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Abstract 

The present paper defines diversity gain for stationary users. This deals in particular with gathering the received 
signal statistics over possible user positions and orientations in space rather than over time, and to define a meaningful 
diversity gain related to the cumulative improvement of the performances of the 1% users with the worst receiving 
conditions. The definition is used to evaluate diversity gain for some typical small antennas in an extreme environment 
with only line-of-sight (LOS). The LOS environment is regarded as user-distributed 3D-random LOS caused by the 
statistics of an ensemble of stationary users with arbitrary orientations in the horizontal plane (2D), and with arbitrary 
orientations of their wireless devices in the vertical plane. Thus, an overall 3D-random distribution of user orientation 
is assumed. 

Key Words: Antenna Diversity Gain, MIMO, Line-of-Sight, OTA Measurements. 

Manuscript received May 15, 2013 ; Revised May 28, 2013 ; Accepted June 4, 2013. (ID No. 20130515-03J)
1
Department of Signals and Systems, Chalmers University of Technology, Gothenburg, Sweden.

2SP Technical Research Institute of Sweden, Borås, Sweden. 
*Corresponding Author : Per-Simon Kildal (e-mail : per-simon.kildal@chalmers.se)    

 

 This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Ⅰ. Introduction

Modern wireless communication systems with mul-

ti-port antennas make use of multiple input multiple out-

put (MIMO) diversity and spatial multiplexing. There 

are new test methods under development that can cha- 

racterize also the antenna diversity and spatial multi-  

plexing. Such test methods are commonly referred to as 

over-the-air (OTA) tests in contrast to so-called conduc-

tive system tests without antenna, using a cable con-

nected directly to the receiver input of the wireless de-

vice. The antenna diversity gain is properly defined in 

a rich isotropic multipath (RIMP) environment [1], and 

can be measured in a reverberation chamber that pro- 

perly emulates a RIMP [2]. However, all environments 

are not rich and isotropic. Therefore, the present paper 

deals with defining diversity gain in a non-rich and ani-

sotropic environment, see also [3]. The chosen non-rich 

anisotropic environment for this study is the extreme 

case of pure line-of-sight (pure-LOS).

The statistical multipath environments in urban areas 

and inside buildings are normally rich and isotropic, whe-

re the latter means that the angles-of-arrival (AoA) of 

the incident waves on the wireless device are uniformly 

distributed over all directions in 3D space, with no LOS. 

At the country side, and close to base stations, there  

will often be significant LOS component, i.e. one domi-

nant wave incident from a specific direction often in the 

horizontal plane. In order to study non-rich and aniso-

tropic environments, we therefore in this paper choose 

the extreme case of a pure LOS. This is a classical envi-

ronment present in all point-to-point communication sys-

tems with fixed antenna system installations. However, 

in wireless mobile communications we need to take the 

arbitrary orientation of the user into account, which is at 

least arbitrary in the horizontal plane (2D), and in par-

ticular the arbitrary orientation of the wireless device in 

the vertical plane, giving in total 3D orientation arbi-

trariness. Therefore, we will in the present paper study 

antenna diversity in a user-distributed 3D-random LOS 

environment, by studying an ensemble of users. 

Previous publications related to random LOS like [4- 

6] have only looked at a moving single user, whereas 

we are concerned about evaluating performance over an 

ensemble of users. Thus, the observed cumulative dis-

tribution functions (CDFs) are not representing fading, 

i.e., time-varying signal, but rather a spatial distribution 

over an ensemble of users having the same device. 

ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved.
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The user-distributed random LOS can be analyzed wi-

th ViRM-lab, a computer code for analyzing perfor- 

mance of wireless terminals in multipath with many ar-

bitrary incident waves [7] based on standard receive an-

tenna equivalent circuits [8]. However, because we here 

only deal with one incident wave, we will simplify the 

analysis by uniformly sampling the total measured 3D 

far field function over the unit sphere, and then create 

the CDF from these samples. (we use about 12,000 uni-

formly distributed samples over the unit sphere, created 

from spline interpolation in an original spherical grid of 

2° spacing in both polar and azimuth angles). This is 

computationally very fast, and we have verified that it 

gives the same result as using the more general Vi-

RM-lab for single-wave random LOS case, provided we 

use enough channel realizations of the latter.

Ⅱ. Definition of Cumulative Diversity Gain in 

User-Distributed 3D-Random LOS 

It is easy to understand that the AoA of LOS will be 

uniformly distributed in the azimuthal plane, because the 

users can have any azimuthal orientation. It is not so 

obvious that the AoA will be uniformly distributed also 

in the elevation plane. Therefore, we have illustrated and 

explained this for handheld phone-type terminals in Fig. 

