation  /12ie πφ =  gives the optimal coding advantage. It is shown

that under the assumption of Rayleigh fading channels with two transmit and two receive antennas at
rate of 4 bits per channel use, TAST codes have better performance than Alamouti’s scheme.
As we argued before, the codes with optimal performance in Rayleigh fading channels do not
necessarily have optimal performance in avionic telemetry channels. In Figure 2 we show the worst
case pairwise error probability versus SNR for Alamouti’s scheme and TAST scheme with two or
three receive antennas. From Figure 2 we can see that that Alamouti’s scheme has much better
worst-case performance than TAST scheme. We conclude that Alamouti’s STBC is a good candidate
for avionic telemetry channels (see also [1]).

Space-time trellis codes

STTC was first introduced by Tarohk et al in [2]. STTC offers more coding gain than STBC. As an
example, Figure 3 shows that the trellis diagram of a 8-state STTC with rate R = 1 bit/channel use for
two transmit antennas [9]. The connection polynomial for this code is (54,64). The edge label x1, x2



Figure 2 The worst case PEP versus SNR for Alamouti’s scheme and TAST scheme.

means that symbol x1 is transmitted from the first antenna and symbol x2 from the second antenna.
The different symbol pairs in a given row label the transitions out of a given state. The ML decoding
a STTC could be implemented efficiently by employing the Viterbi algorithm.

Figure 3 Trellis diagram for the code (54,64).

Now, assume two transmit antennas and consider two space-time trellis codes with connection
polynomials given by (46,72) and (26,52), respectively. The rate of the codes is 1 bit/channel use
and BPSK constellation is used. These two codes achieve full space diversity and the (26,52) code
has better coding advantage compared to the (46,72) code over Rayleigh fading channels [3][8][9].
In Figure 4 we show the worst case PEP performance versus SNR for these two codes with one or
two receive antennas. We can see that the (46, 72) code has slightly better worst-case performance
than the (26,52) code even though the latter code performs better in rich scattering environment.

CONCLUSIONS

In this paper, we argue that minimax criterion is a good design criterion for space-time codes over
the avionic telemetry channels.  The space-time codes should be optimized such that the smallest
eigenvalue of the codeword pair difference matrix is maximized.  This design criterion is different



Figure 4 The worst case PEP performance versus SNR for the code (46,72) and (26,52).

from those of space-time codes over rich scattering Rayleigh fading channels. Theoretical and
numerical results show that the codes with optimal performance in Rayleigh fading channels do not
necessarily have optimal performance in avionic telemetry channels. Therefore, the space-time codes
need to be carefully designed/selected when used in the avionic telemetry channels.
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