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Space-Time Coding in Mobile Satellite Communications Using Dual-Polarized Channels Mathini Sellathurai, Member, IEEE, Paul Guinand, Member, IEEE, and John Lodge, Senior Member, IEEE



Abstract—The use of dual-orthogonal polarization (horizontal/vertical or circular right-hand/left-hand polarizations) can increase the rate of transmission of satellite communication systems by a factor of two. However, the cross polar discriminations (XPDs) of the satellite and earth station antennas may be large enough to severely interfere between the two polarizations. In this paper, we investigate the use of space-time coding techniques in satellite-land mobile systems using dual-polarized transmit and receive antennas. In particular, we show that we can achieve significant gains by using layered space-time coding concepts and iterative detection and decoding receivers in communications systems employing polarization diversity channels in the presence of line-of-sight components. Index Terms—Iterative decoders, polarization diversity (PD), satellite communications, space-time codes.



I. INTRODUCTION ATELLITE communications technology is presently undergoing a tremendous expansion, triggered by the emergence and popularity of new remote broadband access applications and services such as wireless Internet, wireless multimedia communications, and personal aeronautical communications. These trends are continually pushing the demand for substantially increased information capacity and high speed transmissions. In this context, we consider multi-input and multi-output (MIMO) antenna systems which employ spatial multiplexing (SM) to increase the speed of transmission in rich scattering environments [1], [2]. The use of dual-polarized antennas and polarization diversity is a promising cost effective substitute to MIMO in free space communications [3]–[6]. In particular, the use of orthogonal (dual) polarization can increase the rate of transmission of satellite communication systems by a factor of two. However, the cross polar discriminations (XPDs) of the satellite and earth station antennas may be large enough to interfere severely between the two polarizations. In this paper, we investigate the use of layered space-time (LST) coding [2] and iterative detection and decoding (IDD) techniques [7]–[10] to increase the data rate of dual-polarized satellite communication systems. Previously, the performance of polarization diversity (PD) using Alamouti’s space-time coding
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[11] and polarization multiplexing (PM) exploiting the polarization isolation has been investigated for terrestrial wireless systems with both polarization diversity alone, and in the presence of spatial diversity [3]and [4]. The Alamouti’s space-time codes are designed for the Rayleigh fading environments to maximize the diversity advantage of the rich-scattering channel. However, in Rician fading channel environments, one can also achieve significant coding advantage due to the presence of strong line-ofsight (LOS) components. In this paper, we show that we achieve significant coding and diversity advantage by using LST coding concepts, which use One dimansional (1-D) powerful error correcting codes to design the space-time codes in communications systems. The paper is divided into two parts. The first part is devoted to the characterization of the polarization scattering matrix in satellite communications. A general polarization scattering channel model valid for land-mobile, maritime, aeronautical, and fixedearth terminals for narrowband satellite-earth communications systems is developed based on the channel model presented in [6]. This model takes into account cross-polarization discrimination, signal correlations, and Rician K-factors of line-of-sight, specular, and diffuse components of a satellite communications channel. A major difference between terrestrial communications and satellite communications is the much larger transmitterreceiver distances for satellite communications, which results in much lower receiver power. Thus, satellite communication requires a significant line-of-sight signal component. Also, in maritime and aeronautical communications systems, the chances for the presence of reversed specular components are higher at low elevation satellite angles due to reflections from the sea surface, below the Brewster angles, when circular (right and left) polarization is used. In the second part, we demonstrate the benefits of dual polarized systems over traditional unipolarized transmit and receive antenna systems by using computer simulations under various channel environments. In particular, we show the effectiveness of random LST transmission and IDD receivers in extracting simultaneously transmitted dual-polarized signals by mitigating the cross-coupling interferences. In particular, we show that LST codes and IDD receivers perform significantly better than Alamouti’s space-time codes. The rest of the paper is organized as follows. In Sections II and III, we introduce the polarization channel model. The coding strategy and IDD receivers are described in Section IV. Section V provides simulation results, and demonstrates the performance gain obtained by using a dual-polarized system over a single polarized transmit-receive scheme. Section VI concludes the paper.
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Fig. 1.
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Transmission link between a dual-polarized transmitter and receiver.



