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ABSTRACT

Wideband channel measurements have been performed at
5.25 GHz in hotspot areas in Beijing with a multiple-input
multiple-output channel sounder. The measured scenarios in-
clude indoor line-of-sight (LOS) and non-line-of-sight, and
outdoor LOS and obstructed-line-of-sight. Statistical results
of channel characteristics are presented which include the path
loss models, root mean square delay spread, circular azimuth
spread and average envelope correlation with respect to antenna
separation. Comparative analysis of the results are provided.
These information are of significance for the design and perfor-
mance evaluation of International Mobile Telecommunications
(IMT)-Advanced systems.

I INTRODUCTION

Beyond 3G or 4G system has been named officially as “In-
ternational Mobile Telecommunications (IMT)-Advanced” by
ITU-R on Oct. 2005 [1]. For IMT-Advanced systems, the RF
bandwidth and carrier frequency are up to 100 MHz and 5 GHz
respectively, which are suitable for the hotspot applications
that provide super high datarate (up to 1 Gbps) transmission
with the limited coverage. Channel measurement is required in
order to understand the mechanism of the radio propagation
and the characteristics of the radio channel in this scenario.
This knowledge is necessary for the design and performance
optimization of the IMT-Advanced systems. Recently, we
conducted wideband multiple-input multiple-output (MIMO)
channel measurements in both indoor and outdoor scenarios in
hotspot areas in Beijing, China.

The large-scale fading effects are important for coverage pre-
diction and interference analysis in radio systems. Based on
the measured channel impulse responses (CIRs), both the path
loss (PL) and shadow fading are modeled with respect to the
log-distance. For the delay characteristics of the channel, root
mean square (rms) delay spread (DS) is investigated which pro-
vides a measure of the variability of excess delay, the coherent
bandwidth and frequency selectivity. This study is of great im-
portance for the design of orthogonal frequency division mul-
tiplexing (OFDM) techniques, e.g. the length of cyclic prefix
(CP), subcarrier spacing. In this contribution, the empirical cu-
mulative density functions (cdfs) of the rms DS are presented
for each scenario.

In order to extract the spatial characteristics from the
measured data, a Space-Alternating Generalized Expectation-
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maximization (SAGE) algorithm [2, 3, 4, 5] is utilized to es-
timate the parameters of multipath components (MPCs) in our
investigations. Compared with other algorithms, e.g. the Es-
timating Signal Parameter via Rotational Invariance Technique
(ESPRIT) [6] and the MUltiple SIgnal Classification (MUSIC)
[7] method, the SAGE algorithm has no constraints on the ar-
ray responses, and exhibits the strong ability to detect the weak
waves. Based on the angular parameters estimated by SAGE,
circular azimuth spread (CAS) is studied for indoor and out-
door scenarios. The envelope correlation, as a function of mean
angle of incidence, angle spread and antenna separation dis-
tance, are computed from the estimated power azimuth spec-
trum (PAS).

The rest of the paper is organized as follows. The measure-
ment system and the environment are described briefly in Sec-
tion II Channel characteristics are presented in four perspec-
tives, i.e. PL, rms DS, CAS and envelope correlation in Section
III Finally, conclusions are drawn in Section IV

II CHANNEL MEASUREMENT CAMPAIGN

A Measurement System

Extensive channel measurements were performed at the cen-
ter carrier frequency of 5.25 GHz with 100 MHz bandwidth at
Beijing University of Posts and Telecommunications (BUPT),
China. The measured data were collected using the MIMO
channel sounder PropSound [8], which uses the pseudo ran-
dom binary signals (PRBS) and the time-division multiplexed
(TDM) switching of the multiple transmit and receive anten-
nas. The transmitted power was 26 dBm and the lengths of
the PRBS were 511 and 1022 for indoor and outdoor measure-
ments, respectively. The transmitter (Tx) was equipped with
a dual-polarized omni-directional array (ODA) with maximum
50 elements. The receiver (Rx) employed a vertically polarized
8-element uniform circular array (UCA). Fig. 1 (a) and (b) de-
pict respectively the configurations of the Tx and Rx antenna
arrays. The spacing between the neighboring antennas in the
ODA and the UCA is half-a-wavelength.

