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MEAN EFFECTIVE GAIN OF USER EQUIPMENT ANTENNAS 
IN DOUBLE DIRECTIONAL CHANNELS 

Andres Alayon Glazunov 
TeliaSonera Sweden, Mobile Networks R&D, Augurtendalsv.7, 13 186 Nacka Strand, Sweden, andrci.alavon~~t~1ialoncra.com 

Abstract-This paper presents a revised definition of the 
Mean Effective Gain (MEG) of terminal antennas. It now 
includes the gain pattern of both the transmitting (BS) and 
receiving (MS) antennas, the path gain matrix as well as the 
joint angular power distributions of the two orthogonal 
polarizations at both ends. A closed form equation is 
provided followed by the analysis of some special cases and 
their practical implications. 

I. INTRODUCTION 

Satisfactory user equipment (UE) performance is essential 
to the adequate deployment of UMTS networks. Namely, 
due to limitations inherent to the WCDMA systems, as for 
instance the non-ideal properties of the utilized spreading 
codes, will introduce more interference from mobiles both 
in the own cell and from surrounding cells, which in turn 
deteriorate the overall capacity of the system. On the other 
hand, the UE is a vital element of the wireless network; its 
performance is even more critical in WCDMA systems due 
to the inherent near-far problem. On the downlink there is 
no such a problem due to the one to many scenario, 
nevertheless mobiles situated at the cell edge suffer from 
inter-cell interference in a much higher degree than the other 
ones. It has been shown in [1,2] that the antenna efficiency 
in terns of mean effective gain (MEG), [3] will have a 
significant impact on the offered capacity, coverage or QoS 
of UMTS services. 

Currently, several figures of merit are being used in order 
to quantify the performance of UE antennas, such as the 
Total Radiated Power (TRP) [4,5], the Mean Effective Gain 
(MEG), [7,8] and Scanered-Field-Measurement Gain 
(SFMG) [5,6,7]. The later is in principle a MEG measured 
with a practical antenna reference instead. In this paper the 
focus has been on the MEG, as it is the most widespread 
figure of merit. A standardized UE terminal antenna 
measurement test is therefore needed. 

As shown by Taga, [9], the MEG takes into account the fact 
that the transmitted RF power propagates through the radio 
channel and is subjected to angular dispersion around the 
receiver as well as to the depolarization effects due to the 
propagation channel response. The gain panem of the 
receiving antenna is naturally included in the computation 
of this figure. However, it is well known that, the received 
power is affected by the polarization of the transmitted 

power and of course on the polarization coupling loss 
between the propagation channel and the receiving and 
transmitting antennas. Several papers, [ 16-19] approach the 
evaluation of MEG in typical mobile radio channels but no 
one have addressed the problem with regard to the full 
polarization matrix of the channel, neither the power angular 
distribution at both ends of the R F  link. 

Hence, the contribution of this paper is a revisited 
formulation of the MEG, which takes into account not only 
the gain pattern of the receiving antenna, hut also the gain 
pattern of the transmitting antenna and the polarization path 
gain matrix of the channel and the joint power angular 
distribution on both the transmitter and the receiver sides. 
That is, a joint distribution that includes both the power 
dispersion around the receiver (angle of arrivals) and the 
transmitter (angle of departures) is introduced for each 
orthogonal linear polarization. We further introduce the 
concept of average (or effective) cross-polarization 
discrimination of the UE antenna in mobile 
communications, which takes into account for the multipath 
nature of mobile communications, in order to generalize the 
most common definition of the antenna cross-polarization 
discrimination, which usually takes into account the ratio of 
the maximum gain in the two principal cuts. By this mean 
the double directional characteristic of the radio propagation 
channel [11,12,13,18] is accountedfor. 

One significant practical concern is the fact that most BSs 
are deployed with M 5 "  cross-polarized antennas. This 
implies that more power is available in the horizontal 
polarization at the receiver compared to the case when only 
vertically polarized signals are transmitted. Hence, the MEG 
as we know it may he underestimating the actual MEG of 
UE antennas in up and running cellular networks. Further, 
most UE antennas in speech mode are still used closed to 
the user's head and are tilted in average more than 45' from 
the vertical giving rise to cross-polar discrimination at the 
antenna thal is in favor of the horizontal component [7]. 
Both these facts are paramount to the proper 
characterization of the UE terminal antenna performance in 
real radio networks. Finally, the antenna performance in 
terms of gain pattern, cross coupling between antenna 
elements and effective gain is relevant to MlMO systems, 
where the electrical properties of small antennas will he of 
great importance. 

