

  electronics-10-02073




electronics-10-02073







Electronics 2021, 10(17), 2073; doi:10.3390/electronics10172073




Article



Performance of Micro-Scale Transmission & Reception Diversity Schemes in High Throughput Satellite Communication Networks



Apostolos Z. Papafragkakis[image: Orcid], Charilaos I. Kouroriorgas[image: Orcid] and Athanasios D. Panagopoulos *[image: Orcid]





Radio and Satellite Communications Group, Division of Information Transmission Systems and Materials Technology, School of Electrical and Computer Engineering, National Technical University of Athens, Iroon Polytechniou 9, GR-157 80 Athens, Greece









*



Correspondence: thpanag@ece.ntua.gr; Tel.: +30-2107723842







Academic Editor: Mauro Tropea



Received: 30 July 2021 / Accepted: 23 August 2021 / Published: 27 August 2021



Abstract

:

The use of Ka and Q/V bands could be a promising solution in order to accommodate higher data rate, interactive services; however, at these frequency bands signal attenuation due to the various atmospheric phenomena and more particularly due to rain could constitute a serious limiting factor in system performance and availability. To alleviate this possible barrier, short- and large-scale diversity schemes have been proposed and examined in the past; in this paper a micro-scale site diversity system is evaluated in terms of capacity gain using rain attenuation time series generated using the Synthetic Storm Technique (SST). Input to the SST was 4 years of experimental rainfall data from two stations with a separation distance of 386 m at the National Technical University of Athens (NTUA) campus in Athens, Greece. Additionally, a novel multi-dimensional synthesizer based on Gaussian Copulas parameterized for the case of multiple-site micro-scale diversity systems is presented and evaluated. In all examined scenarios a significant capacity gain can be observed, thus proving that micro-scale site diversity systems could be a viable choice for enterprise users to increase the achievable data rates and improve the availability of their links.
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1. Introduction


The use of high data rate satellite services has recently become a necessity given the vast number of new or planned applications which will be in high demand in the upcoming 5G era [1,2]. Satellite communication will play an important role in the 5G vision [3,4] by either providing back-hauling services or offering internet services in under-served areas; satellite back-haul not only allows for connectivity extension at remote locations but also serves as the prime solution for use cases such as emergency response, network backup and Internet of Things (IoT) applications.



In order to increase the provided data rates in an efficient, cost-effective manner and taking into consideration the spectrum scarcity problem [5,6], next generation satellite communication systems are migrating to the Ka and Q/V bands and are expected to make extensive use of link adaptation strategies combined with multi-beam satellites and/or other relevant techniques [7,8,9,10,11,12,13,14]. Signal propagation at Ka-band frequencies and above is, nevertheless, highly affected by the various atmospheric phenomena causing degradation of the overall system performance. In particular, precipitation, clouds, atmospheric gases and turbulence can introduce significant losses into the system, with rain being the dominant fading mechanism [15,16]. In order to compensate for rain attenuation, Fading Mitigation Techniques are required (FMTs) [17]. FMTs include link adaptation techniques such as uplink power control and Adaptive Coding and Modulation (ACM) schemes. However, the most effective FMT is the use of spatial diversity, e.g., site diversity, since such a technique exploits the spatial variability of the precipitation medium.



In site diversity scenarios, one or more ground stations communicate with the same satellite and therefore, the probability that all of the links simultaneously experience severe attenuation is smaller than having a single station. In general, the gain of a site diversity system increases with increasing the distance between the stations. Nonetheless, a considerable gain can be observed even when the distance between the stations is appreciably small, such as in [18,19,20,21]. Such systems can be employed in enterprise scenarios such as (but not limited to) company headquarters, sports events, concerts or media events. In such cases, the stations can be deployed around the company buildings, a stadium, or a concert hall forming a micro-scale site diversity scheme. In cases where multiple stations are used, Multiple Input Multiple Output (MIMO) techniques could also be employed to improve the system’s performance even further. Regarding the use of MIMO techniques in satellite communications, selection diversity is mostly preferred and implemented, however, by exploiting the knowledge of the channel conditions, the system performance can be further enhanced [22].



