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For wireless communication, the antennas at both sides of
the wireless chain and the corresponding propagation char-
acteristics play an important role in the system design and
optimization. In past standardization activities, for example,
in 3GPP LTE/LTE-Advanced and IEEE 802.16m, only some
simplified antenna patterns are assumed during the standard-
ization, whichmay influence the system parameter optimiza-
tion and system performance for practical deployment. For
example, only omnidirectional antenna pattern is assumed
at the terminal, and perfect sectoring antenna pattern is
assumed at the base station, while the impact of practical
antenna pattern, coupling among the antennas, and human
body on the channel characteristics have been ignored. It is
therefore valuable to evaluate how these nonideal issues on
the antennas will influence the propagation characteristics
and thus the system design. This special issue has accepted
8 papers as below.

The first paper investigates the positive effect of severe
Nakagami-𝑚 fading on the performance of multiuser Trans-
mit Antenna Selection/Maximal-Ratio Combining (TAS/
MRC) systems with high selection gain. Both amount of fad-
ing (AF) and symbol error rate (SER) of M-QAM are derived
as closed-form expressions for integer 𝑚. For arbitrary 𝑚,
the AF and the SER are expressible as a single infinite series
of Gamma function and Gauss hypergeometric function,

respectively.The analytical results lead to the following obser-
vations. First, the SER performance can demonstrate the pos-
itive effect of severe Nakagami-𝑚 fading on multiuser TAS/
MRC systems with high selection gain. Second, the AF per-
formance only exhibits the negative impact of severe fading
regardless of high selection gain. Last, the benefit of severe
fading to the system performance diminishes at high signal-
to-noise ratio (SNR).

In the second paper, an array of monopoles antenna over
a ground plane that radiates a directive lobe in the end-
fire direction is described. The design uses the rigorous
method described in order to synthesis the radiation though
the strong cumulative coupling between the monopoles. A
gain higher than 20 dB was achieved in the end-fire direction
over a 4.5% bandwidth. However, the antenna has been tilted
in order to compensate the beam deviation caused by the
edge diffraction. A prototype with 12 elements has been
manufactured in order to validate the antenna principle and
the whole antenna is successfully measured.

In the third paper, user influence on multiple-input
multiple-output (MIMO)performance is studied for different
dual antenna handsets specially designed to have good and
bad MIMO performance. The study reveals that user influ-
ence can cause either improvement or degradation for differ-
ent test objects, including a spread effect over the parameters.
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Differences in performance between good and bad handsets
can be clear when they are measured without user influence,
but become small under real person influence. This result
illustrates the particular importance of user influence to
characterize MIMO handsets.

The fourth paper focuses on the fading characteristics
of wireless channel on high-speed railway (HSR) in hilly
terrain scenario. From the measurement conducted on the
Guangzhou-Shenzhen passenger dedicated line in China
with the speed of 295 km/h at 2.4GHz, the fading param-
eters, including path loss, shadow fading, and 𝐾-factor, are
analyzed. Compared with the free space path loss model,
the measured path loss value in hilly terrain scenario suffers
greater decay and shows the property of having a breakpoint
distance as the WINNER HSR model shows. The shadow
fading is lognormal fitting and changed with two turning
points. the mean value of decorrelation distance is around
14m. But the value will rise up when getting near to the
huge reflectors. The 𝐾-factor as a fast fading parameter
is also influenced by the breakpoint distance. Within the
breakpoint distance, 𝐾-factor decreases as the 𝑇-𝑅 distance
increases. Beyond the break point distance, the value of 𝐾-
factor fluctuates dramatically.

In the fifth paper, to evaluate the sector antenna per-
formance degradation, three performance indicators are
defined as the normalized “In Sector Power Gain” (ISPG),
the normalized “In Sector Mean Power Gain” (ISMPG),
and the “In Sector Standard Deviation of the Power Gain”
(ISSDPG). Then the antenna performance degradation in
three conventional wireless access point scenarios of small
cell (antenna wall, antenna shelter, and antenna-lamp post)
is investigated for directional or omnidirectional antennas.
The results indicate that the lognormal distribution (Gaussian
in dB) is often approximately obeyed, as regards the power
gains in the considered sector. This is true for the antenna-
wall scenario, while in the antenna-shelter and antenna-lamp
post scenarios, the ISPG appears to follow the generalized
Gaussian distribution. The ISSDPG follows well a lognormal
distribution in the antenna-wall scenarios, within the fre-
quency band from 1.7GHz to 2.0GHz for both directional
and nondirectional antennas.

In the sixth paper, the impact of antenna separation and
angle-of-arrival (AOA) spread on frequency domain adaptive
antenna array (FDAAA) receiver and hybrid frequency reuse
factor are analyzed. Large AOA spread can increase the
cellular capacity, and increasing the antenna separation to
above 5𝜆 can greatly increase the cellular capacity. The
optimal frequency reuse factor (FRF) depends on the channel
propagation and transceiver scheme as well. Hybrid FRF
algorithm can effectively improve the cellular outage capacity
and therefore hybrid FRF together with FDAAA receiver is a
good solution for uplink transmission in cellular system.

In the seventh paper, the modeling methodology that
the antenna pattern and antenna constellation could be
incorporated into propagation channel model indepen-
dently by receiver antenna and transmitter antenna is
validated by the field channel measurement in indoor
scenarios at 2.35GHz. First, the 2 × 2 MIMO channel
impulse responses (CIRs) is recorded with practical dipole

antenna (DPA) and real terminal antenna as the refer-
ence. Second, the CIRs are reconstructed from the available
International Mobile Telecommunications-Advanced (IMT-
Advanced) channel model with the field patterns of test
antennas and updated spatial parameters extracted from the
similar measurement, in which the omnidirectional antenna
array (ODA) is used at both sides of the transmission
link to capture the omnidirectional spatial information.
The comparisons between field data and reconstructed data
are made from coherent bandwidth, eigenvalue dispersion,
outage capacity, and ergodic channel capacity. It is found
that the reconstructed data closely approximates real data
in coherent bandwidth and correctly describe the statistical
characteristics in frequency domain. But difference is found
in the spatial correlation, which causes the underestimation
of the 5% channel outage capacity. So the modeling method
which ignores the nonideal issues on the antennas will have
impact on the characteristics ofMIMO channel, especially on
the spatial characteristics.

In the eighth paper, the influence of correlated noises
on the Maximal-Ratio Combining (MRC) diversity gain
and multiple-input multiple-output (MIMO) capacity is
investigated. The noise correlation effects on diversity gains
and capacities are formulated using the noise prewhitening
concept, and the computational robustness of the derived
MRC CDF was proved rigorously. The effects of correlated
noises on MRC diversity gains and MIMO ergodic capacities
were studied via reverberation chamber measurements. It
was shown that, only for multiport antennas with very small
correlations, the noise correlation effects on diversity gains
(capacities) can be neglected. Otherwise, it should be taken
into account for accurate diversity (capacity) measurements.

Guangyi Liu
Cheng-Xiang Wang

Min Zhang
James Warden
Huanhuan Gu
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This paper focuses on the fading characteristics of wireless channel on High-Speed Railway (HSR) in hilly terrain scenario. Due to
the rapid speed, the fading characteristics of HSR channel are highly correlated with time or Transmit-Receive distance and have
their own special property. To investigate the fading characteristics, the measurement is conducted on the Guangzhou-Shenzhen
passenger-dedicated line in China with the speed of 295 km/h in the data-collection area at 2.4GHz. From the measured data, the
amplitude of each path is estimated by using the Subspace-Alternating Generalized Expectation-Maximization (SAGE) algorithm
along with other parameters of channel impulse responses. Then the fading parameters, including path loss, shadow fading, and
K-factor, are analysed. With the numerical results in the measurement and analysis, the fading characteristics have been revealed
and modelled. It is supposed that this work has a promotion for HSR communication system design and improvement.

1. Introduction

High-Speed Railway (HSR) has the properties of large con-
veying capacity, good security, low-energy consumption, and
vast economic benefits [1, 2]. With rail speed designed to
travel at no less than 200 km/h [1], HSRs are widely deployed
around the world. For example, the Japanese Shinkansen
started in the year of 1963, at a maximum speed of 320 km/h,
while the Eurostar is running across the European continent
with the speed reaching 300 km/h. In recent years, China has
paid more attention to the HSR and has made great progress.
Upon the end of year 2011, the operating mileages surpassed
1300 kilometers,makingHSR an increasingly important form
of transportation.

However, there is a great difference for wireless channel
between the HSR scenario and the typical scenario, especially
in fading characteristics. In general, communication systems
are very sensitive to the fading of the wireless channel,
which causes intercarrier interfaces and degrades system
performance [3]. The HSR scenario has the special property
of high velocity and rapidly changing environment. So the
channel exhibits great position-based fading characteristics,

which introduces problems to increase the wireless commu-
nication capacity and improve the wireless communication
quality. On the other hand, the fading characteristics play an
important role in system simulation. Only the influence of
fast small-scale fading is considered in most communication
simulation methods. But in HSR scenario, path loss and
shadow fading are also changed in a continuous simulation
process with a long distance caused by high moving speed.
For these reasons, having a good knowledge of the HSR
wireless channel fading characteristics will help to give a
reference for the HSR communication system simulation.

It is significant to get reliable and realistic fading charac-
teristics of the HSR wireless channel through the wideband
channel measurements. The HSR scenarios can be divided
into different types, including hilly terrain, viaduct, tunnel,
cutting, and station. Several HSR channel measurements
have been performed by researchers worldwide. The viaduct,
tunnel, cutting, and hilly terrain scenarios are measured
and modeled, respectively. Liu et al. give the position-based
measurement result of HSR channel fading parameters at
2.35GHz in viaduct scenario [4]. The measurements of path
loss and delay spread in tunnels of different sizes at 2.154GHz
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are performed by Helsinki University of Technology [5].
Cichon et al. also build up a ray-optical propagation model
for tunnel channel [6]. The Rice K-factor in cutting scenario
is presented in [7] with the measurement frequency of
930.2MHz. Some channel parameters including delay spread
and K-factor in different scenarios and different railways
are compared [8]. The nonstationary MIMO channel model
based on the space-time-frequency correlation function for
HSR communication system is proposed for modeling the
time-variant property of different taps [9].

To the best of our knowledge, existing researches seldom
pay attention to the position-based property of the hilly
terrain HSR channel. The hilly terrain occupies 69.1% of
the area in China. And the newly built lines of China,
such as the Chengdu-Guiyang passenger-dedicated line and
Guangzhou-Shenzhen passenger-dedicated line, run through
vast area of hilly terrain. The HSR hilly terrain channel
measurement and modeling are of great significance. Com-
pared with other scenarios, the scattering and position-based
property of the multipath propagation is more complicated
andmore obvious in hilly terrain. Both large-scale fading and
small-scale fading are changed with the train fast moving. In
this paper, the fading characteristics of thewireless channel in
hilly terrain scenarios are analyzed from the actual channel
measurement data. We also attempt to give out the models
which describe the position-based statistic property of dif-
ferent channel parameters which reveal the characteristics,
such as path loss, shadow fading, and K-factor. The reliable
and realisticmodel serves as the foundation for designing and
improving the HSR communication systems.

The main contributions of our works consist of the mea-
surement newly conducted in the HSR hilly terrain scenario,
the proposition of the position-based models of different
channel parameters, and the application of the Subspace-
Alternating Generalized Expectation-Maximization (SAGE)
algorithm. SAGE algorithm is regarded as a high-resolution
channel parameter estimation method and fits for dealing
with the several position-based channel parameters by joint-
ing the time and frequency domains. The properties of path
loss, the lognormal shadowing, and K-factor are concluded
in this paper.These properties are compared with the current
models and explained in detail by investigating the Transmit-
Receive (T-R) distance and actual measurement scenario.

The remainder of the paper is organized as follows.
In Section 2, the description of hilly terrain scenario and
the arrangement of the measurement are outlined. And in
Section 3, the details of the SAGE algorithm application
are laid out. In Section 4, statistic results of position-based
channel parameters which are used for building the channel
fading models are discussed and analyzed. The paper is
concluded in Section 5.

2. Measurement Setup

The measurement in this paper is taken on the Guangzhou-
Shenzhen passenger-dedicated line. The main terrains along
the railway are hilly terrain and plain with viaducts. These
two types of scenarios are almost distributed alternatively.

Here the paper focuses on the hilly terrain scenario. Figure 1
shows satellite map of our measured hilly terrain scenario.
It is generated using the Google Maps tool [10]. The white
line is referred to as the railway from West to East. And
the base station is located at the position which is 63 km
from Guangzhou and 41 km from Shenzhen as the green
arrow shows along the railway with the GPS coordinates of
22.830558 N, 113.860235 E. In the data-collection area, many
kinds of scattering objects are observed around the railway
at the foot of hills. Besides hills, there is a big pond near
the railway in the distance of about 600m from the base
station. The areas with an abundance of buildings, factories,
and warehouses appear in the distance of about 800m and
2200m, respectively. It can be seen that an expressway
intersects with the railway from far to near. In this scenario,
the relative altitudes of these main scattering objects are
mostly below 200m. In summary, there are several significant
properties which have huge effect on the channel fading
characteristics in the HSR hilly terrain scenario during the
signal transmission.

(1) With the high-altitude transmit antenna and low-
altitude obstacles, the Line of Sight (LOS) is observ-
able and can be detected along the entire railway.

(2) In hilly terrain, the propagation environment is
high density scattered, and scattering objects are
distributed irregularly and nonuniformly. The con-
structive and destructive interference among different
multipath components (MPCs) with similar delay
is serious. This phenomenon has influence on the
channel fading characteristics.

(3) The high speed will not only cause the large Doppler
frequency shift, but also bring the rapid change to the
channel parameters. When the train moves quickly,
both the propagation environment and the angles of
incidence vary quickly. The signal will go through
different propagation paths. At the same time, the
channel parameters are changed.

Our measurement is conducted by using the THU chan-
nel sounder. The parameters of the measurement setup are
listed in Table 1. The center frequency is 2.4GHz, and the
bandwidth is 40MHz. The transmit antenna is mounted on
the base station tower (Figure 2(a)). It is a directional antenna
pointing at the direction of train travelling with the gain of
17 dBi. The receive antenna is fixed on the window of the
high-speedmoving train carriage (Figure 2(b)). It is vertically
polarized and omnidirectional with the gain of 7 dBi. The
transmitter and the receiver are both locked to GPS-derived
10MHz references, thereby eliminating frequency offsets
between the two time bases. In the transmitter, the test
signal is fed through the power amplifier to the transmit
antenna with the total power of 20 dBm. After receiving
the test signal, the receiver does the low-noise amplification
and down conversation. Then the signal is sampled with the
sample rate of 100MHz and stored to the disk array of a server
for offline analysis [11].

The test signal is regarded as a linear frequencymodulated
(LFM) sequence. Its length is 12.8𝜇s. Due to the good



International Journal of Antennas and Propagation 3

Figure 1: Satellite map of measured hilly terrain area.

Transmit
antenna

(a)

Receive
antenna

(b)

Figure 2: (a), (b) are photos of the propagation environments at the transmit side and receive side, respectively.

Table 1: Parameters of the measurement setup.

Parameter Value
Central frequency 2.4GHz
Bandwidth 40MHz,
Transmitter power 20 dBm

1Tx and 1 Rx

Antenna pattern and gain Tx: directional antenna
with 17 dBi

Rx: Onmidirectional
antenna with 7 dBi

Tx height 30m
Rx height 1.2m
Test signal length 12.8𝜇s
The minimum distance between Tx
and railway 10m

The penetration loss of the window 12.4 dB
The speed of HSR train 295 km/h

autocorrelation property of the LFM sequences, themeasure-
ment principle of LFM signal is that the received sequence
is correlated with the local copy of the sequence at the

receiver to produce the measured channel impulse response.
Then the offline and broadband features simplify the system
operation. After the measurement data is stored in the server,
the channel parameter estimation method such as SAGE
algorithm is utilized to search and separate the different
multipath components, according to the different delay and
Doppler frequency of each component. Furthermore, the
calibrations of the response of radio frequency (RF) at both
Tx side and Rx side and the measurement of the penetration
loss of the carriage window are also conducted in each
measurement.

In the measured hilly terrain, the height of transmit
antenna ℎ𝑏 is 30m, and the height of receive antenna ℎ𝑚
is 1.2m. The minimum distance between transmit antenna
and the railway is 10m. The GPS system of the train shows
the speed of the train in the data-collection area remains
295 km/h. The total length of the measured route is 2600m
from the base station. Beyond this distance, the trainwill rush
into a tunnel. The main reflections of the electromagnetic
wave come from ground, hill, buildings, ponds, and plantings
as mentioned above.

Providing the wireless signal coverage for HSR is a very
important and tremendous task, which is related to both the
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channel fading characteristics and coverage scheme. There
are two schemes for HSR wireless signal coverage. One
scheme is using a moving relay station mounted on the
roof of the carriage. The mobile terminals are linked to
base station via the relay station indirectly. This scheme has
been detailed in [4, 12]. The other scheme of realizing HSR
communication is that the mobile terminals in the carriage
are linked directly to the base stations on the ground. In this
scheme, the electromagnetic waves suffer a penetration loss
from the carriage windows [9].The second scheme is adopted
in this measurement.

3. Analysis Method

SAGE algorithm is proposed as a low-complexity approxi-
mation of the Maximum Likelihood (ML) estimation and
successfully applied in different application purposes [13].
With this algorithm, accurate estimations of channel param-
eters from the measured data can be obtained. In the
SAGE algorithm, the received and transmitted signals can be
described as a finite number of plane waves [14]:

𝑟 (𝑡) =

𝐿

∑

𝑙=1

𝛼𝑙𝑒
−𝑗2𝜋𝑣𝑙𝑡

𝑠 (𝑡 − 𝜏𝑙) , (1)

where 𝐿 is the total number of extracted MPCs and 𝛼𝑙, 𝜏𝑙,
and 𝑣𝑙 are, respectively, the complex amplitude, delay, and
Doppler frequency of the 𝑙th MPC. The advantage of SAGE
algorithm is that it can achieve the joint estimation of the
complex amplification, delay, and Doppler frequency of the
MPCs through iteration process. Based on the estimated
value of delay and Doppler frequency, the LOS component is
separated from the Non-Line of Sight (NLOS) components.
At the second step with the achieved complex amplitude of
each MPC, the path loss, shadow fading, and K-factor are
calculated according to the definitions to give a description of
the position-based fading characteristics of the HSR channel.

During the data analysis, the starting point of distance
and time is chosen as the point of HSR train just passing by
the base station with the 0 Doppler frequency shift. The T-R
distance is proportional to time in the measurement.

4. Measurement Results

4.1. Path Loss. Path loss as a large-scale fading parameter
is analyzed to help make a link budget for system design
and base station site selection. To obtain the path loss, the
traditionalmethod usually averages snapshots corresponding
to 5∼40 wavelengths for removing the effects of small-scale
fading. The SAGE algorithm has the ability to separate
each MPC according to different delays, Doppler shifts, and
amplitudes. With the method of just summing up the power
of each MPC, the path loss can be calculated after removing
the gain of antennas (Tx 17 dBi, Rx 7 dBi), penetration loss of
carriage window (12.4 dB) and other influencing factors.

The statistical model is often expressed by

𝑃𝐿 (dB) = 10 ⋅ 𝑛 ⋅ log 10 (𝑑) + 𝑃𝐿0 + 𝑋𝜎 (𝑑) , (2)
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Figure 3: Path loss in hilly terrain.

where 𝑛 is the path loss exponent, 𝑑 is the distance between
the transmitter and receiver, 𝑃𝐿0 is the intercept, and 𝑋𝜎(𝑑)
denotes the shadow fading with the standard deviation.
Path loss depends on the distance between transmitter and
receiver. Figure 3 shows the measured path loss and the
fitting curve. It is noticed that there is a breakpoint within
position-basedmeasurement data. So the fitting broken curve
is obtained by using the linear least square method in near
and far regions relative to the base station, respectively. The
breakpoint of the fitting curve is 788.6m of T-R distance. At
788.6m, the value of path loss is 100.9 dB.The equation of the
path loss model with standard deviation 𝜎 for this scenario is
modeled by

𝑃𝐿 (dB)

= {

31.31 + 24.0 log
10
(𝑑) , 𝜎 = 3.3 dB, 𝑑 < 788.6m,

−11.6 + 38.8 log
10
(𝑑) , 𝜎 = 4.2 dB, 𝑑 ≥ 788.6m.

(3)

The fitting curve can be regard as a two-slope model. For
this model, the LOS path between transmitter and receiver
is strong, and the contributions from all the scatters are
small in a short distance. However, beyond the breakpoint
distance, the scatters start to play an important role. In the
two-slope model, the breakpoint distance [15] depending on
the clearance of the first Fresnel zone is defined as

𝑟𝑏 = 4

ℎ𝑏ℎ𝑚

𝜆

, (4)

where ℎ𝑏 and ℎ𝑚 are the heights of the transmit antenna
and receive antenna, respectively, and 𝜆 is the wavelength.
The 𝑟𝑏 is calculated as 1152m. This distance is assumed that
there are no high obstacles around the propagation route.
The measured distance 788.6m is smaller than 𝑟𝑏. Our result
is due to two fitting lines’ intersection. This situation is
attributed to certain scattering objects. The hills and huge
buildings with similar height of the transmit antenna at
the distance of 800m–1000m are all responsible for this
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phenomenon, where MPCs suffer complex constructive and
destructive interference due to diffractions.

The free space path loss and the path loss model in
the WINNER II HSR scenario [15] are also showed for
comparison. The measured path loss suffers greater loss
than the value in free space fading. The WINNER II path
loss model is also described by the two-slope model with
a breakpoint distance. From Figure 3, the fitting curve is
very close to the WINNER II path loss model. The main
differences exist not only in the aspect of breakpoint distance,
but also in the aspect of slopes of the two segments. The
slopes of the two segments of WINNER II path loss model
are 21.5 and 40, respectively. There is a visible gap between
the slopes of WINNER II path loss model and the measured
path loss in HSR hilly terrain scenario. The reason leading to
the difference is that the scatters in hilly terrain scenario are
richer than those in WINNER II HSR scenario. In short T-
R distance, these scattering waves have cancellation impact
on the received signal energy. For long T-R distance, there is
more scattered energy in this scenario than that in WINNER
II HSR scenario.

4.2. Shadow Fading. Shadow fading is the variation of the
path loss. After the path loss is obtained, shadow fading can
be extracted from the calculated path loss after removing
the distance-dependency fitting curve. This channel fading
parameter is a variable caused by obstruction. It arises as slow
fading, when the coherence time is large relative to the delay
constraint of the channel. In most literatures, such as [15–17],
the value of shadow fading is often regarded as a random
variable conforming to the lognormal distribution. This is
certified over a large number ofmeasurement positions along
the railway by Table 2.

The comparison results of different distribution fitting
methods are presented in Table 2. The Gamma distribution
and the Nakagami-m distribution are also used to model
the shadow fading [16]. Compared with the other two
distributions, the lognormal distribution fitting shows the

Table 2: Log likelihood value of different distribution fitting meth-
ods.

Lognormal Gamma Nakagami-𝑚
Log likelihood −4343.36 −4480.30 −4919.28

Table 3: Decorrelation distance statistic in hilly terrain.

Decorrelation distance (m)
10% 6.61

Percentile 50% 10.28
90% 32.31
Mean 14.81

Table 4: 𝐾-factor statistic in hilly terrain.

𝐾-factor (dB)
10% −9.05

Percentile 50% −1.42
90% 4.51
mean −1.85

Table 5:The comparison of fading parameters in different scenarios.

