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Indoor measurements by dual tripole antennas
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Abstract—We present in this paper indoor measurements at
2.45GHz of a tripole antenna pair and investigate typical channel
characteristics that include the antenna elements. Each of the two
antenna arrays consists of three orthogonal co-located dipoles
promising high capacity, irrelevant of their orientation. The
impact of classic parameters related to polarization, correlation
and time dispersion are analyzed in order to get an idea of
the performance that this real multiple-input multiple-output
(MIMO) system could offer.

I. INTRODUCTION

The existence of mutual coupling effects impacts on the scat-

tering and radiating characteristics of antenna arrays, affecting

the performance of multiple-input multiple-output (MIMO)

communication systems [1], [2]. In most cases coupling is

detrimental to the antenna operation, although there are some

examples in which its presence can be beneficial.

In orthogonal co-located MIMO systems, one of the most

significant factors in establishing the level of mutual coupling,

characterized by the so called cross polar discrimination

(XPD), is whether or not all aspects of the antenna structure

are truly orthogonal. Transmission systems with such anten-

nas allow achieving higher capacity by utilizing spatial and

polarization diversity [3], [4]. Also, their actual performance

is strongly dependent on the characteristics of the propagation

channel [5]. Therefore, low mutual coupling is an important

feature to reduce the existing correlation among antenna

elements along with the spatial correlation properties of the

channel. In this paper, we aim at analyzing the characteristics

of the 3 × 3 MIMO channel using a tripole pair based on

an indoor measurement campaign at 2.45GHz. Different pa-

rameters related to polarization, spatial and temporal domains

have been extracted and discussed to fully characterize the

environment.

The remaining sections of this paper are organized as follows:

An introduction and background on orthogonal MIMO chan-

nels is described in Section II. The equipment and measure-

ment setup are presented in Section III. Section IV describes

the analyzed parameters along with the obtained results from

the measurement campaign. Finally, the conclusions are put

forward in Section V.

II. CROSSED DIPOLE MODEL

The use of co-located orthogonal dipoles in a transmission

RF system ensures significantly different properties of the co-

polar subchannels, dipoles with the same orientation at both

sides, when compared to those of the cross-polar subchannels

(different orientation). Fig. 1 represents a cross dipole scheme

assuming three co-located antenna elements at both link ends.
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Fig. 1. Configuration of triple-polarized system.

The entire MIMO channel can be described by a 3 × 3 matrix

H, whose elements hij represent the channel from transmit

antenna j to receive antenna i. It has even been suggested by

Andrews et al. [3] that, with three orthogonal components of

the electric field and three of the magnetic field, it is possible

to obtain six independent channels at a single point. While

such statements in the far field are debatable, tripole antennas

certainly offer advantages in the near field, if rich scattering

is around the antenna sides as is typically the case for indoor

environments and if orientation plays a role.

III. MEASUREMENT EQUIPMENT AND SETUP

A. Antenna design and structure

The antenna under test consists of three orthogonally aligned

center-fed dipole radiators, each with a total length of 5.4 cm
(see Fig. 2). Two printed circuit boards with a size of 10mm×
10mm, a thickness of 0.8mm and a dielectric permittivity of

ǫr = 4.7 are used to carry the dipoles and ceramic SMD

baluns (Johanson Technology 2450BL15B050). Parts of the

two individual PCBs have been removed by cutting, to position

the dipoles orthogonal to each other. A 50Ohm Semi Rigid

Cable is soldered to each of the unbalanced ports of the baluns.
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Fig. 2. Photograph of the antenna under test, with three orthogonal dipoles.
On the right side the layouts of the two printed circuit boards are shown.

B. Measurement setup and scenarios

The measurement setup is depicted in Fig. 3. Channel fre-

quency responses have been measured using a 4-port Rohde

Schwarz Vector Network Analyzer (VNA). The three dipoles

that make up Antenna Array 2 are directly connected to

three of the VNA ports. Finally, Antenna Array 1 dipoles are

connected to a RF switch, so that the signal can be transmitted

sequentially to each element of this array. The measurement

process is controlled by a Matlab script executed from a laptop,

which is connected to the VNA by means of local area network

(LAN).

