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ABSTRACT

The placement of two antennas on an air vehicle is one possible practice for overcoming
signal obstruction created by vehicle maneuvering during air-to-ground transmission. Un-
fortunately, for vehicle attitudes where both antennas have a clear path to the receiving
station, this practice also leads to self-interference nulls, resulting in dramatic degradation
in the average signal integrity. This paper discusses application of unitary space-time codes
such as the Alamouti transmit diversity scheme and unitary differential space-time codes to
overcome the self-interference effect observed in such systems.
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INTRODUCTION

A significant problem encountered in air-to-ground communication is that during air vehicle
maneuvering, the transmission path between the antennas can become obstructed by the
vehicle body. One solution to this problem is to place a second antenna at a location on
the vehicle adequately separated from that of the first antenna to ensure the presence of a
clear transmission path for all vehicle attitudes, and to transmit the same signal from both
antennas. However, in the frequent situation where both antennas are in view of the receiver,
this arrangement leads to an array interference pattern generally characterized by a large
number of nulls [1]-[3], leading to a significant degradation in communication reliability.

In this paper, we show that by using transmit diversity techniques based on unitary space-
time codes [4], dual-antenna telemetry transmission can be reliably performed. We focus
our study on Alamouti [5] and unitary differential space-time codes [6], [7] which promise
dramatic performance gains in realistic flight scenarios and are well-suited for aeronautical
applications since the increased complexity required on the airborne transmitter is low rel-
ative to non-diversity transmission [8]. We develop the framework of these methods within



the context of dual-antenna aeronautical links and formulate expressions for bit error prob-
ability for the Alamouti scheme that can be used to assess the performance of the method
relative to that of traditional transmission. We also show through representative computa-
tional examples the dramatic improvement in signal reliability offered by both schemes, and
discuss their relative advantages and disadvantages within this application.

MULTI-ANTENNA TRANSMISSION

Our first task is to determine the appropriate constraints that must be placed on the space-
time code to ensure reliable communication. In the following, boldface uppercase and lower-
case letters will be used to represent matrices and vectors, respectively, with hm representing
the mth element of the vector h and Hmn representing the element occupying the mth row
and nth column of the matrix H. We assume that the mth transmit antenna is located at
(xm, ym, zm) expressed in a local coordinate frame for the air vehicle (see Figure 1). The
single receiving antenna is located at the point (r, θ, φ) in spherical coordinates again in the
vehicle coordinate frame. The complex field radiation pattern for the mth antenna (ele-
ment pattern), which includes the effect of obstruction by the air vehicle, is fm(θ, φ). Using
fundamental concepts from antenna theory [9], the electric field at the receiver due to unit
excitation on the mth antenna may be expressed as

hm(θ, φ) = fm(θ, φ)ejk(xm sin θ cos φ+ym sin θ sin φ+zm cos θ), (1)

where k = 2π/λ is the free-space wavenumber with λ the free-space wavelength. In the
remainder of this paper, we will refer to (1) as the transfer function for the mth antenna.
Note that we have neglected the term e−jkr/r and the pattern of the receive antenna as these
are the same for all m. For time-varying distance r to the receiver, the e−jkr term creates a
Doppler shift which we assume is accommodated in the receive processing.

The channel from the transmit elements to the receiver will be denoted by the row vector h
with elements hm(θ, φ), m ∈ [1, 2]. Arranging the symbols transmitted from each antenna
into a space-time code matrix leads to the form

C(n) = κ

[
c
(n)
1 c

(n+1)
1 · · · c

(n+N)
1

c
(n)
2 c

(n+1)
2 · · · c

(n+N)
2

]
, (2)

where c
(n)
m represents the symbol transmitted from the mth antenna during the nth symbol

time and κ is a scaling constant. Assuming one sample per symbol from the receiver matched
filter output, the complex baseband received signal is given by the row vector

r(n) = hC(n) + η(n), (3)

where η(n) is an N -dimensional row vector with elements representing zero-mean additive
white Gaussian noise (AWGN).