Scenarios Viaduct [4] Hilly terrain
Frequency [GHz] 2.35 2.4
PL component 3.03 2.40/3.88
PL intercept [dB] 12.4 31.31/−11.6
SF STD [dB] 2.0 3.3/4.2

𝐾-factor [dB]
Region 1:

23.05 − 0.0337𝑑

Region 1:
5.10 − 0.0102𝑑

Region 2:
𝑁(8.25, 1.05)

Region 2:
𝑁(−1.85, 5.05)

maximum log likelihood value. It is indicated that lognormal
distribution fits the measured shadow fading well.

Figure 4 gives out the statistical characteristics of shadow
fading in magnitude of dB. In this figure, the blue bars
are the probability distribution function, and the red curve
is the normal fitting curve. The standard deviation of the
fitting normal distribution is 3.99 dB. Most values in this
scenario range from −10 dB to 10 dB. The shadow fading in
this scenario is mainly caused by the strong signal reflection
from ground, hills, ponds, and buildings.

Shadow fading is often considered roughly constant over
the symbol period. But in the HSR scenario, the rapid speed
leads to the highDoppler frequency shift and small coherence
time, which will influence the design of symbol period.
Besides, the long T-R distance caused by rapid speed has a
relationship with the change of shadow fading.

Figure 5 shows the relationship between the standard
deviation of shadow fading in hilly terrain and the T-R
distance. There are two turning points in the blue curve.
One is around the position with the T-R distance of 650m.
This position is between the water pond and the measured
breakpoint with the distance of 788.6m. The distance of
water pond from the base station is approximately 600m.
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Figure 5: Standard deviation of shadow fading in hilly terrain.

The mirror refection from the water pond is highly powered,
which makes the received energy in this region concentrated.
So this leads to a deep drop in the curve with the position
of 650m. But with the increasing distance, the opportunity
for collecting the different scattering energy also increases.
Consequently, the standard deviation of shadow fading is
getting larger after this turning point. Another turning point
is around the 1050m similar to the calculated the breakpoint
distance in a two-slope model. Beyond the last turning point,
the energy of many MPCs is under the noise floor which is
discarded in the data process. Then the standard deviation of
shadow fading decreases with the increasing distance.

The autocorrelation of shadow fading is often investigated
for power control and base station location designing. It
is defined as the correlation of shadow fading in different
positions under the same base station. The Spatial Channel
Model (SCM) [18], 802.16J [19], and M.2135 [20] also give
out the reference value and distance-dependent model of
autocorrelation of shadow fading. The autocorrelation is
described by the correlation coefficient in these documents.
The definition is as follows:

𝜌1,2 =

E {S (𝑑1) S (𝑑2)}
𝜎 (𝑑1) 𝜎 (𝑑2)

, (5)

where S(𝑑1) and S(𝑑2) are the values of shadow fading in the
position with distance 𝑑1 and 𝑑2 and 𝜎(𝑑1) and 𝜎(𝑑2) are
the standard deviations of shadow fading S(𝑑1) and S(𝑑2),
respectively.

Figure 6 shows the autocorrelation coefficient of the
shadow fading between the position with T-R distance of
200m and the positions behind. When the autocorrelation
coefficient is less than 0.5, the decorrelation distance 𝑑cor is
determined. In Figure 6, the decorrelation distance is 10.28m.
This value is smaller than the value of 20m suggested in
802.16J for vehicular test environment and is also smaller than
the value of about 40m for LOS scenario of RMa in M. 2135.
The red dotted line is on the basis of 802.16J model with

𝜌 (Δ𝑑) = 𝑒
−(|Δ𝑑|/𝑑cor) ln 2

, (6)

whereΔ𝑑 is the distance between the two observed positions.
It seems that there is a little difference between the measured
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Figure 6: Autocorrelation coefficient of shadow fading in hilly
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Figure 7: Decorrelation distance of shadow fading in hilly terrain.

autocorrelation coefficient and the published model, due to
large fluctuations with Δ𝑑 which is from 100m to 400m.
These fluctuations are caused by the wave reflection from
ground and other scattering objects.

Figure 7 depicts the decorrelation distance of all the posi-
tions in the whole route. Each value of decorrelation distance
is calculated between the certain position and other positions
with the range of 200m behind. In most cases, the value of
decorrelation distance is around 10m. Due to the observable
LOS, the effects of scatters in these locations are small. There
are also many positions with decorrelation distance of more
than 30m which is similar to the correlation distance for
LOS scenario of RMa in M. 2135. The phenomenon reflects
the nonstationary characteristics of large-scale fading param-
eters. This is the difference between the HSR hilly terrain
scenario and custom outdoor scenarios.These positions with
larger decorrelation distance often appear before, around,
or behind the positions of huge scattering objects, such as
the water pond with the distance of 600m and the huge
building with the distance of 1400m. It is verified that the
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reflected waves received by different positions from the same
scattering object experience the similar fading, when these
receiving positions are at the same direction relative to the
same scattering object.

Table 3 shows the statistical results of decorrelation dis-
tance. The mean value of decorrelation distance is 14.81m. In
themeasured route, 90% of all locations exhibit decorrelation
distance less than 32.31m, and 50% of all positions exhibit
decorrelation distance less than 10.28m. But there are also
an amount of positions with a larger decorrelation distance
of more than 30m which exceeds 10%. Therefore, most of
the decorrelation distance values are around 10.28m, but
the phenomenon that there is a great difference of the
decorrelation distance in different positions is not ignored.
The propagation environment with large scattering objects
needs special attention for communication system design.

4.3. K-Factor. Fast fading represents a rapid amplitude vari-
ation of received signal for movements in the order of a
wavelength [21]. For LOS scenario, K-factor is an important
parameter for describing the fast fading characteristic of the
channel. It is used for describing the ratio of the power of
dominant LOS component to the power of Rayleigh NLOS
components. The traditional definition is as follows:

𝐾 (dB) = 10 log
10

𝜌
2

𝜎
2
, (7)

where 𝜌2 is the power of LOS component and 𝜎2 is the total
power of NLOS components [22]. It is assumed that the LOS
component is the first arrival of MPCs with the smallest
delay.Therefore, these two parameters 𝜌2 and 𝜎2 can be easily
calculated with the amplitudes of extracted MPCs in SAGE
algorithm. According to the definition, the broadband K-
factor is achieved.

Since K-factor is related to the probability of a fade of
certain depth, it is critical for improving the communication
quality. In traditional view, the high-speed problem can be
solved in some degree either through increasing the SNR by
2 dB or through increasing theK-factor by 6 dB [23]. ForHSR
scenario, the relationship between the K-factor and the T-R
distance is worth investigating for system designing.

The relationship between the K-factor and the T-R
distance is shown in Figure 8. It is obvious that there are
also 2 segments of measured K-factor. The fitting curve is
obtained by using the linear least square method in near and
far regions. In this figure, the breakpoint of fitting curvemight
be set as the calculated breakpoint with the T-R distance
of 1152m which is mentioned in the two-slope model of
Section 4.1 as well. The expression of the red fitting curve is
as follows:

𝐾 (dB) = {
5.10 − 0.0102𝑑, 𝑑 < 1152m,
−1.19 − 0.0004𝑑, 𝑑 ≥ 1152m.

(8)

In the near region, the phenomenon that median of
K-factor decreases linearly with increasing T-R distance is
verified as depicted in [21].The traditional explanation is that
the signal power decay is logarithmic with distance, and the
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Figure 8: K-factor in hilly terrain.

decreasing power of multipath components is much smaller
than the decreasing power of LOS one when the distance
increases. The standard deviation between the measured K-
factor andfitting curve is approximately limited to 3 dB. In the
far region, the values of the red fitting curve lie between −1.5
and −2.5 dB. It is indicated that K-factor suffers fluctuation
which is often estimated as a Gaussian variable [23] with
the mean value of −1.85 dB and the standard deviation of
5.05 dB. The K-factor value for 10%, 50%, and 90% points of
the cumulative distribution function (CDF) of the Ricean K-
factor in far region can be found in Table 4. From Table 4,
the K-factor values of 50% and 90% positions are lower than
−1.42 dB and 4.51 dB, respectively. The mean K-factor value
of all positions is −1.85 dB. Most of K-factor values are near
0 dB. There are also 10% of positions in far region with a K-
factor less than −9 dB.Thismeans that the power of LOS path
remains at a low level in themeasured route. Actually in some
cases, the LOS signal is not the strongest signal. These cases
include the impact of themain scattering objects and the long
distance transmission. The results are statistically significant.

This result of K-factor is different from the WINNER
II HSR result of measured K-factor. In WINNER II HSR
result, the K-factor is constant over the measured distance.
As Figure 8 indicates, theK-factor has its own special charac-
teristic in different positions of the hilly terrain scenario. For
example, the water pond which caused the strong specular
reflection in the T-R distance of about 600m is mentioned
once again. The K-factor has an extreme low value.

4.4. Comparison with Viaduct Scenario. Viaduct is another
typical scenario in HSR scenarios. Table 5 compares the
results of the channel fading parameters in viaduct scenario
and the results in hilly terrain scenario.The viaduct measure-
ment is conducted in the Beijing-Tianjin HSR by the Beijing
Jiaotong University with an EB CS radio channel sounder
Propsound at a frequency of 2.35GHz with 10MHz band
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width [4]. The second is the measured hilly terrain scenario
in this paper.

Although differences exist in measurement frequency
and other aspects, the comparison between two measure-
ments is still meaningful. In Table 5, the distinction of chan-
nel parameters between two scenarios is obvious. Compared
with the viaduct scenario, the measured path loss in hilly
terrain is divided into two parts with a breakpoint. The
path loss component of the first region in hilly terrain is
smaller than the value in viaduct, but the value of second
region in hilly terrain is larger than that in viaduct. Due
to the rapidly changing propagation environment along the
measured route, the standard deviation of shadow fading in
hilly terrain is larger than that in viaduct. The rich scattering
environment of hilly terrain also leads to smaller K-factor,
compared with viaduct. The difference of fading characteris-
tics between viaduct and hilly terrain indicates that the work
onHSR hilly terrainmeasurement andmodeling is necessary
for general applicability of HSR.

5. Conclusions

Through the use of the high-resolution SAGE algorithm in
HSR hilly terrain scenario, the statistical fading characteristic
of wireless channel parameters has been analyzed in this
paper. The HSR hilly terrain scenario is characterized by
an obvious LOS component, complex scattering propagation
environment, and rapid change of propagation condition due
to high speed. On the whole, our measurement results are
supported by the fact that the values of fading parameters are
changing with time or T-R distance.

In the analysis, the path loss, shadow fading, and K-
factor are investigated. Compared with the free space path
loss model, the measured path loss value in hilly terrain
scenario suffers greater decay and shows the property of
having a breakpoint distance as the WINNER HSR model
shows. The shadow fading is a parameter for describing the
slow fading characteristic. It is lognormal fitting and changed
with two turning points. As an important point of interest,
the autocorrelation of shadow fading is investigated. It is
exhibited that the mean value of decorrelation distance is
around 14m. But the value will rise up when the train gets
near to the huge reflectors. The K-factor as a fast fading
parameter is also influenced by the breakpoint distance.
Within the breakpoint distance,K-factor decreases as the T-R
distance increases. Beyond the break point distance, the value
of K-factor fluctuates dramatically. These results are com-
pared with the published results in viaduct scenario, and the
difference between viaduct and hilly terrain is summarized.
The results of this paper can be utilized to build a position-
based channel fading model and amend the existing channel
models for HSR hilly terrain scenario. And this is also hoped
to serve as a reference for future HSR communication system
design, evaluation, and improvement.
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This paper investigates the positive effect of severe Nakagami-m fading on the performance of multiuser transmit antenna
selection/maximal-ratio combining (TAS/MRC) systems with high selection gain. Both amount of fading (AF) and symbol error
rate (SER) of M-QAM are derived as closed-form expressions for integer m. For arbitrary m, the AF and the SER are expressible
as a single infinite series of Gamma function and Gauss hypergeometric function, respectively. The analytical results lead to the
following observations. First, the SER performance can demonstrate the positive effect of severe Nakagami-m fading on multiuser
TAS/MRC systems with high selection gain. Second, the AF performance only exhibits the negative impact of severe fading
regardless of high selection gain. Last, the benefit of severe fading to the system performance diminishes at high signal-to-noise
ratio (SNR).

1. Introduction

Multiple-input multiple-output (MIMO) communications
have been considered as suitable ways to improve the
performance of wireless communications. Various MIMO
transmission schemes have been developed to obtain a
high reliability through promised diversity gain and/or
high rate transmission via spatial multiplexing (SM) [1–
6]. Rectangular quadrature amplitude modulation (QAM) is
a general modulation technique which includes important
modulation schemes as particular cases, such as binary
phase-shift keying (BPSK), pulse amplitude modulation
(PAM), or square QAM. Although MIMO maximum-ratio
combining (MRC) systems under different conditions have
been investigated in the last few years, no results seem to
be available for the average symbol error rate (SER) of

rectangular QAM in noise-limited environments. In [7], an
expression for the bit error rate (BER) of rectangular QAM
is derived, yet the result is only valid for Gray code mapping,
and no expression for the average SER is provided.

More specifically, the diverse techniques of coherent
signal combining were developed depending on the specific
treatment of the combined signals’ phase and amplitude,
which are selection combining (SC), threshold combining,
equal-gain combining (EGC) and MRC, as summarized in
[8, 9]. Choosing a single transmit antenna, the one that
maximizes the total received signal power at the receiver,
can substantially reduce the transmitter’s hardware and
software complexity. Thus, the transmit antenna selection
(TAS) has occupied a considerable part of today’s com-
munication researches [10]. On the other hand, MRC
is an optimal diversity technique with a maximum SNR



2 International Journal of Antennas and Propagation

criterion. To retain the advantages of both TAS and MRC,
an integrated TAS scheme with MRC at the receiver, labeled
TAS/MRC, was proposed [11]. Besides the antenna diversity,
multiuser diversity (MUD) is also utilized to improve
performance in point-to-multipoint communication [12].
A proper scheduling algorithm is the key to gain the
MUD in the multiuser systems [12]. Moreover, multiuser
MIMO systems have recently attracted much attention as the
technology enhances the total system capacity by generating
a virtual large MIMO channel between a base station and
multiple terminal stations [13]. In [14], tight closed-form
expressions of outage performance were derived for the
multiuser MIMO systems in Rayleigh fading channels. The
analytical results demonstrate that users can be viewed
as equivalent “virtual” transmit antennas [15]. The pub-
lished papers are mainly focused on flat Rayleigh channels
[11, 14, 15]. The closed-form expressions for the average
symbol error rate of general rectangular QAM in MIMO
MRC systems over Rayleigh fading channels are derived
[16].

Via the m parameter, Nakagami model is able to
cover both severe and weak fadings, which includes the
Rayleigh fading (m = 1) as a special case. The Nakagami-
m distribution also can closely approximate the Hoyt
distribution and the Rice distribution [17]. Therefore, the
Nakagami-m channels are usually used to model land-
mobile, indoor mobile multipath propagation, as well as
scintillating ionospheric radio links [17]. The severity of
fading can be quantified by the amount of fading (AF)
[17]. In [18], a closed-form expression for the AF was
derived in a MIMO diversity system with space-time block
coding (STBC) in Nakagami-m fading channels. In this
paper, we derive the AF of multiuser TAS/MRC systems
as a closed-form expression in independent and identically
distributed (i.i.d.) Nakagami-m channels with a positive
integer m. For arbitrary m, the AF is expressible as a single
infinite series of Gamma function. The analytical results
show that the AF of multiuser TAS/MRC systems decreases
as m increases as expected. The positive effect of severe
fading, however, cannot be observed from the standpoint of
AF.

Performance analyses, including outage probability,
capacity, and symbol error rate (SER), were investigated for
the TAS/MRC systems in Nakagami-m fading channels in
[19–21]. The performance is improved with the increase of
m, that is, in weak fading channels [19–21]. However, the
tendency becomes totally different because the paper [22]
presented that the higher m causes a negative impact on
the capacity of multiuser MIMO systems. In this paper, the
performance of TAS/MRC system with MUD in Nakagami-
m fading channels is analyzed. We derive a simple closed-
form expression for the outage probability of multiuser
TAS/MRC systems. Moreover, a closed-form SER of M-ary
quadrature amplitude modulation (M-QAM) is also derived
when m is an integer. For arbitrary m, the SER of M-QAM is
expressible as a single infinite series of a Gauss hypergeomet-
ric function. The analytical results suggest that the effect of
severe fading on the performance becomes beneficial at high

selection gain, since a more scattering fading environment
enables the selection scheduler to arrange transmissions at
higher peaks of channel fading. Thus, the systems with high
selection gain perform better in severe fading than in weak
fading. However, the high signal-to-noise ratio (SNR) may
dilute the function of selection scheduler in transmitters.
All the derived expressions are verified by Monte Carlo
simulations.

2. Amount of Fading for Nakagami-m Models

We consider a TAS/MRC system with a base station serving
K users in the downlink. The best transmit antenna out of all
LT transmit candidates, which maximizes the postprocessing
SNR at the MRC output of LR received antennas, is selected
to transmit data for the corresponding user. The channels
between the transmit antennas and the users experience
fading paths which are modeled as i.i.d. Nakagami-m fading
channels. The probability density function (PDF) of the
instantaneous postprocessing SNR of MRC combiner output
for the kth user with respect to the ith transmit antenna is
given by

f
(
γi,k
) =
(
m

γ

)mLR γmLR−1
i,k

Γ(mLR)
exp

(

−mγi,k
γ

)

, (1)

where Γ(·) denotes the Gamma function and γ is the average
SNR per symbol per branch. Then, the corresponding
cumulative distribution function (CDF) denoted by F(γi,k)
leads to

F
(
γi,k
) =
∫ γi,k

0
f (x)dx = γ

(
mLR,

(
mγi,k/γ

))

Γ(mLR)
, (2)

where γ(y, z) is the incomplete Gamma function [23, equa-
tion (8.350.1)]. For MUD in the TAS/MRC scheme, which
is denoted as a (LT ,LR,K) multiuser TAS/MRC system, the
scheduler at BS collects the MRC output SNR of all users and
selects the target user according to the criterion

γ = max
i=1,2,...,LT
k=1,2,...,K

γi,k. (3)

Then, the selected PDF of effective postprocessing SNR in (3)
can be expressed as [19, equation (4)]

fI
(
γ
) = KLT

[
F
(
γ
)]KLT−1

f
(
γ
)

= KLT
[Γ(mLR)]KLT

(
m

γ

)mLR

γmLR−1

× exp

(

−mγ

γ

)[

γ

(

mLR,
mγ

γ

)]KLT−1

.

(4)

Integrating (4), we can obtain the CDF as

FI
(
γ
) = [F(γ)]KLT =

[
γ
(
mLR,

(
mγ/γ

))

Γ(mLR)

]KLT
. (5)
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From (3)–(5), one can see that the effective antenna selection
gain is KLT , since the users can be viewed as equivalent
virtual transmit antennas [15]. We propose an expansion
of the incomplete Gamma function in (4) by a series
development for γ

(
mLR,mγ/γ

)
, namely:

γ

(

mLR,
mγ

γ

)

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

exp

(

−mγ

γ

) ∞∑

n=0

Γ(mLR)(mγ/γ)n+mLR

Γ(mLR + n + 1)
,

real m ≥ 1
2

,

Γ(mLR)

⎡

⎣1− exp

(

−mγ

γ

)mLR−1∑

n=0

(mγ/γ)n

n!

⎤

⎦,

positive integer m.

(6)

Next, using (6), we may infer the expansion of [γ(mLR,
mγ/γ)]KLT−1 by the power series raised to powers [23,
equation (0.314)] as follows:

[

γ

(

mLR,
mγ

γ

)]KLT−1

=

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∞∑

n=0

αn

(
mγ

γ

)mLR(KLT−1)+n

× exp

(

−mγ(KLT − 1)
γ

)

,

real m ≥ 1
2

,

[Γ(mLR)]KLT−1
KLT−1∑

j=0

(
KLT − 1

j

)

(−1) j

× exp

(

− j
mγ

γ

) j(mLR−1)∑

n=0

βn

(
mγ

γ

)n

,

positive integer m,

(7)

where αn is the coefficient of (mγ/γ)mLR(KLT−1)+n in the
expansion of

⎧
⎨

⎩

∞∑

n=0

Γ(mLR)
(
mγ/γ

)mLR+n

Γ(mLR + 1 + n)

⎫
⎬

⎭

KLT−1

, (8)

and [19, equation (6)]

α0 =
(

1
mLR

)KLT−1

,

αn = Γ(mLR + 1)
n

n∑

z=1

zKLT − n

Γ(mLR + 1 + z)
αn−z, for n ≥ 1.

(9)

βn in (7) is the coefficient of (mγ/γ)n in the expansion of

{∑mLR−1
n=0 1/n!(mγ/γ)n} j , and [19, equation (9)]

β0=1, βn= 1
n

min(n,mLR−1)∑

k=1

k
(
j+1
)− n

k!
βn−k, for n≥1.

(10)

Thus, substituting (7) into (4), we can rewrite the PDF of the
multiuser TAS/MRC systems as

fI
(
γ
) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

KLT
[Γ(mLR)]KLT

∞∑

n=0

αn

(
m

γ

)mKLTLR+n

×γmKLTLR+n−1 exp

(

−KLT mγ

γ

)

,

real m ≥ 1
2

,

KLT
Γ(mLR)

KLT−1∑

j=0

(
KLT − 1

j

)

(−1) j

×
j(mLR−1)∑

n=0

βn

(
m

γ

)mLR+n

×γmLR+n−1 exp

(

−[ j + 1
]mγ

γ

)

,

positive integer m.

(11)

Similar to (11), the CDF of (5) can be expanded as

FI
(
γ
) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∞∑

n=0

ηn

(
mγ

γ

)mKLTLR+n

exp

(

−KLT mγ

γ

)

,

real m ≥ 1
2

KLT∑

j=0

(
KLT
j

)

(−1) j

×
j(mLR−1)∑

n=0

βn

(
mγ

γ

)n

exp

(

− j
mγ

γ

)

,

positive integer m,

(12)

where

η0 =
(

1
Γ(mLR + 1)

)KLT
,

ηn = Γ(mLR + 1)
n

n∑

z=1

z(KLT + 1)− n

Γ(mLR + 1 + z)
ηn−z, for n ≥ 1.

(13)

From (11), we can obtain the expectation and the second
moment of effective SNR γ by the following expressions [20,
equations (7), (8)]:

μγ =
(
γ/m
)

[Γ(mLR)]KLT

×
∞∑

n=0

αn
Γ(mKLTLR + n + 1)

LT
mKLTLR+n , real m ≥ 1

2
,

(14a)

μγ = KLT
(
γ/m
)

Γ(mLR)

KLT−1∑

j=0

(
KLT − 1

j

)

(−1) j

×
j(mLR−1)∑

n=0

βn
Γ(mLR + n + 1)
(
j + 1
)mLR+n+1 , positive integer m,

(14b)
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E
[
γ2] =

(
γ/m
)2

[Γ(mLR)]KLT

×
∞∑

n=0

αn
Γ(mKLTLR + n + 2)

LT
mKLTLR+n+1 , real m ≥ 1

2
,

(15a)

E
[
γ2] = KLT

(
γ/m
)2

Γ(mLR)

KLT−1∑

j=0

(
KLT − 1

j

)

(−1) j

×
j(mLR−1)∑

n=0

βn
Γ(mLR + n + 2)
(
j + 1
)mLR+n+2 , positive integer m.