II. BASIC MODEL FOR POLARIZATION CHANNEL Fig. 1 shows the polarization propagation scenario. The symbol stream to be transmitted is multiplexed into two substreams, which are then launched simultaneously over the two orthogonally polarized channels. In a narrowband polarization multiplexing (PM) system, the received signal can be written as r = Ha + v



(1)



where a = [a1 , a2 ] is a 2 × 1 transmitted signal vector obeying the power constraint E{a∗1 a1 } = E{a∗2 a2 } ≤ Es /2, Es is the total power available for transmission in a single transmission interval, r = [r1 , r2 ]T is the 2 × 1 received vector, v = [v1 , v2 ]T is the 2 × 1 zero-mean complex Gaussian noise vector with statistically independent components of power σ 2 at each of the receiver inputs; i.e., E{vvH } = σ 2 I, and H is the 2 × 2 polarization channel matrix given by   h11 h21 H= . (2) h12 h22 T1



The coefficients h11 and h22 are the gains between the copolar components, and the coefficients h21 and h12 are the crosscouplings from one polarization to the other. The performance of the dual-polarized signaling strategies are highly dependent on the polarization scattering matrix which, in turn, depends on the physical limitations of the wireless environment and the antenna’s ability (e.g., cross-correlation characteristics of dipole antennas) to separate the orthogonal polarization. A major limitation is the intrasystem interference introduced by the cross-coupling from one polarization to the other. The geometry of a possible intrasystem interference mechanism of a dual-polarized satellite-earth communications link is shown in Fig. 2, where the interfering signals occur due to channel reuse (using a dual-polarized antenna) and polarization changes occur due to signal reflections of specular and diffuse components. III. POLARIZATION SCATTERING MODELS FOR SATELLITE COMMUNICATIONS Propagation from the satellite to the land mobile station can be classified as either unshadowed (when the land receiver has a clear LOS path to the satellite); shadowed (LOS to the satellite is partially obstructed); or blocked (LOS is completely ob1 ( · )T



denotes transpose of a vector.



Fig. 2. Geometry of a possible intrasystem interference of a dual-polarized single beam system.



structed). The shadowing is often modeled as a log-normal distribution with a specific mean and variance. The unshadowed LOS propagation is described by a Rician distribution with a specific K-factor. The diffuse component is due to the sum of a large number of individual scatters around the receiver, and causes rapid fading of the received signal (typically Rayleigh distributed). When the land receiver has LOS propagation from a satellite, the unshadowed signal received at the land receiver has three components: a LOS signal l(t), a specular coherently reflected signal s(t), and a diffuse signal d(t) [12]–[15]. The received signal r(t) is given by   K1 K2 l(t) + s(t) r(t) = K2 + K1 + 1 K2 + K1 + 1  1 d(t) + v(t) (3) + K2 + K1 + 1 where v(t) is Gaussian noise, and K1 and K2 are the K-factors of the LOS and specular signals, respectively. Note that the specular reflections are usually negligible in terrestrial wireless systems, whereas in maritime and aeronautical satellite communications, a specular component may be present over a calm sea surface [12]. The polarization channel model can be evaluated by using the additional parameters of XPD and signal cross-correlation values. A. Polarization Scattering Matrix Following (1) and (3), we represent the polarization channel in satellite-earth communications by using the matrices representing LOS (L), specular (S), and diffuse (D) components.
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A problem that can occur with specular components is that at low elevation angles, a significant portion of the multipath is likely to experience a reversal of polarization upon reflection, and the majority of the signal power will be received in the opposite polarization in circular polarization (or slanted 45◦ linear polarization). On this case, the the XPD parameters satisfy 0.5 ≤ ξ1 ≤ 1 and 0.5 ≤ ξ2 ≤ 1. 4) The elements of the diffuse matrix D are modeled as zero mean, complex Gaussian random variables. The variances of the elements of matrix D depend on the propagation conditions. In general, we set



 







0 1 K 21 +K 22 +1



  .



(4)



E{d11 2 } = 1 − α1 , E{d12 2 } = α1 ,



D



We note the following. 1) K11 , K21 and K12 , K22 are the K-factors of the direct and specular polarized channel components, respectively. Note that in (4), we define different K-factors for different polarizations: i) K-factors of polarization 1 (e.g., vertical polarization) are K11 and K12 and ii) K-factors of polarization 2 (correspondingly horizontal polarization) are K21 and K22 . The difference in the power of the copolar and the cross-polar signals are integrated in (4) by using the following definitions. 2) The elements of the matrix L, which are denoted as li,j (i, j = 1, 2), are fixed complex numbers, satisfying E{l11 2 } = 1 − β1 ,



