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Summary

The UE antenna efficiency in the presence of a user has a significant impact on UMTS coverage and system capacity. Testing the terminal antenna performance is therefore relevant. In this contribution we summarize results regarding three figures of merit for the UE antenna performance, the total radiated power gain (TRPG), the mean effective gain (MEG) and the scattered-field-measurement gain (SFMG), and indicate how they can be measured.

The analysis shows that the SFMG is the most relevant parameter from the network capacity/coverage viewpoint and should be utilized as measure of the efficiency of small terminal antennas instead of the common practice of using the antenna gain plus body loss (in simulations and link budgets). TRPG may overestimate the performance of the terminal antenna by several decibels. On the other hand the MEG may underestimate the antenna efficiency in terms of body loss by 3dB more than the body loss (gain) estimated by the SFMG measure.
The correlation between the above figures of merit is interesting. In most practical cases the correlation between TRPG and SFMG is above 0.5 both across the frequency and for different terminal types. Despite the high correlation the TRPG overestimates the antenna performance relative the MEG. However by virtue of the high correlation between them, a satisfactory estimate of the average MEG may be obtained if the TRPG, the effective cross-polar discrimination of the antenna, (, and cross-polarization are known (.  

It is proposed that the antenna efficiency in terms of effective gain (in dB) be provided by,
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where TPRG and the cross-polarization discrimination ( are measured for the antenna under test (using a phantom in a standard test range). ( is the cross-polarization ratio of the propagation channel, i.e. a set of agreed ratios relevant for different propagation conditions. 

The equation above is a measure of the antenna performance in a real network and includes elements of all the three figures of merit. The magnitudes measured are the TRPG and the cross-polarization discrimination of the antenna. The cross-polarization ratio of the channel should be based on extensive measurements in relevant propagation environments according to the MEG and SFMG definitions. Finally, 3dB is added to account for a more realistic reference just as in SFMG.  

1 Introduction  

The efficiency of terminal antennas in terms of body loss is often included in link budgets and system level network simulations in order to estimate capacity and coverage. However, realistic values are seldom used. Most research results found in the technical literature in the field of wireless communications textbooks never address the body loss in a proper way. Indeed, the most commonly used value for the body loss for speech traffic in talk position is only 3 dB, for data terminals it is assumed to be 0 dB with an antenna gain of 2 dBi. In reality this value is several dB higher and can be as high as 15 dB for GSM terminals in talk position as it has been measured relative a dipole antenna [1]. This would pose a major problem in WCDMA network deployment and optimization.

 Further, it is the common practice to include the antenna gain in the link budget equations as if the communication was always in the line of sight scenarios adding the loss due to the body to the maximum gain of the antenna. Which is obviously not the case in cellular systems. The contribution of the user equipment antenna to the link budget should instead reflect real propagation conditions. In that sense an effective antenna gain in such environments that includes the most relevant contributions to the total loss should be used. 

It has been shown in [2] that the worse the performance of the terminal antennas, the more base station equipment the network operator must acquire in order to achieve the required coverage and/or capacity.  Simulation results are presented there for the UMTS down link capacity and coverage trade-off, which is also depicted in Fig. 1. As is clear the effects of the body loss are more significant at lower loads, which mean that just in the initial state when the rollout of UMTS services is initiated, it will as most important to have terminal antennas with satisfactory antenna efficiency. The uplink (limiting at lower loads) will of course also be influenced by the UE antenna efficiency

[image: image2.wmf]
Figure 1. Maximum cell range as function of the number of users for different values of average body loss (SFMG) speech service has been considered in order to illustrate the impact of the body loss (SFMG) on the capacity/coverage trade-off in WCDMA systems. It is easy to see that qualitatively similar effects are to be expected as well for the circuit switched as the packet switched services.