(15b)

Using (14a), (14b), (15a), and (15b) yields the variance of the
effective system SNR:

σ2
γ = E

[
γ2]− μ2

γ. (16)

Accordingly, from (14a)–(16), the quantity of AF for the
multiuser TAS/MRC systems can be computed by

AF = σ2
γ

μ2
γ
. (17)

3. Performance Analysis:
Outage Probability and SER

The outage probability is defined as the probability that the
instantaneous capacity is less than a given capacity C [19],
that is:

Pout(C, SNR) = Pr
{

log2

[
1 + SNR

(
γ
)]

< C
}

= Pr
{

SNR <
(

2C − 1
)}

.
(18)

Then, in light of the CDF in (5), we can express the outage
probability for the multiuser TAS/MRC systems as

Pout(C, SNR) = FI
(

2C − 1
)

=
[
γ
(
mLR,

((
2C − 1

)
m
)
/γ
)

Γ(mLR)

]KLT
.

(19)

On the other hand, the SER for M-QAM is given by [24,
equation (31)]

PQAM
(
γ
) = aQ

(√
bγ
)
− cQ2

(√
bγ
)

, (20)

where Q(x) = (
√

2π)
−1 ∫∞

x exp(−z2/2)dz is the Gaus-
sian Q-function, (a, b, c) = (4(

√
M − 1)/

√
M, 3/(M −

1), 4(
√
M − 1)

2
/M). Then, the derivative of (20) is [24,

equation (32)]

P′QAM

(
γ
) = (c − a)

√
b

8 π γ
e−bγ/2

− cb

2π
e−bγ1F1

(

1;
3
2

;
bγ

2

)

,

(21)

where 1F1(· ; · ; ·) is the confluent hypergeometric func-
tion [23, equation (9.210.2)].

Using the integral-by-parts method, the average SER in
fading channels is given by

PSER =
∫ ∞

0
fI
(
γ
)
PQAM

(
γ
)
dγ = −

∫ ∞

0
FI
(
γ
)
P′QAM

(
γ
)
dγ.

(22)

Substituting (12) and (21) into (22), we obtain the SER for
M-QAM for real m ≥ 1/2 as

PSER = 1
2

∞∑

n=0

ηn ·
(
m

γ

)mKLTLR+n

×
⎧
⎨

⎩

√
b

2π
(a− c)Γ(mKLTLR + n + 0.5)
(
mKLT/γ + b/2

)mKLTLR+n+0.5

+
bc

π

Γ(mKLTLR + n + 1)
(
mKLT/γ + b

)mKLTLR+n+1

× 2F1

(

mKLTLR + n + 1, 1;
3
2

;

b

2
(
mKLT/γ + b

)

)⎫⎬

⎭,

real m ≥ 1
2

,

(23)

where we have used the relation [23, equation (7.621.4)]

∫ ∞

0
exp(−st)td−1

1F1
(
f ; g; kt

)
dt

= Γ(d)
sd

2F1

(
f ,d; g;

k

s

) (24)

and 2F1(· , · ; ·) is the Gauss hypergeometric function [23,
equation (9.14.1)]. Similarly, while the fading parameter m is
a positive integer, we obtain a closed form as

PSER = 1
2

KLT∑

j=0

(
KLT
j

)

(−1) j
j(mLR−1)∑

n=0

βn ·
(
m

γ

)n

×
⎧
⎨

⎩

√
b

2π
(a− c)Γ(n + 0.5)
(
mj/γ + b/2

)n+0.5 +
bc

π

Γ(n + 1)
(
mj/γ + b

)n+1

×2F1

(

1,n + 1;
3
2

;
b

2
(
mj/γ + b

)

)}

,

positive integer m.
(25)

4. Numerical and Simulation Results

In this section, we use the MATLAB software to present
the numerical and simulation results of performance. The
Nakagami-m samples are generated by the square root of
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Figure 1: The amount of fading (AF) of multiuser TAS/MRC
systems against the selection gain KLT in various Nakagami-m
fading channels when LR = 2 and γ = 0 dB.
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Figure 2: Outage probability against the capacity for both low and
high selection gains when LR = 2 and γ = 0 dB.

Gamma distributed samples (i.e., the gamrnd(·) MATLAB
function) [25]. The outage probability and the SER were
simulated by the ratios when 104 outages and 104 symbol
errors occurred, respectively. All the simulations, marked
by the “×” symbols, agree closely with the analytic curves,
validating the theoretical derivation. The number of received
antenna LR is chosen as 2 in all scenarios.

Figure 1 depicts the AF of the multiuser TAS/MRC
systems against the selection gain KLT in various Nakagami-
m fading channels. The curves with γ = 0 dB are plotted,
using (14a) and (15a) for m = 0.5 by truncating the infinite
series to 50 terms. It can be seen that the AF decreases as m
increases; even the selection gain increases from 4 to 16. In
other words, the fading index AF can quantify the severity
of channel fading. For the high selection gain, however,
the benefit of severe fading cannot be exhibited from
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the tendency of AF. Figure 2 shows the outage probability
with γ = 0 dB against the capacity for both low and high
selection gains. The outage probability with the low selection
gain (KLT = 2) mostly performs better for the higher values
of m, except that the outage probability already exceeds
about 50%. On the other hand, the positive effect of severe
fading on the performance is clearly demonstrated at the
high selection gain (KLT = 16). It is worth noting that
the advantage of severe fading occurs in the outage range
of practical interest. For example, the outage probability
exceeds about 3 × 10−3 when the capacity is required
larger than about 1.7 bps/Hz. The positive effect is further
illustrated by the PDF values using (11) when γ = 0 dB in
Figure 3. As the selection gain increases from 2 to 16, the PDF
values for m = 0.5 shift to right much more than those for
m = 3. In the severe fading channel, indeed, the selection
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gain boosts the probability to distribute the PDF values over
a higher instantaneous SNR region and hence demonstrates
the positive effect.

In Figure 4, the SERs are plotted for the considered
systems with 16-QAM in various fading channels. The SER
for m = 0.5 is evaluated by (23) with truncation (50 terms)
for the infinite series. As expected, the SER performs better
in the weak fading channels at low selection gain. However,
the tendency becomes contrary for the SERs at high selection
gain. It can be seen that the SER for m = 0.5 performs best
until γ is higher than about 15 dB, and the SER is smaller than
the order of 10−5. Obviously, the signal with high SNR will
dilute the character of severe fading even at high selection
gain.

5. Conclusions

In general, system performance behaves better in weak
fading channels than in severe fading channels. This paper
presents a positive impact of severe Nakagami-m fading on
the performance of multiuser TAS/MRC systems with high
selection gain. The scheduler with high selection gain is the
key to arrange the transmission at higher peaks in a more
scattering fading channel. Two performance indexes, AF and
SER of M-QAM, are derived as closed-form expressions for
integerm. For arbitrarym, the AF and the SER are expressible
as a single infinite series of Gamma function and Gauss
hypergeometric function, respectively. Although the AF is
unable to illustrate the benefit of severe fading, from the
analytical and numerical results, we validate the favorable
effect from the results of PDF, outage probability and SER,
occurring in the range of practical interest.
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Most of previous studies on diversity gains and capacities of multiantenna systems assumed independent and identically
distributed (i.i.d.) Gaussian noises. There are a few studies about the noise correlation effects on diversity gains or MIMO
capacities, however, by simulations only. In this paper, the maximum ratio combining (MRC) diversity gain and multiple-input
multiple-output (MIMO) capacity including correlated noises are presented. Based on the derived formulas, measurements in a
reverberation chamber are performed for the first time to observe the effect of noise correlations on diversity gains and MIMO
capacities.

1. Introduction

Diversity techniques are used to mitigate fading effects in
wireless multipath environments to offer better communica-
tion reliability; the multiple-input multiple-output (MIMO)
multiplexing, on the other hand, makes use of the scattering
property to provide higher communication data rates. Since
both the (spatial) diversity and multiplexing in mobile
communications involve multiport antennas, the diversity
gain and ergodic MIMO capacity become two common
parameters for characterization of multiport antennas. This
paper focuses on the maximum ratio combining (MRC)
diversity gain and the ergodic MIMO capacity. We assume
perfect channel sate information (CSI) at receive side but no
CSI at transmit side throughout this paper.

MRC diversity gains and MIMO capacities of multi-
port antennas have been measured in real-life (outdoor
and indoor) multipath environments [1–4]. These studies
provide valuable empirical results for various representative
environments. However, real-life measurements are usually
time-consuming and costly. The diversity gain of a multiport
antenna can also be evaluated based on anechoic chamber
measurements [5]. However, the full radiation pattern
measurement is also time-consuming. As an alternative, the

reverberation chamber is getting more and more popularity
for MIMO terminal characterization (and even system tests)
due to its fast and repeatable measurements [6–14]. A
reverberation chamber is basically a large metal cavity with
mode-stirrers inside to create a Rayleigh-fading environment
[15].

While most of the previous works assumed independent,
identically distributed (i.i.d.) noises, it was pointed out
in [16, 17] that the antenna mutual coupling, apart from
affecting spatial correlations of received signals, causes noise
correlations which, in turn, affect diversity gains and MIMO
capacities. However, these studies were carried out by
simulations only, and there is so far no measurement for
noise correlation effects on either diversity gains or MIMO
capacities.

The main purpose of this paper is to study and observe
the effects of correlated noises on diversity gains and MIMO
capacities by measurements in a reverberation chamber. For-
mulations of the diversity gain and MIMO capacity including
noise correlations (using the noise prewhitening concept)
are given in Section 2. The measurements and results are
discussed in Section 3, where great care is exerted in choosing
appropriate frequency step and frequency stirring bandwidth
in order to have accurate measurement results. This paper
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is particularly useful for over-the-air (OTA) measurements
using reverberation chambers.

2. Theory

Unlike that in [16] where an open-circuit channel concept
was used, in the paper, we deal with composite channels
including overall antenna effects (i.e., spatial correlation,
mutual coupling, and antenna efficiencies) directly, which
are more convenient for measured channels [1–14]. Provided
that mutual coupling effects can be included correctly using
antenna impedance matrices and with the right channel
normalization, the open-circuit channel approach gives the
same result as the composite channel (including overall
antenna effect) approach [4]. In the paper, the MRC diversity
gain is presented using the noise prewhitening concept based
on [18]. A similar approach is used in the presentation of the
MIMO capacity, yet the formulation is rather simple thanks
to the well-known MIMO capacity work [19].

2.1. MRC Diversity Gain. Considering a narrowband N-
port diversity antenna in a Rayleigh-fading environment, the
input-output relation is

y = hx + n, (1)

where h is the composite fading channel vector including
overall antenna effect, x is the complex baseband scalar
input signal, y is the complex baseband output signal, and
n is the noise vector. Without specifications, vectors in this
paper (e.g., h, y, n) are column vectors. Note that this
composite channel model is almost the same as the open-
circuit one except that signals are measured with the antenna
ports terminated with matched loads instead of open-
circuited. In this exhibition, the mutual coupling effect is
implicitly included via the composite channel h. To illustrate
the equivalence of the open-circuit and composite channel
model, we resort to numerical simulations using both models
(see Appendix A).

The covariance matrix of the diversity antenna is

R = E
[

hhH
]

, (2)

where the superscript H is the Hermitian operator, and E
is the expectation operator that is usually approximated
by sample mean of channel realizations. Note that in a
Rayleigh-fading channel, correlation and covariance are used
interchangeably, and that in rich scattering environments R
is nonsingular. The instantaneous MRC output power is

PMRC = hHh. (3)

Previous literature assumed i.i.d. Gaussian noises with
unity variance, that is, n∼CN(0, I) where I denotes identity
matrix, so that PMRC was equal (in value) to the instan-
taneous signal-to-noise ratio (SNR), denoted as γ [18].
However, for compact multiport antennas, the antenna
mutual coupling colors the noises in different antenna

branches, so that n∼CN(0, Rn). Therefore, y needs noise
prewhitening prior to further signal processing [20]:

y′ = R−1/2
n y = R−1/2

n hx + R−1/2
n n, (4)

where y′ is the prewhitened output signals together with
spatially white (unity variance) noises to be combined by
MRC. Therefore, the instantaneous SNR is

γ =
(

R−1/2
n h

)H(
R−1/2
n h

)
= hHR−1

n h (5)

and the covariance matrix of the prewhitened signals is

R′ = E
[(

R−1/2
n h

)(
R−1/2
n h

)H] = R−1/2
n R

(
R−1/2
n

)H
. (6)

The characteristic function of the MRC output is [21]

φ(z) = E
[
exp

(
jzγ
)] = 1

det(I + zR′)

= 1
det
(

I + zR−1
n R

) .

(7)

Denote λi (i = 1, . . . ,N) as the ith eigenvalue of R′ (or
equivalently R−1

n R). The probability density function (PDF)
of γ is inverse Fourier transform of φ(z),

p
(
γ
) = 1

∏
iλi

∑

i

exp
(−γ/λi

)

∏
k /= i((1/λk)− (1/λi))

. (8)

The cumulative distribution function (CDF) of γ is,

F
(
γ
) = 1−

N∑

i=1

λN−1
i exp

(−γ/λi
)

∏N
k /= i(λi − λk)

. (9)

For a theoretically ideal case (where a multiport antenna
is power-balanced and has zero correlations and no mutual
coupling among all branches), all eigenvalues are equal to
each other, neither (8) nor (9) is valid anymore due to
singularity. For such cases (8) and (9) must be replaced by
(10) and (11), respectively [22]

p
(
γ
) = 1

(N − 1)!
γN−1

λ
exp

(
−γ

λ

)
, (10)

F
(
γ
) = 1− exp

(
−γ

λ

) N∑

i=1

(
γ/λ
)i−1

(i− 1)!
. (11)

Note that the CDF formula (9) is almost identical to the one
given in [18] except that λi are eigenvalues of R−1

n R instead of
R. This CDF formula is also only valid for multiport antennas
with distinct eigenvalues because of its singularity (when any
two eigenvalues are equal). Thus one tends to believe that (9)
will result in large numerical error when two eigenvalues are
close to each other. However, it is has been shown in [7] that
(9) does not have large numerical error when the estimated
eigenvalues from measurements are close to each other, and
therefore holds for practical measurements. Equation (9) will
be used in this paper hereafter.
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The effective diversity gain is defined as the output SNR
improvement of a diversity antenna compared with that of
an ideal single antenna at 1% outage probability level [22],

Geff = F−1
(
γ
)

F−1
ref

(
γ
)

∣
∣∣
∣
∣

1%

, (12)

where (·)−1 denotes functional inversion, Fref is the CDF of a
single ideal antenna,

Fref
(
γ
) = 1− exp

(−γ). (13)

2.2. MIMO Capacity. Considering a narrowband MIMO
system with Nt transmit antennas and Nr receive antennas
in a flat Rayleigh-fading environment, the input-output
relation can be modeled as

y = Hx + n, (14)

where H is complex fading channel matrix including overall
antenna effects, and x is complex baseband transmit signal
vector. Similarly, due to mutually coupled noise, the noise
prewhitening needs to be performed to y,

y′ = R−1/2
n y = R−1/2

n Hx + R−1/2
n n, (15)

so that the classical MIMO capacity formula given by [19]
holds.

Since there is no CSI at transmit side, the transmit
power is assumed to be equally allocated to the Nt transmit
antennas, the ergodic capacity in this case is [19]

C = E
{

log2

[
det
(

I +
γ

Nt

(
R−1/2
n H

)(
R−1/2
n H

)H)]}

= E
{

log2

[
det
(

I +
γ

Nt
R−1
n HHH

)]}
.

(16)

2.3. Mutual Coupling on Noises. The mutual coupling effect
on noises was studied in [16] for a MIMO system, which
is also applicable for diversity antennas. For the sake
of completeness, we briefly include the derivation here.
Assuming that each antenna port is terminated separately,
the spectral density of total thermal noise matrix is

Pn
(
f
) = 1

2

(
YL + Y∗L

)
vnvH

n , (17)

where YL is the diagonal admittance matrix of the loads and
vn is thermal noise voltage. Based on simple circuit theory,
we have

vnvH
n = 2kTY−1

A

(
YA + Y∗A

)(
Y−1
A

)H
,

YA = YR + YL,
(18)

where k is Boltzmann’s constant, T is the absolute tempera-
ture, and YR is the admittance matrix of the receive antennas.
For a narrowband system, the normalized noise covariance
matrix is

Rn = Pn
(
f
)

Pn
(
f
) , (19)

where Pn(f ) is the noise spectral density of an isolated
antenna. Note that the exact values of k, T and actual system
bandwidth do not matter for Rn since they are all cancelled
out by the normalization (19). In order to illustrate the
mutual coupling effect on noise correlation, we resort to
numerical simulations presented in Appendix B, where it is
shown that the mutual coupling effect on noise correlation is
more profound with small antenna separation.

3. Measurements and Results

To study noise coupling effects on diversity gains and MIMO
capacities, we performed measurements of the so-called
Eleven antenna (a wideband log-periodic array working from
2 to 13 GHz as shown in Figure 1) [23], in a reverberation
chamber. In this case, the wideband array has to be regarded
as many narrowband antennas working at different frequen-
cies. Therefore, the wideband measurement is regarded as
many separate narrowband measurements for many virtual
narrowband antennas operating at different frequencies.

3.1. Measurement of Channel Samples. The chamber used
in this work is the Bluetest HP reverberation chamber with
a size of 1.75 × 1.25 × 1.8 m3. It has two plate stirrers,
a turn-table platform, and three wall antennas (antennas
mounted on three orthogonal walls inside the chamber) (see
Figure 2). In the measurements, the platform moved step-
wisely to 20 positions (equally spaced over one complete
platform rotation) and for each platform position the two
plates moved step-wisely and simultaneously to 10 positions
(equally spaced over the total distances that they could
travel). At each stirrer position and for each of the three wall
antennas, the vector network analyzer (VNA) performed a
frequency sweeping to sample the channel transfer functions
over frequency. The VNA used in this work is Agilent
E5071C ENA series network analyzer working from 100 kHz
to 8.5 GHz. We therefore chose a measuring frequency range
of 2–8 GHz. The frequency step was set to 1 MHz (for a
reason that will become clear later). Since the maximum
sweep point of this VNA is 1601, we have to divide the whole
frequency band into four subbands, that is, 2–3.5 GHz, 3.5–
5 GHz, 5–6.5 GHz, and 6.5–8 GHz.

For diversity measurements, the Eleven antenna is
regarded as the diversity antenna under test, and channels
corresponding to the three wall antennas are considered as
the same random process. Therefore, there are 600 channel
samples per frequency point for the diversity evaluation.
For capacity measurements, the Eleven antenna is regarded
as receive MIMO antenna under test, and the three wall
antennas are regarded as three transmit antennas. Therefore,
there are 200 MIMO channel samples per frequency point
for the capacity evaluation. In both cases, the measured
channel samples may not be sufficient to support accurate
estimations. A simple way to increase channel samples is
to treat channel samples at different frequencies as different
channel realizations. This methodology has been used in
[2] for real-life multipath measurements. In a reverbera-
tion chamber, it is usually referred to as the frequency
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Figure 2: Drawing of Bluetest reverberation chamber measuring a two-port antenna.

stirring or electronic stirring [24]. However, the frequency
stirring bandwidth has to be carefully chosen so that more
equivalently independent samples can be included without
changing the channel statistics. The coherence bandwidth of
the channel is around 1-2 MHz [25], while the stationarity
bandwidth is larger than 20 MHz (see [8] and the references
therein). In practice, the antenna bandwidth also affects the
channel characteristics, since the composite channel includes
the antennas. Hence, the frequency stirring bandwidth
should be larger than coherence bandwidth but smaller

than stationarity bandwidth and antenna bandwidth. The
Eleven antenna has reflection coefficients below −10 dB
over its working frequency range [23]. As a result, an
empirical frequency stirring bandwidth of 20 MHz is chosen.
At this point, the choice of 1-MHz frequency step starts
to make sense in that a larger frequency step will degrade
the frequency resolution and a smaller one will result
in spectrally correlated channel samples (which in turn
makes the frequency stirring less effective). As a result,
there are 12000 channel samples per frequency for diversity
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evaluations and 4000 channel samples per frequency for
capacity evaluations.

In order to calibrate out the long-term fading (or
attenuation) in the chamber (so that only short-term fading
comes into play), a reference measurement is needed, where
the average power transfer function is measured using a
reference antenna with known total radiation efficiency.
The reference power level, Pref, is obtained by dividing the
average power function by the total radiation efficiency of
the reference antenna. The measured channel vector hmeas

(for diversity evaluations) and channel matrix Hmeas (for

capacity evaluations) are functions of frequency (or virtual
narrowband antenna) and stirrer position. For convenience,
the normalized measured channel vector and matrix are
denoted, respectively, as

h = hmeas√
Pref

, H = Hmeas√
Pref

. (20)

Due to the strong scattering inside the chamber, line-
of-sight (LOS) components usually have much smaller
power level as scattered components. Therefore, h and H
in (20) can be considered as zero mean vector and matrix,
respectively. Note that the total radiation efficiencies of the
wall antennas are also calibrated out by (20). Since the wall
antennas are separated sufficiently far from each other (at
least 7∼8 wavelength spacing at the lowest frequency) and
orthogonally polarized, their correlations are negligible [26].
Therefore, the Eleven antenna’s effects on diversity gains
and MIMO capacities without the effects of the transmit
antennas can be examined by the measurement setup and
normalization (20) (cf. semicorrelation configurations in
[27]).

3.2. Measurement of Correlated Noises. In order to calculate
the correlated noises, we have to know the admittance
(or impedance) matrix of the Eleven antenna. Note that
the derivation in Section 2.3 holds for lossless multiport
antennas only. Fortunately, the Eleven antenna itself has
a negligible ohmic loss (below 0.3 dB over the working
frequency range) [23]. The 180◦ hybrids (see Figure 1),
however, have insertion losses between 1.4 dB at 2 GHz and
3 dB at 8 GHz. In order to calibrate the hybrid losses, we
measured S-parameters of the Eleven antenna at the four
ports, port1–port4 (see Figure 1) (without the 180◦ hybrids)
in an anechoic chamber. These measured S-parameters were
combined using two ideal lossless 180◦ hybrids to obtain S-
parameters at “lossless” ports P1′ and P2′. These “lossless”
S-parameters are converted to Y-parameters by

ZR = Z0(I + SR)(I− SR)−1, YR = Z−1
R , (21)

where SR is S-parameter matrix, ZR (YR) is the impedance
(admittance) matrix of the Eleven antenna, and Z0 =
50 ohm. Assuming 50-ohm impedance termination at
antenna ports, YL = I/Z0. Substitute these into (17)–(19),
the noise covariance matrix Rn can be calculated.

3.3. Measurement Results. With known Rn and measured
channel samples, MRC diversity gains and MIMO ergodic
capacities can be readily calculated using the formulas
derived in Section 2. Figure 3 shows the measured effec-
tive diversity gains with/without noise coupling (i.e., iso-
lated/correlated noise). It is seen that the correlated noises
alter the effective diversity gains at some frequencies (corre-
sponding to some virtual narrowband antennas) compared
with that of the isolated noise case. Figure 4 shows the
measured ergodic capacity with/without noise coupling (i.e.,
isolated/correlated noise). Similarly, it is found that the
correlated noises affect ergodic capacities for some virtual
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narrowband antennas at different frequencies. The ideal
diversity gains and ergodic capacities with i.i.d. channel are
also plotted, respectively, in Figures 3 and 4 (marked as i.i.d.
limits) for comparisons. Note that the i.i.d. limit for ergodic
capacities were estimated by the sample mean of mutual
information realizations corresponding to 4000 numerically
generated i.i.d. Rayleigh-fading channel realizations, while
the exact i.i.d. limit for effective diversity gains was calculated
analytically using (11)–(13).