1. A related interchanging of horizontal and vertical di-

rection appears in modern handheld tablets that can be 

used for any orientation of the screen, i.e., any of its 

fours edges can be pointing up. Thus, we can defend stu-

dying a user-distributed 3D-random LOS.

We will here determine the CDF of the relative re-

ceived voltage envelope (equivalent to relative received 

power levels when presented in dB) at each port of an 

antenna under test (AUT) in 3D-random LOS, as well as 

for the diversity-combined case. We choose in our ex-

amples maximum ratio combining (MRC) of the volta-

Fig. 1. Illustration of the fact, that the vertical direction re-
lative to handheld phone-type terminal is undefi-
ned. A horizontal arrow and the text “HOR” is ta-
ped on to the phone when this is held on the ri- 
ght side of the head (left drawing). We see that 
this taped arrow and “HOR” text becomes vertical 
when the phone is held on the left side of the 
head (right drawing).

  

ges at each port. Of convenience, we will in our exam-

ples neglect the embedded element efficiencies by as-

suming lossless matched antennas, as well as no cou-

pling loss to the opposite diversity antenna port; see the 

general definition of decoupling efficiency in [9]. We 

can do this without loss of generality because efficiency 

will simply shift the CDFs towards the left (lower re-

ceived voltages) and not change their shapes. However, 

the effect of mutual coupling are included when dealing 

with the measured far field functions for the antenna ex-

amples, because they are so-called embedded far field 

functions, obtained by measuring the far field function 

on each port with the other port terminated in 50 Ω.

The CDFs are in the graphs normalized to the total 

received power on a hypothetical lossless and omni-di-

rectional dual-polarized antenna, i.e., the total received 

power on both ports combined. Therefore, any sin-

gle-port antenna of 100% total radiation efficiency will 

have an average relative received power that is —3 dB 

in 3D-random LOS.   

The user-distributed CDFs in 3D-random LOS of an 

example of a diversity antenna on a mobile phone are 

shown in Fig. 2. We see that the CDFs on the two ports 

are very close to being Rayleigh-distributed, but it may 

not necessarily be so which we will see  later in the 

Fig. 2. Cumulative distribution of relative received power 
levels of an example of a diversity antenna in user- 
distributed 3D-random linearly polarized line-of- 
sight (LOS) environment, on port 1 and port 2 (bl-
ue and green solid curves) and when the two an-
tenna powers have been instantaneously diversity 
combined using maximum ratio combining (MRC; 
dashed green curve). The corresponding Rayleigh 
cumulative distribution function (CDF; solid black)
and MRC combination of two uncorrelated Ray-
leigh CDFs (dashed black) have been included as 
references. The cumulative diversity gain relative 
to an ideal Rayleigh CDF is shown to be 11.1 dB,
i.e., 11.1 dBR. 
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paper. We have marked the cumulative diversity gain 

relative to the theoretical Rayleigh distribution, which 

we see is 11.1 dBR, where the unit dBR means dB rela-

tive to Rayleigh. (The definition is in agreement with 

how we define diversity gain in rich isotropic environ-

ments [1], but the actual values will not necessarily be 

the same.) We see that the apparent diversity gains com-

pared to the 1% levels of single-port CDFs on the same 

antenna is larger, but it is better to define the diversity 

gain relative to a generic reference curve like the 

Rayleigh distribution. This will more clearly be seen in 

the next section.

To summarize, a user-distributed cumulative diversity 

gain in 3D-random LOS is a measure of the perfor- 

mance of a large group of users in the environment. A 

diversity gain of 11.1 dBR means that the 1% of the 

users which receives the weakest signal levels, will ex-

perience a performance improvement of 11.1 dB or mo-

re relative to a theoretical Rayleigh distribution of the 

signal levels among the users.

Ⅲ. CDFs and Diversity Gains of Different Theoretical 

Small Antennas in 3D-Random LOS

Practical small antennas may in free space radiate 

similar to small electric or magnetic dipoles, or linear 

combinations of them. Therefore, we will show some re-

sults of such theoretical small antennas even though we 

know that the effect of the body of the phone and the 

user will add both size and a statistical factor that in 

practice make them radiate differently. The so-called 

Huygens source is a specific linear combination of elec-

tric and magnetic dipoles that has a far field function of 

the form 1+cos(θ) giving a directivity of 4.8 dBi. This 

is the highest directivity available among free-space small 

antennas.