Metallic plate

(for NLOS)

6 meters

2
.7

 m
e
te

rs

1 meter 1 meter

Antenna 

array 1

Antenna

array 2

Switch

VNA
z

V H

z

V H

Fig. 3. Measurement setup for the transmissions over the air (Example:
NLOS, 2 meters.

The measurements were performed in an office environment,

which floor size is around 16m2. We considered distances of

1 and 2 meters with line of sight (LOS) and non line of sight

(NLOS) conditions (see Fig. 3). Antennas are 1.3m above

the floor; room height is 3.5m. The room was surrounded

by brick walls and closed wooden/glass doors and filled with

tables, chairs and so forth. The measurements were made at

night to keep the environment as stable as possible, hence

the frequency response did not vary in time. For NLOS mea-

surements, the direct path was blocked with a large metallic

plate situated between transmitter and receiver (see Fig. 3).

The antenna arrays were arranged as shown in Fig. 3 prior to

carrying out the measurement campaign. As can be seen, this

orientation aligns H dipoles, so that the nulls in the radiation

pattern of both antennas coincide.

IV. CHANNEL CHARACTERIZATION AND MEASUREMENTS

The measurements were carried out by the VNA at a center

frequency of 2.45GHz and a bandwidth of 200MHz. Prior

to carrying out the measurements, the VNA was thoroughly

calibrated for each distance, including the effects of the coaxial

cables and the switch. The Semi Rigid Cables could not be

included in the calibration step since they were soldered to

the balun (see Fig. 2). First, we obtain the S-parameters from

the VNA. Since we have four ports, we receive three sets

of 16 parameters, from each dipole connected to the switch.

S11 and S21 parameters represent return losses and mutual

couplings respectively. From the channel transfer functions,

we can extract that the average powers of the orthogonal

branches were 8 dB lower than the aligned ones. These results

all confirm very well to the findings of Lee [6].

Fig. 4 presents the measured return losses (S11 parameter) and

the worst-case isolation (S21 parameter). It can be observed

that the worst-isolation is between port V and port H , which is

−10 dB. The return losses are below −3 dB in the frequency

range 2.35 to 2.55GHz in all cases and hence satisfactory for

our purpose. From Fig. 4 we can observe the poor matching,

possibly due to the unknown behavior of the Semi Rigid

Cables.
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Fig. 4. Measured return losses and isolations. S11 represents return losses,
S21 represents isolations. AA1 and AA2 refer to Antenna Array 1 and
Antenna Array 2 respectively.

The output measured channel transfer functions were con-

verted from the frequency domain to the time domain via

inverse Fourier transform (IFFT). Note that a Hamming win-

dow is applied before IFFT in order to suppress sidelobes

of the time-domain data [7]. In our case, the time resolution

corresponds to the inverse of the measurement bandwidth,

namely 1/(200MHz) = 5 ns. The number of points is 801
resulting in a frequency step size of 200 106/801 ≈ 250 kHz.
The resolution of the impulse response functions is reciprocal

to the bandwidth multiplied by the additional width of the

window, which results in an actual resolution of 10 ns.

A. Cross Polarization Discrimination (XPD)

The XPD is defined as the ratio of the power received in

desired polarization (transmitted) to the undesired (orthogonal)

part. The propagation channel is characterized by a low



degree of cross-polarization coupling so that the three co-

polarized communication branches (corresponding to the three

polarization states) are virtually decoupled. Typically XPD

values are high in channels with limited scattering such as LOS

channels and much lower in NLOS channels. However high

XPD values have been observed even in NLOS channels [8],

in some measurement campaigns. For triple-polarized channels

we have the following XPD definitions as

Xij =
E
[

|hii|
2

]

E
[

|hji|
2

] i, j = v, h, z i 6= j, (1)

where E [·] denotes expectation. XPD ratios include the effect

of both the antenna and the propagation link. Table I presents

the XPD results extracted from the measurement campaign of

the mean XPD for 2.45GHz using (1).