There are many factors affecting diversity gain and capac-
ity; however, the “isolated noise” curves in Figures 3 and 4
represent, respectively, the diversity gain and capacity taking
into account all the factors except the noise correlation,
while the corresponding “correlated noise” curves represent
the diversity gain or capacity with all factors including the
noise correlation. Therefore, the difference between these
two curves is only due to the effect of noise correlation.
To clearly illustrate the noise correlation effect on either
diversity gain or capacity, we plot the diversity gain and
capacity differences (or errors) between “correlated noise”
and “isolated noise” cases (in percentage by dividing the
differences with the corresponding “correlated noise” value)
in Figure 5.

The correlation magnitudes, ρ, of the two-port Eleven
antenna can be estimated by

ρ̂ =
∣
∣
∣
[

R̂
]

12

∣
∣
∣, R̂ = 1

MNt

M∑

m=1

HmHH
m, (22)

where Hm denotes the mth sample of normalized channel
H, M = 4000 is the number of samples, and Nt = 3 is
the number of wall antennas. Figure 6 shows the correlation
magnitudes of the virtual narrowband antennas working
at different frequencies. Comparing Figure 5 with Figure 6,
it is found that diversity gains (and ergodic capacities)
with isolated noises are very close to those with correlated
noises at frequencies where correlation magnitudes are
smaller than 0.2; otherwise, there are noticeable deviations
between them and these deviations tend to increase with
increasing correlations. In other words, for virtual nar-
rowband multiport antennas with small correlations, it is
a good approximation by assuming i.i.d. Gaussian noise,
otherwise noise correlations need to be considered in order
to get accurate diversity gains and/or ergodic capacities.
This observation agrees with the noise power simulation in
Appendix B, where it is shown that noise correlation can
be neglected when the mutual coupling (or correlation)
between the antenna ports is negligible.

This finding verifies the simulation results in [16], where
it was shown that the noise correlation has noticeable
effect on capacity when parallel half-wavelength dipoles
are closer than 0.3 wavelengths, while the parallel half-
wavelength dipoles’ correlation magnitude is larger than 0.2
when dipole separation is smaller than 0.3 wavelengths in
a three-dimensional isotropic-scattering environment [28],
for example, a reverberation chamber [29].

4. Conclusion

Most of previous diversity and MIMO studies assumed i.i.d.
noises in antenna branches. There are only a few works
studying the effects of noise correlations on diversity gains
and MIMO capacity [16, 17], but these studies were carried
out by simulations only. In this paper, the noise correlation
effects on diversity gains and capacities are formulated
using the noise prewhitening concept and the computational
robustness of the derived MRC CDF was proved rigorously.
The effects of correlated noises on MRC diversity gains and
MIMO ergodic capacities were studied via reverberation
chamber measurements, where a great care is exerted in
choosing the measurement frequency step and frequency
stirring bandwidth in order to have accurate measurement
results. It was shown that, only for multiport antennas
with very small correlations, the noise correlation effects on
diversity gains (capacities) can be neglected. Otherwise, it
should be taken into account for accurate diversity (capacity)
measurements.

Appendices

A. Open-Circuit and Composite Channel Model

From the circuit theory, a MIMO system can be expressed
using the open-circuit channel model as [17]

[
vT
vR

]

=
[

ZT 0
Hoc ZR

][
iT
iR

]

, (A.1)

where ZT , iT , and vT are impedance matrix, current and
voltage vectors at the transmitter, respectively; and ZR,
iR, and vR are impedance matrix, current and voltage
vectors at the receiver, respectively; 0 is zero matrix with
proper dimensions, Hoc is channel matrix corresponding
to open-circuited antennas at both MIMO sides. Note that
for notation simplicity and without loss of generality, the
additive noises are omitted for the time being, while the
noises can be easily included using similar SNR concept as
the one used in Section 2.2.1. Based on simple circuit theory,
the transmit and receive voltage vectors can be expressed,
respectively, as

vT = ZT(ZT + Zs)
−1vs, vR = −ZLiR, (A.2)

where vs is source voltage vector, Zs and ZL are source
and load impedance matrices, respectively. For coupled
impedance matching, both Zs and ZL are full matrices,
whereas for uncoupled impedance matching, Zs and ZL are
diagonal matrices. vR is related to vT as

vR = ZL(ZL + ZR)−1Hoc(ZT + Zs)
−1vs. (A.3)

The factor ZL(ZL + ZR)−1Hoc(ZT + Zs)
−1 is voltage transfer

function. To relate the Z-parameter model (A.3) to the
information-theoretic input-output relation, y = Heffx, the
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Figure 5: Errors of effective diversity gain and ergodic capacities (at 15-dB SNR) of the two-port Eleven antenna due to noise correlation.

voltage transfer function has to be properly normalized such
that the received power satisfies

E
{

tr
[

Re
(

ZLiRiHR
)]}

= E
[

tr
(

yyH
)]

= E
[

tr
(

HeffKxHH
eff

)]
,

(A.4)

where Kx = INtPT/Nt is covariance matrix of transmit
signals. The total radiated power is PT = E{tr[Re(ZT iT iHT )]}.
The effective channel can be written as

Heff =
√
Nt Re (Z)1/2

L (ZL + ZR)−1Hoc Re (Z)−1/2
T . (A.5)

Accordingly, the effective channel should be normalized to
the average channel gain of a SISO system with antennas at
both sides conjugate matched, that is, zL = z∗R and zs = z∗T
where superscript ∗ is conjugate operator, zT and zR are
antenna transmit and receive impedance, respectively, and
zL and zs are load and source impedances at transmit and

receive sides, respectively. It is easy to derive the effective
SISO channel, that is, heff, as

heff =
√

Nt

rRrT

h

2
, (A.6)

where rT = Re{zT}, rR = Re{zR}, and E[|h|2] = 1. Dividing
Heff with

√
E[|heff|2], the normalized MIMO channel that

includes overall antenna effect is

H = 2
√
rRrTreal(Z)1/2

L (ZL + ZR)−1Hocreal(Z)−1/2
T , (A.7)

where Hoc = Φoc,1/2
R HwΦ

oc,1/2
T , with Φoc

R and Φoc
R denoting

the open-circuit correlation matrix. In order to compare the
open-circuit channel model (A.7) with composite channel
model, we have to construct the correlation matrix of the
signals at the loaded antenna ports (that takes the overall
antenna effect, including mutual coupling, into account)

R = Ξ ◦Φ, Ξ = √e
√

eT ,

[Φ]mn =
∫∫

4πgH
m(Ω)Pinc(Ω)gn(Ω)dΩ

√∫∫
4πgH

m(Ω)Pinc(Ω)gm(Ω)dΩ · ∫∫ 4πgH
n (Ω)Pinc(Ω)gn(Ω)dΩ

,
(A.8)

where gi (i = 1, . . . ,N) is the embedded far-field function
vector (with elements representing components for different
polarizations) at the ith loaded antenna port, and Pinc is
dyadic power angular spectrum of the incident waves, e =
[eemb1 eemb2 . . . eembN ]T , ◦ denotes entry-wise product,
the superscript T denotes the transpose operator, and √ is
entry-wise square root. Note that in a polarization-balanced
isotropic reverberation chamber, Pinc(Ω) = I. Also note
that the transmitting or receiving dependence has been
dropped in the expression for notional convenience. The
composite channel (including the overall antenna effect) can
be expressed as

H = R1/2
R HwR1/2

T . (A.9)

For simplicity, we use two parallel half-wavelength dipoles
as an example. The dipole antennas are used as receive

antennas, and two ideal antennas are used at the transmit
side. The open-circuit and embedded radiation patterns can
be expressed, respectively, as

�Gi
(
θ,φ

) = −θ̂ 2Ckη cos(π/2 cos θ)
k sin θ

exp
(
jk
di
2

sin θ sinφ
)

,

�Gemb,1
(
θ,φ

) = �G1
(
θ,φ

)
I1 + �G2

(
θ,φ

)
I2,

�Gemb,2
(
θ,φ

) = �G1
(
θ,φ

)
I2 + �G2

(
θ,φ

)
I1,

(A.10)

where i = 1, 2, d1 =−d, d2 = d,Ck = − jk/4π, and η is the free-
space wave impedance. From simple circuit theory, when the
excitation current at the port 1 is unity, that is, I1 = 1,
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I2 = −Z12/(Z11 + Zs). The embedded radiation efficiencies
can therefore be calculated as

eemb, j =
⎛

⎝1−
∣
∣∣
∣
∣

zin, j − z∗L, j j

zin, j + zL, j j

∣
∣∣
∣
∣

2
⎞

⎠

⎛

⎜
⎝1− rL, j j

∑
i=1,i /= j |Ii|2

Re
{
zin, j

}∣∣
∣I j
∣
∣
∣

2

⎞

⎟
⎠,

zin, j = zj +
1
I j

∑

i=1,i /= j

z jiIi.

(A.11)

The analytical expressions for the self- and mutual-
impedances of the parallel dipoles can be found in [30].
Figure 7 shows the ergodic capacities (as functions of dipole
separation) in an isotropic scattering environment at 13-
dB SNR with 50-ohm loads using both open-circuit and
composite channel model. As expected, both models result
in the same capacity values.

B. Mutual Coupling Effect on Noise Correlation

In order to illustrate the mutual coupling effect on noise
correlations, we resort to simulations again using the exam-
ple of two parallel half-wavelength dipoles. As explained in
Appendix A, the impedance matrix of the parallel dipoles
is given in [30]. Substitute the impedance (or equivalently
admittance) matrix into (17)–(19), the noise correlation
matrix Rn can be calculated. Since the two dipole antennas
are identical, the noise power is simply [Rn]11. Figure 8
calculates the noise power as a function of dipole separation
with/without the mutual coupling effect (i.e., correlated
noise and isolated noise), where isolated noise is obtained
simply by assuming a pair of uncoupled parallel dipoles
(with a diagonal impedance matrix). It can be seen from
Figure 8 that due to mutual coupling affect the noise power
is not white anymore and that it approaches the white noise
(i.i.d. noise) asymptotically as dipole separation increases
(i.e., as the mutual coupling effect becomes negligible). This
observation implies that the noises at different antenna
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ports can be approximately treated as uncorrelated when the
separation is small.
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An array of monopole antennas over a ground plane that radiates a directive lobe in the end-fire direction are described in this
paper. The design uses the rigorous method described by Drouet et al. 2008 in order to synthesize the radiation through the
strong cumulative coupling between the monopoles. A gain higher than 20 dB was achieved in the end-fire direction over a 4.5%
bandwidth. However, the antenna has been tilted in order to compensate the beam deviation caused by the edge diffraction. A
prototype with 12 elements has been manufactured in order to validate the antenna principle and the whole antenna is successfully
measured. The prototype was studied with the software CST-Microwave Studio and the feed network has been designed with
Agilent ADS.

1. Introduction

This paper deals with the design of the vehicular antenna
that must satisfy some particular requirements. Firstly, this
antenna has to be integrated on the roof that induces a low-
profile antenna working over a ground plane. Secondly, an
end-fire antenna which radiates toward the horizon must
be used to communicate with the base stations. Finally, the
antenna gain must be high in order to reduce the number of
base stations. The design of an antenna that satisfies all these
specifications is very difficult to perform.

Linear monopole arrays are extensively used in many
antenna systems due to their simplicity, low cost, polar-
ization purity, reasonable bandwidth, and power-handling
capability [1]. However, the strong mutual coupling between
neighbored antenna elements also results in radiation pat-
terns and matching degradations. The feed network can also
be directly affected. It has been theoretically demonstrated
that mutual coupling effects on radiation patterns can be
reduced with appropriate loads [2–5].

The aim of this paper is to design a linear array
of monopoles by managing the coupling. Moreover, the
antenna design must be robust and easy to manufacture in

order to be integrated on a vehicle roof, and, thus, to undergo
outdoor conditions such as rain and wind.

In the first part, the global design method will be
briefly explained. Then, the principle, the design, and the
performances of a linear array of 12 monopoles will be given.
In the second part, an array of 4 × 12 monopoles fed by a
feed network will be described. The last section discusses the
design of 4 × 12 monopoles that would be compared to a
Yagi antenna.

2. Basic Structure

2.1. Principle. The basic structure is composed of twelve
monopoles and a feed network. The strong interactions
between the monopoles need to design the feed network with
a great accuracy in order to optimize the directivity.

The objective consists of the determination of the
impedance matching and the incident power to reach both
the objective radiation pattern and the best matching for the
monopole array.

We employ the method described in [6] for the design
of the array antenna with strong coupling: by using CST-
Microwave studio we compute the [S] matrix and the 12
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radiation patterns when the 12 monopoles are successively
fed. These radiation patterns are φ1 to φ12 (1). An objective
radiation pattern φobj is proposed. This objective radiation
pattern can be the linear combination of the radiation
pattern of one monopole on its limited ground plane
multiplied by an array factor (2). In this relation, d is the
distance between each monopole and ϕi is the phase of the
ith monopole.

Equation (1) provides the weights that must be applied to
the monopoles’ radiation pattern. Equation (3) leads to the
antenna impedances to be considered as a reference (Zref) in
order to reach the matching and (4) gives the input waves
that the feed network must achieve:

[
φ1φ2 · · ·φi

]

⎛

⎜
⎜
⎜
⎜
⎝

β1

β2
...
βi

⎞

⎟
⎟
⎟
⎟
⎠
≈ φobj with 1 ≤ i ≤ 12 (1)

φobj =
12∑

i=1

exp
[−(k0 · d · sin(θ) + ϕi

) · i] · φmonopole (2)

Zref i =
(

50 · [I + S]
(
β
)

[I − S]
(
β
)

)∗
(3)

ai =
√

50 · [I + S]
(
β
)
√�(Zref i)
Z∗ref i

, (4)

where φi is the ith monopole radiation pattern, φobj is the
objective radiation pattern, βi is the weight that must be
applied to the ith monopole radiation pattern, d is the
distance between each monopole, k0 = 2π/λ0 (λ0 free space
wavelengths), ϕi is the phase shift at ith monopole, and [S] is
the coupling matrix.

2.2. Design and Performances of the Array of 12 Monopoles. As
explained in Section 1, the application is a communication
system that uses the WIMAX protocol between a vehicle
and base stations. The objective is to establish a high-
gain monopole array that radiates a directional beam in
the azimuthal plane within the frequency band 5.47 GHz–
5.725 GHz. In this section, we propose the complete design
of the array of monopoles with its feed network. The
optimization frequency is 5.6 GHz.

In order to achieve a radiation with a single lobe in
the direction of the array alignment, the space between two
nearby monopoles must stay lower than 0.5 λ0: we have
chosen 0.45 λ0 (24.12 mm) for our design. Twelve monopoles
are set on a ground plane whose dimensions are Lx = 100 mm
and Ly = 330 mm (Figure 1). The monopole lengths are
listed into Table 1 (length) and their diameter is 2.53 mm.
The connections between the monopoles and the feed
network’s ports are achieved with 50Ω coaxial transitions
which are drilled through the ground plane (Figure 2). The
feed network is printed back to the antenna ground plane,
onto a 0.508 mm thick Duroı̈d 6002 substrate (εr = 2.94,
tgδ = 0.0012).

The array of monopoles is positioned on a limited
ground plane. In the limited ground plane size case, the

X

Y

Z

Figure 1: The array antenna is composed of 12 monopoles.

Teflon εr: 2.08

radius
In: 0.5 mm
Out: 1.7 mm

7.5 mm
1.2 mmGround plane

height: 5 mm

24.12 mm

Diameter: 2.53 mm

50 Ω stripline

50 Ω coaxial wave guide

L

Figure 2: The monopoles are fed by a coaxial guide drilled through
the ground.

well-known scattering effects on the ground plane edges
alter the radiation pattern [7–9] (Figure 3). First of all,
the interferences induce maxima and minima field on the
radiation pattern. Their angular position is obviously related
to the ground plane size. Then, we can observe the classic
beam deviation in the elevation plane, which is caused by the
scattering on the edges of the limited ground plane, since the
main beam direction does not coincide with the horizon. To
achieve the objective radiation pattern (we defined an angle
θ = 75◦), we apply the array factor (2) with

k0 · d · sin(θ) + ϕi = m · 2 · π =⇒ ϕi = 203◦. (5)

It should to be stressed that these results are approximations
since the analysis considers the monopoles do not interfere
with each other. The radiation pattern illustrated in Figure 4
(monopole x-array factor) can be used as the objective
radiation pattern φobj. In the next step, we have used CST
Microwave studio to achieve the full-wave analysis of the
whole antenna structure. As an example, only 3 monopole
radiation patterns are plotted in Figure 3.

According to (1), the weights β are deduced and written
in Table 1. Thus, Figure 4 points out the resemblance
between the objective radiation pattern and the linear com-
bination of the radiation patterns of monopoles weighted by
the coefficients β.

Figures 5 and 6 show the scattering matrix of the
monopole antenna. Regarding Figure 6, these interactions
should not be omitted when connecting the array monopoles
with the feed network. The coupling between nearby
monopoles is greater than −13 dB.

The optimum weights (ai) and the input impedances
(Zref i) which simultaneously perform the objective radiation
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Figure 7: The feed network is designed to maximize the efficiency
of the strongly coupled monopoles.

and the matching of all the feeding ports can be calculated
using (3), (4), the scattering matrix [S], and the β vector.
These values are given in Table 1 (columns 4 and 5) with the
optimized monopole lengths. These have been set to comply
with the different impedance values resulting from the
synthesis procedure and to minimize the feed distribution
network complexity.

The design of the microstrip feed network has been
made with the Agilent ADS software in order to perform
the weights and the impedance matching specified in Table 1.
The realized feed network is shown in Figure 7.

In order to perform the numerical validation, the
monopole simulation and the feed network design are
numerically connected together. Using the CST software,
this entire structure simulation provides the performances
of the whole array antenna (the 12 monopoles and the feed
network). The radiation pattern, the gain, and the return
loss are computed. Figure 8 plots the radiation pattern in
the plane phi = 90◦. This is the plane which is parallel to
the array alignment. We can observe that the entire structure
simulation agrees very well with the objective radiation
pattern (linear combination of the radiation patterns of the
monopoles). So, the feed network operates properly through
the couplings. Figure 9 presents the radiation pattern in 3D
at 5.6 GHz; the maximum simulated directivity is 15.6 dB.
The main beam direction does not coincide with the horizon
(θ = 90◦); it will be necessary to compensate this deviation
by an inclination of the whole antenna. Indeed, it is essential
for our application that the maximum gain is radiated in the
base stations direction.
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Table 1: Normalized incident waves and reference impedances which optimize the efficiency of the array antenna for a specified radiation
pattern (5.6 GHz).

Monopoles
Length
(mm)

β (= weights for the coupled radiation patterns)
Normalized incident waves (ai) and antenna

impedances (Zref i) that optimize the efficiency

ai Zref i

1 10.8 0.286 · exp(− j∗48◦) 0.288 · exp(− j∗49◦) 29 + j∗13

2 9.8 0.293 · exp( j∗155◦) 0.30 · exp( j∗152◦) 32 + j∗10

3 9.3 0.279 · exp(− j∗3◦) 0.286 · exp(− j∗6◦) 31 + j∗9

4 9.3 0.284 · exp(− j∗155◦) 0.291 · exp(− j∗146◦) 30 + j∗1

5 9.3 0.284 · exp( j∗47◦) 0.287 · exp( j∗35◦) 27− j∗2

6 8.8 0.280 · exp(− j∗120◦) 0.283 · exp(− j∗124◦) 29 + j∗7.5

7 8.8 0.266 · exp( j∗82◦) 0.262 · exp( j∗79◦) 24 + j∗8.5

8 8.8 0.264 · exp(− j∗74◦) 0.251 · exp(− j∗77◦) 20 + j∗8.5

9 8.8 0.254 · exp( j∗131◦) 0.227 · exp( j∗124◦) 15 + j∗3

10 8.8 0.275 · exp(− j∗24◦) 0.257 · exp(− j∗35◦) 18− j∗1.5

11 8.8 0.319 · exp( j∗180◦) 0.323 · exp( j∗165◦) 28− j∗7

12 8.3 0.361 · exp( j∗0◦) 0.377 · exp( j∗0◦) 48 + j∗17
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Figure 8: Simulated radiation pattern (directivity) comparison at
f = 5.6 GHz.

The return loss at the input of the feed network is plotted
in Figure 10 (simulation). The level is lower than −15 dB
over the operating frequency bandwidth. This numerical
validation shows that the radiation pattern is successfully
synthesized as well as the impedance matching of every
antenna port through the couplings. Although the feed
network has been optimized to deal with the antenna
couplings at 5.6 GHz, we have evaluated the performances of
the entire structure (12 monopoles connected with the feed
network) from 5.47 GHz to 5.725 GHz.

The antenna gain is 14.7 dB over the 5.47 GHz–
5.725 GHz operating bandwidth (Figure 11). The directivity
and the gain difference are mainly due to the dielectric losses
in the strip line circuit.

2.3. Measurements. The array of monopoles and the feed
network were manufactured (Figures 1 and 7). The feed
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Figure 9: Simulated radiation pattern in 3D (directivity) at f =
5.6 GHz.

network is glued back to the ground plane and screws were
added to secure the RF contacts. We have checked that
interactions between the screws and the circuit are negligible.
An SMA connector is at the input port.

Measurements were achieved in an anechoic chamber.
The return loss of the tested antenna is in Figure 10
(measurement). This measurement is compared with the
simulation: both S11 are close to −15 dB over the operating
frequency bandwidth. A slight discrepancy of 50 MHz can
be observed compared to the simulation, but it represents
only 0.9% of the frequency shift that can be due to the
mesh accuracy during simulation or manufacture tolerance.
Figure 12 compares the measured radiation pattern with the
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Figure 13: Array of 4 × 12 monopoles designed with CST Mws
separated by 0.45 λ0 along [oy] and 1.25 λ0 along [ox].
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Figure 14: The feed network is designed to the four-subarray
antenna.

theoretical one over 360◦ in the plane of the array alignment
(ϕ = 90◦). The measured gain agrees very well with the
prediction. We can conclude that the design is reliable. The
feed network operates properly through the couplings. The
differences between the simulated and the measured gains
are lower than 0.5 dB. Metallic losses in the feed network
and the uncertainty accuracy of our anechoic chamber can
be responsible for this discard.

3. 2D Array of 4× 12 Monopoles (4 Subarrays)

The well-behaved experimental results validate the principle
of the 12-monopole linear array. The linear array of twelve
monopoles (along [oy]) provided a gain of 14.7 dB at
5.6 GHz. Figure 9 shows that the radiation pattern contains
low side lobes in the perpendicular plane [ox] to the array
of monopole plane alignment [oy]. In order to increase
the gain, a 2D array of 4 × 12 monopoles was designed
(Figure 13). Four sub-arrays, where each of them is described
in Section 2, have been used to make the 48-monopole array.
Therefore, the 4 sub-arrays are 1.25 λ0 spaced out in order to
avoid the interferences in these directions. Obviously, these
sub-arrays alignment allow the constructive interference and
so increase the gain in the end-fire direction.
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Figure 16: Simulated radiation pattern in 3D (directivity) of 4× 12
monopoles at 5.6 GHz.

