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Abstract 
With the ever-growing requirement for higher data rates, terminals support-
ing multiple-input multiple-output (MIMO) technologies are being devel-
oped for next-generation. As for wireless device manufacturers, a radio per-
formance evaluation of multi-antenna terminals in desired environments is 
mandatory before product release. This paper discusses the Over the Air 
(OTA) performance evaluation of antenna diversity systems in Indoor and 
Outdoor multi-path propagation channel models inside anechoic chamber, in 
terms of correlation coefficients and diversity gain (DG). These channel models 
have been emulated in terms of angles of arrivals (AoA) and cross-polarization 
ratio (XPR) with Rayleigh fading. For this purpose, SATIMO SG24 measure-
ment system has been used. However, the actual configuration of this system is 
not able to emulate desired realistic environments. Therefore, an innovative 
methodology based on the SG24 probes control has been developed. The ob-
tained results in simulations and measurements have shown a good agreement. 
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1. Introduction 

New wireless technologies such as High Speed Downlink Packet Access (HSDPA), 
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Long Term Evolution (LTE) and IEEE 802.11n are employing MIMO antenna 
systems on mobile terminals in order to improve the capacity of data transmis-
sion and to overcome the detrimental effects of signal multipath fading when 
trying to achieve high data throughput in limited-bandwidth channels. There-
fore, wireless device manufacturers urgently require standard testing methods 
that are suitable to evaluate antenna diversity performances before product re-
lease. These performances are strongly dependent on antennas properties and 
the multi-path fading environment. Therefore, a new OTA testing method is 
required for evaluating antenna diversity performances in realistic multipath 
propagation environments in order to elaborate efficient multi-antenna termin-
als. 

Since MIMO terminal performances testing in real network is expensive in 
time consuming, and labor intensive, many OTA methodologies have been 
adopted in Cellular Telephone Industries Association (CTIA) and 3GPP [1]  to 
evaluate the overall performance of the multi-antenna terminals in a reliable, 
repeatable, and feasible way in laboratory conditions. Some techniques have 
been proposed for OTA testing for assessing the performance of antenna diver-
sity terminals in realistic multipath channel [2] [3] [4], like the Reverberation 
Chamber (RC) method [5] and the multi-probe anechoic chamber (MPAC) 
method [1] . But the RC is limited to generate an isotropic multi path channel 
with 0 dB XPR. On the other hand, the MPAC systems basically consist of a 
channel emulator and multi probe antennas. However, the main disadvantage 
with the MPAC is the cost of the setup, since a channel emulator cost increases 
with the number of antennas.  

In this paper, we evaluate the performance of an antenna diversity system us-
ing a new test method considerably less complex than other techniques proposed 
in the literature, in terms of cost-effectiveness. This method is based on replac-
ing the channel emulator with a switch in order to generate a desired realistic 
Rayleigh channel in terms of AoA and XPR, based on the ignition probabilities 
of emitting antennas. Two types of propagation models, such as Indoor and 
Outdoor in terms of AoA, are used for OTA testing in terms of correlation coef-
ficient and diversity gain (DG) computed from the signals received at the dif-
ferent branches of the antenna systems. 

2. New Control Method of SATIMO SG24 Measurement  
System 

The SATIMO SG24 measurement system as shown in Figure 1 [6] , located in-
side an anechoic chamber of dimensions (4 m × 4 m × 4 m), is a real time near 
field antenna testing system. This system consists of an array of 23 dual-polarized 
probes encircling a rotation mast used to support the Device Under Test (DUT). 
These probes are positioned on a 2.4 m circular arch and spaced by 15˚ in eleva-
tion. The mast can be rotated azimuthally from 0˚ to 360˚ and in elevation from 
−7.5˚ to 7.5˚, in order to obtain oversampled data. 

The actual configuration of the SG24 measurement system is not able to re-
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produce a desired multipath propagation channel. Wherefore, a new control 
method of the SG24 probes has been developed. As the material configuration of 
the SG24 is not able to modify the amplitude and the shift phase of the paths for 
generating a multi-path channel with Rayleigh fading, a solution consists to dis-
place the DUT horizontally has been proposed. 