E{l12 2 } = β1



E{l22 2 } = 1 − β2 ,



E{l21 2 } = β2



(5)



where the parameters 0 ≤ β1 ≤ 0.5 and 0 ≤ β2 ≤ 0.5 are directly related to the XPD of the fixed channel matrix part, and are a function of the antenna’s ability to separate the orthogonal polarization. The XPD is defined as the power ratio of the received portions of the copolarized transmitted signal to the cross-polarized transmitted signal [12]. Typically, the elements of L can be



l11 = 1 − β1 {cos(φ11 ) + i ∗ sin(φ11 )}



l22 = 1 − β2 {cos(φ22 ) + i ∗ sin(φ22 )}



l12 = β1 {cos(φ12 ) + i ∗ sin(φ12 )}



(6) l21 = β2 {cos(φ21 ) + i ∗ sin(φ21 )} where the distributions of φ11 , φ12 , φ21 , and φ22 are uniform over the interval [0, 2π). Here, we assume equal path lengths of the horizontal and vertical polarized channels. Thus, φ21 = φ11 = φ12 = φ22 . 3) The elements of the specular component S, which are denoted as si,j (i, j = 1, 2), are also fixed complex numbers satisfying E{s11 2 } = 1 − ξ1 ,



E{s12 2 } = ξ1



E{s22 2 } = 1 − ξ2 ,



E{s22 2 } = ξ2



(7)



where the 0 ≤ ξ1 ≤ 0.5 and 0 ≤ ξ2 ≤ 0.5 are related to the reflection coefficient and incident angle [12].



E{d22 2 } = 1 − α2 ,



E{d21 2 } = α2



(8)



where α1 and α2 are directly related to the XPD of the diffuse signals, and are affected not only by the antenna’s ability to separate the orthogonal polarization, but also by the propagation environment. Signal cross-correlation is the other major parameter that characterizes the polarization channel. The orthogonal polarized channels can be assumed to be uncorrelated. Therefore, we assume E{d11 d∗22 } = E{d21 d∗12 } = 0.



(9)



The cross-correlation between the copolarized signals can be significantly high, and we define them as 







E{d11 d∗12 } (1 − α1 )(α1 ) E{d22 d∗21 } (1 − α2 )(α2 ) E{d11 d∗21 } (1 − α1 )(α2 ) E{d22 d∗12 } (1 − α2 )(α1 )



= ρ1t = ρ2t = ρ1r = ρ2r .



(10)



B. Satellite-Earth Channel Models The satellite-land model can be categorized for three types of areas: urban, open, and suburban/rural, according to the degree of line-of-sight obstruction. By using appropriate K-factors, the XPD of the LOS components (βi ) and diffuse components (αi ), and signal cross correlations (ρit and ρir ), this model can be used to characterize the scattering matrix for various propagation environments. In urban areas, the channel often has only a diffuse component and can be completely described by a Rayleigh distribution. However, a diffuse-only channel is generally useless in satellite communications due to inadequate signal power for most of the applications. Thus, the K-factor is 0. The signal cross-correlation values are in the range of 0.3–0.7. In suburban/rural areas, no specular component is present. The channel is described by a sometimes-shadowed line-of-sight component and a diffuse component. Typical K-factors are in the range of 7–10, and the signal cross-correlation values are in the range
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of 0.3–0.7. In open areas unobstructed direct components and diffuse components are present, and the specular component is usually neglected. Typical K-factors are above 100. The signal cross-correlation values are in the range of 0.3–0.7. Thus, in suburban and open areas, the channel is assumed to be Rician distributed. The measured values of XPDs, signal cross-correlations, and K-factors for the polarization scattering matrix for different types of areas can be found in [12]–[15]. IV. SPACE-TIME CODING STRATEGY In this section, we describe the encoder-decoder structures for the dual polarized systems. The PM systems are similar to an SM system with two spatially separated transmit and receive antennas. Here, instead of using two spatially separated antennas, we use dual polarized transmit and receive antennas. The encoded-modulated data is mapped into two streams of data and simultaneously transmitted using dual orthogonal polarizations. Unlike the terrestrial wireless environment, due to the large distance between the satellite and the receiver, the satelliteland communication signals are low-powered. Thus, presence of a stronger line-of-sight component is preferred in satelliteland communications. However, separating the simultaneously transmitted two independent signals is harder in the presence of strong line-of-sight components. When we use orthogonal polarizations with good cross polarization isolation properties (with small values of XPDs), PM offers good performance. We also introduce a constellation rotation technique to reduce the effective interferences between the polarizations, as described next. When the channel is constant for at least L symbols, the received signal in matrix notation can be written as (11) R = HA + V  2×L obeys the power constraint tr(E[A H A ]) ≤ where A ∈ C Es · L, R ∈ C 2×L , and V ∈ C 2×L . The PM of 2L symbols, is shown in (12) at the bottom of the page, where the first row of signal matrix A is transmitted by using vertical polarization (polarization 1), and the second row of signal matrix A is transmitted using horizontal polarization (or polarization 2). Note that the vertical polarized signal constellations are rotated by an angle θ. Equation (11) can be written as (13) R = H A + V where   a11 a21 · · · ai1 a(i+1)1 · · · aL 1 A= (14) a12 a22 · · · ai2 a(i+1)2 · · · aL 2 and