Tx/Rx Link
LOS NLOS

1m. 2m 1m 2m

H - V 9.27 dB 7.83 dB 1.91 dB 2.78 dB

V - H 4.78 dB 0.94 dB 7.12 dB 5.94 dB

V - Z 10.81 dB 7.22 dB 7.35 dB 8.34 dB

Z - V 10.67 dB 6.78 dB 4.16 dB 5.99 dB

Z - H −0.86 dB 0.79 dB 9.48 dB 0.37 dB

H - Z 8.5 dB 9.39 dB 9.84 dB 3.21 dB

TABLE I
MEASURED MEAN XPDS.

In summary, results show that typical XPD values fall between

0 and 10 dB in most of the cases, and are surprisingly indepen-

dent of other environment characteristics and of link distance,

as happens in [9]. It is important to point out that the results

are constrained to a particular orientation of the horizontal

antennas at both ends. The difference between the XPDs of

the vertically polarized and horizontally transmission highly

depends on the specific propagation environment between the

transmitter and the receiver.

B. Co-Polar-Ratio (CPR)

The CPR is the ratio of the signal levels of antennas with

the same orientation compared to the ones with different

orientations. The expressions of the CPR for a triple polarized

MIMO configuration are

CPRij =
E
[

|hii|
2

]

E
[

|hjj |
2

] i, j = v, h, z i 6= j (2)

The mean values obtained from the measurements, using (2)

and taking logarithms, are presented in Table II. The rest of

the combinations are the opposite of the ones in the table. We

observe that the H − V link remains negative (in LOS 1m
scenario) on average which means that the overall transmission

of the V to V link is better than the H to H .

Tx/Rx Link
LOS NLOS

1m 2m 1m 2m

H - V 8.56 dB 7.34 dB −3.02 dB 2.22 dB

V - Z 3.48 dB 0.39 dB 6.79 dB 0.22 dB

H - Z 12.05 dB 7.73 dB 3.78 dB 2.41 dB

TABLE II
MEASURED MEAN CPRS.

C. Envelope Correlation

The performance of an antenna diversity system is also charac-

terized by the envelope correlation. For a two-element antenna

array it be simply calculated from the scattering parameters of

the system [10], without knowing the radiation pattern.

ρe =
|S∗

XXSXY + S∗

YXSY Y |
2

(1− (|SXX |2 + |SY X |2) |) (1− (|SY Y |2 + |SXY |2) |)

where SXX and SY Y denote the input reflection coefficient for

antenna X and antenna Y , respectively; SXY and SXX show

the forward gain between two ports on different antennas, also

reflect the mutual coupling between these two antennas. As can

be seen from Table III, the antennas with the same orientation

will be more correlated. We can state that the envelope correla-

tion is not affected by distance or the LOS/NLOS conditions

in the case that orientations differ. Regarding antennas with

the same orientation, the H−H combination presents a lower

correlation than the V −V , and Z−Z since the nulls of both

dipoles almost match up. The existence of reflections matches

up the results in NLOS.

Tx/Rx Link
LOS NLOS

1m. 2m 1m 2m

V - V −48 dB −51 dB −61 dB −59 dB

H - H −57 dB −61 dB −58 dB −62 dB

Z - Z −50 dB −55 dB −59 dB −60 dB

V - H −60 dB −58 dB −65 dB −67 dB

V - Z −59 dB −59 dB −62 dB −69 dB

H - V −57 dB −61 dB −60 dB −63 dB

H - Z −56 dB −66 dB −67 dB −63 dB

Z - V −59 dB −61 dB −65 dB −69 dB

Z - H −57 dB −61 dB −68 dB −63 dB

TABLE III
MEASURED MEAN ENVELOPE CORRELATIONS.

1) Correlation coefficient measurements: We now study the

complex correlation coefficient at both ends (i.e, we call them

transmit and receive correlation coefficients). We calculate

the transmit correlation among the transmit antennas for each

receive antenna. Similarly, the receive correlation is calculated.