In the context of satellite communications, due to the use of massive, very costly Gateways (GWs) used for data forwarding, it is more likely to have multiple stations at the user premises than at the GW sites [23,24,25]; therefore, at frequency bands such as Ka-band and above, the use of Multiple Input Single Output (MISO) and Single Input Multiple Output (SIMO) techniques with multiple antenna configurations used at the user terminals seem a potential solution to mitigate the various non-desirable propagation effects. In a MISO system the uplink can be enhanced, while in a SIMO system the downlink, respectively. Multi-path effects at such high frequencies are insignificant and thus, in order to exploit the MIMO principle the benefits arising from the spatial inhomogeneity of the rainfall are more relevant. According to [22], system capacity can be increased for both SIMO and MISO cases provided that perfect knowledge of the channel state is available at the receiver and transmitter, respectively. The Channel State Information (CSI) from the user terminals can be extracted either through beacon signals and/or radiometers [26,27], or by exploiting the pilot symbols used in the transmitted frames [28,29].



Prior to designing a communication system with built-in FMTs, multi-dimensional rain attenuation time series synthesizers are essential in order to capture the spatio-temporal characteristics of the propagation effects due to rain. In [30], a multi-dimensional time series synthesizer based on stochastic differential equations has been presented, while in [31] a filter-based method. Both models are based on the main assumptions of the Masseng-Bakken model [32], i.e., that rain attenuation follows the log-normal distribution and the Gaussian underlined process has an exponentially decreasing auto-correlation function; both models use the Pearson’s correlation coefficient to model the spatial correlation. In [33], another model is presented in which the Numerical Weather Prediction (NWP) analysis products are used; starting from rain rate, rain attenuation time series are generated in maps and therefore correlation is induced. Nevertheless, in the latter methodology data resolution is small rendering it inappropriate for use in micro-scale systems. In [34], a new approach for modeling joint statistics of rain attenuation in site-diversity systems based on Gaussian copula functions [35] has been presented, while in [36], the same copula functions are used to model the joint temporal statistics of rain attenuation through the generation of rain attenuation time series for single links. The advantages of using copula functions are: (a) there is no need to model the single-link rain attenuation statistics with a particular distribution and (b) rain attenuation between multiple links is not assumed to be linearly correlated in order to model their spatial dependence.



In this paper, the use of a micro-scale site diversity scheme for increasing the system capacity is investigated. Taking advantage of four years of available rainfall measurements for two locations within the National Technical University of Athens (NTUA) campus, rain attenuation time series are obtained using the Synthetic Storm Technique (SST) [37] and the outage capacity is then evaluated for a micro-scale dual-site diversity system. The SST is used due its highly accurate method of capturing the cumulative statistics of rain attenuation [38]. Moreover, a multi-dimensional time series synthesizer based on Gaussian copulas is proposed for generating rain attenuation time series at multiple spatially separated links. The synthesizer is based on the assumption that in the spatial and the temporal domain the joint distribution of rain attenuation can be modeled through Gaussian copulas. The spatial parameter of the copula is calculated from the rain attenuation time series derived using SST in order for the synthesizer to allow the evaluation of multi-site micro-scale diversity systems (e.g., triple and quadruple). Experimental campaigns for micro-scale site diversity scenarios have to be conducted in order to validate the presented results.



The contributions of the paper are the following: (a) a micro-scale site diversity system is evaluated using rain rate time series and the achieved gain is observed, (b) a novel multi-dimensional rain attenuation time series synthesizer for multiple slant paths based on copula functions is proposed (c) a new spatial correlation coefficient for the rainfall medium across small distances is given (d) the performance of multi-site micro-scale transmission and reception schemes operating at Ka and Q band as MISO and SIMO schemes are investigated for the first time in the literature.