B Measurement Environment

Static measurements were conducted in a 7-floor building for
the indoor scenario. The dimension of each floor is 120 m ×
45 m × 6 m. The Tx array and the Rx array were located
about 1.5 m and 2.5 m above the floor level respectively. All
the elements in the Tx and the Rx arrays are used in the indoor
measurements. Fig. 2 (a) illustrates the map of the first floor
where the measurement campaign was conducted. During all
the measurements, the Rx was fixed at the position marked with
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(a) (b)

Figure 1: Configurations of the antenna arrays used in the mea-
surements: (a) Tx array; (b) Rx array

the arrow denoting the reference direction. For the LOS mea-
surements, the Tx was moved following the grids marked with
dots in the area “Grid A”. For the NLOS scenarios, the Tx was
moved following the dots marked in the area “Grid B”. The
height of the ceiling in the areas “Grid A”, “Grid B”, as well
as at the position of the Rx is only 3 m. The walls along the
corridor and between the rooms are made of bricks with plas-
terboard on the surface. The floor is covered with marbles. The
doors of the rooms are wooden. The entrance doors are made
of glass with aluminum frames. Between the Rx and the “Gird
B” area, there are concrete pillars, escalators, staircases with
aluminum banisters, notice boards with glass sheets, etc.

(a)

(b)

Figure 2: Measurement environments and scenarios: (a) Top
views of indoor scenario; (b) Measurement routes in the out-
door scenario

For the outdoor hotspot scenario, mobile measurements were
conducted following four routes along the streets. These routes

are marked as the dashed lines in Fig. 2 (b). The lengths of
these routes were from 380 m to 520 m. The Rx was fixed
with antenna height of about 2.5 m and marked with the arrow
denoting the reference direction. The Tx was mounted on the
top of a car with the vehicle speed of nearly 20 km/h. Totally 18
elements of the Tx array are used which have identical height
of about 2.75 m. The streets are bordered by trees, and the
Rx was surrounded by trees, grasses, two sculptures made of
stone, lamp poles, etc. The propagation in this scenario can
be categorized as LOS/OLOS. During the measurements, the
Tx positions along the routes were recorded using the Global
Positioning System (GPS).

III PROPAGATION CHARACTERISTICS

In order to satisfy the wide-sense stationary and uncorrelated
scattering (WSSUS) condition, the CIRs for a sub-channel are
divided into subsets, and averaged according to

hav(τ) = Et{h(t, τ)}, (1)

where Et{·} denotes the average in time domain. In the mo-
bile measurements, the time span for averaging corresponds to
a suitable window length around 20λ [9] (about 1.15 m) with
λ denoting the carrier wavelength. In the static measurements,
the averaging is performed using 100 snapshots at each mea-
surement location. The dynamic range used in the SAGE algo-
rithm is set as 30 dB for indoor LOS, 25 dB for indoor NLOS,
and 15 dB for outdoor measurements, respectively.

A Path Loss Models

After averaging and delay search, the measured PL values are
calculated in dB according to:

PL = −10 log10

( ∫
τ

|hav(τ)|2dτ
)

+ GTx + GRx, (2)

where GTx and GRx denote respectively, the gains of the un-
derlying Tx and Rx antenna. The values of GTx and GRx can
be calculated from the antenna calibration response. To extract
the large-scale characteristics, a linear curve fitting method is
used which fits the decibel path loss to the decibel distance
with a random variation. The empirical model of log-distance
PL described in [10] is written as

PL(d) = PL0 + 10n · log10(d) + Xσ, (3)

where PL0 represents the intercept, d embodies the spacing
of the Tx and the Rx expressed in meters, and n denotes the
PL exponent which indicates the rate that PL increases with
respect to the distance. The value of n is dependent on the spe-
cific propagation environment. Considering the fact that with
the same Tx-Rx spacing, the surroundings of the Tx and the
Rx in one scenario might be vastly different from those in an-
other scenario, the log-normal shadow fading is denoted using
a zero-mean Gaussian random variable Xσ with standard devi-
ation σ.

The values of PL0 and n are identified by using the least
squares (LS) method. For comparison purpose, the PL model
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in the scenario of free space propagation, i.e.