This is carried out for all combinations of the Tx and Rx

elements by computing the correlation coefficient between any

two antennas X and Y according to (3)

ρ =
E[XY ∗]− E[X ]E[Y ∗]

√

(

E
[

|X |
2

]

− |E [X ]|
2

)(

E
[

|Y |
2

]

− |E [Y ]|
2

)

(3)

As an example, Fig. 5 shows the cumulative distribution

functions (CDFs) of the transmit correlation coefficients for



LOS, separation 1 meter. The curves are almost perfectly

overlapping as for the other scenarios that have also been

studied, resulting the same results in the mean. Receive

correlation is found similarly.
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Fig. 5. Tx channel correlation coefficients CDF, LOS scenario, separation:
1 m.

It is found that ρ < 0.3 for the analyzed scenarios which

demonstrates that the MIMO spatial subchannels are highly

uncorrelated.

D. Ricean K-factor

The ratio of the coherent channel components, Pc, and the

scattered channel components, Ps, is called Rician K-factor

and is often represented in dB [11]: Pc has been extracted by

considering the the complex baseband signal and Ps has been

extracted by considering the variation of the baseband signal

[12].

Tx/Rx Link
LOS NLOS

1m 2m 1m 2m

V - V 12.21 8.73 4.63 6.40

V - H 3.69 10.77 7.18 6.44

V - Z 8.02 11.04 6.05 3.07

H - V 10.51 5.50 3.85 4.94

H - H 7.20 10.67 6.27 4.18

H - Z 12.60 3.09 3.46 3.09

Z - V 7.67 4.04 5.19 5.96

Z - H 11.44 4.44 6.59 6.75

Z - Z 13.48 4.57 3.48 4.98

TABLE IV
MEASURED K-FACTORS UNDER DIFFERENT CONDITIONS AND DISTANCES.

In general, the results show, as expected, that the K-factor

decreases for NLOS scenarios.

E. Power delay profile (PDP)

The short time average PDP is obtained by averaging the

magnitude squared of the channel, h, over 801 frequencies,

L = 50 snapshots and taking the sum over all P = 16 antenna

to antenna channels, hence a static or wide sense stationary

view of the channel conditions results. The RMS delay spread,

τrms, can be extracted from the measured power PDP [13].

Table V shows the averaged values of the RMS delay spread.

As expected, the delay spread increases in NLOS cases and,

since the distances do not differ too much, it is in mean not

Tx/Rx Link
LOS NLOS

1m 2m 1m 2m

V - V 15.8 ns 19.5 ns 34.1 ns 25.1 ns

V - H 23.2 ns 20 ns 32.7 ns 38.1 ns

V - Z 18.8 ns 18.1 ns 21.6 ns 38.5 ns

H - V 14.6 ns 25.1 ns 20.5 ns 20 ns

H - H 20.4 ns 17.1 ns 16.5 ns 18 ns

H - Z 14.4 ns 24 ns 34.3 ns 28 ns

Z - V 24.3 ns 19 ns 25 ns 24 ns

Z - H 17.2 ns 22 ns 31 ns 19.3 ns

Z - Z 11 ns 17 ns 19 ns 22.2 ns

TABLE V
RMS DELAY SPREAD FOR THE DIFFERENT SCENARIOS.

affected by distance. In LOS and short distances, co-polar

configurations have less RMS than cross-polar configurations.

V. CONCLUSIONS

The design and evaluation of two antenna arrays each consist-

ing of three orthogonal co-located dipoles is presented. From

the results, it can be concluded that the proposed antennas

exhibit a good diversity performance due to low correlation

values. Moreover, by exploiting polarization diversity, the

proposed antennas can transmit information through three

independent channels, being able to achieve higher capacities.

The existence of nine possible choices among transmit and

receive end suggest performing antenna selection to overcome

deep fade situations. Apart from that, the presence of scattering

objects around the receive array may cause components to leak

from one polarization to another. This leads to a contribution of

different polarizations into the same component at the receiver.
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