The remainder of the paper is organized as follows: in Section 2, the system model and the expressions for the calculation of capacity for MISO and SIMO systems are given. In Section 3, the 4-year rainfall data-bank of NTUA is used for the evaluation of a dual-site micro-scale diversity system. In Section 4, a multi-dimensional copulas synthesizer is presented and used for the evaluation of micro-scale site diversity systems with multiple stations. In Section 5, the paper concludes summarizing the used methodology and commenting on the obtained results.




2. System Model


In this section, the system model used for the evaluation of micro-scale site diversity systems is presented. Both dual- and multi-site micro-scale diversity systems are examined. Figure 1 presents the system geometries consisting of a conventional single station scheme (Figure 1a) as well as three micro-scale site diversity systems for two, three and four ground stations, respectively, in Figure 1b–d. The system is assumed to operate at Ka-band and above with highly directive antennas; the multiple links do not interfere with each other, there is always Line-of-Sight (LOS) and any attenuation is caused due to the signal propagating through the atmosphere with rain being the dominant fading mechanism.



In the system examined herein, perfect knowledge of the channel conditions at both the transmitting and the receiving end of the stations is assumed (i.e., the induced rain attenuation at the slant paths); the stations are considered to be identical and interconnected with one another. As already mentioned in the introduction, in order to acquire the channel state the ground stations are either equipped with beacon receivers at the operating frequency (or close enough) or estimate the channel using the pilot symbols of the frame. Considering that the links operate at Ka-band frequencies and above, the channel conditions shall remain constant within the Round-Trip Time (RTT) delay, i.e., approximately 500 ms for a GEO link. A highly appreciated metric used in the design of satellite communication systems is the outage capacity, i.e., the percentage of time during which the system capacity falls below a certain threshold,   P ( C ≤  C th  )  . In this study, the Shannon–Hartley formula is used for the calculation:


  C  =  B  log 2   ( 1 + SNR )   



(1)




where B is the system bandwidth and  SNR  represents the Signal to Noise Ratio in linear terms; Equation (1) refers to single links.



In the case of multiple stations in SIMO configuration and taking into account that the receiver has perfect knowledge of the channel, the Maximal Ratio Combining (MRC) scheme can be employed yielding the following capacity [39]:


   C SIMO  =  B  log 2   ( 1 +  hh H  )   



(2)




where   h = [  h 1  , … ,  h  M R   ]   is the   M R   × 1 vector of the SIMO channel for the   M R   receiving antennas. The superscript H refers to the transpose conjugate of the channel vector. The squared measure of the elements in vector  h  is given by:


   |   h i    |  2   =   SNR  C S , i    10  −  A i  / 10    



(3)




where   SNR  CS , i    is the SNR in clear-sky conditions for the link between the satellite and the i receiver’s antenna and   A i   is the rain attenuation induced in the same link. Therefore, (2) becomes:


   C SIMO  =  B  log 2   ( 1 +  ∑  i = 1   M R    SNR  CS , i    10  −  A i  / 10   )   



(4)







Regarding the MISO scheme, it is well-known that capacity cannot be enhanced unless the transmitter has knowledge of the channel conditions [17]; when the channel conditions are known or can be acquired, the signal can be preprocessed before being transmitted. The precoding vector to be used shall then be equal to [39,40]:


  w  =    M T     h H     ∑  i = 1   M T     |  h i  |  2      



(5)




where   h = [  h 1  , … ,  h  M T   ]   is the channel vector for the   M T   transmitting antennas and the squared measure of every element vector, i.e.,    |   h i    |  2    is given by:


   |   h i    |  2   =    SNR  CS , i    M T    10  −  A i  / 10    



(6)




where the clear-sky SNR is divided by   M T   in order to keep the total transmitted power at the same level as in the SISO case. The signal is multiplied with the vector  w  before being transmitted and according to (5) the highest power ratio shall occur at the link experiencing the least attenuation. The capacity is given by [39,40]:


     C MISO     =  B  log 2   ( 1 + hw )           =  B  log 2   ( 1 +  ∑  i = 1   M T    SNR  CS , i    10  −  A i  / 10   )      



(7)








3. Dual-Site Micro-Scale Diversity Scheme


3.1. Experimental Data-Bank


Two identical EML ARG 100 rain gauges [41] have been deployed at the NTUA Campus in Athens, Greece (   37.97 ∘    N,    23.78 ∘    E) measuring rainfall at a separation distance of about 386 m; one of them is placed at the old buildings belonging to the School of Electrical and Engineering while the other one at the new ones. The rain gauges used are of tipping bucket type and are pre-calibrated with a measurement resolution of 0.2 mm of rain per tip; the sampling frequency is set at 1 Hz. Using the recorded rainfall data, rain rate time series in mm/h with 1-min integration time window have been calculated using the methodology presented in [38]. The rain rate data availability for both rain gauges has been 100.00% for the whole 4-year time period examined in this paper (June 2012–June 2016).



In Figure 2, the obtained rain rate time series with 1-min integration time are presented for both locations for the whole 4-year period. In Figure 3, the Complementary Cumulative Distribution Function (CCDF) of rain rate for each of the locations as well as the joint-minimum CCDF for both sites at NTUA Campus are presented.




3.2. Emulated Joint Rain Attenuation Statistics


Although the deployment of actual satellite stations to perform measurements has always been preferred over any simulation methods, it is highly unlikely that one would attempt it without having a reliable set of simulated results to perform a first assessment; this is where the benefit of merely using rain gauges, easier to procure and install than satellite stations becomes apparent. Rain attenuation time series can then be generated using the Synthetic Storm Technique (SST) with a two-layer model having as input the rain rate time series obtained via the rain gauges [34]. The SST is a physical–mathematical propagation modeling tool based on the Taylor hypothesis in order to translate the rain rate time series into the spatial domain and then calculate the rain attenuation time series on the slant path. Should rainfall rate data be available, the SST must be the preferred choice over any other statistical methodology/theory in order to evaluate the system performance-the application of any of the latter methodologies could yield very questionable results in real applications, especially for low probabilities. To apply the SST, the average storm speed is required along the slant path; for Athens, a value of 10.6 m/s is assumed based on meteorological records. In any case, long-term statistics seem to be insensitive to its precise value [40].



The two-layer model is defined in the vertical path and is used to capture the melting layer effects. For the conversion of rain rate R in mm/h to the specific rain attenuation   A 0   (dB/km), the classic power-law relationship    A 0   =  k  R b    is used. The parameters k, b are calculated from the ITU-R. P. 838 [42] for Layer A (raindrops at 20    ∘  C), while the ones in [37,40] are used for Layer B (melting hydrometeors at 0    ∘  C).



In Figure 4, the 4-year rain attenuation time series emulated using SST are presented for the two station locations operating at a frequency of 19.701 GHz, i.e., a Ka-band downlink. The elevation angle of the links is    45.98 ∘   , chosen based on the actual elevation angle (median value) for the geostationary, inclined-orbit satellite Alphasat at    25.0 ∘    E [43] as observed from the particular sites. In Figure 5, the CCDF of rain attenuation is given at Ka-band for the two stations, while the CCDF of the joint-minimum rain attenuation is also presented referring to an idealized site diversity scenario; the joint-minimum rain attenuation across N links is


   A joint   ( t )   =  min  {  A 1   ( t )  , … ,  A N   ( t )  }   



(8)







A gain of almost 2 dB can be achieved for up to 0.01% of the time in this idealized micro-scale site diversity case. In Figure 6 and Figure 7 the rain attenuation time series and CCDFs are shown for a Q-band downlink (39.402 GHz), respectively. A gain of 3 dB for up to 0.1% of the time can be achieved while a gain of 5 dB for up to 0.01% of the time also seems feasible as indicated by the joint-minimum CCDF in Figure 7.




