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Abstract—In this paper, we focus on multipath channel
characteristics of low–height antenna links for mobile to mobile
communications in urban street canyon environments. We
present a wideband MIMO channel sounder and antennas used
to measure multipath channel characteristics in the 3.7GHz
frequency band and the result of calibration test to evaluate a
system performance before field measurement. We carried out
channel measurement campaigns in typical urban street canyon
environments in Seoul, Korea. The root mean square (r.m.s.)
delay spread and angular spread characteristics are analyzed
with results of their distribution and cumulative density
function (CDF) in line of sight (LoS) and non-LoS (NLoS) case
respectively.
Keyword—Mobile-to-Mobile, multipath characteristics,
channel model, channel measurements, channel sounder

I. INTRODUCTION

M

OBILE-TO-MOBILE

direct communications services,
commonly known as D2D (device-to-device), are now
being actively discussed in various standardization bodies,
e.g., “ProSe” for the LTE-Advanced system [1]. Unlike
typical rooftop cellular networks, both transmitters and
receivers are generally found near street levels, since direct
communication links are established between mobile
terminals. Consequently, conventional propagation models
are limited in their ability to predict specific channel
environments and those characteristics for development of
the direct communication system using a system or link level
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channel simulation.
Recently, new prediction methods and channel
characteristics for propagation between mobile terminals
based on field measurement in various outdoor environments
are reported widely. Lu et al [2] developed simplified
site-specific path loss formulas for street grids. They
assumed that surrounding buildings are infinitely high so that
“vertical plane” effects can be ignored. Considering
reflection and diffraction along with the horizontal plane,
they developed path loss formula based on two-ray models,
which can account for up to two-turn NLoS links. M. Sasaki
[3] proposed a new path loss model for propagation between
terminals located below roof-top in residential environments.
J. Lee et al [4] investigated the effects of surrounding
building heights on path loss characteristics, especially in
urban street grid environments in Korea. From the
comparison results of the ITU-R propagation models such as
ITU-R Recommendation P.1411 [5] and Report M.2135 [6],
it is noted that conventional channel models are
overestimated and the path loss characteristics can be
affected by surrounding building heights. Furthermore, from
the aspect of radio propagation between low-antenna
terminals in high-rise environment, reflected waves at
corners in horizontal plane seem to play a dominant role.
Most of these researches are relevant to the path loss
characteristics for mobile to mobile direct communications.
However, when we consider direct communications between
terminals using MIMO antennas, the study of multipath
characteristics (i.e. delay spread, angular spread, etc.) is also
very important.
This paper investigates multipath channel characteristics
for propagation between mobile terminals based on channel
measurements in Seoul, Korea. Section II presents a
wideband MIMO channel sounder used to measure multipath
channel characteristics, and the result of calibration
measurement to evaluate a system performance before field
measurement. In Section III and Section IV, the field
measurement campaign and analysis results of multipath
characteristics such as delay spread and angular spread are
described. Finally, to wrap up the work, conclusions are
given in Section V.
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II. MEASUREMENT SYSTEM AND CALIBRATION OF SYSTEM
PERFORMANCE BEFORE MEASUREMENT

-135o).
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90o

-90o

A. Wideband MIMO Channel Sounder
Measurement campaigns were conducted with the
wideband MIMO channel sounder system developed at
Electronics and Telecommunications Research Institute
(ETRI), which can measure multipath characteristics in the
3.7 GHz frequency with 100 MHz bandwidth [7][8]. Table I
represents a detailed specification of the channel sounder
which can measure the channels received from multiple
antenna elements and estimate multipath components with a
time delay resolution of 10 ns.
TABLE I
SPECIFICATION OF CHANNEL SOUNDER AND MEASUREMENT
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Fig. 2. Configuration of calibration measurement for channel sounders
(TX-RX) and antennas

CONFIGURATIONS

Items
Frequency
Channel bandwidth
PN code length
Maximum Tx power
Multipath Resolution
Frequency stability
Number of Antenna elements

Specifications
3.7 GHz
100 MHz
2047 chips
36 dBm
10 ns (3m)
10-11
TX: 8 UCA, RX:8 UCA

For the measurement campaign, we installed a transmitter
(TX) and a receiver (RX) channel sounder in separate
vehicles respectively as shown in Fig. 1. A uniform circular
array (UCA) antenna which has eight vertically polarized
elements aligned circularly with a spacing of 0.5 λ is mounted
on the rooftop of each vehicle with the height of 1.9 meters.