h11 exp(jθ) H = h12 exp(jθ) 



h21 h22



 (15)



where we transformed the constellation rotation to the channel matrix. When the component hij of the channel matrix H 



a11 exp(jθ) a21 exp(jθ) A = a22 a12 



··· ···
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are Rayleigh distributed (e.g., the diffuse component), the angle rotation introduced in the first column of the channel matrix will not reduce any interferences. However, when there is an  LOS with its components l11 = l12 = l21 = l22 = ej θ , the rotation of the first column will provide some angular diversity in separating the interfering signals. For Rayleigh fading and Rician fading channels, the optimal constellation rotations are dependent on the matrix channel characteristics. For LOS propagation (or for Rician channels with large K-factors), the optimal constellation rotation for a QPSK modulated signal is nearly 45◦ . Note that space-time code design using constellation rotation for fading channels has been studied previously for fading channels [18]. A. Performance Criterion For simplicity, we ignore the specular channel component. The upper bound on the average probability of error with respect to independent Rician distributions for the polarization diversity channel is given by [16] and [6]   2  2 Es   Kij 4σ 1 2 λi ˜) ≤ P (a → a exp − (16) Es Es 1 + 4σ 1 + 4σ 2 λi 2 λi j =1 i=1 where Kij are the Rician K-factors, and the λi are the eigenval˜ ), where a ues of the covariance matrix of the error vector (a − a ˜ two different codeword vectors, and we assume that a was and a transmitted. Reference [16] shows that the diversity advantage of 2 r and a coding advantage of  1/2r 2  r  exp(−Kij ) (17) (λ1 λ2 )1/2  j =1 i=1



can be achieved. Based on the preceding results, the design criteria of space-time codes in the case of Rician fading channels can either maximize the diversity or the coding advantage, or simultaneously optimize the diversity and coding gains. The space-time block codes used in [17] maximizes the diversity gain. However, the higher the K-factor of a channel, the larger the coding advantage. Moreover, the diversity advantage is due to the diffuse components, and the possible diversity advantage will be lower for high K-factor Rician channels. Thus, we can achieve better performance by trading off between the coding and diversity advantages. Here, we propose to use spacetime codes designed based on powerful error-correcting channel codes. B. Space-Time Codes Based on LST Concept Instead of using two-dimensional space-time codes, we use 1-D channel coding followed by space-time mapping, as illustrated in Fig. 3, where the 1-D channel encoder and the space-time mapper are separated by an interleaver, Π. In particular, we use rate 1/2 convolutional codes to encode the data



ai1 exp(jθ) a(i+1)1 exp(jθ) ai2 a(i+1)2



··· ···



aL 1 exp(jθ) aL 2



 (12)
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Fig. 3.
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Transmitter scheme for polarization multiplexing.



stream, and then we layer the coded sequence between vertical, polarization (polarization 1) and horizontal polarization (polarization 2) such that the output coded bits generated by the code generator gi (D) are transmitted via polarization i. Here, ˜(D) = G(D)b, where G(D) = [g1 (D)g2 (D)] the codeword c is the transfer function of rate 1/2 convolutional code, b is an M ˜ is an N -dimensional dimensional information sequence, and c code sequence. A rate 1/2 code is used because the full diversity of a two antenna/diversity system can be achieved using a rate 1/2 code [18]. Further, we use c to denote the interleaved coded sequence, where c = Π(˜ c). The space-time mapper draws complex scalars ai1 and ai2 , ∀i from a particular constellation set by mapping 2 Mc coded bits. That is, the coded bit stream is ¯2 . . . c ¯L ], partitioned into subvectors as described by c = [¯ c1 c ¯l = [cl1 , cl2 , . . . , cl2M c ]T , ∀l is a 2 × Mc binary vector. where c ¯l is mapped into symbols al1 and al2 . Each c Assuming perfect channel state information, the optimal receiver performs an exhaustive search to determine A from the received signal R ˆ = arg min R − H A2 . A A