The terminal antenna performance in general, does depend on several parameters; most of them are not deterministic by nature. Indeed, the way RF electromagnetic waves propagate in typical mobile communications scenarios have shown that the cross-polarization ratio changes from place to place depending on the antennas, sight conditions between the base station antenna and the mobile terminal antenna, electrical properties of the building structures, soil and weather. All this parameters will also determine the distribution of waves incoming at the mobile position. The user is seldom at the same position so the antenna orientation also will change with position. Further, the usage of the equipment will also contribute to the overall performance due to losses in the hand and the body. Experimental results supporting all these ideas may be found in the technical literature on this matter [3-9]. Finally, the performance of UE differs from one type to another as well as for individuals from the same type, which is illustrated in Fig.2 below. There measurement results for 70 mobile terminals of the GSM standard obtained by means of the SFM method [1] are shown. The standard deviation is of approximately 2.5 dB and a span of variation of 13.5 dB. 

At the present moment there are several figures of merit being used in order to quantify the performance of UE with the antenna. Here we provide some recommendations regarding the comparison of three of them: the total radiated power gain (TRPG), the mean effective gain (MEG) and the scattered-field-measurement gain (SFMG). Despite the fact that some of them seems to fundamentally differ from each other, good approximations could in practice be achieved under the fulfillment of some basic constraints. 
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Figure 2. Body loss (inverse of SFMG) distribution measured with the Telia Scattered Field Measurement (SFM) method, [2, 3 & 4]. The median is 6.3 dB for the 1800 MHz and 9.4 dB for the 900 MHz, the corresponding standard deviation is 2.8 dB and 2.3 dB respectively.

2 Figure of Merit Definition

The focus here is antenna efficiency, or in a more general sense, the performance of the wireless communication user equipment (UE) with the antenna. Below we provide the definition of some of the parameters relevant to the performance characterization of antennas in wireless cellular communications.

An isotropic radiator is defined as a hypothetical loss-less antenna having equal radiation in all directions.
A directional radiator has the property of radiating radio waves more effectively in some directions than others

An omni-directional radiator has an essentially non-directional pattern in a given plane and a directional pattern in any orthogonal plane.

The absolute gain of an antenna in any given direction is defined as the ratio of the intensity in that direction to the radiation intensity that would be obtained if the power accepted by the antenna were radiated isotropically.

The polarization of the antenna in any given direction is defined as the polarization of the wave radiated by the antenna.

	The antenna efficiency refers to the product of the radiation efficiency, that includes power dissipated as heat,times the mismatch efficiency that includes losses arising from impedance mismatches at the input terminal of the antenna.


The parameters above rely on some aspects of antenna performance as an isolated item in free space. In real life antennas are attached to other transmitting (receiving) devices becoming a part of the whole system and are also affected by objects in its surroundings, that is, the propagation environment. In wireless cellular systems, the antenna is attached to the equipment operated by the user. It is well known that the radiation characteristics and thereby also the antenna performance are influenced not only by the device itself but also by the head, hand or human body of the operator [3-5]. As a consequence, in mobile applications the polarization and spatial distribution of the transmitted and received electromagnetic waves varies with place and time and are subjected to different propagation mechanisms that make the link communication quality very sensitive to these factors. Therefore, an accurate measure of the antenna performance should consider all those aspects as well. 

Below we are going to consider three figures of merit that are usually considered when estimating terminal antenna performance. All parameters assume the involvement of a user that operates the wireless communications device.

If the user is brought in further losses are introduced due to absorption by the users head and hand. The losses induced in that way will be called body loss. So now we have to account for this magnitude in the total loss.  If we are in the presence of an otherwise hundred percent efficient antenna, the efficiency of the antenna will be entirely determined by the body loss. In this paper we will denote this measure as TRP gain (TRPG). That is the performance of the antenna integrated in the UE that is exposed to the effects of the human body (though not to the effects of the wireless propagation channel).

	The total radiated power gain (TRPG) refers to all radiated (received) power over all directions and polarizations divided by the total power accepted by the antenna at the input port.