Our goal is to identify the properties of the code matrix C(n) that lead to reliable communi-
cation under two different scenarios. The first consideration is that the code must maintain



a strong link when the signal from one of the antennas is obstructed. Traditional transmit
diversity techniques for multipath communications are designed to operate well when the
signal on one of the antennas is weak due to fading. Therefore, these techniques are also
applicable to the case where the weak signal is due to obstruction. Design constraints for
constructing such codes are outlined in [10]. It has been shown that the codes considered in
this paper satisfy these constraints [6].

The second consideration is that when both transmitted signals arrive at the receiver, the
coding must remove any self interference. This can be ensured by designing the code such
that the radiated power averaged over the time interval of the code matrix is uniform in
angle, as this ensures the performance is independent of the vehicle attitude. The row vector
of the N electric field radiation radiation patterns, one per symbol time, created during the
code transmission becomes

q(n)(θ, φ) = hC(n). (4)

The radiated power distribution time-averaged over this code duration is therefore

1

N

N∑
n=1

∣∣q(n)(θ, φ)
∣∣2 =

M∑
m=1

M∑

m′=1

hm(θ, φ)Z
(n)
mm′h

∗
m′(θ, φ), (5)

where Z(n) = C(n)C(n)†/N . We will assume fm(θ, φ) = 1, since the code can only control
the array pattern and not compensate for the element patterns. Then, the sum terms
hm(θ, φ)h∗m(θ, φ) = 1 are independent of angle while terms hm(θ, φ)h∗m′(θ, φ) where m′ 6= m
are angle dependent. The only way to remove the effect of these angle-dependent terms for
all angles (θ, φ) is to require Z(n) to be diagonal. Also, if masking occurs then the code
performance should not depend on which element is masked. Therefore, the code blocks
should be scaled unitary matrices, or C(n)C(n)† = bI, with b a constant.

SPECIFIC SIGNALING APPROACHES

We now consider specific two-antenna signaling strategies. We assume a sequence of symbols
s(n), s(n+1) are to be transmitted, with the average symbol energy represented as Es. Also,
the complex noise waveform has real and imaginary parts each with power spectral density
N0/2, so that the variance of the noise samples η

(n)
m is the same for both antennas and has

a value of [11] σ2
η = N0 for complex signaling.

In the case of Alamouti’s code, a closed-form expression for the bit error rate (BER) is
possible. We will demonstrate this analysis assuming that the symbols s(n) are drawn from
the quadrature phase shift keying (QPSK) constellation such that the bit energy Eb = Es/2,
although the procedure easily generalizes to other linear modulations. If pθφ(θ, φ) is the
probability density function (PDF) of the angles to the receiver encountered during the
maneuver, then the average BER for the maneuver is [11]

P (e) =

∫ 2π

0

∫ π

0

Q

(√
2Eb

N0

α(θ, φ)

)
pθφ(θ, φ) sin θ dθ dφ. (6)



where the function Q(·), defined in [11], is related to the complementary error function. The
scale-factor α(θ, φ) will be derived for each signaling scheme in the following sections.

Single Antenna Transmission
Consider first transmission using only one antenna (m = 1). The code matrix has the form

C(n)
s =

[
s(n) s(n+1)

0 0

]
. (7)

Since only one symbol is transmitted, the expression in (6) is applicable with

α(θ, φ) = |h1(θ, φ)|2 , (8)

where h1(θ, φ) is related to the antenna radiation pattern and aircraft attitude by (1).

Uncoded Dual-Antenna Transmission
For uncoded two-antenna transmission, each symbol is simultaneously radiated from both
antennas. The code matrix for this case has the form

C(n)
u =

1√
2

[
s(n) s(n+1)

s(n) s(n+1)

]
, (9)

where the factor of
√

2 comes from the equal division of the power between the two antennas.
Once again only one symbol is transmitted per symbol time so that (6) applies with

α(θ, φ) =
1

2
|h1(θ, φ) + h2(θ, φ)|2 . (10)

The term |h1(θ, φ) + h2(θ, φ)|2 represents the radiation pattern of the two-element array.
For widely-spaced antennas typical of dual-antenna aeronautical systems, this term leads to
frequent nulls in the received power versus vehicle attitude, as illustrated in Figure 2. These
nulls lead to significant reduction in the communication reliability.

