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Abstract—Sub-1 GHz bands have been used for many years
and now some of them will be reallocated for new applica-
tions, including the fifth generation (5G) wireless communication
systems and beyond, Internet of Things (IoT), smart grid, etc. As
the well-known path-loss (PL) models are mainly applicable in
2–6-GHz frequency range, a new channel measurement campaign
is needed to study the propagation characteristics at sub-1 GHz
bands. In this article, we conduct fixed-to-mobile wideband
channel measurements at 400–600-MHz bands in urban and sub-
urban scenarios using the time domain channel sounder. As the
interference and noise signals are severe, the transmitted wave-
form is carefully designed to enlarge the system dynamic range.
Meanwhile, ray tracing simulation is applied to construct the
measurement environments and do the mutual verification with
measurement results. The two-slope PL model and lognormal
shadowing fading model are proposed for large-scale fading chan-
nel modeling. The root mean square (RMS) delay spread (DS),
number of paths, and diffraction characteristics are also ana-
lyzed. The results will have great importance for the coming
new applications at sub-1 GHz bands.

Index Terms—Channel measurements, channel modeling, ray
tracing, sub-1 GHz bands, urban and suburban scenarios.
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I. INTRODUCTION

IN PREVIOUS wireless communication systems, ultra high
frequency (UHF) bands, such as 900/1800 MHz and

2.4 GHz have widely been used. Most channel measurements
conducted at these bands are based on continuous wave (CW)
or narrowband signal, such as the measurements in [1]–[3].
Properties of radio wave propagation above 400 MHz was
reviewed in [4] with results only applied to narrowband. For
wideband channel measurements, there exists some challenges.
Since various communication systems and electronic devices
are deployed in the environments, interference signals can have
large effects on channel measurements. Meanwhile, the noise
powers for wideband channel sounding are much higher than
that of narrowband case, which degrades the system dynamic
range.

Although the fifth generation (5G) and beyond communi-
cation systems explore higher frequency bands above 6 GHz,
such as millimeter wave (mmWave) [5]–[9], terahertz (THz),
and optical frequency bands [10]–[12], there is another trend
to utilize the lower frequency bands, especially the sub-
1 GHz bands. The sub-1 GHz bands have been used for many
years and now some of them will be reallocated for many
new applications, including 5G and beyond communication
systems, Internet of Things (IoT) [13], [14], smart grid [15],
etc. As the frequency is low, it benefits from favourable
propagation characteristics and can be used for wide area
coverage, high-speed scenarios, and massive device connec-
tions with low costs. Meanwhile, the sub-1 GHz bands can
be used for emergency communications, such as telecommu-
nications for disaster relief and emergency telecommunication
services [16]. By using sub-1 GHz bands, emergency com-
munication services can be provided with high quality and
flexibility during nature disasters and network outages.

The sub-1 GHz spectrum mainly comes from the dig-
ital dividend after digital television (TV) transition and
currently deployed communication systems. For example,
the 470–862-MHz band has widely been used for TV
broadcast [17]. The 470–960-MHz band was allocated by
International Telecommunication Union (ITU) on WRC-15
for terrestrial broadcasting and mobile services [13]. IEEE
802.11ah was developed to define sub-1 GHz license-exempt
operation to provide extended range WiFi networks and sup-
port sensors and IoT applications [18], [19]. IEEE also
released a white paper to use sub-1 GHz bands for smart
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grid [20]. Groupe spécial mobile association (GSMA) planed
to use sub-1 GHz for widespread coverage across urban, sub-
urban, and rural areas, as well as IoT services [21]. In
America, Federal Communications Commission (FCC) con-
ducted an incentive auction to repurpose the 600-MHz band
(614–698 MHz) in March 2017, yielding $19.8 billion in
revenue. T-Mobile rolled out a 5G network in 2019 using
617–652-MHz band for downlink and 663–698-MHz band
for uplink to achieve nationwide coverage, and extended its
network after completing merger with Sprint in 2020. In
China, the 450–470-MHz band was evaluated to be used
for the LTE-R railway communication system. The 600 and
700 MHz bands are also being considered for 5G in China.