(18)



The computational complexity of this search increases exponentially with the number of transmit antennas and polarizations, the number of information bits Mc in the modulation, and the block size L. For multidimensional codes, the number of 2 × L matrices A needed in a codebook can be large. C. Iterative Detection and Decoding Receivers Iterative detection and decoding is now a generally accepted and practical substitute for optimal global maximum-likelihood decoding. Fig. 4 illustrates the IDD receiver of the proposed LST codes, where we separate the optimal decoding problem into two stages, inner and outer decoding, and exchange all information learned from one stage to another iteratively until the receiver converges. The inner(outer) and outer(inner) decoder stages are separated by the interleaver Π (deinterleaver Π−1 ) to decorrelate the correlated outputs before feeding them to the next decoding stage. The deinterleaver is used to compensate for the interleaving operation used in the transmitter. The iterative receiver produces new and hopefully better estimates at each iteration, and repeats the information exchange process a number of times to improve the decisions. In Fig. 4, the log-likelihood ratios (LLR) λi and λo , with superscripts i and o, denote the LLR associated with the inner decoder and the outer decoder of the decoding process, respectively.



Fig. 4.



Iterative detection and decoding receiver.



First, the a posteriori LLR of the bit clk , conditioned on the received vector channel symbol r is defined as 2   P [clk = +1|r] . (19) λp clk |r = ln P [clk = −1|r] Using Bayes’ theorem, and assuming the independence of the symbols (which is a reasonable assumption because of the interleaving operation), we can write   p r|clk = 1 P [clk = +1|r] P {clk = +1}  ln = ln + ln  l P [clk = −1|r] P {clk = −1} p r|ck = −1          λ p (c lk ) λ i (c lk ) λ a (c lk ) (20) where the λa (clk ) constitutes a priori information of the code bit clk , and the second term λi (clk ) constitutes intrinsic information. The two major stages of the decoding process, inner and outer decoding, take the a priori information λa (clk ) in, and produce a posteriori information λp (clk ). The extrinsic information defined as λe (clk ) = λp (clk ) − λa (clk ) is the incremental new information learned from the channel decoders using the a priori information. With the preceding definitions, the iterative decoding algorithm has the following steps: Step 1) The soft-in soft-out (SISO) inner decoder combines the a priori (the extrinsic estimates from the previous iteration) with the original intrinsic information for each of the 2 · Mc coded bits (clk ), per 2 × 1 vector symbol a conditional on the channel observation r, and the a priori information about all the coded transmitted bits clj , ∀j, j = k. The extrinsic information from the inner decoder can be written as   λie clk    ¯Tl,(k ) · λia,(k ) cl ) · exp 12 c ¯l ∈ Ck ,+1 p(r|¯ c   = ln  i 1 T ¯ c p(r|¯ c ) · exp · λ l a,(k ) ¯l ∈C k , −1 c 2 l,(k ) (21) 2 We use P and p to define the probabilities or conditional probabilities, and probability density functions, respectively.



SELLATHURAI et al.: SPACE-TIME CODING IN MOBILE SATELLITE COMMUNICATIONS USING DUAL-POLARIZED CHANNELS



¯l,(k ) denotes the subvector of c ¯l obwhere the vector c tained by omitting its kth element clk , λa,(k ) denotes the vector of λa values omitting λa (clk ), and Ck ,±1 is a set of 22×M c −1 bit vectors of length 2 × Mc given by Ck ,+1 = {¯ cl |clk = +1},



Ck ,−1 = {¯ cl |clk = −1}. (22) During the first iteration, the initial a priori probabilities of all symbol bits are assumed to be 1/2 (i.e., cl ) = 0 and the estimate is equally likely). Thus, λia (¯ based solely on the intrinsic estimates. Note that, the inner decoder is a symbol-by-symbol estimator. It estimates the extrinsic information of clk , given by λie (clk ) for k = 1, 2, . . . , 2Mc and l = 1, 2, . . . , L, which we denote as λie (c). The λie (c) becomes the a priori information for the outer decoder after inverse interleaving: λoa (c) =



−1



{λie (c)}.



(23)



Step 2) The outer SISO decoders, in turn, process the soft information λoa (clk ), and compute refined estimates of soft information of code bits clk , ∀l, k, based on the trellis structure of the channel codes. The soft information of code bits clk is given by the following algorithmic procedure: 1) Compute a posteriori estimates λop (clk ) = ln



P {clk = +1|λoa (c)} . P {clk = −1|λoa (c)}



(24)



2) Compute the extrinsic information       λoe clk = λop clk − λoa clk .