0-7803-8523-3/04/$20.00 02004 IEEE. 
432 



11. RECEIVED POWER IN DOUBLE DIRECTIONAL 
MOBILE RADIO CHANNELS 

The received power at the mobile depends on the channel 
characteristics, on the antenna pattern of as well the 
transmitting antenna as the antenna of the receiving device. 
In the presence of line of sight communication as for 
instance microwave links, the received power is modeled by 
the Friis transmission equation. In mobile wireless 
communications the radio channel is commonly 
characterized by multipath propagation giving place to 
Rayleigh fading or Ricean fading [13,14] with a scattered 
field component, which in average may be 4 times weaker 
than the direct (or deterministic) component [5,13,14]. The 
mean effective gain in the presence of Ricean channels for 
vertically polarized Base Station antennas is treated in [15]. 

For the sake of simplicity, here we will focus on 
narrowband systems, but the reasoning may be easily 
generalized to more broadband radio channels as well as 
MlMO systems. In actual GSM and UMTS systems cross- 
polarized antennas at BS is the common practice. Hence, the 
received power at the UE in the far field, will in the general 
case of the double directional channel in presence of 
uncorrelated Rayleigh fading, be given as follows (in lack of 
space no demonstration will be provided here, see the 
Appendix for hint): 

q. = F, QQG: (e,&, ie,#,e‘, @% (B’,B‘W 

G ,  (@,a) = (G;(@,@) G(S,C)Y 

G ,  (e:$’)= (G;(e:d G;(B:& (31 

(1) 

( 2 )  

The antenna vectors containing the antenna gain patterns of 
the receiving and transmining antennas are G, and G, 
respectively. They satisfy the following condition [20], 

{ ( G O ( O ~ ) + G , ( ~ ~ @ ) ~ Q  = 4 2  (4) 

In turn the channel path gain i s  given by, 

where G,,,, , G, , GHv and G, are the partial path gains of 
the channel due to co-’and cross-coupling effects. The joint 
angular power distribution of the theta and phi polarizations 
is introduced above and is given by functions 
P,(8,@,6”,@’), which must satisfy the following condition, 

jQP-+ (e,@, e: @’)dRdR’ = 1 ( 6) 

The joint angular power distribution describes the spectrum 
of the received power at both the transmitting and the 

receiving antennas. Usually, the angles of arrival and the 
angles of departure are estimated separately due to practical 
reasons. It must be said that the ultimate channel model 
should actually take into account the fact that changing the 
premises at thc transmitter will actually impact on the 
received signal at the receiver and therefore be able to 
account for the correlation between the propagation process 
around the transmitter and the receiver. 

Hence from equations ( I ) ,  (2), (3) and ( 5 )  the total received 
power is then obtained, 

P. = P,(G,,,, Q$G; (8,4)P,,ie,C,e‘,C’)G~(e’,)’~~~’+ 

+ G,,, ~ Q G ;  (0, e)~,,,. (8, @, e’, 6)~; (e: $ 9 ~ ’  + 

+ G,,, QQG; (e,g)pw,&. e,e’,p’)c;(s’,o‘)’+ 
+ G, QQG~(8,()P...~.ie .,,S’,,’)c:,iS’,,’)~’) 

(,) 

The first term in equation (7) stands for the vertical-to- 
vertical coupling, the second for the horizontal-to-vertical, 
moreover the third for the vertical-to-horizontal and the 
fourth and last for the horizontal-to-horizontal polarization 
coupling. It should be noted that in general the antenna gain, 
the power angular distribution and involved are function of 
the frequency and distance between the receiver and the 
transmitter. 

It should be also noted that the equation (7) satisfies the 
reciprocity principle of the radio channel, which is 
straightforward to proof. 

Ill. MEAN EFFECTIVE GAIN AND RELATED 
PARAMETERS 

Now we are able to define the Mean Effective Gain of the 
terminal antenna in the general case of a cross-polarized 
transmitting BS antenna. Here, we just use the well-known 
definition given by Andersen @]and Taga[lO], 

(8) G# - e SC#/I, d 

P d &  

The total available power is then given by, 

=F,(G,QP,,(8:B’)G~(8’,@’~~’+ 

+G,QP,,.(B’,b’)G;(B’,~’~+ 
(9) 