Alamouti Dual-Antenna Transmission
For the Alamouti transmit diversity scheme [5], the code matrix is given by

C(n)
a =

1√
2

[
s(n) −s(n+1)∗

s(n+1) s(n)∗

]
. (11)

This matrix is (scaled) unitary which means that it provides angle-independent radiation over
two symbol times, and it satisfies the diversity design constraints discussed [6]. Furthermore,
if we modify the expression for the received signal as

r(n)
a =

[
r(n)

r(n+1)∗

]
=

1√
2

[
h1(θ, φ) h2(θ, φ)
h∗2(θ, φ) −h∗1(θ, φ)

]

︸ ︷︷ ︸
H

[
s(n)
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]

︸ ︷︷ ︸
s(n)

+

[
η(n)

η(n+1)∗

]

︸ ︷︷ ︸
η(n)

a

, (12)



xφ
1h

y
receiving
station

antenna 1

antenna 2
2h

xφ
1h

y
receiving
station

antenna 1

antenna 2
2h

Figure 1: Geometry of an airplane with two
antennas communicating with a single re-
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Figure 2: Gain pattern versus φ resulting
from 2 antennas separated by 10λ for θ =
90◦.

it is straightforward to show that symbol detection can be performed using the operation

r̂(n)
a = H†r(n)

a =
1√
2
(|h1(θ, φ)|2 + |h2(θ, φ)|2)s(n) + H†η(n)

a . (13)

Since this operation has decoupled the two symbols in time, (6) applies with

α(θ, φ) =
1

2

(|h1(θ, φ)|2 + |h2(θ, φ)|2) . (14)

This result emphasizes the angle-independent average power distribution for isotropic ele-
ment patterns (fm = 1) since |hm(θ, φ)| = 1 under this condition.

Eq. (13) reveals that implementing the Alamouti scheme requires that the receiver determine
the transfer functions h1(θ, φ) and h2(θ, φ). Furthermore, the closed-form BER expression as-
sumes this channel state information (CSI) is known perfectly. In practical implementation,
CSI would likely be obtained via periodic transmission of training sequences, introducing er-
rors in the CSI due to imperfect estimation. Furthermore, the change in the channel between
training cycles introduces further error. These errors lead to an increase in the BER, and
the transmission of known training symbols reduces the useful system throughput. Compu-
tational results shown later will include the effects of CSI estimation, which is performed
by first transmitting a known sequence of NT symbols. Assuming that the channel remains
approximately constant during this training interval, the received sequence of matched filter
outputs can be expressed as

r
(n)
T = hS

(n)
T + η

(n)
T (15)

where each 2 × 2 block of the 2 × NT matrix S
(n)
T is an Alamouti code matrix containing

training symbols. The maximum likelihood (ML) estimate of the channel transfer functions
assuming zero-mean, independent Gaussian noise is then given as [12]

ĥ = r
(n)
T S

(n)+
T , (16)



where {·}+ represents a matrix pseudo-inverse. To avoid an underdetermined linear system,
NT ≥ 2, with larger values of NT generally resulting in improved channel estimates.

Differential Transmission
One alternative approach to implementation of the Alamouti transmission scheme is to use
a differential space-time modulation [6], [7] that does not require estimation of CSI at the
receiver. Because we have focused our attention on QPSK symbols, we here consider the
quaternion code [6] constructed from these symbols and consisting of the eight constellation
matrices (G) and the initialization matrix (D) [6]

G =

{
±

[
1 0
0 1

]
,±

[
j 0
0 −j

]
,±

[
0 1

−1 0

]
,±

[
0 j
j 0

]}
(17)

D =
1√
2

[
1 −1
1 1

]
. (18)

Transmission begins by sending C(0) = D during the first block interval. Each additional
transmission is then encoded as C(n) = C(n−1)G(n), where G(n) represents one of the matrices
from the constellation G. After transmission of this code matrix through the channel, the
ML differential detector for estimating the transmitted matrix is given as [6]

Ĝ(n) = arg max
G

Re Tr
{
Gr(n)†r(n−1)

}
, (19)

where Re Tr{·} means the real part of the matrix trace. Unlike in the case of Alamouti
signaling, the channel transfer vector is not required in the detection implementation.