PLFS(d) = 20 log10

(4πd

λ

)
(4)

given by Friis equation [11], is considered. The antenna gains
are excluded. This model is used to predict the received signal
strength when the transmitter and receiver have a clear, unob-
structed LOS path between them. In this case the PL exponent
n equals 2.

1) Indoor LOS and NLOS Scenario

Fig. 3 reports these two PL models on the first floor. For the
LOS scenario, the exponent is calculated to be 1.18, which is
smaller than 2 in the free space propagation scenario. This is
reasonable since in the rich scattered environment, there’re a
number of MPCs besides the LOS path as specified in the free
space. Another reason might be the waveguide effect of the
corridor where the Tx and Rx were located. For the NLOS
case, the exponent equals 4.33 with standard deviation of 1.1
dB. Transited from LOS to NLOS around 40 m Tx-Rx distance,
the difference between the propagation PLs is about 26.5 dB.
Since the exponent of NLOS is much larger than that of LOS,
this increment will increase with Tx-Rx distance beyond 40 m.
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Figure 3: Empirical PL models in the indoor scenario

2) Outdoor LOS/OLOS Scenario

Using the measurement data collected in the outdoor scenarios
(see Fig. 2 (b)), an empirical PL model is computed for the
LOS/OLOS propagation, i.e.

PL(d) = 47.2 + 23.2 · log10 d, (5)

The standard deviation of shadow fading is measured to be
6.0 dB. The valid Tx-Rx spacing ranges from 30 m to 200 m.
Fig. 4 depicts the measured PL and the graph of the PL model.
Compared with the free space, the exponent of outdoor is 2.32,
and the PL values are larger than that of free space over the
measured Tx-Rx distance. This result indicates that some ob-
structed scatterers might absorb a certain mount of power, and

further demonstrates the waveguide effect available in indoor
corridor.

Since both the Tx and Rx arrays have low heights, the ob-
tained PL model is different from the results observed using
the traditional microcellular system where the base station is
usually equipped with antennas much higher than those in the
mobile stations, e.g. by 5 m to 15 m. This model can be used
in the design of peer-to-peer communication systems [12] and
cooperative transmission [13] for the next generation wireless
network.
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Figure 4: Empirical PL model in the outdoor scenario

B Delay Spread

The rms DS τrms is calculated to be the standard deviation of
the excess delay weighted with the power, i.e.

τrms =

√√√√( L∑
�=1

P�

)−1 L∑
�=1

τ2
� P� −

( L∑
�=1

P�

)−2( L∑
�=1

τ�P�

)2

,

(6)
where τ� and P� denote respectively, the excess delay and the
power of the �th path. The mean DS in indoor LOS, indoor
NLOS, and outdoor LOS/OLOS scenarios is calculated to be
26.7 ns, 39.6 ns and 43.8 ns, respectively. Fig. 5 shows the
graphs of the rms DS cdfs and the fitted log-normal distribu-
tions τrms = 10µD+XσD . Here, X denotes a zero-mean Gaus-
sian random variable with unit variance, µD = E{log10(τrms)}
and σD = std{log10(τrms)} represent respectively, the mean
and the standard deviation of logarithmic rms DSs. At the prob-
ability lower than 60 %, the rms DS is smaller in the outdoor
scenarios than in the indoor NLOS case, due to the reason that
the coverage of scattering environment involved in route 1 and
route 2 is much limited, resulting in the lower spread of MPCs.

C Angle Spread

To evaluate the angle of departure (AoD) and angle of arrival
(AoA) numerically, the azimuth spread is calculated as the root
second central moment of the PAS. To avoid the ambiguous
effect due to the circular wrapping of the angles, the circular
AS is calculated. This AS is constant regardless of the value
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Figure 5: Empirical cdfs and fitted log-normal distribution of
rms DS

of the angle origin, as in the case described in the 3GPP spatial
channel model (SCM) specification [14].