This method consists in generating a desired multipath propagation channel 
in terms of angles of arrivals (AoA) at a DUT. It is based on the probes control, 
used in emitting way, of the SG24 measurement system. 

In this method, we consider that at each rotation step of the device under test 
(centered or moved) a new group of probes is created artificially. So, while ro-
tating the DUT from 0˚ to 179˚ an artificial spherical distribution of probes is 
obtained as we illustrate in Figure 2. 

However, during the control of the SG24 probes some received paths (angles 
of arrivals) at the DUT do not exist. Wherefore, in this method, we decompose 
the space surrounding the device under test in many cells as depicted in Figure 
3. These cells are defined as the discretization of that space in azimuth (φ) and 
elevation (θ) by a step of k˚ in which we guarantee a possible path.  

 

 
Figure 1. SATIMO SG24 Measurement system Setup. 

 

 
Figure 2. Block diagram of the proposed measurement system. 
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Figure 3. Discretization of space surrounding the DUT in many cells. 

 
In this method, we compute the ignition probabilities of each probe to man-

age the angles of arrivals at the DUT in order to obtain desired multipath prop-
agation channels. These probabilities are obtained using the law of total proba-
bility [7] taking into account that the discretized cells and probes are two family 
events. In this paragraph, we consider that the probes number of the artificial 
sphere in elevation (θ) and in azimuth (φ) equal, respectively, to I and J. In addi-
tion, the number of discretized cells in elevation (θ) and azimuth (φ) equal, re-
spectively, to M and N. The angles of arrivals (θ, φ) of each cell are computed in 
(1). 
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where: 
• The vector A of length equal to (N*M) represents the analytical angles of ar-

rivals distribution of the desired multipath propagation channel.  
• The vector B of length (I*J) is the ignition probabilities of the SG24 probes in 

order to emulate a given AoA distribution at the DUT. 
• The Matrix H of size (N*M, I*J) is the probability density of a possible path 

in the cells given a lighted probe of the SG24. 
Finally, the ignition probabilities are obtained in resolving the system of linear 

equations mentioned in (2) according to the QR factorization method with 
column pivoting. 

3. Channel Characterization and Propagation Models for the  
Proposed Method 

During the travel between the emitter and the receiver, the transmitted signal is 
subjected to various electromagnetic phenomena. Wherefore, the multi-path, 
generated by these phenomena, arrives depolarized with different Angles of Ar-
rivals (AoA) at the device under test. This may affect its performances which 
vary from a multi-path propagation channel to another. The characterization of 
these channels can be exemplified by the probability density function of both 
azimuth (θ) and elevation (φ) Angles of Arrivals of received signals as shown in 
Figure 4. This function is described as follow: 

( ) ( ) ( ),P P Pθ ϕ θ ϕ= ∗                   (4) 

Many studies, based on AOA distribution measurement in real environments, 
the so-called field drive testing, have been mentioned that the channels’ statistics 
in “Indoor” and “Outdoor” environments follow a uniform incoming wave dis-
tribution in the azimuth plane [8] [9] [10]. On the other hand, the elevation 
AOA distribution is more complicated than in azimuth since there is a variation 
in height between the transmitters. 

A number of propagation references cases, relies on simulations, have been 
studied in [11] [12]. In this paper, two reference cases characterized as Indoor 
and Outdoor propagation models have been chosen as depicted in Table 1 for 
OTA performance evaluation of an antenna diversity system inside anechoic 
chamber. 

4. Diversity Measurements 

In this paper, diversity measurements were performed out using antennas sys-
tems at the frequency 3.5 GHZ in Indoor and Outdoor multipath propagation 
channel models. The reference antenna (Figure 5(a)) consists of a linear mono-
pole integrated on a small PCB. The actual diversity system (Figure 5(b)) con-
sists of two identical monopoles spaced by 0.14d λ= . 

We denote, also, that the return loss of the reference and diversity antenna 
systems at the frequency 3.5 GHZ equal respectively to −10.37 dB and −26.682 
dB as depicted in Figure 6. 
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Table 1. Propagation models used in this paper. 

Model Indoor Outdoor 

Elevation/Azimuth Gaussian/Uniform Laplacian/Uniform 
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Figure 4. Spherical coordinate representation. 