Only a few channel measurements have been conducted at
sub-1 GHz bands for the coming applications in the litera-
ture. In [22], a channel model was proposed for train to train
communication at 400-MHz band. In [23] and [24], channel
measurements were conducted at 700-MHz band for dedicated
short-range communication (DSRC) in vehicular communica-
tion environments. In [25], outdoor channel measurements at
300-MHz band were conducted to validate the COST 2100
channel model. In [26], the 400-MHz band was used for
implanted devices in the wireless body area network (WBAN).
In [27], the 370-MHz band was studied for IoT communi-
cations. In [28], channel measurements were conducted on
train stations of high-speed railways at 930 MHz. Several
propagation characteristics, including large-scale fading and
small-scale fading were studied. In [29], a channel model was
proposed for suburban and rural environments at 450-MHz
band. In [30], channel measurements were conducted in fac-
tory environments at 928.2 MHz. Different configurations with
and without moving workers and metal machines were mea-
sured. The K factor was found to be smaller when the number
of moving reflectors was high. In [31], channel measurements
were conducted for LoRa wireless sensor links at 434 and
868 MHz in the Antarctic. The signal-to-noise ratio (SNR)
and packet loss were analyzed. In [32], channel measure-
ments were conducted at 921.6 MHz for low-power wide-area
network. The theoretical received signal strength indicator
(RSSI) based on the Okumura-Hata model was shown to
be lower than the measured values. In [33], channel mea-
surements were conducted for a body-to-body LoRa link at
868 MHz. The results showed that communication was reli-
able for a range over 500 m and over 200 m with the antennas
pointed toward and away from each other, respectively.

The above-mentioned channel measurements are conducted
with limited bandwidth. The wideband effects, such as the
amplitude, delay, and angle parameters of multipath com-
ponents (MPCs) are not fully characterized. Meanwhile, the
well-known path-loss (PL) models are mainly applicable in
2–6-GHz frequency range. Thus, a new wideband channel
measurement campaign is needed to study the propagation
characteristics at sub-1 GHz bands. In this article, we aim to
conduct fixed-to-mobile wideband channel measurements and
modeling at 400–600-MHz bands in urban and suburban sce-
narios. To the best of our knowledge, it is the first wideband
channel measurements and modeling at 400–600-MHz bands.
The main contributions and novelties include as follows.

Fig. 1. Time-domain channel sounder.

1) The 400–600-MHz fixed-to-mobile wideband channel
measurements are conducted in urban and suburban sce-
narios. The transmitted waveform is carefully designed
to enlarge the system dynamic range of the time-domain
channel sounder.

2) Ray tracing simulation is applied to construct the mea-
surement environments and do the mutual verification
with measurement results.

3) The two-slope PL model and lognormal shadowing
fading model are proposed for large-scale channel
modeling. Model parameters are obtained for both chan-
nel measurements and ray tracing simulations.

4) Important small-scale channel statistical properties,
including the root mean square (RMS) delay spread
(DS), number of paths, and diffraction characteristics
are also analyzed.

The remainder of this article is organized as follows.
Section II describes the channel sounder design, transmit
waveform design and data processing, and channel measure-
ment campaigns. In Section III, ray tracing simulation and the
proposed PL model are given. The measurement and simula-
tion results and analysis are presented in Section IV. Finally,
the conclusions are drawn in Section V.

II. 400–600-MHZ FIXED-TO-MOBILE WIDEBAND

CHANNEL MEASUREMENTS

A. Channel Sounder Design

As shown in Fig. 1, the Keysight time-domain channel
sounder is used to conduct fixed-to-mobile wideband channel
measurements in outdoor environments. The 400–600-MHz
bands are measured, i.e., the center frequency is 500 MHz
and the bandwidth is 200 MHz. The transmitter (Tx) side con-
sists of an M8190A arbitrary waveform generator (AWG) with
sampling rate of 12 GSa/s, an E8267D vector signal generator
(VSG) with frequency range of 100 kHz–44 GHz, an L4450A
high-speed switch controller, a GPS Rubidium clock, and a
Tx omnidirectional antenna. The receiver (Rx) side consists
of an M9362A PXIe down converter, an M9352A PXI hybrid
amplifier/attenuator, an M9300A PXIe frequency reference, an
M9703B AXIe 12-b digitizer, an E8257D analog signal gener-
ator, an L4450A high speed switch controller, a GPS Rubidium
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TABLE I
LIST OF EQUIPMENT FOR OUTDOOR CHANNEL MEASUREMENTS

clock, and a Rx omnidirectional antenna. The omnidirectional
antenna is working in the range of 300 MHz–6 GHz with
antenna gain of 3 dBi and elevation beamwidth of 60◦. The
Rubidium clocks at Tx and Rx sides are utilized to synchronize
the 1 pulse per second (PPS) signal with the coordinated uni-
versal time (UTC) from GPS satellite. To enlarge the dynamic
range of the measurement system, the power amplifier (PA)
and low noise amplifier (LNA) are connected near to the Tx
and Rx antennas, respectively.

To conduct outdoor channel measurements, many practical
problems should be taken into account, such as the measurable
distance, movement/fix/charge of the measurement system,
and interferences from the environment [34]. Thus, additional
equipments are indispensable. A summary of the equipments
used in channel measurements is given in Table I with their
main parameters and usages.