The results are shown in Fig. 3 for small electric di-

poles (upper graph) and directional Huygens sources 

(lower graph). We have also plotted the theoretical Ray-

leigh graph for comparison. The CDF of a single dipole 

in a linearly-polarized (LP) user-distributed 3D-random 

LOS is worse than the theoretical Rayleigh, whereas the 

same dipole for the circularly-polarized (CP) 3D-random 

LOS has similar shape as the Rayleigh, but with 4.8 dB 

higher power for low CDF values (<30%) and up to 3 

dB lower power for high CDF values (>70%). This 

means that we should design base stations to have cir-

cular polarization, and the terminals to have linear po-

larization, in order to improve the performance of the 

1% worst users. We see that in a LP 3D-random LOS 

the cumulative diversity gain involved in using two or-

thogonal MRC-combined dipoles instead of one is very 

(a)

(b)

Fig. 3. Cumulative distribution function (CDF) curves (so-
lid) of different theoretical antennas and maximum 
ratio combining (MRC) diversity combined curves 
(dashed), in user-distributed 3D-random line-of-si-
ght (LOS) environment with given linear polariza-
tion (LP; green) or circular polarization (CP; blue).
Rayleigh curves are included for reference. (a) Small 
orthogonal dipoles, (b) linearly-polarized Huygens
sources. 

  

  

large at 1% CDF level. If we had plotted the whole 

curve we could have read it to be 24 dB. In CP 3D-ran-

dom LOS there is no more deep nulls if we use diver-

sity with two orthogonal dipole antennas, as expected, 

so the CDF has no values below —1.2 dB. If we use 

three orthogonal receive dipoles we will for both LP and 

CP 3D-random LOS receive the same power for all ori-

entations of the antenna and the level is 1.8 dB higher 

than for the dual-polarized omni-directional reference 

antenna, i.e., the 0 dB case.

Ⅳ. CDFs and Diversity Gains of Two Measured 

Diversity Antennas in 3D-Random LOS

Finally we use the measured radiation patterns on the 

two ports of a practical diversity antenna for phone-type 
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(a)

(b)

Fig. 4. Cumulative distribution function (CDF) curves at 
11 frequencies between 1.7 and 2.7 GHz of prac-
tical small diversity antennas example on phone- 
type terminal in linearly-polarized (LP) and cir-
cularly-polarized (CP) 3D-random line-of-sight, on 
one antenna port (a) and maximum ratio combin-
ing diversity combined CDF for same diversity an-
tenna (b), both in free space location.

  

  

terminal to determine the CDFs in 3D-random LOS, bo-

th for a free space case and when the phone is held by 

a human hand phantom. We actually used the complete 

complex embedded far field function on each port as de-

scribed in the text between Fig. 1 and Fig. 2. The phone 

mock-up had a size of 115×55×12 mm with the anten-

nas located along the two 55 mm sides, and it was 

measured at 33 uniformly distributed frequency points in 

each of the frequency bands 750-960 MHz and 1,700 

-2,700 MHz.

The results are shown in upper Fig. 4 for one selected 

free space case. The bundle of curves show CDFs at 11 

uniformly distributed frequency points between 1,700 

MHz and 2,700 MHz. The upper graph shows the CDF 

on one of the antenna ports in free space. The LP and 

two orthogonal circularly-polarized 3D-random LOS ca-

ses are shown as curves of different colors. We see that 

the curves form a bundle around  the theoretical  Ray- 

Fig. 5. Cumulative user-distributed performance at 1% cu-
mulative distribution function (CDF) level in dBR 
as a function of frequency for CDFs in Fig. 4. 
Uncombined CDF levels (solid lines) on both po-
rts and for different polarizations of the 3D-ran-
dom line-of-sight, and maximum ratio combining 
curves (dashed). LP=linearly-polarized, RHCP=right 
hand circularly-polarized, LHCP=left hand circu-
larly-polarized.

leigh, and the green curves for the LP case are located 

to the left of the blue and red CP cases. This is con-

sistent with the better performance for CP LOS in Fig. 

3(a). However, this tendency was different for the CDFs 

in handheld position, which therefore indicates that the 

hand changes the polarization of the antennas on the 

phone. The deviations from the Rayleigh CDFs were for 

all cases very similar, i.e., for each of the two antennas 

in free space and handheld position (only one case is 

shown), except for the fact that the spread of the curves 

was larger in the lower frequency band and that the be- 

tter performance for CP LOS was not so clear for the 

handheld case. Some cases showed also different per-

formance for right hand and left hand CP cases, i.e., 

RHCP and LHCP, respectively.