(25)



The output; i.e., the extrinsic information of the outer decoder, provides a priori information to the inner/detector SISO module after reordering by random interleaving. λia (c) =



 {λoe (c)} .



(26)



Steps 1 and 2 are repeated until the algorithm converges, or until some iteration limit is reached. When the algorithm has converged, the outer decoder computes the estimates of information bits bm , m = 1, 2, . . . , M : λop (bm ) = ln



P {bm = +1|λop (c)} . P {bm = −1|λop (c)}



(27)



The complexity of the IDD receiver is determined by the two subdecoders; the outer decoder of the iterative algorithm is made up of a SISO channel decoder implemented by using the generalized BCJR algorithm.
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D. Space-Time Block Codes (Alamouti’s Code) The signal mapping involved in Alamouti’s space-time encoding for PD can be written as [11]   a1 −a∗2 (28) A= a2 a∗1 The complex scalars a1 and a2 are drawn from a particular (m-ary PSK/m-ary QAM) constellation. Unlike the layered space-time coding concept, where the redundancy is introduced using 1-D channel coding, Alamouti’s scheme introduces redundancy by using the block based structure shown in (28), where the symbols a1 and −a∗2 are transmitted at the vertical polarized transmit antenna and the symbols a2 and a∗1 are transmitted at the horizontal polarized transmit antenna, both during two consecutive symbol time intervals. We assume that the channel is invariant for at least the two symbol periods, and that the receiver performs a simplified ML detection exploiting the 2 × 2 block code structure [16]. In particular, the computational complexity of the receiver is on the order of 2M c . V. SIMULATION RESULTS In this section, we will present simulation results under various dual-polarized satellite channels representing open, suburban, and urban and marine/aeronautic environments. The channel is assumed to be invariant within a packet. For each packet, a new realization of the polarization channel matrix is chosen, and we assume perfect knowledge of the polarization channel matrix at the receiver. In all the simulations, we compare the performances of the following schemes: 1) polarization multiplexing (PM) scheme with iterative detection and decoding receivers; 2) polarization diversity (PD) scheme with Alamouti’s spacetime codes; 3) no polarization diversity (NPD): here, we consider the vertical polarized transmit and vertical polarized receive antenna; and 4) receiver polarization diversity (RPD): vertical polarized transmit antenna and dual polarized receive antennas. All the techniques, except those using Alamouti’s space-time code, use rate R = 1/2, constraint length five, flushed convolutional codes. Unless mentioned otherwise, the packet length is 500 information bits and four flush bits producing 1008 coded bits. A 1008-bits interleaver is chosen randomly, and no attempt is made to optimize its design. All four techniques use QPSK modulation. Note that, the information rate of the schemes using dual-polarized transmit and receive antennas is 2 bits/s/Hz, whereas the information rate of the schemes using the NPD as well as RPD is 1 bit/s/Hz. The transmitted power is maintained as constant in all four configurations. The Eb /N0 in the following figures is defined as the SNR of an information bit. Figs. 5–10 show BER versus SNR performances of the preceding four schemes in satellite-land communications channels generated for various channel environments. The common observations of the results are summarized as:
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Fig. 5.
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BER versus SNR for PM channels in open areas with K 11 = K 21 = 100; code rate 1/2 memory four flushed convolutional codes, QPSK modulation.



1) Considering the rate of transmission and BER performance, the performance of the NPD scheme is inferior to the RPD, PD, and PM-IDD with a few iterations (3–5) due to the loss of signal power in the unused polarization. The performance of RPD is better than NPD for the same information rate due to the receiver polarization diversity used in RPD. 2) In the case of PM-IDD receivers, as the number of iterations increases, the performance of the iterative decoding increases. Most of the iterative gain is achieved in three iterations. 3) The performance of the PM-IDD receiver exceeds that of the Alamouti’s PD at moderate to high SNRs. The reason for this is the coding gain achieved by the convolutional codes used in the LST codes, whereas, the Alamouti code achieves only the diversity gain of the channel. 4) The BER performance of RPD is better than that of PM at low to moderate SNRs because of the lower information rate of RPD. However, at low SNRs, the BER of RPD scheme is worse than that of the PD. For low SNR, PD may be a better choice over the PM scheme. Details of the experiments are summarized in the following sections. A. Experiment I: Performance in Open Areas For experiment I, the polarization channel matrix is simulated with the following parameters: Rician K-factor K11 = K21 = 100 and K12 = K22 = 0 (neglecting specular components); XPD of the direct components, β1 = β2 = 0.3; XPD of the diffuse components, α1 = α2 = 0.4; and signal crosscorrelation, ρit = 0.4 and ρir = 0.5, i = 1, 2. These values are typical for open environments [14]. The performances of schemes 1–4 are shown in Fig. 5. In the case of PM, the performances at the first five iterations of the re-