+ G,, QP,, (Q’.$’)C;(@’,$’)m’+ 

+ GHH QP,.e.(e’,e’)c~(e‘.u)m3 

where we have assumed, according to the MEG definition 
[IO], isotropic antennas at the terminal location. The 
marginal distributions Pa?@’,@’) are introduced, [21], 
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pT(w = Qpy~~&xo’,,’)dn’ (10) 

Thus according to equations (7), (8) and (9) the mean 
effective gain in double directional channels is obtained. 
The summation is performed in such a way that all four co- 
and cross-polarization terms are included in the enumerator 
and denominator of MEG ratio, 

The cross-polarization ratio (XPR) of the whole system 
including propagation characteristics as well as the gain 
patterns of the transmitting and receiving devices is defined 
as follows, 

(12) 
Power in the V -polarization 

= Power in the H -polarization 

Hence, making use of equation (7) the measured XPD is 
obtained 

(Gzv {{G; (8,44)J‘w&’3 @,B‘,@’)c: (B’,$’@n’+ 

+ G , ,  Q ~ G . ( B  ., jP...p.(~.b.~’ , , ‘ ) G ; ( B ’ . , ’ ~ ~ ’ )  (13) x =  
(GM,. +jG; (O.dPpws (o,@,@’.,’@; (B’, @’W+ 
+ G,, {SG; (~.,)P~,~(O,@,B’,,’~~(~’,,’~~’) 

As can be seen from equation (13) the cross-polarization 
ratio of the channel i s  reciprocal. However, in order to 
calculate the available cross-polarization ratio in the uplink 
or the downlink isotropic antennas at the BS or respectively 
the UE should he assumed. In the ideal case the cross- 
polarization ratio of the channel is trivially obtained, 

X =  

A. Some practical scenarios 

Let us now assume that the gain panern of the BS antenna is 
a weak function of its arguments, or with other words, that it 
is constant over the area defining the sector cell, which is a 
reasonable assumption. In that case, 

Q4G; (8 , , )P~ . (B .c .B ’ , , ’ ~c ; (B ’ ,e ’~  = YkG; (1.7 

whereG;is the antenna gain of the BS, which is 

approximated by a constant and y& is the partial gain of the 
MS antenna due to the 99-polarization, which is defined 
below, 

QG; (0, d p ,  (0,e)dR = r‘, 

(14) 
G ,  + G,, 

G H ~  + GHH 

(16) 

Similarly, the remaining partial gains may he derived as, 

~ G C : ( S , ~ ) P ,  (e,b)dn = r’, 
where x and y stands Band $ 

We further introduce the cross-polarization ratio when the 
transmitting antenna is either vertically or horizontally 
polarized and the power is measured in both the vertical and 
horizontal polarizations, 

GW GI.,, G,,n XI. =- , x,r, =-, XH =- 
GM,, G,,, G“M 

The cross-polar discrimination (XPD) of the transmining 
antenna is the determined according to the traditional 
definition, 

(17) 

On the other hand the XPD of the UE antenna is a function 
of the quotient between corresponding average partial gains, 

Finally, having into account the condition ( I S )  above, the 
cross-polarization ratios and the partial average gains of the 
receiving antennas (17-19) and substituting the 
corresponding values in (11) we obtain the following 
equation for the MEG in the general asymmetrical- channel 
case with constant gain over a given sector, 

(20) 
G, = K, b.Yk + Y d +  xvri CmY:, + Y6p 1 

K , ~ c Y ~ + ~ ) + X V H ( X H + I )  . 
Further, we will consider three limit cases with respect to 
the polarization of the transmitting (BS) antenna: vertically 
polarized antennas (XPD tends to infinity), M Y  cross- 
polarized antennas (XPD tends to the unity), and the 
horizontal polarized antenna (XPD tends to the zero). In 
order to simplify the analysis we define three different types 
of propagation channels with respect to the elements of the 
polarization matrix. 

I )  Asymmetrical channels: neither of the elements of the 
polarization matrix equal each other, G& # G,, ,G, # G,. 