3 dB power dividers have been designed to connect the
feed networks. 1.25 λ0 (67 mm) is sufficient in order to avoid
the interferences between the lines of the feed network.
The corresponding layout of the feed network of 4 × 12
monopoles is shown in Figure 14. The return loss at the input
of the feed network is plotted in Figure 15. The level is lower
than −15 dB over the operating frequency bandwidth. The
3D (Figure 16) radiation pattern shows a very directive lobe.
A 20.8 dB maximum directivity is obtained at the end-fire
direction. An increase of 5.2 dB has been obtained compared
to the case with a single subarray (12 monopoles) (Figure 9).
The antenna gain is 20 dB over the 5.47 GHz–5.725 GHz
operating bandwidth (Figure 17). The directivity and the
gain difference are mainly due to the dielectric losses in
the strip line circuit. Indeed, the insertion losses are very
low because the antenna reflection coefficient is lower than
−15 dB over the 5.47 GHz–5.725 GHz band (Figure 15).

The 4 ×12 monopoles are sufficient to have the gain
required in the specifications. The antenna was 15◦ tilted to
give back the main beam deviation caused by the scattering
at the ground plane edges.
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Figure 17: Gain versus the frequency (θ = 75◦, ϕ = 90◦).
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Figure 18: Proposed Yagi antenna.

4. Yagi Antenna

In order to check the interest to develop the complete method
for the conception, we have made another antenna. The
proposed antenna is a Yagi-Uda antenna.

Yagi antennas of three or more elements are widely
used, although a thorough study is lacking today because of
the many parameters, each element having three variables,
length, spacing, and the diameter of conductor. Almost all
multielement Yagis are invariably designed empirically. In
[10], Yagi antenna of three elements was presented. It has
been shown the gain over a half-wave dipole of a three
element Yagi with various director lengths and spacing. This
study shows that as the spacing between director and driver
decreases, the optimum length of the director increases.

It has been documented in [11–13] that the dimension
ratio of the reflector to the driven element can be somewhere
between 1.1 and 1.3. The dimension ratio of the director to
the driven element can be between 0.8 and 0.95. The distance
between the centers of the reflector and the driven element
should be about 0.25 free-space wavelengths, while the
separation between the centers of the director and the driven
element and the separation between the directors themselves
should be between 0.3 and 0.4 free-space wavelengths.

The antenna characteristics such as gain, front-to-back
ratio, beamwidth, and center frequency can be altered by
changing the length of the driven element, the length of the
parasitic elements, spacing between reflector and dipole, and
spacing between director and dipole [14].
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The proposed antenna consists of a monopole as a
driven element, a reflector, and eleven directors as shown in
Figure 18. To facilitate the design, this antenna is designed
using the same size of the prototype described in Section 2.
Since our application requires only one high-gain radiation
direction, it is proceeded to prohibit the radiation in
the half space behind the antenna. The backfire radiation
can be avoided with some non excited elements named
“reflectors” or with a vertical metallic plane. Intended for
simplicity constraints, the second solution is selected. So, the
driver monopole must be spaced out of a λ0/4 (13.4 mm)
distance from the reflector plane. This separation allows a
constructive interference between the reflected fields and the
direct waves. In this case and according to the images theory,
the antenna gain should be 3 dB increased at the end-fire
direction.

The separation between the centers of the director and
the driven element and the separation between the directors
themselves is 0.45 free-space wavelength (24.12 mm). The
director lengths are 6.7 mm (λ0/8) and their diameters are
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Figure 21: Array of 4×Yagi antenna.
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Figure 22: Simulated radiation pattern in 3D (directivity) of
4×Yagi antenna at 5.6 GHz.

2.53 mm. These directors are shortcircuited with the ground
plane. The length of the driver monopole is 10.32 mm; its
diameter is 4.53 mm.

The yagi antenna is matched to −18 dB in simulation
over a bandwidth 5.47 GHz–5.725 GHz (Figure 19). The
simulated radiation pattern in 3D is presented in Figure 20;
the maximum directivity is 14.3 dB at the end-fire direction.

In order to increase the directivity, a 2D array of
4×Yagi antenna was designed (Figure 21). The antenna was
designed using the same size of the prototype described in
Section 3 to make a true comparison between the array of
monopole antenna and the Yagi antenna. Figure 22 presents
the radiation pattern at 5.6 GHz. We obtain a maximum
directivity of 18.5 dB. The comparison of radiation in the
Cartesian plane between the array of monopoles and the
yagi antenna is shown in Figure 23. The radiation pattern is
compared versus ϕ at θ = 75◦ (maximum radiation). We can
observe the first side lobe level of yagi radiation pattern is
around 12 dB; it is−6 dB below the main lobe which explains
the maximum directivity of yagi antenna is 2.3 dB lower than
the radiation of the monopole array.
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The advantages of the monopole antenna compared to
the Yagi antenna are

(1) the array of monopole antenna designed in Section 3
does not need to a reflector plane to radiate on the
end-fire direction,

(2) the radiation pattern of monopole antenna does not
contain significant side lobes levels,

(3) the maximum level of radiation of the monopoles
antenna is greater than the yagi,

The disadvantages of the monopole antenna compared to
the Yagi antenna is the feed network.

5. Conclusion

In this paper, a low-profile antenna with a ground plane
has been presented. The purpose was to design a high-gain
antenna (single end-fire beam) which must be positioned
on a vehicle roof in order to communicate with the far
base stations. As a first step, an array of 12 monopoles
was designed. In such a structure, the monopoles strongly
interact with each other.

In our study, the feed network has been designed to
deal with the couplings by considering as a reference the
impedances and the input waves that optimize the efficiency
of the antenna.

The feed network and the monopole array were man-
ufactured. The whole antenna was successfully tested. The
antenna was tilted to give back the main beam deviation
caused by the scatterings on the ground plane edges.

As a second step, an array of 4 × 12 monopoles has been
designed in order to increase the gain. A gain higher than
20 dB has been achieved over a 4.5% bandwidth.

Finally, in order to check the interest to develop the
complete method for the conception, we have made another
antenna. The proposed antenna is a Yagi-Uda antenna. The
radiation of this antenna presents high side lobe levels.
The maximum radiation on the end fire is lower than

the radiation of the monopole array. In conclusion, as the
method takes into account couplings, a particular beam
pointing with reduced or controlled side lobes can be
achieved easily.
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In this paper, the antenna modeling method in the International Mobile Telecommunications-Advanced (IMT-Advanced) channel
model is validated by field channel measurements in the indoor scenario at 2.35 GHz. First, the 2 × 2 MIMO channel impulse
responses (CIRs) are recorded with practical antennas as references. Second, the CIRs are reconstructed from the available IMT-
Advanced channel model with field patterns of the practical antennas and updated spatial parameters extracted from the similar
scenario measurements. Then comparisons between the field CIRs and the reconstructed CIRs are made from coherent bandwidth,
eigenvalue dispersion, outage capacity, and ergodic channel capacity. It is found that the reconstructed results closely approximate
real results in the coherent bandwidth and correctly describe the statistical characteristics in frequency domain. Compared to
the field CIRs, the spatial correlation of the reconstructed CIRs with both types of antenna have a wider range that causes the
underestimation of the 5% channel outage capacity. Due to the negligence of the coupling among the antennas and the near field
effect of antenna, this modeling method will have a great impact on the characteristics of radio channels, especially on the spatial
characteristics.

1. Introduction

Multiple-input multiple-output (MIMO) systems, which
deploy spatially separated multiple antenna elements at both
ends of the transmission link, have to be considered as one
of the most promising approaches for high data rate and
more reliable wireless systems without extra bandwidth. It
was shown that the potential channel capacity of such MIMO
systems grows linearly with antenna pairs in independent
identically distributed (i.i.d.) channel model [1, 2], but the
channel fading correlation affects the capacity by modifying
the distributions of the gains of these parallel channels [3].
According to this, the capacity ultimately depends on the
propagation channel model used.

Recently, to obtain an accurate channel capacity esti-
mation, many verified channel models [4] were used. In
[5], a model based on the Kronecker structure of the
channel covariance matrix has been assumed to analyze the
channel capacity and was extended to a wideband MIMO

channel model in [6]. But in [7], it was confirmed that the
Kronecker model cannot describe the multipath structure
correctly. For example, the 8 × 8 MIMO capacity predicted
by the Kronecker model is always below the capacity
extracted directly from the filed measurement. Another
important wideband MIMO spatial channel model, the
International Mobile Telecommunications-Advanced (IMT-
Advanced) channel model, is regarded as an appropriate
channel model to predict the MIMO channel capacity. This
model is a geometry-based stochastic channel model, which
adopts the multipath superposition method to generate
channel coefficients. By separating multipath channel model
into multipath propagation channel model and antenna pat-
tern model, this model not only characterizes the multipath
channel parameter but also can be configured with any type
of antenna array. So this model is popular to investigate
the impact of antenna array configuration on the capacity
and the reliability of algorithm. The effects of the user’s
presence on the performance of a MIMO system in data
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and in voice usage scenarios are investigated in [8], which
concludes that the subscriber’s usage has much impact on the
link performance.

Although this modeling method is convenient to analyze
the influences of different antenna configuration on the
channel characteristics, based on the double-directional
channel model, the multipath parameters are generated
independently of a specific antenna, its configuration, and its
pattern. Meanwhile, this channel model ignores the nonideal
issues on the antennas which will influence the propagation
characteristics, such as practical antenna pattern, coupling
among the antennas, and human body. To the author’s
knowledge, there is no investigation to validate the impact
of the practical antenna on the spatial channel model of
MIMO. So it is not clear if it is accurate enough to model
the antenna impact by combining the antenna pattern and
multipath propagation channel.

In this paper, the field-measured MIMO channel impulse
responses (CIRs) is firstly recorded with practical dipole
antenna (DPA) and real terminal planar inverted-F antenna
(PIFA) [9] as the reference, in which the channel measure-
ments are conducted in indoor scenario. Second, the CIRs
are reconstructed from IMT-Advanced channel model with
updated spatial parameters which were measured with omni-
directional antenna array (ODA) and extracted by Space
alternating generalized expectation maximization (SAGE)
algorithm, and the practical antenna pattern’s impact is
also incorporated by combining the antenna pattern and
multipath propagation channel by matrix manipulation.
Then the comparisons between field data and reconstructed
data are made from some metrics of MIMO channel [10],
such as coherent bandwidth, eigenvalue dispersion, outage
capacity, and ergodic channel capacity.

The remainder of the paper is organized as follows.
The statistical channel model, channel measurements, and
data postprocessing are introduced in Section 2. Section 3
presents the results and the analysis. The analysis of
channel characteristics between the measured data and the
reconstructed data is presented, for example, the frequency
domain in Section 3.1 and the spatial domain in Section 3.2,
respectively. The capacity analysis is presented in Section 3.3.
Conclusions are drawn in Section 4.

2. Validation Framework

In order to validate the accuracy of antenna pattern modeling
methodology of IMT-Advanced channel model, the linear
time variant MIMO channel response is first defined by the
MIMO channel complex matrix H(t, τ) of dimension U × S,
where U is the number of receiving antennas and S is the
number of transmitting antennas. The channel matrix relates
the S×1 complex input vector x to the U×1 complex output
vector y during a symbol period after adding the U ×1 white
Gaussian noise vector w as follows:

y(t) =
∑

τ

H(t, τ)x(t) + w(t). (1)

2.1. Channel Model: IMT-Advanced. In IMT-Advanced
channel model [11], the spatial and temporal distributions
are parameterized to characterize the MIMO channel. One
realization consists of six paths composed of twenty subpaths
each. The parameters of all subpaths are calculated for each
realization. A temporal channel matrix H(t0, τn) at t0 is
created by IMT-Advanced program for each path through
the superposition of the subpaths. The entries hu,s(t0, τn) of
H(t0, τn) are

hu,s(t0, τn) =
M∑

m=1

FT
rx,u

(
Ωn,m

)
An,mFtx,s

(
Φn,m

)

× exp
(
jdu2πλ−1

0 sin
(
Ωn,m

))

× exp
(
jds2πλ−1

0 sin
(
Φn,m

))

× exp
(
j2π fd,n,mt0

)
.

(2)

The indexes u and s correspond to the receiving and
the transmitting antenna elements, respectively. The λ0 is the
wavelength of the carrier. The number of paths is indexed
by n = {1, . . . , 6} and the number of the subpaths is m =
{1, . . . , 20}. The Frx,u and Ftx,s are defined as the field pattern
of the receiving and the transmitting antenna elements,
respectively, in (3) and (4) as follows:

Frx,u
(
Ωn,m

) =
[

Frx,u,V
(
Ωn,m

)

Frx,u,H
(
Ωn,m

)

]

, (3)

Ftx,s
(
Φn,m

) =
[

Ftx,s,V
(
Φn,m

)

Ftx,s,H
(
Φn,m

)

]

. (4)

The du stands for the distance between the uth receiving
antenna element and the first element, the Frx,u,p is the
field pattern of the uth receiving antenna element on the
pth polarization, and p = {1, 2}. For transmitting antenna
elements, the ds and Ftx,s,p hold the same meanings with the
du and Frx,u,p, respectively. The τn, fd,n,m, Φn,m, and Ωn,m

denote the propagation delay, the doppler shift, the azimuth
of departure (AoD), and the azimuth of arrival (AoA) of the
(n,m) propagation subpath. And the polarization matrix of
the (n,m) subpath An,m is defined by

An,m =
[
αn,m,VV αn,m,VH

αn,m,HV αn,m,HH

]

, (5)

where αn,m,p1,p2 denote the polarization gain of the (n,m)
subpath from the p1th polarization component to the p2th
polarization component.

2.2. Validation Methodology. The rational of the IMT-
Advanced channel model is based on the concept of the
double-directional mobile radio channel [12]. By separating
radio channel model (including antenna) into multipath
propagation channel model (including none of the antennas)
and antenna pattern model, this modeling method is popular
in the researches with multiple antennas at both sides of
communication link. During the modeling of CIRs, the
IMT-Advanced channel model combines antenna response
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and multipath propagation channel by matrix manipulation
to obtain the reconstructed CIRs. The feasibility of this
methodology will be focused on in this paper.

In this paper, the CIRs H(t, τ) in (1) are obtained,
respectively, by field measurement and model reconstruc-
tion. The direct data (filed measured) Hmeas is recorded by
channel sounder with DPA array and the real terminal PIFA.
The indirect data Hmodel is reconstructed by IMT-Advanced
channel model with antenna pattern of the same antenna
array used in direct data recording and extracted propagation
channel parameters from measurement with ODA in the
same scenarios. In the following subsections, the insight
into the channel measurement and channel reconstruction
is presented.

So lots of channel measurement campaigns are con-
ducted to obtain the raw data. According to the specific
requirements, three types of measurement antenna arrays
are needed, including DPAs, PIFA, and ODA. Furthermore,
the antenna patterns of DPA and PIFA need to be calibrated
as FDPA and FPIFA before measurement. At the end of data
acquisition, four groups of CIRs are obtained. They are Hmeas

DPA
collected from field measurement with DPAs, Hmeas

PIFA collected
from field measurement with PIFA, Hmodel

DPA reconstructed by
IMT-Advanced channel model with the antenna pattern of
DPAs, and Hmodel

PIFA reconstructed by IMT-Advanced channel
model with the antenna pattern of PIFA. After acquisition
of CIRs, the analysis on the channel characteristics will be
performed.

2.3. Measurement Antenna. In the field channel measure-
ment, three types of antenna array are used during the
measurement, including DPA, PIFA and ODA. The field CIRs
Hmeas are collected by using DPA and PIFA as measurement
antenna array. At transmitter (Tx), two DPAs with 4λ0

antenna spacing are used. Meanwhile two DPAs with 1/2λ0

antenna spacing and a basic PIFA are used at receiver (Rx),
respectively. The measured far field radiation patterns FDPA

and FPIFA are given in Figure 1 for each of the MIMO
antennas. The patterns are measured in dBi on the azimuth
plane (x-y) for all antennas are given in Figure 2. Both FDPA

and FPIFA are the field radiation patterns of DPA and PIFA
near the laptop.

In order to capture the multipath channel parameters
in high accuracy, the ODA consisting of 56 cross-polarized
elements is used at Tx and Rx. All the elements are mounted
in a cylinder, and the spacing between the neighboring
elements is half wavelength. Figures 3(a) and 3(b) depict,
respectively, the structure and antenna pattern of ODA. The
collected data with this antenna array is classified as HODA,
and this measured data is not used as the direct data Hmeas

but used to extract the channel parameters. Then Hmodel

is obtained by channel reconstruction with these channel
parameters and the corresponding antenna pattern.

2.4. Measurement System and Environment. An extensive
measurement campaign is performed at center frequency
of 2.35 GHz with 50 MHz effective bandwidth, using the
Elektrobit PropSound channel sounder. As described in

Table 1: Measurement parameters setting.

Parameters Setting

Carrier frequency 2.35 GHz

Bandwidth 50 MHz

Code length 255 (DPA, PIFA), 63 (ODA)

Tx height 2.35 m

Rx height 1 m

Tx antenna number 2 (DPA), 32 (ODA)

Rx antenna number 2 (DPA or PIFA), 56 (ODA)

Max Tx to Rx distance 30 m

Table 2: Angular spread.

Tx Rx

μ (◦) σ (◦) μ (◦) σ (◦)

Measurement
LOS 1.58 0.21 1.77 0.15

NLOS 1.61 0.23 1.91 0.19

M. 2135
LOS 1.60 0.18 1.62 0.22

NLOS 1.62 0.25 1.77 0.16

detail in [13], the sounder works in a time-division multi-
plexing (TDM) mode. Thus periodic pseudo random binary
signals are transmitted between different Tx-Rx antenna
pairs in sequence. The interval within which all antenna
pairs are sounded once is defined as a measurement cycle.
Some important characteristics of measurement setup can be
found in Table 1. Because of the bandwidth limit of the data
bus and the number of antenna element, the code length of
measurement system is configured as 63 when using ODAs
as test antennas.

The measurement is carried out in the indoor office area.
The layout of the open area is illustrated in Figure 4(a). It
should be noticed that in open area, the AP indicates the
position where the Tx is fixed at 2.35 m, while the Rx antenna
array is fixed on the desk denoted by red dot.

2.5. Data Postprocessing. In data postprocessing, the CIRs are
converted from the raw data firstly. Due to the influence
of the band-pass filter in measurement system, and 10%
high frequency component of baseband signal is cut during
the postprocessing. So the field CIRs Hmeas

DPA and Hmeas
PIFA, are

used as the direct CIRs Hmeas. And SAGE algorithm is
applied to extract channel parameters from the CIRs HODA.
As an extension of maximum-likelihood (ML) method,
the SAGE algorithm provides a joint estimation of the
parameter set θl = {τl, fd, f ,Φl,Ωl,αl}, l = {1, . . . ,L},
with no constrains on the response of antenna array. The
definition of all these parameter is the same as Section 2.1.
In order to capture all dominant paths that characterizes the
propagation environment exactly, totally 120 paths of the
strongest power are extracted for each measurement cycle,
namely, L = 120.

The angular spread in all scenarios is listed in Table 2. As
shown in the table, the angular spread estimated is consistent
with that from IMT-Advanced channel model in indoor
scenario.
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Figure 1: Measured far field radiation patterns for (a) dipole antenna; (b) PIFA antenna port 1; (c) PIFA antenna port 2.

2.6. Channel Reconstruction. Based on IMT-Advanced chan-
nel model with the estimated parameter set extracted from
CIRs HODA, the measured antenna array radiation patterns
FDPA and FPIFA are incorporated into the channel model to
obtain the reconstructed CIRs. The channel reconstruction
follows the form as below:

hu,s(t, τn) =
[

Frx,u,V (Ωl)
Frx,u,H(Ωl)

][
αl,VV αl,VH

αl,HV αl,HH

][
Ftx,s,V (Φl)
Ftx,s,H(Φl)

]

× exp
(
jdu2πλ−1

0 sin(Ωl)
)

× exp
(
jds2πλ−1

0 sin(Φl)
)× exp

(
j2π fd,lt

)
.

(6)

The antenna pattern Ftx,s at Tx can be rewritten by
FDPA, while the antenna patterns Frx,u at Rx can be rewritten
by FPIFA or FDPA. So the reconstructed CIRs Hmodel are
denoted by Hmodel

PIFA and Hmodel
DPA , respectively. Since there are

two antenna elements at both sides of the link, U = S = 2 in
(6).

3. Analysis and Results

To analyze the eigenvalue dispersion and capacity of the
channel, the corresponding frequency transfer functions
H(t, f ) can be obtained by applying the Fourier transform to

the CIRs H(t, τ). As the spectrum of the transmitted signal
reveals a sinc function, signal strength is weak at band edges.
Therefore, only 40 MHz in the middle of the band was used
for the computation. Assuming that the H( j, k) is the sample
of H(t, τ), then

H
(
j, k
) = H

(
t, f
)∣∣

t= j·Δt, f=k·Δ f = H
(
j · Δt, k · Δ f

)
, (7)

where Δt and Δ f are the sampling intervals in time domain
and frequency domain, respectively. Before the Fourier trans-
form, the noise level estimation should be done to reduce the
affect from the additive noise on inherent characteristic of
the channel [14]. And the noise level is set to −71 dB at spot
4. After denoising, about 6 delay taps are reserved for both
the reconstructed data and the field measurement data. The
reserved power of real CIRs accounts for 96% of the signal
with noise.

Figure 5 shows the delay domain response of CIRs
from field measurement data Hmeas

DPA and the reconstructed
data Hmeas

DPA with DPAs. It is obvious that above the noise
level the reconstructed data Hmeas

DPA can well fit to the field
measurement data Hmeas

DPA in delay domain.
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Figure 2: Measured radiation patterns (in dBi) on the azimuth plane (x-y) for (a) antenna port 1; (b) antenna port 2.

(a) (b)

Figure 3: The configurations and antenna pattern of ODA: (a) configurations; (b) antenna pattern.

3.1. Coherent Bandwidth. Based on the CIRs from the
measurement and reconstruction, the power delay profile
β(τ) can be calculated as

β(τ) = 1
US

U∑

u=1

S∑

s=1

∣
∣hu,s(τ)

∣
∣2
. (8)

Then a common normalization of the β(τ) is necessary
for the probability density function (pdf) β(τ). So the delay
spread can be calculated as

στ =
√
E(τ2)− (E(τ))2, (9)

where E is expectation operator over all channel realizations.
The coherent bandwidth is defined as the bandwidth over
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Figure 4: Measurement environment and route plan: (a) measurement environment; (b) route plan.

20 40 60 80 100 120
−95

−90

−85

−80

−75

−70

−65

−60

−55

−50

−45

Delay

Po
w

er
 (

dB
)

Real measurement
Channel reconstruction

The noise level

Figure 5: The delay domain response (in dB) of CIRs.

which the frequency correlation function is above 0.9, then
the coherent bandwidth can be approximately obtained as

Bc ≈ 1
50στ

. (10)

Since 2 × 2 antenna configuration is applied in each test
case, there are four subchannels between the transmit/receive
antenna pairs in each group of CIRs. Table 3 shows the
coherent bandwidth of each sub-channel (CH1∼CH4) for
the field CIRs Hmeas and the reconstructed CIRs Hmodel

at spot 4. From the data of the field measurement CIRs
Hmeas, the difference in coherent bandwidth between DPA
and PIFA is not obvious. The small difference in coherent
bandwidth of CH2 and CH4 can be attributed to the
nonideal antenna patterns of PIFA on the azimuth plane as
shown in Figure 2(b). For the same reason, the difference of
the coherent bandwidth for reconstructed CIRs Hmodel is also
small.

It is also shown that the coherent bandwidth of the field
measurement CIRs Hmeas

DPA and the reconstructed Hmodel
DPA are

Table 3: The coherent bandwidth (in MHz) of each subchannel in
all cases.