ceiver are shown when we use the IDD receivers. In this case, we show the performance with and without employing constellation rotation at one of the transmitters by using solid and dashed curves, respectively. It can be clearly seen from Fig. 5 that when we use constellation rotation at one of the transmitters, the IDD receiver gains about 2 dB over the scheme without constellation rotation (at 10−4 BER level). In this channel, there is a strong LOS component, and the cross-polarization interferences are strong. For this experiment, we used a randomly selected value of, θ = 17◦ for constellation rotation. The constellation rotation introduced in one of the signals reduces the effective interferences in the received signal. For Rayleigh fading and Rician fading channels, the optimal constellation rotations are dependent on the matrix channel characteristics. It has been noticed (by simulations)that with the proposed IDD receivers, the constellation rotations starting from 15◦ provide performance gains for Rayleigh and Rician channels. No effort is made optimize the performance with respect to the constellation rotation.



B. Experiment II: Performance in Suburban Areas The preceding experiment is repeated with Rician K-factor K11 = K21 = 10 and K12 = K22 = 0, which is typical for suburban areas. The XPDs are selected as follows: β1 = β2 = 0.3; α1 = α2 = 0.4; and the signal cross-correlation is selected as ρit = ρir = 0.5, i = 1, 2. Fig. 6 shows the BER versus SNR curves. The performance gain due to the constellation rotation at one of the transmitters is reduced compared to the results in Fig. 5. For high SNRs, the BER of the IDD receiver performs better than the RPD. In Fig. 7, we show the BER versus SNR performances for cases with β1 = β2 = 0.2 and 0.4. When β1 = β2 = 0.2, the cross-interferences between the polarizations are lower, thus achieving the diversity and coding gains faster than the other
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BER versus SNR for PM channels in suburban areas with K 11 = K 21 = 10; code rate 1/2 memory four flushed convolutional codes, QPSK modulation.



Fig. 7. BER versus SNR for PM channels in suburban areas with K 11 = K 21 = 10; with β1 = β 2 = 0.2, 0.4; code rate 1/2 memory four flushed convolutional codes, QPSK modulation.



cases, where the PM scheme encounters high cross-interferences between the antennas. For NPD, case I: β1 = β2 = 0.2, the signal loss due the polarization reversal is lower than that of case II with β1 = β2 = 0.4. Thus, the performance of case I is better than that of case II. Unlike NPD and PM, RPD, and PD are not affected by XPD. RPD and PD receive signals from both polarizations. Therefore, the BER performances of RPD (similarly, PD) for both cases I and II are same. We also show the possible performance improvement by using a larger interleaver size for β1 = β2 = 0.4. A block size



of 10008 coded bits achieves a BER of 10−4 at approximately 4.5 dB, whereas a block size of 1008 coded bits achieves a BER of 10−4 at approximately 5.5 dB. C. Experiment III: Performance of Spatial Multiplexing (SM) In Fig. 8, we show the BER performances with a two transmit and two receive antenna system with single polarization (equivalent to spatial-multiplexing). We show the performance of layered space-time coding with IDD receivers with SM and PM. We consider Rician fading with K11 = K21 = 10 and
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Fig. 8.



Bit error rate curves of QPSK modulation over spatial and PM channels with K=100 and 10; code rate 1/2 memory four flushed convolutional codes.



Fig. 9.



BER versus SNR for PM channels in urban areas with K 11 = K 21 = 5; code rate 1/2 memory four flushed convolutional codes, QPSK modulation.



K11 = K21 = 100, and K12 = K22 = 0. For the PM scheme, we consider β1 = β2 = 0.3; α1 = α2 = 0.4. SM increases the system capacity in Rayleigh fading (scattering) channels. However, in Rician fading channels, with a strong LOS component, the SM does not increase the system capacity significantly. In SM, there is no polarization isolation to reduce interference between the antennas. Therefore, the PM scheme significantly outperforms the SM scheme for large K-factors. Thus, for satellite communications channels, PM is preferred over SM.



A detailed analysis between the conventional multipleantenna space-time coding and the dual-polarized multiple antenna system can be found in [6].