Table 1 depicts the statistics of the CAS obtained from the
measurements. In the table, µA and σA are the parameters of
the log-normal distributions when they are fitted to the CAS ob-
servations. The results obtained in the indoor scenarios demon-
strate that the CAS in the NLOS case is only slightly larger than
the CAS in the LOS scenario. One reason resulting in this ef-
fect could be due to the fact that the omni-direction antenna
array was used in the Tx. As a consequence, in the LOS case,
the multipath effect is still significant due to the reflections and
scattering of the ceiling, floor, walls and other objects in the
environment. Compared with AoD, the CAS of AoA is a bit
larger, especially for the NLOS cases. Further measurements
in small offices also demonstrate the similar observation. It
appears that for the considered indoor environments, the CAS
decreases when the antenna height increases. It can also be ob-
served that the value of σA obtained in the outdoor scenarios
is much larger than that observed in the indoor scenario. Simi-
larly, in the outdoor scenarios, the mean CAS of AoA is much
larger than the mean CAS of AoD. This is reasonable as in the
considered outdoor environment, the Rx was fixed in an envi-
ronment with much richer scattering than that of the Tx along
the mobile routes.

Table 1: Statistics of CAS obtained from measurements.

Scenarios
Indoor Outdoor
LOS NLOS LOS/NLOS

CAS µA(log10(◦)) 1.58 1.61 1.24
of σA(log10(◦)) 0.22 0.16 0.65
AoD Mean (◦) 38.0 40.7 17.4
CAS µA(log10(◦)) 1.59 1.71 1.58
of σA(log10(◦)) 0.18 0.25 0.46
AoA Mean (◦) 38.9 51.3 38.0

D Envelope Correlation

It has been shown [15] that the envelope correlation of the out-
puts of two antennas can be approximated by the magnitude
squared of the complex correlation that can be calculated from
the PAS. According to [16], the complex correlation can be
computed to be

R(d) =
∫ φ̄+σ

φ̄−σ

exp{j2πd sin(φ)}p(φ)dφ, (7)

where d is the antenna separation distance in wavelengths, and
p(φ) denotes the normalized PAS in φ. The expression (7) is
independent of the structure of the underlying antenna array.
The envelope correlation ρ(d) can be approximated as ρ(d) ≈
|R(d)|2. In order to obtain an acceptable diversity gain [17], it
is generally required ρ ≤ 0.7. The antenna separation d for ρ =
0.7 is known as the correlation distance. In this contribution,
we consider the azimuth only. In this case, the parameter d
is referred to as the horizontal antenna spacing. It should be
noted that the spatial correlation has the non-isotropic property
[18] due to φ̄, particularly for the mobile terminal with random
orientations.
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Figure 6: Average envelope correlation in the indoor scenario

Fig. 6 depicts the average envelope correlation with respect
to the antenna separation for indoor measurements. The aver-
age correlation is similar for the Tx and Rx sites in both the
LOS and the NLOS scenarios. The average correlation dis-
tances are observed to be 0.38λ for both the Tx and Rx in the
NLOS scenario, 0.4λ for the Tx and 0.5λ for the Rx in the LOS
scenario. Fig. 7 demonstrates the average envelope correlation
in the outdoor measurement. It can be observed that the aver-
age correlation for Tx is similar with that for Rx. The correla-
tion distance is obtained as 0.5λ. From the results above, it’s
observable that both in indoor and outdoor with low antenna
heights, 0.5λ antenna separation is sufficient to obtain correla-
tion less than 0.7. This result is important for calculating the
capacity limits and MIMO system design in the hotspot areas.
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Figure 7: Average envelope correlation in the outdoor scenario

IV CONCLUSIONS

In this contribution, the characteristics of the radio channel at
5.25 GHz are investigated using measurement data collected
in the hotspot areas in Beijing, China. Based on the measure-
ments, the empirical log-distance PL models are established
with the path loss exponents of 1.18, 4.33, and 2.32 for in-
door LOS, NLOS, and outdoor LOS/OLOS, respectively. The
cdf statistics of the rms DS and CAS demonstrate no large dif-
ference between indoor and outdoor measurements with sim-
ilar Tx and Rx antenna height. The results of average enve-
lope correlation indicate that for the considered environments,
the antenna separation of half-a-wavelength is large enough to
achieve 0.7 envelope correlation both in indoor and outdoor
scenarios. These results can be used to design the MIMO sys-
tems, particularly the IMT-Advanced systems for hotspot ap-
plications.
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