CH1 CH2 CH3 CH4

MEAS
DPA 1.67 1.07 1.24 1.13

PIFA 1.24 0.83 1.23 0.82

MODEL
DPA 1.26 1.27 1.37 1.28

PIFA 1.43 1.55 1.34 1.43

approximated in numerical value. So it is obvious that the
reconstruction method based on the IMT-Advanced channel
model with DPA will not extend or compress the width of
CIRs in delay domain and will not change the statistical
characteristics in frequency domain. But the reconstructed
CIRs with PIFA will overestimate the coherent bandwidth,
especially in CH2 and CH4. This is because different from the
omnidirectional antenna gain of dipole antenna the nonideal
issues on the PIFA pattern compress the width of CIRs and
reduce the dispersion in delay domain. Due to the negligence
of nonideal antenna pattern modeling in the IMT-Advanced
channel model, the reconstructed data will impose a great
impact on the system evaluation. In the real environment,
the more serious intersymbol interference (ISI) will cause a
degradation in the performance of MIMO-OFDM (orthog-
onal frequency division multiplexing) system.

3.2. Eigenvalue Dispersion. For any MIMO transfer matrix at
the kth frequency bin of the jth time realization H( j, k), the
singular value decomposition (SVD) can be obtained as

H
(
j, k
) = USVD

(
j, k
)∑(

j, k
)

VH
SVD

(
j, k
)

=
R∑

r=1

ξr
(
j, k
)
ur
(
j, k
)
vHr
(
j, k
)
,

(11)

where both the U × U matrix USVD and the S × S matrix
VSVD are unitary matrices, and is a U × S matrix of singular
values σi of H. These singular values have the property
that for ξr is the rth largest eigenvalue of HHH . ξ1( j, k) ≥
ξ2( j, k) ≥ · · · ≥ ξR( j, k)), 1 ≤ R ≤ min(U , S), are
the ordered eigenvalues of the kth frequency bin of jth
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Table 4: The mean value and standard deviation of eigenvalue
dispersion.

Mean std

MEAS
DPA 0.65 0.12

PIFA 0.77 0.12

MODEL
DPA 0.82 0.14

PIFA 0.82 0.15

time channel realization. R is the rank of channel. The
eigenvalue dispersion (ED), which is an important metric
of MIMO channel, is commonly used to characterize the
relative differences between the powers of eigenvalues. In this
paper, we use SED as a metric of ED. The SED is defined as

SED
(
j, k
) =

(∏R
r=1ξr

(
j, k
))1/R

(1/R)
∑R

r=1 ξr
(
j, k
) (12)

which is the ratio of geometric and arithmetic means of
the eigenvalues of HHH . SED is a useful figure of merit to
characterize ED by a single number [15]. It is noted that in
the case of small ED, SED tends to unity (SED → 1), whereas,
in the case of high ED, SED tends to zero (SED → 1).

Table 4 shows the mean value and standard deviation
of the eigenvalue dispersion of MIMO channel for the field
CIRs Hmeas and the reconstructed CIRs Hmodel. As shown
in Table 4, for all the four cases, the mean values are,
respectively, 0.65, 0.77, 0.82, and 0.82. This means that the
reconstructed data has a larger SED than the real data, so the
modeling method underestimates the spatial correlation of
MIMO channel. And when we take the standard deviation
into account, a higher value will cause a significant change
in spatial correlation. Comparing the Hmeas with the CIRs
Hmodel, the reconstructed data has a larger standard deviation
than the field measurement data.

Because of the coupling among the antennas in real
environment, the correlation of practical antenna array will
increase. However, the IMT-Advanced channel model does
not take this nonideal issue into account. This antenna
modeling method will make the spatial fading of the parallel
channels more independently than real measurement. As the
results shown above, using the data from channel reconstruc-
tion will underrate the spatial correlation in MIMO system
and impose an impact on the spatial domain. In order to
obtain the expected multiplexing degree from real MIMO
system, the spatial resource (such as antenna spacing and
polarized antenna) must be more utilized than that used in
channel modeling.

3.3. Channel Capacity. The channel capacity is one of the
important indicators for MIMO channel. In the absence of
the channel state information at the transmitter, it is optimal
to equally allocate power over all antennas. The channel
capacity of frequency-selective fading MIMO channel is
given by [16]

C(t) = 1
B

∫

B
log2 det

(

IU +
ρ

βS
H
(
t, f
)

HH
(
t, f
)
)

d f , (13)
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where ρ denotes the SNR and B is the bandwidth. For the
discrete channel H( j, k), an approximation can be given by

C
(
j
) ≈ 1

K

K∑

k=1

log2 det

(

HU +
ρ

βS
H
(
j, k
)

HH
(
j, k
)
)

, (14)

where K is the number of frequency bins of jth time
realization and β is a common normalization factor for all
channel realizations in such that the average channel power
gain is unitary as

E

{
1
β

∥
∥H
(
j, k
)∥∥2

F

}

= U · S, (15)

where ‖ · ‖F denotes the Frobenius norm. The CIRs between
different Tx-Rx antenna array pairs are used to form the
channel transfer matrix. After transforming the transfer
matrix to the frequency domain, we can calculate the
capacity using (14). Figure 6 shows the capacity cumulative
density function (CDF) curves for all types of channel
realizations.

As is shown in Figure 6, for both the field CIRs, the
Hmeas

PIFA has the same outage capacity as the Hmeas
DPA and for

the reconstructed CIRs, the similar result is presented. But
comparing the field CIRs with the reconstructed CIRs, it is
should be noted that the outage capacity CDF of Hmeas

DPA has
a smaller slope than that of Hmodel

DPA . This is the reason why
the field measurement data has a larger 5% channel outage
capacity than the reconstructed channel data. As shown in
Figure 7, the 5% channel outage capacity value of Hmeas

DPA ,
Hmodel

DPA , Hmeas
PIFA, and Hmodel

PIFA are, respectively, 16.86, 14.62, 17.1,
and 12.38. The reason is the incorrect estimation in the
standard deviation of the eigenvalue dispersion. Because the
standard deviation of the eigenvalue dispersion from the
reconstructed CIRs Hmodel is larger than that from the field
CIRs Hmeas, the reconstructed data has a larger slope and a
higher 5% outage capacity.
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On the other hand, under the condition of block fading
channel, the ergodic capacity is used to characterize the
spatial channel capacity. Figure 8 show the ergodic capacity
of MIMO channel for all four cases at spot 4. It is obvious
that at each SNR all the cases have a similar ergodic capacity.
Because both the Hmeas and Hmodel have a large SED, the
spatial correlation of them is small enough to make them
have a high ergodic capacity.

4. Conclusion

In this paper, the antenna pattern modeling of IMT-
Advanced channel model is validated by some extensive
measurement campaign at center frequency of 2.35 GHz
with 50 MHz effective bandwidth in indoor environment.
DPA, PIFA, and ODA are used to collect the spatial CIRs,
and the channel reconstruction is performed by updating
the characteristics parameters of IMT-Advanced channel
model and matrix manipulation with the antenna array
patterns at the both sides of the communication link. The
coherent bandwidth, eigenvalue dispersion, and channel
capacity are compared between the measured raw data and
the reconstructed CIRs. It is found that the reconstructed
data can well fit to the field measurement data in delay
domain. Meanwhile, different from CIRs with DPA, the field
CIRs with PIFA have a smaller coherent bandwidth than
the reconstructed CIRs. A larger standard deviation of the
eigenvalue dispersion makes the reconstructed CIRs have a
wider range on spatial correlation than the measured raw
data. So the IMT-Advanced channel model will have an
influence on the channel spatial correlation estimation. On
the channel capacity prediction, the wider range on spatial
correlation causes the underestimation of the 5% channel
outage capacity, but the four cases all have a consistent
ergodic capacity at each SNR. So it is concluded that the
modeling method based on IMT-Advanced channel model
has a larger impact on the spatial characteristics than the
frequency characteristics. Because of the nonideal issues on
the antennas, the incorporation of the antenna array on
the channel model should be further considered for future
channel measurement and modeling.
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The latest standards for wireless networks such as LTE are essentially based on small cells in order to achieve a large network
capacity. This applies for antennas to be deployed at street level or even within buildings. However, antennas are commonly
designed, simulated, and measured in ideal conditions, which is not the real situation for most applications where antennas
are often deployed in proximity to objects acting as disturbers. In this paper, three conventional wireless access point scenarios
(antenna-wall, antenna-shelter, and antenna lamppost) are investigated for directional or omnidirectional antennas. The paper
first addresses the definition of three performance indicators for such scenarios and secondly uses such parameters towards the
statistical analysis of the interactions between the wall and the antennas.

1. Introduction

With the development of new wireless communication
systems and standards, antennas of base stations or access
points are more likely deployed at street level in proximity to
walls and urban furniture other than the traditional antennas
for GSM networks which are mounted on rooftops with
few neighboring disturbers [1–3]. The effect of surrounding
disturbers may be strong or weak and is very sensitive to the
antenna location and antenna characteristics. Unfortunately,
antennas are commonly designed, simulated, and measured
in isolation from anything else as much as possible, which is
not a realistic use case. For instance, the radiation pattern of a
dipole mounted beside a wall is highly perturbed, indicating
the severe performance degradation to omnidirectionality
(see below). Unfortunately, such disturbances are highly
variable and impact the behavior of antennas in an uneasily
predictable manner, with significant consequences in terms
of cell coverage. The latter can be quantitatively evaluated
through, for example, ray tracing of even empirical propa-
gation simulation tools, but it will be very costly to compute
the propagation for many realizations of disturbed antenna
characteristics. For this reason, a reasonable approach is
first to develop a statistical model for the antenna radiation

behavior, before combining it with a model of simulation of
the propagation. It is the goal of this paper, keeping in mind
that statistical models lend themselves to the tuning of the
trade-off between complexity and accuracy, depending on
the number of parameters involved in the statistical distri-
butions. For instance, [4] gives an example of this approach
through radiation patterns series expansions. Actually, the
evaluation of the impact of close objects on radiation is not
entirely new. In [5–7], for example, the authors simulated
and analyzed the antenna radiation patterns on roofs, beside
walls, and on top of cars in a deterministic way. In [8–10]
and many other papers, a work has been done in order to
statistically evaluate the effect of, for example, a human body
on antennas performance. Unfortunately and in spite of its
relevance for small cells in wireless networks, little has been
done regarding the interaction of antennas with walls or with
urban furniture.

In the present paper, we investigate the effect of such
influences on antenna radiation patterns, by using a sta-
tistical approach for their analysis. For this purpose, we
first define the concept of ideal antenna sector, which can,
for example, be related with the coverage area targeted by
an antenna in a street. Three kinds of parameters rele-
vant for quantifying the influence are proposed. Secondly,
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Figure 1: Patch antenna locations and parameters.

three antenna-disturber interaction scenarios (antenna-wall,
antenna-shelter of bus stop, and antenna lamppost) are
investigated. The analysis in particular seeks to check
whether a normal or lognormal distribution can provide
an acceptable fit to the observed distributions, for example,
for power gains. All results are obtained from detailed
electromagnetic simulations of the environed antennas,
using both CST [11] and WIPL [12] commercial tools.

2. Sector Definition and
Performance Parameters

In relation with the placement and performance of an access
point antenna, the designer mostly aims at ensuring that the
main beam will cover the targeted directions, conditioned by
the power gain to exceed a certain level [13, 14]. This also
assumes that the orientation and tilt angle will be steered
adequately from just knowing the geometry of the antenna.
In the present paper, we address both omnidirectional and
directional antennas and we attempt to evaluate the impact
brought by environmental perturbations to the radiated
power, taking into account the considered “sector” (defined
by azimuth and elevation widths). Ideally, a radiation sector
is thus defined versus an intended use, that is, as a specifi-
cation of the antenna. However, in practice, real antennas
already cannot perfectly obey the specification. The deviation
with respect to ideality occurs both on the beam widths
and on the radiated power profile, with respect to the ideal
profile (which is flat within the sector and null outside). A
first aspect of antenna nonideality consequently would be to
define performance criteria of an isolated antenna. However,
this is not the purpose of the present work, whose goal is to
address degradations by comparing isolated antennas. Also,
from the perspective of an antenna designer, the main beam
of an antenna shall include all the interested directions that
perfectly match the sector requirements for an operator. For
those reasons, the sector is going to be defined from the
characteristics of the isolated antenna as the rectangle in
angular coordinates given by the quarter power beam width
of the isolated antenna (−6 dB from the maximum), in both

y

xz

y

xz

Figure 2: Patch antenna geometry.

E plane and H planes, completely defined by the elevation
and azimuth angles θmin, θmax,φmin, andφmax. In the case of
an omnidirectional antenna, only the elevation beam width
needs to be defined and the parameters below are adapted
accordingly.

In practice, this definition is still not fully sufficient, since
the radiation pattern is frequency-dependent. Therefore,
in the analysis conducted in Sections 3 and 4, a unique
frequency independent antenna sector is chosen as the sector
with the narrowest beam widths over the set of considered
frequencies.

Given this definition of a sector, three important statis-
tical parameters are proposed below, in order to quantify
the capability of an antenna to radiate optimally into the
considered sector. Beforehand, some quantities need to be
defined.

SEref stands for sector efficiency as expressed in (1), where
Gref(φ, θ) is the power gain of the isolated (reference) antenna
along φ, θ azimuth and elevation angles, respectively as
follows:

SEref =
∫ φmax

φmin

∫ θmax

θmin
Gref

(
θ,φ

)
dΩ

∫ 2π
0

∫ π
0 Gref

(
θ,φ

)
dΩ

. (1)

This quantity basically expresses that not all radiated
power falls within the sector, even for the isolated antenna,
owing to the fact from elementary principles that a part of
the radiation necessarily leaks out of the sector.

In the expressions below, G(φ, θ) is the power gain of the
disturbed antenna. Ssector is the solid angle area of the sector.

The three performance parameters are as follows.

(i) The normalized “In Sector Power Gain” (ISPG) is

Gnorm
(
θ,φ

) = G
(
θ,φ

)

SEref · TEref
, (2)

where TEref stands for total efficiency (matching
efficiency + radiation efficiency) of the isolated
antenna.

(ii) The normalized “In Sector Mean Power Gain”
(ISMPG) within the sector is

μgain =
∫ φmax

φmin

∫ θmax

θmin
Gnorm

(
θ,φ

)
dΩ

Ssector
. (3)
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SEref · TEref here is a normalization factor. Owing to
this factor, μgain can thus be understood as the angular
mean power gain over the sector, normalized by the
isolated antenna sector efficiency and total efficiency.
The reason for incorporating this normalization
factor is that the sector efficiency and total efficiency
turn out to depend on the frequency, even for the
isolated antenna. By normalizing, we retain in μgain

only the effects due to the disturbances rather than
the non idealities of the isolated antenna.

(iii) The “In Sector Standard Deviation of the Power
Gain” (ISSDPG) within the sector is

σgain =

√
√√
√
√
∫ φmax

φmin

∫ θmax

θmin

(
Gnorm

(
θ,φ

)− μgain

)2
dΩ

Ssector
. (4)

Basically, these 3 parameters tell us if the radiated power
is constant and sufficiently high within the sector, with
respect to the isolated antenna. ISPG contains all values of
the radiated power in all directions within the sector, thus it
provides us with very detailed information about the antenna
radiation characteristic. ISMPG tells us what is in average,
the gain of the antenna within the sector, and whether it is
higher than that of an isolated antenna. ISSDPG tells up to
what extent the gain deviates from this mean value, in other
words whether the radiation pattern is flat or varying within

Table 1: Parameters of patch-wall scenarios.

Frequency (GHz) 1.71 1.905 2.05

Permittivity of wall 3 4 5

Distance between patch (edge) and wall (mm) 50 100 150

Wall thickness (mm) 100 150 200

the sector. The cumulative distribution function (CDF) of
these three parameters provides us with an indication on the
gross characteristics of the variability of radiation patterns
and they will be shown in the following sections.

3. Antenna in Proximity to a Wall

In this section, we consider the practically important case of
an antenna placed on a wall.

3.1. Analysis of Directional Antenna-Wall Interaction. In the
first part of this section, two patch-wall configurations are
considered (Figure 1).

In order to simulate a real scenario, we designed an
air patch antenna operating from 1.7 GHz to 2.1 GHz in
proximity to a wall, whose characteristics are shown in
Figures 2–4. Given that the power radiation pattern is getting
narrower at low frequency, the sector at 1.7 GHz is selected
to cover the angles φ = [30–150], θ = [55–150] in degrees
according to the definition in Section 2. This patch antenna
is a directional antenna, which may be deployed in two
configurations: one is parallel to a wall in order to cover the
area along a street; the other is perpendicular to a wall in
order to cover a wide area, a street crossing, a square, and
so forth.

The patch location and the wall parameters are shown
in Figure 1 and in Table 1, respectively. The frequency points
of the simulation are selected from 1.7 GHz to 2.1 GHz as
one of the potential LTE bands. The permittivity of the wall
has been chosen to vary from 3 to 5, according to common
building material parameters [15]. The other parameters
are determined based on typical building structure and the
experience of antenna deployment provided by an antenna
commercial company. There are 81 realizations for each
configuration and all electromagnetic simulations have all
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Figure 5: Power gain in azimuth in the perpendicular case (a)–(c) Wall distance 50 mm, 100 mm, and 150 mm; (d) isolated antenna
(1.7 GHz).

been carried out using CST. In the simulations, neither the
antenna nor the materials are lossy. Thus, the considered
effects are solely related to the impedance mismatch or
(mainly) to the degradation of the radiation pattern shape.

Figures 5 and 6 reveal the serious impact of the wall on
the patch antenna radiation patterns in both cases, even in
the parallel case, which is not so intuitive since commonly it
is assumed that the back radiation has little influence on the
main beam. It can be found in Figure 5 that the main beam
direction is driven away from the wall when the antenna-
wall distance decreases. This phenomenon is obvious because
the lower half of the original main lobe experiences a wall
reflection and sums up with the other half. The smaller
the distance, the more power the reflected by the wall and
the larger the reflection angles. In order to represent the
main beam direction and to know how it is affected by this
effect, we use the mean radiation direction (MRD) proposed

by Fleury [16], which is more stable than maximum gain
direction. The MRD is based on the following vector:

μΩ =
∮

e
(
φ, θ

)
G
(
φ, θ

)
dΩ, (5)

where e(φ, θ) = [cos(φ) sin(θ), sin(φ) sin(θ), cos(θ)]T . From
this mean vector, we can extract the MRD as the direction of
μΩ.

Figure 7 highlights the distribution of the mean azimuth
angle φmean over the set of realizations. Notice that the
difference of MRD between the disturbed antenna and the
isolated antenna is up to 32 degrees and varies inversely
with the distance from wall. As opposed to the perpendicular
case, the parallel case is almost symmetrical, thus the mean
direction does not change significantly as compared to the
isolated antenna, see Figure 6.
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Figure 6: Power gain in azimuth in the parallel case. (a)–(c): wall distance 50 mm, 100 mm, and 150 mm; (d) isolated antenna (1.9 GHz).

Figures 8 and 9 show the aggregated ISPG distribution
for the two cases, at each frequency and with all frequen-
cies altogether. Owing to the total and sector efficiencies
normalization, the main frequency dependence is removed
and the statistics are better combined. The Gaussian best-
fit distribution is plotted for comparison. Notice that in
Figure 6, several nulls can be seen, which is due partly to
the blocking of the radiation into the directions penetrating
the wall, and partly to severe destructive interference as
the result of reflections at the first and second interface
of the wall, leading to the long tail in Figure 8 of low
gain values. This effect will be more clearly seen in the
omnidirectional antenna case. In other examples of antenna-
disturber interactions, such tails have been analyzed in terms
of general extreme value distribution or of a Gaussian
mixture distribution [9, 10].

Figure 10 shows the ISMPG for the former scenario.
As expected, because the main lobe of patch is parallel

to the wall and due to strong wave reflections out of the
sector, the average gain within the sector is less than the
isolated antenna. Notice that the shorter the distance from
wall, the larger the portion of power reflected from wall to
outside of the sector, which leads to less average gain as
shown below. However, in the latter case, it is difficult to
find a regular distribution of the average gain (Figure 11).
While wall reflection should increase power within the
sector, destructive interference (e.g., at 1.71 GHz) sometimes
actually attenuates the gain in the sector.

Figure 13 shows the cumulative distribution of ISSDPG
for the perpendicular scenario and Figure 14 shows the same
parameter for the parallel scenario. Results from the three
frequencies were combined in these two figures in order to
construct a global statistical distribution. The deviation of
the gain around the mean ranges from 2.7 dB to 5.9 dB in
Figure 12 and from 1.6 dB to 3 dB in Figure 13. We observe
that the Gaussian distribution fits the curves well, with the
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average and standard deviation (μ, σ) of (4.12, 0.84) dB for
the first scenario and (2.26, 0.29) dB for the second scenario.
The average of the Gaussian distribution in the first scenario
is larger than that in the second one because when the
patch is perpendicular to a wall, the wall reflects the radiated
power from the lower half of the sector into the upper half,
weakening the former and enhancing the latter. This leads to
a large difference between the lower and upper halves of the
pattern.

3.2. Analysis of Omnidirectional Antenna-Wall Interaction.
For the second set of simulations, we considered a dipole
vertical array, with a metallic supporting post attached to a
wall as shown in Figure 14, again operating within the same
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Table 2: Parameters of dipole-wall scenarios.

Frequency (GHz) 1.71 1.905 2.05

Permittivity of wall 3 4 5

Distance between patch (edge) and wall (mm) 100 200 300

Wall thickness (mm) 100 150 200

bandwidth in order to compare with the directional antennas
case. The simulation parameters are listed in Table 2, again
providing 27 realizations at 3 frequencies. Since the radiation
pattern of the dipole array is omnidirectional on the azimuth
plane, the sector for the dipole array only restricts the
elevation angle (θ = [65, 115]) according to its −6 dB beam
width.

Firstly, the azimuth pattern and distribution of ISPG
are presented in Figures 15 and 16. The long tails of the
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CDF, which are similar to the patch-wall scenario, are due
to several radiation pattern nulls, as revealed in Figure 15.
Some of the waves radiated towards the wall reflect on its
near surface while some penetrate the wall and reflect on
the second interface. These two reflections, together with the
direct waves, cause constructive and destructive interference
and form irregular patterns. Secondly, even though the wall
disturbs the radiation patterns dramatically, most of the
power radiates around the azimuth plane, not only resulting
in unchanged average gain in the sector (not shown here) but
also resulting in a large deviation around the mean. Figure 17
shows the CDF of ISSDPG at all frequencies, revealing that
a normal distribution again fits the data quite well. The

1.5 2 2.5 3
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ISSDPG (dB)

C
D

F

Simulation
Gaussian

CDF of ISSDPG-patch wall parallel

Figure 13: ISSDPG distribution for the patch-wall parallel case.
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Figure 14: Dipole array locations and parameters.

parameters of the fitted Gaussian distribution are (μ, σ) =
(4.08, 0.29) dB, which tells us that the standard deviation
of gain in each pattern is not heavily dependent on the
particular realization. A large ISSDPG means that the gain
values within the considered sector are deeply disturbed and
do not behave so nicely omnidirectionally as for the isolated
antenna, therefore the antenna performance is degraded.