It is important to point out here that the effects of a head phantom are included in the antenna gain pattern, which is the common practice when measuring the antenna performance for mobile and wireless communications applications. Further, it should be noticed that instead of the antenna gain the EIRP (Effective Isotropic Radiated Power) is used, which is equal to the antenna gain times the output power of the transmitting device.

	The mean effective gain (MEG) refers to all radiated (received) power over all directions and polarizations weighted by a factor corresponding to a real field distribution divided by the sum of the total available power in vertical and horizontal polarizations that would be received by isotropic antennas.


Here, the new parameters are the cross-polarization power ratio (, which is defined as the ratio of the total power available in the vertical polarization to the total power available on the horizontal polarization, both measured with isotropic antennas. In comparison to the TRPG two new functions are included, the angular power distribution densities of the vertical and horizontal polarizations respectively. These functions account for the fact that the transmitted power is dispersed in space. Therefore, the performance of the antenna in a multipath environment depends on the spatial distribution of the incoming waves and on the depolarization of the transmitted wave due to the channel properties and the prevailing propagation mechanisms. 

Further, in order to assess the MEG in laboratory conditions, the antenna gain of the UE has to be measured as in the case of the TRPG. Consequently, in order to get a correct estimate of the MEG, realistic models for both the angular distribution of the incoming waves and the cross-polarization ratio at the test site must  also to be devised. Several studies of MEG can be found in the open literature, [3-9].

The MEG may also be obtained by field measurements. However such a method is impractical in most cases due to the need for access to a real up and running network, the choice of a representative propagation environment and finally it is in general quite cumbersome to perform such measurements efficiently. However, measurements are crucial to gain a better understanding of actual performance of the UE antenna and in order to validate the different propagation models.

It is worthwhile to notice that the definition given in [9] only consider the MEG for vertically polarized BS antennas. A new more thorough definition that considers cross-polarized BS antennas is given in [10].

Finally, we have the body loss as obtained with the scattered field measurement (SFM) method [6-8]. The body loss as the name indicates relates to the antenna efficiency measured with regard to the power loss due to RF absorption by the human tissue. It is worthwhile, to notice that both the TRPG and MEG are also measures of the body loss and take this absorption into account. 

	The scattered field measurement-gain (SFMG) refers to all radiated (received) power over all directions and polarizations weighted by a factor corresponding to a real field distribution divided by the power measured by means of a reference antenna (usually the half-wavelength dipole antenna).


Hence, the SFMG is just the ratio of the MEG of the UE antenna of interest and the MEG of a reference antenna. That is, the total received (or by reciprocity radiated) power by the UE is measured in talk position (or any other position near the human body) with a head phantom in laboratory conditions, where a scattered field is due to the objects present in the laboratory [11] or it can be emulated by placing fictitious scatters in a measurement chamber as shown in [12]. In turn, the measurements obtained with the reference antenna are performed at the same geometrical position, though, without the head phantom. Consequently, the SFMG also includes the efficiency of the reference antenna. It must be also said that in the SFM method only one angular power distribution of incoming waves of each polarization are considered. They are chosen in order simulate the corresponding average scenario. Therefore, the results presented in Fig.2 are more or less conditioned on the cross-polarization ratio, that is, the cross-polarization ratio was fixed (almost) for all measurements. Tilting the antennas 60( degrees from the vertical minimizes the impact of the cross-polarization on the measured body loss (SFMG). This is done due to the fact that average usage of the UE in talk position is close to this scenario and due to the fact that dipole (/2 dipole antennas have a MEG which is independent of the cross-polarization ratio of the channel, [9].

Another way of measuring the body loss is by measuring the reference MEG of the UE without the phantom but instead of the reference antenna the antenna under test is measured. This method has the drawback of averaging out other problems than the one caused by the phantom head and the total antenna efficiency inclusive the terminal cannot be assessed by these means. 