The quaternion code offers the same diversity performance and angle-independent power
radiation provided by the Alamouti code. However, since there are eight possible points in
the constellation G, each matrix block represents transmission of three bits in contrast to
the four bits per code matrix offered by the Alamouti code with QPSK symbols. Therefore,
differential modulation results in a reduced rate (and in exchange offers increased coding
gain) relative to the Alamouti code [6].

COMPUTATIONAL RESULTS

The evaluation of the transmission strategies discussed in this paper will be performed using a
combination of the closed-form BER expression in (6) and detailed simulations that compute
the transfer functions hm(θ, φ) for realistic flight maneuvers. For the latter case, the air
vehicle motion is characterized by an initial position, velocity, attitude (yaw, pitch, and roll),
and a rotation rate for each of the attitude angles. Using Eulerian angle transformations
[13], the angular position of the ground station in the vehicle coordinate frame is computed
at each sample time (one sample per transmitted symbol). This angle information is then
used to compute hm(θ, φ) as in (1).

In all computations, we assume that antennas 1 and 2 are placed at (0, 0, 0) and (10, 0, 10),
respectively, where the dimensions are in wavelengths (10 wavelengths = 2 m at 1.5 GHz).



Unless explicitly stated, the element radiation patterns are isotropic (fm = 1). Flight simu-
lations assume that the air vehicle travels at 300 m/s and is initially 3000 m away from the
ground station (horizontally) at an altitude of 2000 m above ground. The initial direction of
flight is perpendicular to the line between the aircraft and ground station, and the vehicle
is engaged in a roll at 1 revolution per second. The QPSK communication is performed at
1 Msymbol/second, and 5× 106 symbols are sent to determine the BER performance.

Analytic BER Computation
We first assess communication performance during a simple air vehicle roll with pθφ(θ, φ) =
δ(φ − π/2)/2π using the closed-form BER analysis of (6). These results are plotted versus
Eb/N0 in Figure 3 for single antenna, uncoded dual antenna, and Alamouti dual antenna
transmission schemes. The impact of self-interference for uncoded dual antenna transmission
is dramatic, while the Alamouti scheme completely eliminates this interference as predicted.

In simulate the effect of antenna obstruction, we model the element radiation patterns as

f1(θ, φ) =

{
0 0 ≤ θ < θo

1 otherwise
f2(θ, φ) =

{
0 π − θo ≤ θ < π
1 otherwise

(20)

where θo specifies the angular extent of the masking and is chosen to simulate obstruction of
each antenna for a specified percentage of the time during the maneuver. This parametric
form is not physically realistic due to the abrupt nature of the obstruction, but facilitates
an intuitive understanding of the BER performance versus masking extent. Figure 4 plots
the BER performance for single antenna and Alamouti transmission for the roll maneuver
assuming obstruction occurs 1% (θo = π/100) and 10% (θo = π/10) of the time. As can be
seen, the single antenna performance is dramatically reduced, reaching a high-SNR bound
determined by the masking behavior (0.5 BER during masking multiplied by the percentage
of time masked). In contrast, the spatial diversity offered by the Alamouti scheme makes it
robust to obstruction of one signal, with the performance reduction due only to the decrease
in average received power during masking.

Full System Simulation
Figure 5 shows the BER performance versus Eb/N0 when the effect of signal obstruction
(using (21)), vehicle motion, and channel estimation are included using a full system simu-
lation. Based on findings from a detailed evaluation of channel estimation, CSI is obtained
using training sequences with NT = 8 symbols and 5% of the total number of symbols are
devoted to training, parameters which appear to offer good BER performance. Also, for
these results the abrupt masking model of (20) is replaced with the spatially differentiable
and therefore more physically realistic form

f1(θ, φ) =

{
sin θ θ < π/2
1 θ ≥ π/2

f2(θ, φ) =

{
1 θ ≤ π/2
sin θ θ > π/2.