1. I )  Horizontally polarized BS antenna, K, + 0 

1.2) Cross-polarized (MY) BS antenna, li, + I 
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X,.Yb, + Yb, + xi71 k,,YL + GI 
x ,  + 1 + x171 CU, + 1) 

G, = 

1.3) Vertically polarized BS antenna, A-, + m 

2) Semi symmetrical channel: cross-polarization elements 
are equal, G,, = G,,,. co-polarized elements unequal, 

G ,  -C Grr 

2.1) Horizontally polarized BS antenna, K, + 0 

Same as equation (2 I )  

2.2) Cross-polarized polarized (M5") BS antenna, A-, + 1 

(24) 

2.3) Vertically polarized BS antenna, K, + = 

Same as equation (23) 

3) Symmetrical channel: cross-polarization elements are 
equal G,, = G,,,. , co-polarized elements are also equal, 

G m  = G8.v 

3.1) Horizontally polarized BS antenna, A-, + 0 

Same as equation (21) 

3.2) Cross-polarized (+4S0) BS antenna, K, + 1 

3.3) Vertically polarized BS antenna, A-, + m 

Same as equation (23) 

In lack of space a further analysis of equations above is left 
to the reader. However, one obvious result is that equation 
(23), which corresponds to the vertically polarized BS 
scenario, applies for all the channel types enumerated and is 
identical with the definition of the mean effective gain 
provided by Taga [IO], which is a special case of the more 
general definition of the mean effective gain in double- 
directional channels. 

IV. MEG COMPARISON 

Now, in order to assess the impact of cross-polarized 
antennas at the base station relative the deployment of 
vertical antennas consider the ratio of equation (22) and 

equation (23). They are respectively denoted by 

G"below, 
and 

Further, let us assume without loss of generality. that the 
power angular distributions at the MS position is uniform in 
spherical coordinates, that is, all directions are equally 
weighted. In this case according to equations (16.19) and 
(24-26) the cross-polar discrimination of the receiving 
antenna becomes, 

where the partial gains are the given by ,[2] 

(28) 
{Go (8, @)dR QG6 (8, @)dR 

Y,= 4~ . T: = 411 

Hence, 

(29) 

- 
i 

% 

> -  

P 

1.5 - 
0.5 lE - 

0 ,- 

-0.5 c 

Fig. I. Gain of UE terminal antennas in propagation environments with 
+45" cross-palatized BS antennas relative vettically polarized BS antennas 
as function of the cross-polatizatian ratio xH (see equation 29). 

Numerical results for equation (29) are presented for 
different values of x,, as function ofx,, . An average value 
of the cross-polar discrimination based on practical antenna 
measurements [7] has been used, which shows that gain in 
the horizontal polarization is 3 dB higher than in vertical 
polarization. Results for the symmetrical channel are also 
provided for reference. As expected, the performance will 
be better for channels with higher xH. Under the 
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assumptions made here the actual gain are between 0 lo 1.5 
dB for typical values of the XPR measured in mobile 
environments. 

V. SUMMARY 

The definition of the Mean Effective Gain has been 
extended in order to account for the pattern gain of both the 
receiving and transmitting antennas, the joint power angular 
distribution of incoming waves at both ends as well as 
propagation channel matrix for both co-and cross-polarized 
RF field components in double directional channels. The 
obtained result may be easily extended to handle as well as 
more broad channels as well MIMO systems with proper 
channel model parameterization. A numerical result shows 
that actual gain due to the use of i-45' cross-polarized BS 
antennas relative vertically polarized BS antennas may he 
around between 0 lo 1.5 dB for typical mobile 
environments. 

VI. APPENDIX 

Here a hint is provided for the reader in order to proof the 
equation ( I )  in section 11. The mobile is placed at the origin 
and is moving in let say the x-y plane along the positive y- 
axis with velocity V. Then the voltage induced at the 
antenna will be a function of the electric field of the 
receiving UE antenna given through the complex envelopes 
of the far-field electric pattern and the incident field is the 
complex envelope of the incident electric field. 

V ( / ) =  .$$Er (S,@~,(S,),S',@')e~"~~'dsldsl' 

where E, and Ei are the complex envelopes of the electric 
field of the receiving antenna and the incident field 
respectively. The incident field is then modeled as, 

Ei =CE: 

where E, is the complex envelope of the electric component 
of the transmitting antenna in the far field, C is the complex 
polarization response matrix of the channel, 

1 c,,, (e,e, 8', $7 C"" (0, e, @', 4') 
C",,(S,@,0',$') C""(S,@>S',@') 

C(0,@,0',@') =( 

It is worthwhile to note, that the total field is characterized 
by two orthogonal polarizations. In general, in a multipath 
environment, the incident field can be described by random 
variable, in our case V(Q. In this case the following 
assumptions may be done: the phase angles of the vertically 
polarized waves are independent for different directions of 
amval and that the phase angles of the vertically and 
horizontally polarized waves are independent for different 
directions of arrival. Finally, the autocorrelation function of 

the stochastic complex variable is then calculated and from 
it the average received power may be obtained. 
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