The body loss is usually defined as the loss due to RF energy absorption and/or antenna mismatching due to the fact that the mobile terminals are operated close to the user’s head or body in general. The reference is usually the performance of the same terminal in free space. However, according to the Telia “Scattered Field Measurement” (SFM) method [11,12], the measured body loss also takes into account the performance of the amplifier as well as the operation of the antenna (mounted on the actual terminal) in Rayleigh fading channels, which is a much more appropriate measure of the antenna efficiency than the one usually used in link and system level simulations. 

3 Comparison of TRPG, MEG and SFMG

As stated above in real life situations the UE takes different orientations in space due to the users’ movement and the diversity of usages with different probability. This results in different values of the considered parameters, which behavior should therefore be modeled statistically.

Here we are going to make use of the /2-dipole antenna as reference in order to be in agreement with the scattered field measurement method as described in [11,12]. Now as shown in [9], if the dipole antenna is inclined 55( from the vertical its MEG will not depend on the cross-polarization ratio of the propagation channel, which is desirable when making reference measurements. In this case the average powers of the vertical and the horizontal polarizations are equal and the MEG of the /2-dipole antenna equals –3dBi.

Further we make use of the approximation that the angular power distribution at the mobile position is described by the 3D uniform distribution, that is that all direction is space are equally likely. In this case, the TRPG, the MEG and SFMG depend on the same average gain in each polarization. It is worthwhile to notice that this is the only case in which the partial average gains of a given polarization will be the same for the three parameters. In general, they will be different.

	The partial average (effective) gain of a given polarization refers to all radiated (received) power over all directions at that polarization weighted by a factor corresponding to a real field distribution of the corresponding polarization and divided by available power in that polarizations.


Here we only consider on particular polarization direction. In fact if all the most possible orientations of the users’ head are considered the spatial selectivity of the incoming waves will tend to equalize and the resulting distribution will be more like the 3D uniform distribution as it is assumed through this paper [13].

	The effective cross-polarization discrimination of antenna refers to the ratio of the partial average gain in the vertical polarization to the partial average gain in the horizontal polarization.


It is worthwhile to notice parameter above is not the same as the cross-polarization ratio of the propagation channel and differs from the usual definition of the cross-polarization discrimination of the an antenna, which provides the ratio of the antenna gain in the vertical polarization to the antenna gain horizontal polarization in the main lobe of the antenna. 

1.1 Correlation between TRPG & MEG 

Here will focus on the correlation between these three parameters, TRPG, MEG and SFMG as well as on the difference in absolute values and how they have to be considered in link budget simulations. The cross-polarization ratio, (, changes with the location and different propagation environments are characterized by the same distribution function but with different parameters ([6]). It is also important to keep in mind that the distribution of the ( given in [6] is altered by the antenna pattern of the used antenna. The ( included in the equations given here is the “true” one, which should be obtained when measured with the isotropic antenna. However, though it is impractical it may serve as a good approximation.   

In [14] it has been shown that under the assumption of the 3D uniform distribution the correlation between SFMG and MEG is (theoretically) always equal the unity and will not depend on any parameter. On the other hand the correlation between TRPG and MEG will depend not only on the ( but also on the correlation coefficient between the vertical and horizontal polarization powers and the ratio between the standard deviation of the theta polarization to the standard deviation of the phi polarization, (. Also in [14] it was shown that if the vertical and the horizontal powers are correlated with correlation equal one, then the TRPG, the MEG and the SFMG will also be completely correlated between each other. On the other limit case, where there is no correlation between the vertical and the horizontal powers, the TRPG and the MEG are partially correlated, which is depicted in Fig.3. Hence, it is clear that for mobile radio applications with ( in the range of 0 to 12 dB the correlation for the considered ( is above 0.5, which is quite high. Consequently, if the measured TRPG of the antenna under test is known the corresponding MEG may then be estimated. 
1.2 TRPG / MEG SFMG/MEG ratio

Also in [13] the quotient between the average TRPG and the MEG was obtained. There it was shown that this ratio depends on both the cross-polarization ratio, (, of the channel and the effective cross-polarization discrimination of the antenna, (. It is worthwhile to notice that the later is in itself a stochastic variable that may change in space from one UE position to another. Here we will assume a constant value for ( since there is not such study available.