8-UCA

(a) θ = 0o

(b) θ = 45o

8-UCA

(c) θ = 180o

(d) θ = -135o

Fig. 3. Estimated result of AoA and AoD at the position of θ

Transmitter (TX)

Receiver (RX)

Channel Sounder

Fig. 1. Installation of channel sounder system and antennas (mounted on the
rooftop of vehicle) for channel measurement campaign

B. System Calibration Measurement and Results
Before measurement campaign, we have conducted a
system calibration measurement at ETRI playground (open
space) with channel sounders (a transmitter and a receiver)
and antenna arrays. For this measurement, full radiation
patterns of all the elements of each array antenna were
measured in the anechoic chamber in advance. The azimuth
plane radiation pattern with two polarizations (vertically and
horizontally from -180o to +180o) and the elevation plane
(from -45o to +45o) have been obtained enabling the
estimation of the spatial channel characteristics. Fig. 2
depicts a configuration of this test. The position of a
transmitter (TX) was fixed, and a receiver (RX) was located
at 9 m away. The UCA8 array antennas for both TX and RX
were installed on the ground with a height of 1.5 m. We
measured a channel from TX to RX, and changed the position
of the RX and collected measured samples of total 8 points
with different angles (θ = 0o, 45o, 90o, 135o, 180o, -45o, -90o,

In this paper, we observed the estimated results of an angle
of departure (AoD) and an angle of arrival (AoA) by using a
Barlett beam-forming method [9]. Fig. 3 shows estimated
results of AoA and AoD at each point of θ. We can see that a
dominant path component having the strongest channel
power (red part) starts from each angle of 0o, 45o, 180o and
-135o and correctly arrives at each angle of 0o, 45o, 180o and
-135o in Fig. 3(a)-(d). From this measurement results, the
performance of our channel sounders was evaluated, and we
confirmed the ability to estimate time and spatial
characteristics of multipath channels through field
measurement campaign.

III. MEASUREMENT CAMPAIGN
To obtain multipath characteristics in urban street canyon
environments, we conducted a measurement campaign at 3
sites which are carefully selected places among typical urban
low-rise, high-rise, and very high-rise environments in Korea.
All sites are composed of rectilinear flat street grids, but their
average building heights are different, as specified in Table
II.
Fig. 4 shows the measurement routes and surrounding
environment of each area. The measurement campaigns were
performed along the planned routes in three different sites
Copyright ⓒ 2014 GiRI (Global IT Research Institute)
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respectively. Each site has two TX points i.e. TX1 and TX2,
and all RX positions for LoS and NLoS scenario assigned
along the road as shown in the map.
TABLE II
MEASUREMENT SITES AND ENVIRONMENTS
Class
Location
Feature
Low-rise buildings (3-5 story, 11-14m
Urban
Ilsan,
height) are located at both side of 2
low-rise
Seoul
lanes road (avg. 18 m wide)
A commercial area where high-rise
Urban
Yeouido,
buildings (10-15 story, 35-45m
high-rise
Seoul
height) are located at both side of 2
lanes road (avg. 24 m wide)
A downtown area with skyscrapers
Urban
where very high-rise buildings
Gangnam,
very
(50-195m height) are located at both
Seoul
high-rise
side of 2-4 lanes road (avg. 26 m
wide)

Sites
Site 1

Site 2

Site 3

TX1-NLoS

TX2-NLoS

TX1-NLoS

TX2-LoS

TX1-LoS

TX2
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The measurement campaigns were taken during daytime
and outside of normal rush hours, when few people are on
sidewalks and vehicle traffic running at about 30km/h.
During measurement, we held the TX vehicle at a stationary
position and moved the RX vehicle at a speed under 10 km/h
along measurement routes. The RX channel sounder
collected measured data including channel impulse responses
and GPS information.

IV. MEASUREMENT RESULTS AND ANALYSIS
We analyzed multipath channel characteristics such as
r.m.s delay spread and angular spread of arrival from
measured results.
A. r.m.s delay spread
The r.m.s delay spread (DS) is the standard deviation value
of the delay of multiple paths, and it is weighted proportional
to the energy in the reflected waves. To obtain delay spread
from measured data, we estimate the multipath components
from power delay profile (PDP) from measured channel
impulse responses (CIRs). CIRs can be obtained from the
auto/cross-correlation function between an original PN
sequence and a received signal as follows:

TX2-NLoS
TX1

hmn   

Transmitter position
Measurement Route (LoS)
Measurement Route (NLoS)

TX2-NLoS

Rxy  
Rxx 0



F 1 ( X ( f )*  Y ( f ))

 x 

2

(1)

i

i

(a) Site 1

, where Y ( f ) is a Fourier transform of the received signal
TX1-LoS

TX2-NLoS

TX1-NLoS

y ( ) , x( ) is a sequence for transmission, Rxx means an
auto-correlation to remove a system impairment [9], and
Rxy   means a cross-correlation of x( ) and y ( ) .