4. Antenna Deployment on Urban Furniture

Among the deployment schemes considered for 4 G wireless
networks, small cells and femtocells as well as relays are the
most widely advocated. This implies bringing antennas very
close to the users and as much invisible as possible. Then the
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Figure 15: Examples of power gains in the azimuth plane for four realizations.
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integration of the antennas into urban furniture is a serious
option. Indeed, such equipments are very common in all
modern cities, being part of transportation or other public
services and it will likely be possible to contract with servic-
ing companies for installing and maintaining 4 G networks
antennas. In addition, these pieces of equipment are often
connected; however, as indicated above, urban furniture may
cause a strong degradation of antenna performance, resulting
in uncontrolled changes of the radiation patterns. In order to
investigate this quantitatively, two scenarios are considered
here, one being an omnidirectional antenna settled on a
bus-stop shelter with a dielectric roof, see Figure 18, and a
directional antenna attached to a lamppost (Figure 23).

These designs have been inspired by a real bus shelter and
real lamp posts.

4.1. Analysis of Omnidirectional Antenna-Shelter Interaction.
In this part, the simulated antenna is an ultra-wideband
(UWB) bicone, designed to operate from 200 MHz to 3 GHz
in Figure 19.

As opposed to the above cases, where the considered
frequencies only ranged from ∼1.7 to 2.1 GHz, this scenario
considers a much broader band from 200 to 3000 MHz. The
reason stems from the large variation of frequency bands
contemplated for LTE, in some cases going down to 400 MHz
(e.g., for private mobile radio applications used by civil
security services, police forces, etc.).

The other parameters are

(1) frequency points: 200 to 3000 MHz every 200 MHz;

(2) permittivity of plastic roof: 3;

(3) size of roof (mm): 1800 ∗ 810 ∗ 3.6.

The UWB antenna was assumed to be located on top of
a bus-stop roof, according to a uniform spatial distribution.
In practice, the antenna locations are distributed over

Plastic roof

UWB dipole

Metallic frame

x

y
z

Figure 18: Antenna-urban equipment scenarios.
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Figure 19: Design and reflection coefficient of an ultra-wideband
omnidirectional radiator.

a rectangular grid, of increment 450 mm in length and
202.5 mm in width. This resulted in 25 antenna locations for
each frequency point. All simulations were carried out using
WIPL-D.

Owing to the UWB antenna’s nearly perfect rotational
symmetry, the isolated antenna pattern is extremely omni-
directional. It is also quite broad in elevation, although
starting from ∼1.2 GHz onward, it starts being multimode,
which translates into a structured shape in elevation. This
phenomenon is responsible for a slightly lower gain in the
horizontal plane at these frequencies.

In the previous section, the statistical parameters at dif-
ferent frequencies have been aggregated together. However,
in this section, the statistical parameters will be shown in
individual frequency points in order to fully reveal a possible
regular variation with frequency. Besides, since the “sector”
means the solid angle area in which we are interested or
where the antenna intends to radiate, the range of the sector
has been adjusted in order to observe the variation of the
ISPG. The sector is found to cover the angles φ = (0–360),
and θ = (35–145) in degrees, so we will show results with
sector φ = (0–360), and θ = (35 (±10) ∼ 145 (±10)).

The left column of Figure 20 exhibits the ISPG distri-
butions for the antenna-shelter scenario at each frequency,
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Figure 20: ISPG distribution for antenna-shelter and various sector widths in elevation: (25–155◦), (35–145◦), and (45–135◦) (from top to
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while the right column shows the corresponding ISPG
distributions for the isolated antenna. Naturally in that case,
the distribution is very narrow and only stems from the shape
of the radiation pattern, which is not isotropic. In Figure 20,
three values for the sector elevation beamwidth have been
chosen (130◦, 110◦, and 90◦ from top to bottom) in order
to test the robustness of the distributions to this parameter.

With the normalization of TE and SE, the curves at
different frequencies are much closer and easier to compare.
By looking at the isolated antenna ISPG plots, we see that
the low gain tail is shorter when the sector gets narrower,
especially for the low frequencies (green curves). This is

because in a broader sector, more low power gain values
originating from high angles in the radiation patterns are
involved at low frequencies. A high frequency often means
a broad beamwidth. Even though the first sector is the
broadest, it still cannot catch many low power values of
the gain. Thus, for high frequencies, the radiation patterns
change less with the restriction of the sector.

The ISPG distributions for the disturbed antenna case,
in contrast, vary less when the size of the sector decreases,
which also proves the robustness of the selection of the sector.
Since the distribution of ISPG is naturally asymmetrical
due to the fact that the power gain can be extremely low
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sector).
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Figure 22: ISSDPG distribution for antenna-shelter (standard
sector).

(nulls) but cannot be extremely high, Gaussian distribution
is not suitable for this case, even though it performs well
in previous scenarios. Generalized Gaussian distribution
(GGD), whose shape parameter can be used to introduce
skew, has been proposed to fit the ISPG distribution.
After the normalization, the curves are found to follow
the generalized Gaussian distribution far better than the
Gaussian distribution. The goodness of fit will be studied in
a future work.

Figure 21 reveals a negative impact by the dielectric
roof, where the UWB dipole at all frequencies performs a
little worse than the isolated antenna. With the increase of
frequency, the ISMPG deviates from the reference with a
difference up to 2.3 dB. A high frequency generally translates
into a more severe degradation than a low frequency. From
the perspective of radiation main lobes orientation, the roof
does not block radiations downward, thus signal detection
for users below the roof is still achievable. The ISSDPG
distributions are shown in Figure 22, revealing that the
metallic frame largely increases the variance of the ISSDPG.
The average value and difference of ISSDPG at one frequency
is more than 2.5 dB and 1 dB, respectively. The metallic frame
creates constructive and destructive inference by its strong
reflections, increasing ISSDPG and weakening the stability of
radiation within the sector.

Distance from lamppost

Patch

α

h

z

y

8 m

Figure 23: Antenna and lamppost location.

Table 3: Parameters of dipole-wall scenarios.

Frequency (GHz) 1.7 1.9 2.1

Antenna height (mm) 7000 7400 7800

Angle of corner (◦) 45 60 90

Distance from lamppost (mm) 20 50

4.2. Analysis of Directional Antenna Lamppost Interaction. In
order to simulate the scenario where a directional antenna is
deployed on a lamp post, a simulation environment has been
established as shown in Figure 23. Similar to the directional
antenna-wall scenario, there are 3 kinds of input parameters
(listed in Table 3), where the material of the lamp post is
taken to be a PEC (perfect electric conductor). The variation
of parameters represents the possible position and possible
type of lamp post on which the LTE access point will be
deployed.

As shown in Figure 24, because of the reflection of
radiated waves by the metallic lamp post, the beam width
becomes narrower whatever the frequency is. In contrast to
the isolated antenna, the main beam of the disturbed antenna
at 2.1 GHz is almost allocated in the section, leading to a
high ISPG after normalization, which implies high sector
efficiency improvement at 2.1 GHz under disturbance. This
effect can be seen easily in the CDF of the ISPG (Figure 25).

For isolated antenna, the sector efficiency at 2.1 GHz is
0.36, meaning a low normalization factor. But for disturbed
antenna, the main beams at three frequency points are all
focused in the sector. In other words, the sector efficiency
has been highly improved especially at 2.1 GHz, than divided
by a low normalization factor. Thus it interprets why ISPG
at 2.1 GHz is larger than the reference (isolated) antenna.
Meanwhile, one can observe that the ISPG at 1.7 GHz is
smaller than the reference because the interaction with lamp
post raises antenna’s input return loss (S11 = −3.69 dB). Such
an unfavorable return loss impairs and weakens the radiated
power in the sector, leading to low ISPG.

A fitted generalized Gaussian distribution curve has been
plotted, for comparison with the aggregated ISPG CDF
curve. However, the curves for individual frequencies are too
far away from each other, only modeling the aggregated curve
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Figure 24: Radiation patterns for one realization in the lamppost scenario.

is not sufficient to find frequency-specific distribution while
the ISMPG and ISSDPG at individual frequency are also very
important to be modeled. The ISMPG (Figure 26) for three
frequencies with very small variations is distributed around
the reference ISMPG as expected. This means that the sector
efficiency or the portion of power radiated within the desired
direction at 1.9 and 2.1 GHz is much better than the isolated
antenna, and this quality does not change too much with

the shape of lamp post or height of antenna due to a small
variation.

With the lampshade on top of the antenna, the radiation
upward will be reflected to ground, causing a strong beam
downward and a null upward, which can be observed in
Figure 24. Due to such a large variation of radiated power
gains, the ISSDPG must be large, as shown in Figure 27.
Again, because of the normalization factor and the low
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S11 at 1.7 GHz, the curves are separated. A fitted Gaussian
distribution has been plotted to illustrate that the aggregated
ISSDPG is hard to be modeled by Gaussian distribution.
The first or second central moment of ISPG (ISMPG or
ISSDPG) cannot be extremely low or high in this scenario, so
their values have upper and lower boundaries which may be
correctly described by a linear model (uniform distribution).

5. Conclusion

In this paper we have presented simulations’ results on the
performance of omnidirectional and directional antennas,
in proximity to a wall, a bus shelter, and a lamp post, as
examples of access point placement for 4 G access points,
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Figure 27: ISSDPG distribution for lamppost scenario.

relays, or base stations. The concept of the sector has been
applied in order to focus the statistical analysis of the antenna
pattern degradation by these disturbers in terms of wanted
and unwanted radiation directions. Three parameters assess-
ing the antenna performance and its degradation, which
could be used in order to set up a statistical model, have been
defined.

The results indicate that the lognormal distribution
(Gaussian in dB) is often approximately obeyed, as regards
the power gains in the considered sector. This is true for
the antenna-wall scenario, while in the antenna-shelter and
antenna lamppost scenarios, the ISPG appears to follows
the generalized Gaussian distribution. In most scenarios,
except for the patch-lamp post scenario, the mean value of
ISPG is less than that of a reference antenna, due to the
reflection by surrounding disturbers. The ISSDPG follows
well a lognormal distribution in the antenna-wall scenarios,
within the frequency band from 1.7 GHz to 2.0 GHz for
both directional and nondirectional antennas. For the other
scenarios, its distribution shall be carefully investigated
in future works. This statistical analysis of averages and
deviations of the gain in the considered sector may be helpful
in appreciating the problems posed by antennas deployment
in small cells at street level, when the placement of antennas
must be made in locations where strong disturbances are
present. In the future, the frequency and angular corre-
lation of radiation patterns will be investigated, and the
goodness of fit for statistical parameter evaluation will be
studied.
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User influence on multiple-input multiple-output (MIMO) performance is studied for different dual antenna handsets specially
designed to have good and bad MIMO performance. The study reveals that user influence can cause either improvement or
degradation for different test objects, including a spread effect over the parameters. Differences in performance between good and
bad handsets can be clear when they are measured without user influence, but become small under real person influence. This
result illustrates the particular importance of user influence to characterize MIMO handsets.

1. Introduction

User influence on multiple antenna device performance has
been a topic for research in the last few years, since it is well
known that a user in the vicinity of a wireless device affects
the propagation conditions that the device is experiencing.
This effect is well known for single-input single-output
(SISO) communications, consisting of a degradation of
radiation performance due to the losses introduced by the
user. This effect is usually quantified by the changes in
radiation efficiency and absorbed power [1].

In spite of this knowledge, it is still not clear what the
consequences are when it comes to multiple antenna devices,
since they base their enhanced capabilities on a rich field
distribution in terms of signal paths. Numerous studies have
been performed over the last years, agreeing to the fact that
the effect of the human body is more complex in MIMO
terminals than in traditional ones [1–5]. The presence of the
user has been demonstrated to have immediate influence on
radiation patterns, input impedances and therefore on the
correlation matrix, yet the effects are not fully understood
and contradictory findings are commonplace. In [3], the

envelope correlation coefficients were significant when the
user was present. These changes showed a more important
dependence to antenna orientation in [1]. In contrast, an
increment of the correlation coefficients is also available in
the literature [6]. Contradictory findings can also be found
for the effects on diversity gain [7].

In this paper, the performance of different handsets
has been analyzed. All the handsets used within this study
consist of two antennas, in order to implement diversity at
the receiving terminal end of the link (SIMO: Single Input
Multiple Output). This SIMO configuration is relevant for
this study since it is one of the normal over-the-air (OTA)
test cases for the new communication standards (HSDPA and
LTE).

2. Measurements

2.1. Test Objects. Four different handsets are used for this
study. Two of them work at low frequency (700–780 MHz)
and the other two work at a higher frequency (2620–
2690 MHz). For each band, there is one handset with a good
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Figure 1: Scheme of the reverberation chamber measurement
setup.

antenna solution and the other one has been designed on
purpose to have bad MIMO performance.

2.1.1. 700 MHz Test Objects. Two samples of the same hand-
set model are used with dimensions 115 mm × 65 mm. The
two test objects are referred to as Prototype A and Prototype
B. Prototype A has two monopole antennas located at each
short side of the handset. The two monopoles excite the
chassis in the same way, so high correlation is expected.
Prototype B includes one monopole located at one of the
short sides of the handset and a notch antenna located
along the long side of it. These two antennas have different
radiation patterns which cause a low correlation with each
other.

2.1.2. 2600 MHz Test Objects. Two terminal antenna models
are used with dimensions 100 mm × 40 mm. The two test
objects are referred to as Prototype C and Prototype D. Both
Prototype C and Prototype D consist of a ground plane and
two Planar Inverted F Antennas (PIFA) fed by coaxial cables.
Prototype C is designed to have high correlation on purpose,
by slightly connecting the patches of the two single PIFA
antennas; however, Prototype D has low correlation.

2.2. Measurement Setup. Measurements were carried out
using a reverberation chamber (RC) (length 3 m, width
2.45 m, and height 2.45 m) located at SP Technical Research
Institute of Sweden, Borås, Sweden. The RC comprises an
electronically controlled turn table, as well as a rotational
zig-zag stirrer placed in a corner of the metallic cavity. The
shielding effectiveness of this RC is 100 dB. Figure 1 showed
a basic scheme of the setup used for the measurements
performed during this study.

Three different scenarios (No User, Head Phantom, and
Real Person) are used to simulate different effects of the
user on the radiation performance of the antennas. No User
scenario is the classical scenario generated in a reverberation
chamber, with an isotropic and Rayleigh distributed field
strength at the device. In this scenario, the antennas under
test were placed over a low loss dielectric foam piece, in
order to avoid as much as possible the effect of the holder.
Head Phantom is the commonly used scenario to estimate
the behavior of a device including user influence, that is,

Figure 2: Measurement setup with the presence of the head
phantom and the device placed in talk position.

device attached to the cheek of the phantom and aligned
between the ear point and the mouth point (Figure 2). Real
Person scenario is performed with the introduction of a real
person inside the chamber, holding the device with the hand
simulating talk position, in the same way as in the Head
Phantom scenario. The person is sitting on a chair placed in
the center of the chamber, in order to have the antenna in a
similar place as in the other scenarios.

No User is used as a reference case. This scenario,
although useful, is not intended to be realistic. With the
introduction of a head phantom, the effect of the user
head on the antenna is included. The head phantom affects
the close environment of the antenna, but it is still an
intermediate approach to a real user influence simulation,
since a head phantom does not block all the incident waves
that a real person would. This is the motivation of the Real
Person scenario.

3. User Influence on Antenna Parameters

3.1. Correlation. Antenna correlation is the figure-of-merit
which has been commonly accepted to be a good indicator
of the MIMO performance of an antenna pair. As showed
in [8], correlation affects MIMO capacity, which is clearly
decreased when antennas at the receiver are highly correlated.
The complex correlation coefficient of two antennas can be
calculated from the complex transmission coefficients (S21)
between the exciting antenna of the RC and the antenna pair
under test, by [9]

ρ =
∣
∣
∣ρcomplex

∣
∣
∣

=
∣
∣
∣∣
∣
∣

∑N
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(
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∣
∣

,

(1)

where k stands for the current stirrer position, and

〈S21〉 = 1
N

N∑

k=1

S21(k) (2)



International Journal of Antennas and Propagation 3
C

or
re

la
ti

on
C

or
re

la
ti

on
C

or
re

la
ti

on

Frequency (Hz)

Real person

×108

×108

×108

Prot. B k = 1
Prot. B k = 2

Prot. A k = 1
Prot. A k = 2

7 7.05 7.1 7.15 7.2 7.25 7.3 7.35 7.4 7.45
0

0.5

1

7 7.05 7.1 7.15 7.2 7.25 7.3 7.35 7.4 7.45
0

0.5

1

7 7.05 7.1 7.15 7.2 7.25 7.3 7.35 7.4 7.45
0

0.5

1

No user

Head phantom

Figure 3: Correlation of the 700 MHz band devices for the three
different scenarios.

(i) N is the total number of stirrer positions over a whole
sequence of stirring movement.

(ii) S21,1 is the S21 parameter between the transmission
antenna and receiving antenna 1.

(iii) S21,1 is the S21 parameter between the transmission
antenna and receiving antenna 2.

For the purpose of these measurements, 400 different
positions are selected (100 stirrer position × 4 turn table
positions), and the number of points of the vector network
analyzer used to perform the S21 measurements is set to 401.

Two repetitions (k = 1, k = 2) of each measurement were
performed. The measurement of each of the scenarios took
about 40 minutes, for each dual antenna. Some problems
were detected due to the decorrelation introduced by the
cables connected to the antennas. In order to avoid those
problems, an RF switch is introduced between one of the
connectors of the vector network analyzer and the antennas
under test, so the S21 can be measured for the two receiving
antennas without changing the position of the cables.

Figures 3 and 4 show the different correlation values
obtained under the three different user influence scenarios,
for antennas at both bands. Tables 1 and 2 show the values
of mean and standard deviation of the measured correlation
values.

Correlation is clearly affected by the presence of the user.
Normally when an object is close to the antenna, the object
produces two different effects. The first effect is to create new
reflection points for the signal thus producing new clusters
and increasing the richness of multipath propagation, which
means that it decreases the correlation between antennas.
On the other hand, when an object is positioned near an
antenna, this object blocks the signal incoming from other
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Figure 4: Correlation of the 2600 MHz band devices for the three
different scenarios.

cluster which impoverishes multipath propagation of the
signal causing an increase of the correlation.

These two opposed effects, as they are combined, cause
the a randomization of the measured correlation. That is,
when an object is inserted in the vicinity of a wireless device,
the device can either increase or decrease its correlation.
In other words, we can say that the effect of introducing
objects near the antenna makes these antenna lose their
inherent properties and their correlation depend more on
the propagation environment. While the handsets present a
well-recognized low and high correlation behavior in the No
User scenario, this difference becomes smaller as the presence
of the user is more significant. In fact, in the Real Person
case, where there exist the influences of both the head and
the hand of the person, the random effect on the results is
much greater than when it is the head phantom only.

It is also worth noticing the different impact depending
on the frequency. Even though the effect is important at the
higher frequency, it has a dramatic impact at the 700 MHz
band, where correlation becomes very similar in both test
objects, and with large variations over the band. This is
because in terms of (d/λ), the distance over which the
objects are placed (phantom or real person) is much smaller
at 700 MHz compared to 2600 MHz, which means that an
object placed closer has a greater influence.

Another factor is that the real person has a physiognomy
much rougher than a phantom which is the average of
many users (being the average of many users tends to round
the shape). This rougher shape of individual persons, when
compared to phantoms, creates more scattering effects and
therefore some differences can be appreciated.
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Table 1: Correlation results (mean).

Band Prototype k No User Head Phantom Real Person

700 MHz

A
1 0.689 0.676 0.570

2 0.687 0.676 0.526

B
1 0.313 0.389 0.506

2 0.310 0.390 0.492

2600 MHz

C
1 0.885 0.889 0.813

2 0.886 0.886 0.760

D
1 0.257 0.354 0.336

2 0.255 0.340 0.375

Table 2: Correlation results (standard deviation).

Band Prototype k No User Head Phantom Real Person

700 MHz

A
1 0.099 0.055 0.151

2 0.098 0.057 0.168

B
1 0.155 0.129 0.164

2 0.156 0.130 0.169

2600 MHz

C
1 0.026 0.032 0.079

2 0.027 0.035 0.074

D
1 0.071 0.077 0.126

2 0.073 0.083 0.115

Finally, it should be noted that the standard deviation
of the correlation (Table 2) is always higher for the scenario
of real person in all the prototypes. This is also observable
in Figures 3 and 4, where we can see that variations in
correlation are much larger with the frequency. Also the
difference between the two measurement repetitions is much
higher for the real person case. This is due to abrupt changes
in the appearance of the real person, together with the
uncertainty on the position of the prototypes introduced
when a real person is holding them. Both phantoms and
holders are designed so they represent the average of
human shape. However, in order to detect minimums and
maximums in performance, average shapes are not as useful
as particular cases are. Therefore, it is advisable to perform
these tests with real people because the results of these tests
may differ from the results obtained using a phantom.

3.2. Diversity Gain. Diversity gain (DG) is one of the
most recognized figures-of-merit when evaluating multiple
antenna terminals. DG quantifies the improvement created
by the existence of more than one antenna over a reference
case. In this study, the reference case chosen is the average
power of both antennas operating separately.

Several schemes can be used to combine the signals
coming from the two antennas. Since the prototypes and
antennas used in this study are intended to be part of
complex wireless devices, the maximum ratio combining
(MRC) [10–12] scheme is used, which is common for these
kind of devices. Table 3 shows the measured DG (in dB)
of the devices for a signal reliability of 1 %. Efficiency of
antennas is not taken in account for the DG calculations,
which means that apparent diversity gain (ADG) is calculated
[13, 14].

Table 3: Apparent diversity gain results (decibels).

Band Prototype No User Head Phantom Real Person

700 MHz
A 6.38 6.98 6.71

B 8.21 8.40 7.35

2600 MHz
C 5.52 5.75 7.28

D 8.76 8.10 8.38

Low correlation handsets present a reduction in diversity
gain when the user influence becomes more important. The
effect is the opposite for the high correlated handsets.

This effect is in line with the correlation that both devices
present under the three different scenarios. As we have seen
before, the correlation between antennas is decreased in high
correlated devices when they are under user influence. This
effect can actually lead to a better MIMO performance of the
device under user influence, compared to the performance
the device has under No User scenario. Even more so,
we can see how the DG results become very similar for
both bad and good devices, in the case of a real person
influence. It then seems that the real effect of a user on DG is
the equalization of device performance, and not necessarily
deterioration.

4. Conclusion

In this paper, user influence over correlation and diversity
gain is evaluated for some different scenarios including a
real person. This is the first time that measurements using a
real person in a reverberation chamber are reported. Results
show that user influence equalizes MIMO performance of
devices which have very different behavior when analyzed
without user influence. Furthermore, the user influence on
correlation does not seem to be a linear constant offset but a
spread effect.

The different behavior of different user calls for detailed
studies with different body phantoms in order to define the
effect of the user influence over the antenna. It is important
to study standard deviations from different body phantoms.
Finally, it is necessary to deepen the shadowing effect that
actually changes the propagation environment where the
antenna is being measured.

Further research includes the development of a theoret-
ical model for the user influence on MIMO devices, as well
as the repetition of this study including realistic propagation
channel models (including delay and angular properties).
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Frequency domain adaptive antenna array (FDAAA) is an effective method to suppress interference caused by frequency selective
fading and multiple-access interference (MAI) in single-carrier (SC) transmission. However, the performance of FDAAA receiver
will be affected by the antenna placement parameters such as antenna separation and spread of angle of arrival (AOA). On the
other hand, hybrid frequency reuse can be adopted in cellular system to improve the cellular capacity. However, optimal frequency
reuse factor (FRF) depends on the channel propagation and transceiver scheme as well. In this paper, we analyze the impact of
antenna separation and AOA spread on FDAAA receiver and optimize the cellular capacity by using hybrid FRF.