 Results from [13] are shown in Fig.4. It is clear that the ratio between the TRPG and the MEG is symmetric with respect to both parameters. This means that as soon as one of them equals one the TRPG becomes 3 dB higher than the MEG independently of the value of the other. The difference will be exactly 0 dB in two other limit cases, either when ( is zero at the same time as (. or when they approach infinity at the same time.  The reason to that is that while the MEG is defined relative the total power available in both polarizations, the TRPG on the other hand is defined to the input (output) power of the antenna.

Further, in [13] it was shown that the SFMG will be 3 dB larger than the MEG for all ( and (.  Observe again that the MEG is defined relative the sum of the power available in the theta polarization and the power available in the phi polarization. The SFMG in the other hand is defined relative a dipole antenna inclined 55( from the vertical, which is a realistic antenna. It is obvious that the MEG as is defined so far underestimates the performance of the antenna under test. It is not possible to achieve this total power by the same dipole antenna whatever the orientation of the antenna is. 

It is more realistic to relate the antenna performance to the power received (radiated) by an achievable antenna with an efficiency that does not depend on the polarization state, than to the total power available at the same point in space that is achieved by two cross-polarized antennas.

The cross-polarization ratio ( of the propagation channel may be further modeled as lognormal distributed variate, which is shown in [6]. There, the proposed distribution had a mean of 6 dB with a standard deviation of the same magnitude. These values are based only on one measurement campaign; therefore we have chosen to illustrate the effects of different values of the average on the ratio between the TRPG and the MEG at different probability levels, which is shown in Fig.5. The standard deviation was kept at 6dB for each simulated distribution. Two different values of the effective cross-polarization discrimination ((), of the antenna have been considered, -3 and -6 dB. This has been done based on the most common usage of UE in talk position. Indeed, in this case the antennas are usually tilted more than 45( from the vertical giving rise to negative (in dBs) values of the effective cross-polarization discrimination, ( [15].

Several important observations may be made from Fig.5. Firstly, it is clear that variability of the cross-polarization ratio must be taken into account when deciding, which performance requirement limit must be set on UE antenna efficiency. Observe that the TRPG is completely independent from the cross-polarization ratio; hence the spreading observed in Fig.2 is only due to the spreading of MEG values. Secondly, for typical values of the cross-polarization ratio the TRPG will overestimate the antenna efficiency by several dBs. For example, if (=10 dB, the antenna efficiency in terms of MEG will be approximately 4.5 dB lower than the one estimated with the TRPG in 50 % of cases when ( equals -3dB. Compared to the SFMG the TRPG is overestimating the performance by 1.5 dB (4.5dB-3dB=1.5dB), that is a more correct estimate. 
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Figure 3. Correlation coefficient vs. the cross-polarization ratio for different and uncorrelated polarization power. The isotropic distribution model has been assumed. (Here BL stands for SFMG)
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Figure 4. TRPG to MEG ratio vs. the cross-polarization ratio ( and different ( under the assumption isotropic angular power distribution.
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Figure 5. TRP to MEG ratio vs. the average cross-polarization ratio ( for different ( and at the 5, 50 and 95 % probability levels of the cumulative probability function. The isotropic distribution model has been assumed. And lognormal distribution model has been assumed for the average cross-polarization ratio.
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3 Abbreviations

MEG

Mean Effective Gain

TRP

Total Radiated Power

TRPG

Total Radiated Power Gain

BL 

Body Loss

SFM

Scattered Field Measurement

SFMG

Scattered Field Measurement Gain

UE 

User Equipment

WCDMA 
Wideband Code Division Multiple Access
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