TX2-LoS

The power delay profile (PDP) can be calculated by:
TX2-NLoS

TX1-NLoS

PDP ( ) 

N
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 h

mn

  2
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n 1 m 1

TX1

TX2
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Measurement Route (LoS)
Measurement Route (NLoS)

(b) Site 2

TX1

TX2-LoS

TX2
TX1-LoS

TX2-NLoS

TX1-NLoS

TX1-NLoS

TX2-NLoS

Transmitter position
Measurement Route (LoS)
Measurement Route (NLoS)

(c) Site 3
Fig. 4. Measurement routes and environments of each site ((a) Site 1: Ilsan
area, (b) Site 2: Yeouido area, (c) Site 3: Gangnam area)

, where hmn   has an N × M matrix (n and m are the
index of Rx and Tx antennas respectively). To extract
multipath components, we set a threshold (20 dB below the
peak level in this paper) considering the dynamic range of
channel impulse responses [11], and then pick the multipath
components h l  with a related delay  l , l  1 : L . L is a
total number of multipath components founded within
threshold. Finally, delay spread can be calculated by the same
method in [11].
Fig. 5 shows the distribution of r.m.s. DS values
corresponding to travel distance between the TX station and
RX station for each scenario (LoS and NLoS) and
environments (urban low-rise, urban high-rise and urban
very high-rise). From the measurement results, we can see
that distributed DS values of the NLoS are much larger than
the LoS for all sites. Furthermore, in case of NLoS, we can
observe that the DS values are gradually increased proportion
to the distance. In addition, the cumulative distribution
functions (CDF) of the delay spread for LoS and NLoS cases
are plotted in Fig. 6.
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Fig. 6. CDF of delay spread for LoS and NLoS scenarios (site 1 to 3)
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TABLE III
MEASUREMENT RESULTS OF R.M.S DELAY SPREAD
r.m.s. delay spread (ns)
Class
Scenario
10%
50%
95%
LoS
0.9
5
31.9
Urban
low-rise
NLoS
16.7
33.1
50
LoS
2.2
7.1
69
Urban
high-rise
NLoS
40.5
81.3
149.4
Urban
LoS
2
8.1
31
very
NLoS
58
142
610.5
high-rise

100
0

0

50

100
150
Travel distance (m)

200

250

(c) Site 3
Fig. 5. Measurement results of r.m.s. delay spread corresponding to Tx-Rx
distance ((a) Site 1: urban low-rise environment, (b) Site 2: urban high-rise
environment, (c) Site 3: urban very high-rise environment)

We summarize the measured r.m.s. delay spread for the
different cases with cumulative probability of 10%, 50% and
95% as shown in Table III. When we compared median
values (50% of CDF) of r.m.s. delay spread in Table III, Site
3 (urban very high-rise environment) has the largest value,
Site 2 (urban high-rise environment) has a medium, and Site
1 (urban low-rise environment) has the smallest value. From
this result, we can understand that the higher buildings
around the TX or the RX station, the more multipath
components can be generated.

B. r.m.s angular spread
The r.m.s. angular spread is the power-weighted standard
deviation of the direction of arrival and departure, and it is
given by the second moment of the power angular profile
[11]. We calculate the power azimuth spectrum (PAS)
corresponding to the only founded multipath components.
The PAS calculation function is based on Bartlett
beam-forming theory [9], which is written as follows:
PASi (AOA )  RX AOA   hmn  i 

2

(3)

, where  RX is a radiation pattern of RX antennas (360 x
N matrix), and  AOA is an angle of arrival.
Then, to overcome the limitation of angular resolution for
estimation of direction of arrival using a small number of
antenna elements [12], we find the peak angle l from the
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result of PAS as below:

l  arg max PASl (AOA )

(4)

After all, we obtained the r.m.s. angular spread of arrival
from extracted coefficients such as arrival angle  l and
related power for each multipath components.
Fig. 7 depicts the CDF curves of the angular spread of
arrival (ASA) for LoS and NLoS case, respectively. When
we observed the distribution of ASA values, they are not
increased or decreased depending on the distance, but the
case of NLoS is highly distributed than the LoS for all
environments.
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that the median values (50% of CDF) of r.m.s. angular spread
in NLoS cases are higher than the LoS cases for all
environments. Furthermore, the height of surrounding
building seems to affect the angular spread characteristics at
50%, but not much at other probabilities.

V. CONCLUSION
In this paper, we investigated the multipath channel
characteristics between mobile terminals with low-height
antennas considering for mobile-to-mobile communication
scenarios. We carried out channel measurement campaigns in
the 3.7GHz frequency band in three different urban street
canyon environments. In our measured results, r.m.s delay
spread values of the NLoS case are much larger than the LoS
for all sites. Furthermore, especially in case of NLoS, we can
observe that the DS values are gradually increased proportion
to the distance. On the other hand, r.m.s. angular spread
values are not looked increase or decrease depending on the
distance in those circumstances. The ASA values in case of
NLoS are highly distributed than LoS case for all
environments. The height of surrounding building, in
particular at 50% of CDF, seems to slightly affect the angular
spread characteristics. This issue should be further studied on
the basis of more measurement data. The statistical angular
characteristics of departure (ASD) are expected to similar
with those of arrival based on reciprocity if two mobile
terminals are located at the same environment and scenario.

(a) LoS cases
CDF of ASA (Site1-3, NLoS)
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