3.3. Capacity Evaluation


In this section, the capacity of a dual MISO-SIMO system is evaluated for a dual-site micro-scale diversity scenario. Using the rain attenuation time series generated using the SST, the capacity time series were obtained using (4) for the SIMO systems and (7) for the MISO ones.



For the SIMO scenario, results are obtained for 19.701 GHz (Ka-band downlink) as well as 39.402 GHz (Q-band downlink). The clear-sky SNR is considered equal to 30 dB. In Figure 8, the resulting outage capacity is shown for the SISO and the SIMO system for both Ka-band and Q-band links. It is observed that in clear-sky conditions the micro-scale system can effectively deliver 11 b/s/Hz, while the SISO one 10 b/s/Hz. This gain arises from the use of multiple antennas at the receiver, thus proportionally increasing the SNR (also referred to as array gain). As the attenuation increases (lower exceedance probabilities) the micro-scale scheme still offers a gain, e.g., at 0.1% of the time the capacity for the SISO link is 9 b/s/Hz while for the SIMO one is 10 b/s/Hz regarding the Ka-band downlink case.



For the uplink, i.e., the MISO case, the outage capacity is shown in Figure 9 for various values of   SNR CS  . The operating frequency is assumed at 29.881 GHz, i.e., Ka-band uplink. The gain, also evident in this case, increases with increasing attenuation, i.e., in low probabilities; this is attributed to the precoding vector used in the MISO system. As a matter of fact, in clear-sky conditions all the signals are transmitted with the same power and equal to the power of a SISO link divided by the number of transmitting antennas; it is therefore apparent why there is no gain in clear sky conditions. On the other hand, when attenuation increases, from (5), the highest power ratio will occur at the link experiencing the least attenuation. Therefore, a gain of up to 50% could be achieved for low probabilities as observed in Figure 9.





4. Multi-Site Micro-Scale Diversity Scheme


In this section, a methodology to generate rain attenuation time series spatially correlated for multiple sites based on Copulas functions is presented. It is generally uncommon for micro-scale satellite communication systems to simultaneously perform in situ beacon measurements. Therefore, the use of a synthesizer to generate rain attenuation time series and then calculate the capacity time series for multiple spatially separated links could be of significant importance.



In the proposed model, the synthesizer is based on the assumption that joint rain attenuation statistics in the temporal and the spatial domain are modeled using Gaussian copulas [34,36]. The advantages of using Gaussian copulas to model the joint statistics in the spatial domain are that they are simple to apply and can easily be extended for multiple spatially separated links. Moreover, the synthesizer based on copula functions does not require the proof of any assumption regarding the distribution of the rain attenuation induced on a particular single link [36].



4.1. Multi-Dimensional Copulas Based Synthesizer


In this subsection a new multi-dimensional rain attenuation synthesizer is presented, extending the methodology presented in [18], accounting for multiple links used in diversity and multi-hop scenarios. The copula functions are used to couple the single cumulative distributions and to ultimately calculate the joint cumulative distribution. Given that the Cumulative Distribution Functions (CDFs) of dependent random variables are denoted as   u i  ,   i = 1 , … , n  , the joint statistics can be calculated through copula functions. The Gaussian copula is given by [35]:


  P  ( u )   =   Φ  R  n   (  Φ  − 1    (  u 1  )  , … ,  Φ  − 1    (  u n  )  )   