 

 
Figure 5. Reference (a) and Diversity system (b). 

 

 
Figure 6. Return loss of Reference antenna and diversity system. 
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4.1. Measurement Setup 

In positioning the device under test at the arch center, the Euclidean distance 
between SG24 probes and antennas is the same. So, the different paths arrive in a 
phase which prevents the received signals to be added in a constructive and de-
structive way in order to obtain the Rayleigh fading. Wherefore, the diversity 
measurements have been done in placing the antenna systems at 0.7 meter from 
the arch center (Figure 7) where the Euclidian distance between probes and an-
tennas is different.  

In these measurements, a vector network analyzer of 2 ports has been used, 
where the RX port is connected to the probes and the TX port is related to the 
DUT. In order to have a good ratio between the angles of arrivals resolution and 
measurements time, the DUT has been rotated from 0˚ to 175˚ at 5˚ step in 
azimuth and from −7˚ to 7˚ at 1˚ step in elevation. In addition, at each position 
of the DUT 500 samples have been captured. 

4.2. OTA Evaluation Performance of Antenna Diversity  
Measurement  

In applying the configuration mentioned above, the diversity measurements 
have been performed using the propagation models mentioned previously in 
Table 1. A discretization step of 18˚ has been computed in order to ensure a 
possible path in each cell. The probes have been, then, controlled according to 
the ignition probabilities calculated using our developed method (paragraph 2).  

In post processing, the received signals at each position of the antennas sys-
tems in elevation have been summed. This procedure has been performed in or-
der to represent 3D multi-path propagation channels. The obtained signals at 
each branch of the diversity system are used to evaluate its performances in 
terms of the correlation coefficient and diversity gain (DG) using the reference 
antenna system. The DG is deducted from the cumulative distributed function 
(CDF) plot of the received signals and after a combining according to the diver-
sity combing techniques [13] [14]: Equal Gain Combining (EGC) and Maximum 
Ratio combining (MRC). These techniques are based on the exploitation of the 
complex signals received by all the diversity system branches in order to obtain a 
maximum signal to noise ratio (SNR) at the output of the combiner. 

 

 
Figure 7. Measurements setup using SATIMO SG24 system. 
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4.2.1. Outdoor Multipath Propagation Model  
Figure 8 shows the analytical and simulated elevation AOA distribution, with 
respect to the Outdoor model shown in Table 1, in terms of azimuth planes us-
ing the SATIMO SG24 modeling program. In this figure, we see that the analyt-
ical and simulated angular dispersion of the arrived waves have a good agree-
ment where it is uniform in azimuth and Laplacian in elevation.  

Figure 9 shows the probability density distribution of the fading amplitude of 
the derived signals, where we see that the simulation and the measurement re-
sults have a good compatibility with the Rayleigh distribution. It should be also 
noted their standard deviations (Sigma) are so close, where their values of about 
0.46.  

The cumulative distributed function (CDF) plot of the waves is good indicator 
to show the diversity gain performance in a fading environment. Figure 10 and 
Figure 11 show, respectively, the CDF plot of simulated and measured signals 
powers provided for each diversity branch and by applying the diversity com-
bing methods EGC and MRC. 

In these figures, we denote that the different curves are very similar. From 
these curves, we have deduced the diversity gain (DG) at 1% probability, where 
it presents 10.4 dB in simulation and measurement according to the MRC com-
bing method. 

The envelope correlation coefficients between the signals (measured and si-
mulated) received by the two branches of the diversity system have been com-
puted using its expression mentioned in [14] . A consolidated summary of the 
different simulated and measured diversity parameters is depicted in Table 2, 
where we see that they have a good agreement. 

 
Table 2. Comparison between simulated and measurements results in applying Outdoor 
model. 

 
Envelope correlation 

coefficient 
DG at 1% probability 

(dB)/EGC 
DG at 1% probability 

(dB)/MRC 

SATIMO Measurement 0.1 10 10.4 

SATIMO Simulation 0.09 10 10.4 

 

 
Figure 8. Analytical and simulated elevation AOA distribution in terms of azimuth planes applying 
the Outdoor model.  
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Figure 9. Fading amplitude of the received signals in applying Oudoor model. 