(21)

The single antenna results for this case differ from those in Figure 4 due to this change in
the masking model. The results again illustrate the dramatic performance degradation for
the single antenna transmission and modest performance impact for the Alamouti scheme
when these realistic conditions are included.



0 5 10 15 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
b
/N

o
 (dB)

B
it 

E
rr

or
 R

at
e

Single Antenna
Uncoded Dual Antenna
Alamouti Dual Antenna

Figure 3: BER versus Eb/N0 for an air ve-
hicle engaged in a roll for single antenna,
uncoded dual antenna, and Alamouti dual
antenna transmission with QPSK symbols
evaluated using the closed-form BER solu-
tion. Antenna obstruction is neglected.

0 5 10 15 20
10

−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

E
b
/N

o
 (dB)

B
it 

E
rr

or
 R

at
e

1% Obstruction
10% Obstruction

Alamouti 
Dual Antenna

Single Antenna 

Figure 4: BER versus Eb/N0 for an air vehi-
cle engaged in a roll for single antenna and
Alamouti dual antenna transmission with
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Differential Code
Figure 6 shows the performance of the differential code for simulations without and with
antenna obstruction included (using (21)). Also shown for comparison are the results for
Alamouti coding, where the training sequences of NT = 8 symbols represent 5% of the total
symbols transmitted. These results show that from the perspective of BER, the differential
approach outperforms the Alamouti scheme as the SNR grows large, even if perfect channel
estimates are available at the receiver, due to the higher coding gain of the differential code.

It is important to keep in mind that the main drawback of the quaternion differential code is
that it provides 3 bits per matrix block as compared to the 4 bits per block associated with
Alamouti transmission using QPSK symbols. Therefore, provided that the channel variation
is slow enough so that the fraction of bits devoted to training is less than 25%, the Alamouti
scheme will provide increased throughput. To overcome this drawback, a differential code
similar in form to the quaternion code that uses 8PSK symbols and provides 4 bits per block
transmission can be constructed [6]. Figure 6 also includes the BER curve for this case
with no masking included. As can be seen, increasing the rate of the differential modulation
produces a significant increase in the BER (or required SNR) due to the increased density
of the underlying modulation constellation.

The relative performance of the Alamouti and differential codes are summarized in Table 1
which shows the effective transmission rate and additional signal strength ∆Eb/N0 required
to achieve 10−5 BER relative to a channel with a single, unmasked antenna for different
signaling/training combinations. For the Alamouti code, the total number of training and
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data symbols for each block is held constant at 160, so that the training consumes 5% and
10% of the symbols for NT = 8 and 16, respectively. This accounts for the rate reduction
below unity experienced for these two cases. The results in this table demonstrate the tradeoff
between rate and signal power associated with the different signaling schemes considered.

Table 1: Transmission rate and increased signal strength (relative to single antenna trans-
mission) required to achieve 10−5 BER for different transmission schemes.

Transmission Scheme Rate ∆Eb/N0 (dB)

Alamouti NT = 8 0.95 0.89

NT = 16 0.90 0.33

Differential QPSK 0.75 0.00

8PSK 1.00 5.10

CONCLUSIONS

This paper has discussed the use of unitary space-time codes for providing robust communi-
cation between maneuvering air vehicles and a receiver. Specifically, design criteria for codes
operating in this environment have been developed, and the performance of Alamouti and
differential codes that satisfy these criteria has been evaluated for dual-antenna telemetry
links. The analysis shows that in principle, these codes offer roughly the same performance
as a single antenna while maintaining communication even when one antenna is masked by



the air vehicle. Detailed analysis and simulations demonstrate the behavior of both codes
in realistic channels. The results suggest that these schemes are excellent candidates for
implementation in practical air-vehicle communication systems.
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