(9)




where   P ( u )   is the joint CDF of the dependent random variables,   Φ  R  n   is the CDF of a multi-variate normal distribution with zero mean and correlation matrix given by  R  and   Φ  − 1    is the inverse CDF of a normal distribution with zero mean and unity variance. In (9), the variables   u i  ,   i = 1 , … , n  , refer to the univariate CDFs of rain attenuation for the multiple links in the case of spatially-joint statistics or to the univariate CDFs of rain attenuation for different time delays in the case of joint statistics in the temporal domain. In order to introduce different notations for the spatial and temporal dependence the Copula function, the correlation matrix of the Gaussian copula and the CDFs of rain attenuation for spatial joint statistics are denoted as:   P SP  ,   R SP   and   u l  ,   l = 1 , … , n   for n different links, respectively. For the temporal joint statistics, the Copula function is denoted as   P TD  , the correlation matrix as   R TD   and the CDF of rain attenuation on different time delays as   u j  ,   j = 1 , … , K  , with j being the different time delays. Therefore, the CDF of rain attenuation at link l and at time instance j is denoted as   u  j  l  . Equation (9) can therefore be used to describe the joint statistics of rain attenuation in the spatial and the temporal domain using different correlation matrices. In [36], an expression for the calculation of the elements of the correlation matrix   R TD   in order to generate time series is given; in [34] an expression for the calculation of the elements of the correlation matrix   R SP   is given for multiple spatially separated links. It should be noted, however, that the expression derived in [34] is based on measurements with a separation distance of 1.7 km and higher.



In Figure 10, the joint CCDF calculated from the emulated time series as explained in Section III is shown versus the one obtained using the Gaussian copulas; the copula parameter used was equal to 0.971. The fitted Gaussian copula exhibits very good performance in modeling the joint statistics for this small separation distance. The copula parameter as proposed in [34] for the same distance, i.e., 386 m, gives a value of 0.9928, however, as already mentioned, the proposed parameter in [34] is derived using data from site diversity experiments with separation distance higher than 1.7 km. Therefore, in our case the copula parameter is extended using a linear relationship between the copula parameter and the distance as shown below for distances between 386 m and 1.7 km:


   ρ SP   =  − 0.214 d + 1.054  



(10)




where   0.386 ≤ d ≤ 1.7   and d is in km. Moreover, the proposed expression in (10) has been used to reproduce the experimental data in short scale site diversity in [19]. Therefore it is reasonable that a global relationship for the correlation coefficient for small distances may be derived based on Equation (10) with small refinements obtained through experimental data.



In order to generate rain attenuation time series zero mean and unity variance Gaussian random samples for each of the links are first generated, correlated in the time domain using the correlation matrix   R TD  . These samples actually correspond to samples of    Φ  − 1    (  u  j  l  )    which refer to time series with only the temporal correlation having been taken into account. Up to this point, the spatial correlation has not been considered, as these time series are produced independently for each link. Then for every time instance j the vector    F j   =    [  Φ  − 1    (  u  j  1  )  , … ,  Φ  − 1    (  u  j  l  )  , … ,  Φ  − 1    (  u  j  n  )  ]  T    is multiplied on the right side by the Cholesky decomposition of   R SP  . It should be noted that the multiplication of  F  by the Cholesky decomposition of   R SP   will again result into Gaussian random variables. Therefore, on every given time instance j the random variables    Φ  − 1    (  u  j  l  )    are now correlated also in the spatial domain. In order to generate time series of rain attenuation the CDF of    Φ  − 1    (  u  j  l  )    has to be calculated first, considering normal zero mean and unity variance distribution in order to obtain   u  j  l  ; then the inverse CDF of rain attenuation distribution is calculated on the values of   u  j  l  . The step-by-step algorithm for generating rain attenuation time series of duration T with sampling time   t s   for n links is as follows:




	
Calculate the number of samples K for the time series corresponding to each link,   K  =  T /  t s   ;



	
Generate K samples of Gaussian random variables with zero mean and covariance matrix   R TD  ;



	
Repeat step 2 n times, equal to the number of links;



	
From the samples created in steps 2 and 3, create the samples of vectors   F j   considering the samples from the different links referring to the same time instance j;



	
Multiply on the right side every sample of the vector   F j   with the Cholesky decomposition of   R SP  ;



	
Create the matrix   U  =    [  F 1  , … ,  F K  ]  T   ;



	
Calculate on every element the normal CDF;



	
On every element of each line i calculate the inverse CDF of rain attenuation induced on link i;



	
Every line of the matrix created in step 8 should now correspond to the rain attenuation time series on each link.