The diversity-combined CDFs for the same example 

are shown in lower Fig. 4. The curves form a bundle of 

curves around the theoretical diversity-combined Ray-

leigh. Thus, the bodies of the user and the phone have 

a statistical effect on the performance in 3D-random 

LOS, making the CDFs approach the CDFs of the ideal 

Rayleigh and diversity-combined Rayleigh.

We have in Fig. 5 plotted the 1% CDF levels and cu-

mulative diversity gains in dBR as a function of fre-

quency for the CDFs in Fig. 4, both at each port and 

MRC diversity-combined. We have summarized the re-

sults of the measured cases (free space and handheld) at 

each frequency band in Table 1, together with results 

from theoretical sources. 
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Table 1. Cumulative performance of 1% worst users in random for the different incremental sources and line-of-sight 
(LOS) cases in Fig. 3, and for the different cases of the experimental antennas described in Section IV, for 
different polarizations of the 3D-random LOS

Antenna type

Total 
embedded

radiation eff. 
ports 1&2

LOS is LP LOS is CP

1% CDF 
level at each 
port (dBR)

1% CDF 
diversity gain 

(dBR)

1% CDF 
level at each 
port (dBR)

1% CDF 
diversity gain 

(dBR)

2 small dipoles - —14.8 7.1 4.8 21.7

2 Huygens sources, same direction, 
orthogonal dipole

- —26.2 —12.4 —15.4 —12.4

2 Huygens sources, opposite directed - —26.2 2.1/2.8* —15.4 21.7

Example, free space, 750-960 MHz —6.5 to —3 —5 to 2 2 to 13 8 to —1 9 to 17

Example, free space, 1.7-2.7 GHz —6 to —0.5 —3 to 1 8 to 12 —1 to 7 10 to 17

Example, handheld, 750-960 MHz
—8 to —4.5
—9.5 to —8

—1 to 3 9 to 13 —3 to 7 6 to 15

Example, handheld, 1.7-2.7 GHz
—7.5 to —2
—12.5 to —3

—5 to 1 9 to 13 —8 to 7 9 to 18

The values of the experimental antennas vary with frequency and the range of variation is given in the table. 
* These two values are for same/orthogonal polarizations.

Ⅴ. Conclusion

We have argued that the random device orientations 

over an ensemble of users will represent a user-distri-

buted 3D-random LOS in an environment with a pure 

LOS contribution from a fixed given direction. We kn-

ow from before that the CDF of any antenna in rich  

isotropic multipath approaches the theoretical Rayleigh 

when the number of independent channel samples in-

creases. We have here shown that theoretical small an-

tennas have CDFs that may be very different from theo-

retical Rayleigh in 3D-random LOS. Still, practical sma-

ll antennas seem to approach the theoretical Rayleigh 

and its diversity combined CDF, the more statistical ele-

ments are involved in randomizing their radiation pat-

terns, such as a user’s hand and head. Therefore, it is 

relevant to introduce a metric for the quality of a user- 

distributed single-port CDF as well as the diversity gain 

in 3D-random LOS in terms of 1% CDF levels in dBR, 

i.e., the level of the CDF relative to a theoretical Ray-

leigh distribution with the same average power.  

Table 1 shows typical ranges of variation of such 

CDF levels and diversity gains. This includes the theo-

retical electric dipoles and Huygens sources studied in 

Section III. From these we are able to conclude as ex-

pected that the 3D-random LOS performance is better 

when the base station is CP and the terminal is LP, than 

if both are linear. The opposite with a LP base station 

and CP terminal should also be advantageous, but it is 

difficult to realize small CP antennas. Also, the polariza-

tion of small antennas  change when the user body is 

introduced, so in the end there may be no advantage. 

We can also conclude that directive small diversity 

antennas must together cover the whole space, rather 

than being orthogonally polarized and cover part of 

space. The reason is that opposite directed Huygens so-

urces has a 1% cumulative diversity gain of 2.8 dBR in 

LP 3D-random LOS, whereas it is only —12.4 dBR if 

they point in the same direction and have orthogonal po-

larizations, i.e., 15 dB lower. The diversity gain of op-

posite Huygens sources of 2.8 dBR is also very low 

compared to what can be achieved with two non-direc-

tive antennas, such as two orthogonal dipoles giving 7.1 

dBR, and practical antennas on handsets giving up to 13 

dBR according to Table 1.

Thanks to Thomas Bolin and Zhinong Ying at So-

ny Mobile Communications for providing the mea-

sured far field functions, and to Xiaoming Chen for 

his comments.
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