D. Experiment IV: Performance in Urban Areas, K = 5 For experiment IV, the polarization channel matrix is simulated with the Rician K-factor K11 = K21 = 5 and K12 = K22 = 0, typical for urban areas. The XPDs are selected as
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Fig. 10. BER versus SNR for PM channels with a strong specular component with K 11 = K 21 = 10 and K 21 = K 22 = 5; code rate 1/2 memory four flushed convolutional codes, QPSK modulation.



Fig. 11. BER versus SNR for PM channels with case I: K 11 = 10 and K 22 = 5, and case II: K 11 = 5 and K 22 = 10; specular components (K 21 = K 12 = 0) are neglected. Rate 1/2 memory four flushed convolutional codes, QPSK modulation.



follows: β1 = β2 = 0.3; α1 = α2 = 0.4; and the signal crosscorrelation is selected as ρit = ρir = 0.5, i = 1, 2. Fig. 9 shows the BER versus SNR curves. Here, we show the performance when we do not use constellation rotation. The constellation rotation does not provide any noticeable performance gain in the case of low K-factor channels. Moreover, this case (K = 5) achieves lower coding gain compared to the cases with K = 10 (see Fig. 6) and K = 100 (see Fig. 5), and needs more Eb /N0 to achieve a BER of 10−4 .



E. Experiment V: Performance With Specular Components (Aeronautical/Marine) With Circular Polarization The following simulation demonstrates the benefit of PM schemes when the channel has a strong specular component. We also demonstrate the effects of “polarization reversal” of specular components. For experiment V, the polarization channel matrix is simulated with the following parameters, which are considered
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to be exemplary for aeronautical/marine communications [15]: Rician K-factor K11 = K21 = 10 and K12 = K22 = 5; XPD of the direct components, β1 = β2 = 0.3; XPD of the diffuse components, α1 = α2 = 0.4; and signal crosscorrelation, ρt = ρr = 0.5 when the XPD of the specular component ξ1 = ξ2 = 0.3, or ξ1 = ξ2 = 0.7. The case of ξ1 = ξ2 = 0.7 corresponds to the polarization reversal of specular components. Fig. 10 illustrates the performance when ξ1 = ξ2 = 0.3 (solid curves) and ξ1 = ξ2 = 0.7 (broken curves). When ξ1 = ξ2 = 0.3, the PM scheme gains significantly over the other schemes. Moreover, due to the additional power in the specular component, it gains about 1 dB (at 10−4 BER level) over the case illustrated in experiment II where the specular components are not encountered. The case ξ1 = ξ2 = 0.7 introduces higher crosscoupling interferences in PM. The NPD scheme also loses significant power to the other polarization due to the polarization reversal of the specular component. Thus, the BER performances of PM and NPD are inferior to the case with ξ1 = ξ2 = 0.3. On the other hand, the PD scheme is designed such that the signals transmitted by the different polarization will not interfere with each other. Moreover, both the RPD and PD capture the signal powers of both the polarizations. Thus, they are not affected by the polarization reversal of the specular component. F. Experiment VI: Performance With Asymmetric K-Factors in Suburban-Urban Areas The following simulation demonstrates the benefit of PM when the K-factors of LOS components have different power levels. Rain effects can cause attenuation of one of the polarizations [12]. Fig. 11 shows the BER versus SNR performance for the channel generated with case I: K11 = 10 and K22 = 5, and case II: K11 = 5 and K22 = 10. Both of the cases neglect the specular component (K21 = K12 = 0); XPD of the direct components β1 = β2 = 0.3; XPD of the diffuse components α1 = α2 = 0.4; and signal cross-correlation ρit = ρir = 0.5, i = 1, 2. The RPD and NPD schemes use only the vertical polarization at the transmit end; therefore, the K-factor of the channels corresponding to cases I and II are 10 and 5, respectively. For the case II channel, due to its lower K factor, the coding gain obtained is lower than that of case I. The PM and PD schemes use polarization at both the transmit and receiver ends. Thus, their performance for both cases are the same. VI. SUMMARY We studied the use of dual-orthogonal polarized transmit and receive antenna systems over satellite communications channels to increase the speed of transmission. The major challenge of such a communication system is extracting the simultaneously transmitted signals in the presence of cross polar interference, which can be severe due to antenna coupling effects and propagation scattering environments. Using a general polarization scattering channel model valid for narrowband satellite-earth communications systems, we demonstrated the benefits of dual-polarized satellite communications systems
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