An example of the time series generated is shown in Figure 11, where three stations are considered to form an equilateral triangle with sides equal to 386 m. The joint-minimum of the rain attenuation time series is also shown in the same figure. To validate the above methodology before applying it to the multi-dimensional case, the joint CCDF of rain attenuation as obtained from the emulated data (i.e., using the SST) vs. simulated data using the copula synthesizer for two links is presented in Figure 12; from the results obtained it can be concluded that the synthesized data are in excellent accordance with the emulated ones. The second order statistics (fade durations, fade slopes, cross correlation etc.) are not investigated since they are beyond the scope of this contribution.




4.2. Numerical Results


Using the multi-dimensional synthesizer proposed in the previous subsection, capacity time series can be generated for SIMO and MISO satellite communication systems. In Figure 13 time series of downlink capacity for a single link and a SIMO system with three ground stations are shown. The use of such a methodology to create capacity time series bears the advantage that the cumulative statistics of rain attenuation from either measurements, emulated time series or any other prediction method can be utilized, including numerical techniques, such as the prediction by ITU-R. P. 618 [44] or any other well-established distribution used for the modeling the rain attenuation such as the Weibull, the log-normal, etc. [45,46,47]. In this paper, the cumulative distribution of rain attenuation derived from the SST was used directly; the frequency was assumed equal to 19.701 GHz and the elevation angle equal to    45.98 ∘    as in the previous section.



The outage capacity statistics for the downlink SISO and SIMO cases for 2, 3 and 4 receiving antennas are shown in Figure 14. Regarding the two station scenario, the stations are placed 386 m apart while in the three station case, the stations form an equilateral triangle comprising of 386 m sides. Finally, the four stations corresponding to the last scenario are placed in a square grid with 386 m sides. It is apparent that the gain introduced in the system compared to the single-link case is quite pronounced and as such, micro-scale site diversity systems may provide a considerable diversity gain for both clear-sky and rainy conditions. More presicely, a capacity gain of about 40% can be observed for    M R   =  2   and 82% for    M R   =  4   at 0.01% of the time (i.e.,   10  − 4    probability). In Figure 15, the outage capacity for 1% of the time is shown for the Ka-band downlink SISO and SIMO cases considering various clear-sky SNR values; a gain in the order of 50% for four stations is observed.



For the case of a MISO system, the uplink from a user terminal with multiple antennas is examined. In order to have a fair comparison with the SISO system, the uplink power transmitted through each of the MISO system’s antennas is divided by their number as also explained in Section III. Using the multi-dimensional synthesizer proposed in the previous subsection, capacity time series are generated for MISO satellite communication systems using again 2, 3 and 4 ground stations (  M T  ) and geometries similar to the ones used in the SIMO system. Since MISO techniques refer to the uplink/return-link of a user’s terminal, the operating frequency has been chosen at 29.881 GHz. As in the previous numerical results, the CDF of rain attenuation calculated from the SST is used for the generation of rain attenuation time series. The uplink outage capacity is shown in Figure 16 for the three MISO cases and the corresponding SISO links; as in the case of downlink, a gain is also observed in the micro-scale site diversity system when the MISO technique is employed. At 0.01% of the time (i.e.,   10  − 4    probability), the achievable capacity gain almost reaches 100% for    M T   =  2   and up to 190% for    M T   =  4  , respectively. The diversity gain is further increased with increasing the number of antennas. Due to the fair comparison in terms of transmitted power, the capacity in clear-sky conditions remains the same, however, the use of multiple transmitting antennas under rainy conditions offers a substantial gain compared to the SISO case. Increasing the number of transmitting stations even further, a higher gain under rain is to be observed.



As a final remark, the difference between the MISO and SIMO system is the gain at higher time percentages where SIMO clearly outperforms a corresponding SISO architecture.