 

 
Figure 10. CDF plot of the simulated signal powers at each branch of antenna systems 
using SATIMO SG24 modelling program, and after diversity combining: EGC and MRC. 

 

 
Figure 11. CDF plot of the measured signal powers at each branch of antenna systems 
using SATIMO SG24 measurements system, and after diversity combining: EGC and 
MRC. 
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4.2.2. Indoor Multipath Propagation Model  
This model represents an Indoor environment where its characterization is listed 
previously in this paper. Figure 12 shows analytical and simulated elevation an-
gular dispersion of arrived waves at the DUT, with respect to the Indoor model 
mentioned in Table 1, in terms of azimuth planes using the SATIMO SG24 
modeling program. In this figure, we denote that the analytical and simulated 
AOA distributions are similar whereas that is uniform in azimuth and Gaussian 
in elevation.  

Figure 13 illustrates the probability densities of the fading amplitude of simu-
lated and measured received signals, where we denote their compatibility with 
the Rayleigh distribution. In addition, the standards deviations of these signals 
are very close, where they show a value of about 0.46. 

The performance of the antenna diversity systems can be evaluated in terms of 
the diversity parameters (correlation coefficient, diversity gain). These parame-
ters can be derived from the received signals at the different branches of anten-
nas systems. The cumulative distributed function (CDF) plot of these signals is a 
good indicator to deduce the diversity gain in a fading environment. The corre-
lation coefficients have been evaluated, and they have shown a good agreement. 
The CDF plot of the simulated and the measured signals using the reference and 
the diversity systems have been performed as illustrated in Figure 14 and Figure 
15 These figures show also the CDF combinations of these signals, by applying 
the diversity combing methods: EGC and MRC. 

In observing these figures above, we can deduce the diversity gain. It shows at 
1% probability a value of 10 dB and 9.7 dB, respectively, in simulation and mea-
surement using the MRC combining method. 

The envelope correlation coefficients between the signals (measured and si-
mulated) received by the two branches of the diversity system have been com-
puted. The simulated and measured diversity parameter results have been shown 
in a good agreement as we see in Table 3.  

5. Conclusions 

In this paper, the performance of an antenna diversity system has been evaluated 
in indoor and outdoor multipath propagation channel models in terms of corre-
lation coefficient and diversity gain using an antenna reference system. These 
channel models have been emulated using SATIMO SG24 measurements system 
in terms of angles arrivals (AoA) and cross-polarization ratio (XPR) with Ray-
leigh fading. Basically, this system is not able to generate a multipath propaga-
tion channel. For this purpose, a new test method based on the control of the 
SG24 probes has been developed. The obtained results in simulation and mea-
surement results have shown a good agreement. 

We denote that the performances of antenna diversity systems were evaluated 
using a passive measurement in terms of diversity parameters. This technique 
consists of calculating these parameters from the transmission coefficients (Sij) 
between transmission and reception using a vector network analyzer. However,  
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Figure 12. Analytical and simulated elevation AOA distribution in terms of azimuth planes apply-
ing the Indoor model. 

 

 
Figure 13. Fading amplitude of the received signals in applying Indoor model. 

 

 
Figure 14. CDF plot of the measured signal powers at each branch of antenna systems us-
ing SATIMO SG24 measurements system, and after diversity combining: EGC and MRC. 
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Figure 15. CDF plot of the simulated signal powers at each branch of antenna systems 
using SATIMO SG24 modelling program, and after diversity combining: EGC and MRC. 

 
Table 3. Comparison between simulated and measurements results in applying Indoor 
model. 

 
Envelope correlation 

coefficient 
DG at 1% probability 

(dB)/EGC 
DG at 1% probability 

(dB)/MRC 

SATIMO Measurement 0.14 9.5 10 

SATIMO Simulation 0.14 9.3 9.7 

 
this technique does not make it possible to evaluate the performance of mobile 
terminals in a real way. Therefore, the future work of this paper will be focused 
on the active measurement technique. This technique makes it possible to eva-
luate the overall MIMO performances taking into account the antennas but also 
the complete transmission chain as a function of the binary error rate (BER: Bi-
nary Error Ratio), symbol error (SER: Symbol Error Ratio) and frame error rate 
(FER: Frame Error Ratio). 
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