1. Introduction

Single-carrier (SC) transmission has been adopted for uplink
transmission in LTE [1] and LTE-A [2] systems due to
its wide coverage and lower peak-to-average power ratio
(PAPR) than multicarrier (MC) transmission. However, the
wireless channel becomes severely frequency selective as the
data rate increases due to the multiple paths with different
time delays [3]. In such a frequency-selective channel,
interblock interference (IBI) and intersymbol interference
(ISI) are produced and degrade the transmission signifi-
cantly. To deal with this problem, cyclic prefix (CP) will be
inserted at the transmitter side, and then be removed at the
receiver side to avoid IBI and frequency domain equalization
(FDE) technique has been proposed to suppress ISI in
SC transmission [3]. FDE equalizes the frequency domain
receive signal by applying equalization weight to combat the
channel fluctuation in each frequency. Several methods to
calculate FDE weight have been introduced, such as zero-
forcing (ZF), minimum-mean-square error (MMSE), and so
forth.

In cellular system, neighboring cells will use the same
carrier frequency/frequencies to save the bandwidth and
cochannel interference (CCI) exists and CCI power will
be determined by the distance between cochannel cells. In
addition, the existence of multiple users within the same cell
will cause multiuser interference (MUI). As a result, cellular
capacity will be limited by multiple access interference (MAI,
which includes both CCI and MUI) instead of additive noise.
Adaptive antenna array (AAA) is a powerful method to
combat MAI. It has been proved in [4] that AAA receiver
can effectively deal with up to Nr − 1 interferences when flat
fading channel is assumed where Nr represents the number
of antenna elements in the array.

Therefore, in order to combat the MAI in frequency
selective fading channel, it is natural for us to resort to
both FDE and AAA. In our previous study [5], frequency
domain adaptive antenna array (FDAAA) has been proposed
and proved to be more effective to suppress MUI in severe
frequency selective fading channel than the other frequency
domain algorithms such as diversity combing algorithm.
However, the performance of antenna array will depend
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on antenna placement, which determines the coupling and
radiation pattern between antennas. In addition, the angle
of arrival (AOA) of the receive signals’ waveform will also
affect the performance [6, 7]. These considerations have not
been addressed in our previous study and, to the best of our
knowledge, have not been addressed in the literature.

On the other hand, cellular capacity is determined by
the bandwidth efficiency and the available bandwidth. By
increasing the frequency reuse factor (FRF), the distance
between cochannel cells will increase, and the CCI power
will be reduced. However, the available bandwidth is reduced
at the same time. As a result, cellular capacity becomes
a tradeoff between bandwidth efficiency and available
bandwidth, which is determined by FRF. In our previous
study [8], hybrid FRF has been proposed to optimize the
cellular capacity. However, the optimal FRF depends on the
channel propagation model and transceiver structure. And
the cellular capacity optimization problem has to be re-
formulated when FDAAA receiver is considered.

In this paper, we optimize the cellular capacity in SC
uplink transmission using FDAAA receiver by taking into
consideration the impact of antenna placement. The remain-
ing of the paper is organized as follows: uplink FDAAA
receiver for cellular system is introduced in Section 2; Hybrid
FRF algorithm and analysis on cellular capacity is given in
Section 3; In Section 4, the impact of antenna placement,
that is, antenna separation and AOA spread, will be analyzed;
Numerical results on cellular capacity will then be given in
Section 5 and finally the paper will be concluded in Section 6.

2. Uplink FDAAA Receiver in Cellular System

2.1. System Model. It is assumed that the base station (BS)
locating at the center of each cell is equipped with Nr

antennas, and there are U mobile stations (MSs, that is,
users) in each cell and each user is equipped with a single
transmit antenna, as shown in Figure 1. We assume that the
0th user is the desired user, and the other users are interfering
users, it is also assumed that the channel remains unchanged
during one block transmission. Two cellular structures are
shown in Figure 2. On the left is the conventional cellular
structure using single FRF (FRF 1), on the right is the cellular
structure using hybrid FRF which will be further explained in
Section 3.

The channel impulse response between the uth user and
the BS can be expressed as

hu(τ) =
L−1∑

l=0

hu,lδ(τ − τl), (1)

where hu,l and τl are the channel gain vector and time
delay of the lth path, respectively,

∑L−1
l=0 E{|hu,m,l|2} = 1

where hu,m,l is the mth element of hu,l and E{·} denotes
statistical expectation. The path delay is assumed to be
integer multiples of symbol duration and τl = l. CP is used
and its length is assumed to be longer than the maximum
path delay so that IBI can be avoided.

User no. U

User no. 2User no. 0

No. 0, No. 1 . . . No. Nr − 1

User no. U− 1

Figure 1: Uplink transmission in a single cell.
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f1, f2, f3f1, f2, f3

Figure 2: Structure of single FRF and hybrid FRF.

The baseband receive signal vector r(n) = [r0(n),
r1(n), . . . , rNr−1(n)]T , (n = 1, . . . ,Nc) is given by

r(n) =
√
P0d0

−α10−ξ0/10
L−1∑

l=0

h0s0(n− τl)

+
U−1∑

u=1

√
Pudu

−α10−ξu/10
L−1∑

l=0

husu(n− τl)

+
I−1∑

i=0

U−1∑

u=0

√
Pu,idu,i

−α10−ξu,i/10

×
L−1∑

l=0

hu,isu,i(n− τl) + z(n),

(2)

where U and I are the number of users per cell and the
number of cochannel cells, respectively; Subscripts u and
(u, i) represent the index of the uth user at the desired cell
and at the ith cochannel cell, respectively; P represents the
transmit power; s is the transmit signal; d represents the
normalized distance between the user and the BS of the
desired cell; α and ξ represent the path loss exponent and
shadowing loss, respectively. z(n) = [z0(n) . . . zNr−1(n)]T

is the vector of complex additive white Gaussian noise
(AWGN). In this study, slow transmit power control (TPC)
in each cell is assumed so that each user will have the same
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target receive signal power in average at the corresponding
BS. Therefore, the transmit power is given by

Pu =
(

Ptarget

du
−α10−ξu/10

)

du,0
−α10−ξu,0/10, (3)

where Ptarget is the target receive signal power; The frequency
domain received signal on the kth frequency is then expressed
as

R(k) = H0(k)S0(k) +
U−1∑

u=1

Hu(k)Su(k)

+
I−1∑

i=0

U−1∑

u=0

Hu,i(k)Su,i(k) + Z(k),

(4)

where Hu = [Hu,0(k) Hu,1(k) . . . Hu,Nr−1(k)]T , Su(k), and
Z(k) = [Z0(k) Z1(k) . . . ZNr−1(k)]T are, respectively, the
frequency domain channel response, transmit signal, and
noise component, given by (5). In the right hand side of (4),
the first term comes from the desired user, the second term
comes from MUI, the third term comes from CCI, and the
last term is the noise component.

Su(k) =
√
Pudu

−α10−ξu/10
Nc−1∑

n=0

su(n) exp
(
− j2πn

k

Nc

)
,

Hu,m(k) =
L−1∑

l=0

Nc−1∑

n=0

hu,l,m exp
(
− j2πn

k

Nc

)
,

Zm(k) =
Nc−1∑

n=0

zm(n) exp
(
− j2πn

k

Nc

)
.

(5)

2.2. Propagation Model of Adaptive Antenna Array. Linear
antenna array is assumed, and the propagation model is
shown in Figure 3. The geometric center of array is denoted
by c and the antenna separation is denoted by d. θ0 represents
the angle between line of sight (LOS) direction of MS and the
BS array plane; The plane waveform of the lth path from the
uth user is consisted of a number of unresolvable paths and
the angle spread of the unresolvable paths is denoted by δ;
In this study, δ is assumed to be zero for simplicity and hu,l

represents the plane waveform of lth path from the uth user.
The nominal AOA of hu,l observed at array center c is denoted
by θu,l and the AOA spread of θu,l is uniformly distributed
within a range of Δ. Therefore, the lth path gain of the uth
user which is observed at the mth antenna element can be
given by

hu,l,m = hu,l exp
(
− j2π

(0.5M −m + 0.5)
λ

d cos θu,l

)
, (6)

where m = 1, 2, 3, . . . ,Nr and λ is the carrier wavelength.

2.3. FDAAA Receiver. In our previous study, FDAAA receiver
has been investigated in [5–7]. The transceiver structure of
SC transmission using FDAAA receiver is shown in Figure 4.
At the receiver side, the CP is removed and the receive signal
at each antenna is transformed to frequency domain by using
fast Fourier transform (FFT), then adaptive antenna array
(AAA) weight control is then performed on each frequency
and the output after AAA weight control is given by [9]:

R̂(k) = WH
FDAAA(k)R(k), (7)

where W FDAAA (k) = [ W FDAAA, 0 (k), WFDAAA,1(k) , . . . ,
WFDAAA,Nr−1(k)]T minimizes the mean square error (MMSE)
between R̂(k) and the frequency domain desired signal S0(k),
given by [5–7]:

WFDAAA(k) = X(k)−1p(k), (8)

where X(k) = E{R(k)R(k)H} is the autocorrelation matrix
of the received signal vector, p(k) = E{R(k)S0

∗(k)} is the
cross-correlation between the receive signal and the reference
signal, superscript H denotes Hermitan transposition, and
∗ denotes the complex conjugate operation. It is assumed
that the transmit signals from different users are independent
and the noise component is also independent to them. The
autocorrelation matrix X(k) is an Nr×Nr square matrix, and
the (m,n)th element of X(k) is given by

Xm,n(k) = E
{
Rm(k)Rn

∗(k)
}

= E
{
H0,m(k)S0(k)S∗0 (k)H∗

0,n(k)
}

+
U−1∑

u=1

E
{
Hu,m(k)Su(k)S∗u (k)H∗

u,n(k)
}

+
I−1∑

i=0

U−1∑

u=0

E
{
Hu,i,m(k)Su,i(k)S∗u,i(k)H∗

u,i,n(k)
}

+ E
{
Zm(k)Z∗n (k)

}
.

(9)
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Since channel state information (CSI) is known for the
users within the cell of interest, (9) can be rewritten as

Xm,n(k) = B0H0,m(k)H∗
0,n(k)

+
U−1∑

u=1

PMUI,uHu,m(k)H∗
u,n(k)

+
I−1∑

i=0

U−1∑

u=0

diag
[
PCCI,u,i

]
Nr×Nr

+ σ2I,

(10)

where B0 is received signal power of the desired user; PMUI,u

and PCCI,u represent MUI and CCI power from the uth
user, respectively. Similarly, the mth element of the cross
correlation matrix can be given by

pm(k) = E
{
Rm(k)S0

∗(k)
} = B0H0,m(k). (11)

Data decision is then made based on the time domain signal
estimate which is obtained by applying inverse FFT (IFFT) to
the frequency domain signal component in (7), given by

r̂(n) = 1
Nc

Nc−1∑

k=0

R̂(k) exp
(
j2πk

n

Nc

)
. (12)

3. Hybrid FRF Algorithm and Capacity Analysis

3.1. Hybrid FRF. Different from traditional cellular system
which uses the same FRF for the whole cell, hybrid FRF
algorithm adopts FRF = 1 and FRF = 3 adaptively to optimize
the cellular structure [10]. According to the location and
instantaneous channel status of a user, hybrid FRF algorithm
uses FRF 1 for area near the cell center and FRF 3 for area
near the edge cell. As a result, two data rates coexist within a
cell. Since the same target receive power Ptarget is required for

users with different data rates, the relation between energy
and power is given as

Es
N0

= Ptarget × Ts

N0
, (13a)

Ptarget

N0
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

BW×
(
Es
N0

)

target
, cell center,

BW
3
×
(
Es
N0

)

target
, cell edge,

(13b)

where Ts is symbol period, and BW is the bandwidth. Receive
power from the uth user at the desired BS and at the ith
cochannel BS are given by (14) and (15), respectively.

Bu

N0
=
(

Ptarget/N0

du
−α10−ξu/10

)

du
−α10−ξu/10, (14a)

Bu =
⎧
⎪⎨

⎪⎩

(Es)target × BW, cell center,

(Es)target × BW
3

, cell edge,
(14b)

Bu,i

N0
=
(

Ptarget/N0

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, (15a)

Bu,i =
(

Ptarget

r̂−αu,i 10−ηu,i/10

)

du,i
−α10−ξu,i/10

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
(Es)target × BW

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell center,

(
(Es)target × (BW/3)

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell edge,

(15b)

where ru,i represents normalized distance between the uth
user and its corresponding BS in the ith cochannel cell.

3.2. System Capacity Analysis. Capacity is the highest rate
at which information can be sent over the channel with
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arbitrarily small probability of error [11] and the rela-
tion between capacity (bps/Hz) and signal-to-noise-plus-
interference ratio (SINR) is given by

C =
(

1 + log2 SINR
)
. (16)

In cellular system, carrier frequency/frequencies will be
reused by neighboring cells. Taking FRF into consideration,
cellular capacity in bps/Hz/BS is given by

C = 1
FRF

(
1 + log2 SINR

)
. (17)

In hybrid FRF cellular system, since FRF 1 and FRF 3 are
both used within a cell, cellular capacity depends on user’s
location and (17) is rewritten as

C =
⎧
⎪⎨

⎪⎩

log2(1 + SINR), FRF1 area,
1
3

log2(1 + SINR), FRF3 area.
(18)

In order to evaluate the cellular capacity, we are going to
derive SINR in the next. For FDAAA, the signal power of
array output can be calculated by

PFDAAA = E

⎧
⎨

⎩
1
Nc

Nc−1∑

k=0

R̂(k)R̂∗(k)

⎫
⎬

⎭

= 1
Nc

Nc−1∑

k=0

WFDAAA
H(k)[Rs(k) + RNI(k)]

×WFDAAA(k),

(19)

where Rs(k) is the autocorrelation matrix of the receive signal
from the desired user, and RNI(k) is the autocorrelation
matrix of the receive signal from interfering users plus noise.
Therefore, SINR can be obtained by

SINR = power of received signal
power of interference + noise power

=
∑Nc−1

k=0 WFDAAA(k)Rs(k)WFDAAA(k)
∑Nc−1

k=0 WFDAAA
H(k)RNI(k)WFDAAA(k)

.

(20)

Note that interference power also depends on the users’
location and two cases should be considered:

Case 1 (Desired user is inside FRF 1 area). MUI power is
given by

PMUI,u =
⎧
⎪⎨

⎪⎩

(Es)target × BW, cell center,

(Es)target × BW
3

, cell edge,
(21)

and CCI power is given by

PCCI,u

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
(Es)target × BW

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell center,

(
(Es)target × (BW/3)

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell edge.

(22)

Case 2 (Desired user is inside FRF 3 area). MUI power is
given by

PMUI,u =

⎧
⎪⎪⎨

⎪⎪⎩

(Es)target × BW
3

, cell center,

(Es)target × BW
3

, cell edge,
(23)

and CCI power is given by

PCCI,u

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
(Es)target × (BW/3)

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell center

(
(Es)target × (BW/3)

ru,i
−α10−ηu,i/10

)

du,i
−α10−ξu,i/10, cell edge.

(24)

4. Impact of Antenna Placement

FDAAA receiver was proposed as a solution to combat
MAI in frequency selective fading environment. In our
previous study, it has been proved that when the antennas
are considered to be uncorrelated with each other, FDAAA
receiver has the ability to accommodate up to Nr users in a
single cell and even in cellular environment when the FRF
is big enough. However, the noncorrelation assumption is
impractical and correlation often occurs and depends on the
antenna placement in an array. To understand the impact
of antenna placement, two parameters, antenna separation
d and AOA spread Δ, are considered in this study. Equation
(6) can be rewritten by

hu,l = hu,lw
(
θu,l
)
, (25)

where w(θu,l) is the steering vector of the linear array, given
by

w
(
θu,l
) = [

w0
(
θu,l
)
,w1

(
θu,l
)
, . . . ,wNr−1

(
θu,l
)]T

=
[

exp
(
− j2π

(0.5Nr − 0.5)
λ

d cos θu,l

)
,

exp
(
− j2π

(0.5Nr − 1.5)
λ

d cos θu,l

)
, . . . ,

exp
(
j2π

(0.5Nr − 0.5)
λ

d cos θu,l

)]T
.

(26)

θu,l is uniformly distributed within a range of Δ and the
probability density function of θu,l is given by

f
(
θu,l
) =

⎧
⎪⎨

⎪⎩

1
Δ

; −Δ

2
+ θ0 ≤ θu,l ≤ Δ

2
+ θ0,

0; otherwise.
(27)

The spatial correlation between the mth and nth antenna
elements can be calculated by [12–15]:

Ds(m,n) =
∫

θu,l

wm
(
θu,l
)
w∗n
(
θu,l
)
f
(
θu,l
)
dθu,l

= 1
Δ

∫ (Δ/2)+θ0

−(Δ/2)+θ0

exp
(
j2π

m− n

λ
d cos θu,l

)
dθu,l .

(28)
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Table 1: Simulation parameters.

Transmitter

Data modulation QPSK

FFT size Nc = 256

TPC Slow TPC

Number of user per cell U = 1 ∼ 8

No. of CCI cells I = 18

Target receive Es/N0 per
antenna

10 dB

Channel

Channel model
Frequency-
selective block
Rayleigh fading

Power delay profile
L = 16 uniform
power delay

Angle spread of
resolvable paths (AOA)

Δ = 30◦, 60◦,
180◦, 360◦

Path loss exponent α = 3.5

Standard deviation of
shadowing losses

ξ = 6 dB

Channel State
Information

Available only
for user within
the desired cell

Nominal angle Random

Receiver
No. of antennas Nr = 8

Antenna separation λ/2, λ, 5λ, 10λ

Channel estimation Ideal

According to (28), the correlation between antenna
elements as a function of AOA spread Δ as well as antenna
separation d is calculated. The antenna correlation for
θ0 = 60◦ is shown in Figure 5. It is shown that when d
increases, the antenna correlation decreases with vibration
and finally converges to zero when d becomes infinite. In
the extreme case when d = 0, all the antenna elements in
the array become completely correlated. On the other hand,
to increase the AOA spread Δ will speed up the convergence
to zero. Therefore, in order to have less correlation between
antennas, two possible ways are to increase d by occupying
more space or to increase Δ by introducing more reflectors
around the antenna array.

In addition, the antenna correlation will also be affected
by angle θ0 and the relation between antenna correlation and
θ0 is shown in Figure 6 where d = λ/2 is used. It is shown that
the antenna correlation has the smallest value when θ0 = 90◦

or θ0 = 270◦. In other words, in order to reduce the antenna
correlation, the third way is to adjust the array plane to be
vertical to the incoming waveform.

5. Numerical Result

In the next, we are going to study the impact of antenna
placement on the uplink cellular capacity using FDAAA
receiver following (18) by Monte Carlo simulations. The
parameters to be used are listed in Table 1.

In order to calculate the capacity for hybrid FRF cellular
system, the hybrid FRF scheme, that is, FRF 1 area and FRF 3
area allocation within each cell should be determined at the
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first place. The cellular capacity will then be calculated based
on the hybrid FRF scheme. In order to optimize the capacity
performance, hybrid FRF is determined as

FRFhybrid = arg min
FRF={1,3}

1
FRF

(
1 + log2 SINR

)
. (29)

For example, when antenna separation is d = λ/2 and AOA
spread Δ = 360◦, hybrid FRF scheme with varying number of
users is shown in Figure 7 where the FRF 1 area and FRF 3
area are separated by the colored circular curves. It is natural
to observe that the FRF 1 area decreases when the number of
users in each cell increases in order to optimize the cellular
capacity when CCI power increased.

In the next, impact of antenna placement on the cellular
capacity will be studied and our focus is on cellular outage
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capacity (the value that cellular capacity falls below with the
outage probability) [16]. At first, the impact of AOA spread
on cellular outage capacity is considered. In order to observe
the effect of hybrid FRF algorithm, cellular capacity of single
frequency reuse (FRF = 1) system is also calculated to make a
comparison. The simulation results of 1% and 10% outage
capacity are shown in Figures 8 and 9, respectively. It can
be observed that the when AOA spread Δ increases from
30◦ to 360◦, the cellular capacity increases for both hybrid
FRF and FRF 1 cases. Recall that in Figure 5, we observed
decreased antenna correlation when Δ increases. Actually,
when d = λ/2 is used, FDAAA uses the correlation between
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Figure 9: Cellular outage capacity with 10% outage probability.

antennas to generate beams in the directions of desired user
and nulls in the directions of interfering users. When antenna
correlation increases, the radiation pattern of the array will
not be good enough and nonzero array gain will occur in the
should-be-null directions, as shown in Figure 10. However,
it is also observed that the capacity increase by increasing the
AOA spread is quite limited, and the residue MAI should be
the limiting factor.

The impact of antenna separation d is considered in
the following. Assuming AOA spread Δ = 30◦, the cellular
outage capacity is calculated for d = λ/2, d = λ, d = 5λ
and 10λ. The results corresponding to 1% and 10% outage
probability are shown in Figures 11 and 12, respectively.
It is observed that the cellular capacity can be obviously
increased when the antenna separation increases. Recall that
in Figure 5 we observed decreased antenna correlation when
d increases and when d becomes larger than 5λ, antenna
correlation drops to below 0.1, and the antenna elements
can be treated as independent. In this situation, no beams or
nulls will be generated (as shown in Figure 13) and diversity
gain of multiple antennas can be utilized to combat MAI, and
therefore maximize the achievable SINR.

In addition, it can be observed from Figures 8-9 and
Figures 11-12 that the cellular outage capacity can be
increased by using hybrid FRF and the increase in percentage
is summarized in Tables 2 and 3 for d = λ/2 and Δ =
30◦, respectively. It is now obvious that by using hybrid
FRF, cellular outage capacity, especially when the outage
probability is low, can be greatly increased by using hybrid
FRF. As we know that outage capacity is usually contributed
by the users near the cell edge and the quality of service (Qos)
of these users always suffers from strong CCI. Therefore,
hybrid FRF together with FDAAA receiver is an effective
solution to improve the Qos of the cell edge users and
therefore can help to improve the fairness among users as
well.
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Table 2: Cellular capacity increase by using hybrid FRF (d = λ/2).

Outage probability
Capacity increase

Δ = 30◦ Δ = 60◦ Δ = 180◦ Δ = 360◦

1% 110% 129% 156% 168%

10% 19% 33% 61% 67%

Table 3: Cellular capacity increase by using hybrid FRF (Δ= 30◦).

Outage probability
Capacity increase

d = λ/2 d = λ d = 5λ d = 10λ

1% 110% 142% 172% 174%

10% 19% 41% 68% 71%
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6. Conclusions

In this paper, the impact of antenna placement on the
FDAAA receiver in hybrid FRF cellular system has been
studied. Two parameters, antenna separation and AOA
spread, have been considered. Taking the hybrid FRF into
consideration, cellular capacity is derived and the impact of
antenna placement on cellular capacity is then evaluated.
It has been shown that increasing the AOA spread can
reduce the antenna correlation, and therefore can increase
the cellular capacity by using FDAAA receiver. On the other
hand, increasing the antenna separation to above 5λ will
reduce the antenna correlation to almost zero and can greatly
increase the cellular capacity. In addition, the comparison
between hybrid FRF and FRF 1 has shown that hybrid
FRF algorithm can effectively improve the cellular outage
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Figure 13: FDAAA radiation pattern when antenna separation d = 10λ.

capacity, and therefore hybrid FRF together with FDAAA
receiver is a good solution for uplink transmission in cellular
system.
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