5. Conclusions


In this paper, SIMO and MISO micro-scale site diversity systems are evaluated in terms of capacity and compared to the conventional SISO case for both downlink and uplink scenarios, respectively. Using the 4-year experimental rainfall data-bank from two stations at NTUA campus, the SST is used to obtain rain attenuation time series. From the rain attenuation time series the outage capacity is calculated assuming receive (SIMO) and transmit (MISO) diversity schemes with perfect channel state knowledge at the user terminal; a gain seems to always be present for both cases and at both Ka- and Q-band. A multi-dimensional time series synthesizer based on Gaussian copulas is proposed for the generation of spatio-temporally dependent time series of rain attenuation. Using the rain attenuation time series from the SST, the parameter of Gaussian copula is calculated for micro-scale site diversity systems. Making use of the proposed synthesizer, micro-scale site diversity systems with multiple ground stations are evaluated, concluding that a considerable gain is always present for both clear-sky and rainy conditions. Experimental propagation campaigns for micro-scale site diversity scenarios must be conducted in order to validate the presented results.



It has been shown that even small separation distances in the order of a few hundred meters can significantly improve system performance. Micro-scale site diversity systems can therefore be exploited by enterprise users to increase data rates, ensure high system availability and therefore allow for trouble-free operation of time-critical, high data volume applications. Part of the pending future work on the subject is the assessment of the channel capacity within the framework of real modulation schemes (e.g., QAM) comparing the results with the ones based solely on the Shannon’s Gaussian channel.
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Figure 1. System configurations for (a) single-link systems, (b) dual-site micro-scale diversity systems, (c) triple-site micro-scale diversity systems and (d) quad-site micro-scale diversity systems. 
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Figure 2. Calculated rain rate time series for the examined period and both locations within the NTUA campus. 
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Figure 3. Cumulative distribution of rain rate for the two locations at NTUA campus and the joint-minimum CCDF (solid line). 
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Figure 4. Emulated rain attenuation time series obtained by applying the SST for the two locations at 19.701 GHz, Ka-band downlink. 
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Figure 5. CCDF of rain attenuation for the two locations along with the CCDF of the joint-minimum rain attenuation at 19.701 GHz, Ka-band downlink. 
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Figure 6. Emulated rain attenuation time series obtained by applying the SST for the two locations at 39.402 GHz, Q-band downlink. 
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Figure 7. CCDF of rain attenuation for the two locations along with the CCDF of the joint-minimum rain attenuation at 39.402 GHz, Q-band downlink. 
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Figure 8. Downlink outage capacity statistics for SISO and SIMO systems operating at Ka- (blue lines) and Q-band (red lines), respectively, for a clear-sky SNR value of 30 dB. 
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Figure 9. Uplink outage capacity statistics for SISO and MISO systems operating at Ka-band for clear-sky SNR values equal to 10, 20 and 30 dB. 
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Figure 10. Joint CCDF of rain attenuation calculated from the minimum of the time series using SST vs. the fitted Gaussian copula for 19.701 GHz, i.e., Ka-band downlink. 
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Figure 11. Simulated rain attenuation time series using the proposed copula synthesizer for three ground stations in Athens at 19.701 GHz, i.e., Ka-band downlink. 
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Figure 12. Joint CCDF of rain attenuation from the multi-dimensional synthesizer vs. the emulated time series for systems operating at Ka- and Q-band. 
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Figure 13. Capacity time series for SISO and SIMO with three stations for the Ka-band downlink at 19.701 GHz using the copula synthesizer. 
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Figure 14. Ka-band (19.701 GHz) downlink outage capacity statistics for the SISO and the SIMO case with 2, 3 and 4 stations using the copula synthesizer. 
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Figure 15. Downlink capacity vs. SNR for Ka-band at 19.701 GHz using SISO and SIMO configurations in clear-sky conditions achieved at 1% of the time. 
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Figure 16. Uplink outage capacity statistics for the SISO and the MISO case with 2, 3 and 4 stations using the copula synthesizer. 
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