In measurements, the Tx side is fixed and the Tx antenna is
elevated to a height of 10 m above the floor using the lifting
gas rod. The Rx side is moving in the measurement environ-
ments by the pickup trunk and the Rx antenna is fixed with
a height of 3 m. Note that as the Rx sounder is put on the
pickup trunk to move in the environment and we also need
a tripod to fix the Rx antenna, it is not able to set its height
at 1.6–1.8 m, which is the usual case. Otherwise, the signal
will be largely blocked by the sounder and pickup trunk. At
the Tx side, the self-designed wideband waveform is loaded to
M8190A, then the wideband difference IQ signal is modulated
to the carrier frequency by E8267D. The signal is transmit-
ted through the cable, PA, and Tx antenna. At the Rx side,
the fading signal is received through the Rx antenna, LNA,
and the cable. Then, the received signal goes to M9362A and
down converted to the intermediate frequency (IF) by the local
oscillator (LO) provided by E8257D. The IF signal is then
converted from analog to digital by M9703B, and then the

TABLE II
DEPLOYED COMMUNICATION SYSTEMS AT 400–600-MHZ BANDS

baseband IQ signal is obtained from orthogonal demodula-
tion. The measurement system is autocontrolled by software
programs at both sides. The signal frequency, sampling rate,
signal waveform, and waveform length can be configured at
the Tx side, and the signal frequency, signal bandwidth, wave-
form length, recording waveform length, and file name can be
configured at the Rx side.

B. Transmit Waveform Design and Data Processing

Preliminary measurements indicate that there are many
interference signals at 400–600-MHz bands due to the various
deployed communication systems, as shown in Table II. The
interference signals will have large effects on channel mea-
surements, which make the wideband channel measurements
a challenging task.

To enlarge the system dynamic range, a high-order
pseudonoise (PN) sequence with length up to 220 = 1048576
is used to obtain processing gain of 10log10220 = 60 dB.
In addition, 7000 zero points and 1424 cyclic prefix (CP)
are added at the start of the waveform. To further reduce
the intersymbol interference (ISI), the transmitted waveform
is interpolated with four times and filtered by a root raised
cosine (RRC) pulse shaping filter with roll-off factor of 0.25.
The received signal is then filtered by using the same matched
RRC filter and downsampled.

Let us denote the transmit signal as x(t), the response of the
measurement system and PA as g(t), and the channel impulse
response (CIR) as h(t). The back-to-back calibration signal is

yth(t) = x(t) ∗ g(t) (1)

where * is the convolution operation. In the time domain, the
received wireless signal is the convolution of the transmit sig-
nal, CIR, and system response. Thus, the received signal is
expressed as

yrx(t) = x(t) ∗ g(t) ∗ h(t). (2)

The frequency-domain response can be obtained from
the Fourier transform of the time-domain response. The
frequency-domain calibration signal and received wireless
signal are given as

Yth(f ) = X(f )G(f ) (3)

Yrx(f ) = X(f )G(f )H(f ). (4)
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The CIR is then obtained from the inverse Fourier transform
of the frequency-domain response. It is expressed as

h(t) = IFFT(H(f )) = IFFT(Yrx(f )/Yth(f )). (5)

For each calibrated CIR, the peak search algorithm is
applied to extract MPCs in delay domain from the mea-
sured power delay profile (PDP). Specifically, the peak search
algorithm includes four steps.

1) Step 1: Calculate the maximum received power Pmax

(in dB) and average noise floor Nave (in dB).
2) Step 2: Define the length of the measured PDP as K.

For delay index k = 2, . . . , K − 1, if PDP(k) (in linear)
is greater than its adjacent elements, output its position
index (k) and value (PDP(k)).

3) Step 3: If 10log10(PDP(k)) < max(Pmax−40, Nave+10),
this data point is discarded.

4) Step 4: If the number of output points is greater than
the predefined number of significant maxima 100, just
select the strongest 100 points.

The received power is the summation of the power of each
MPC, i.e.,

P = 10log10

(
L∑

l=1

Pl

)
(6)

where L is the number of MPCs and Pl is the power of the lth
path in linear. Note that L is less than or equal to 100. Later,
we will see from the results on the number of paths in urban
and suburban scenarios that the probability of more than 100
paths is nearly zero. Thus, the number 100 is reasonable and
sufficient to take all paths into account.

After the calibration of antennas and LNA, the PL caused
by the wireless channel is obtained. It is expressed as

PL(dB) = −P + Gt + Gr + GLNA (7)

where Gt (3 dB), Gr (3 dB), and GLNA (47 dB) are the gains
of the Tx antenna, Rx antenna, and LNA, respectively. Note
that the gain of PA is included in the back-to-back calibration.
The RMS DS is an important second-order statistic property
and calculated as

DS =
√√√√∑L

l=1 Plτ
2
l∑L

l=1 Pl
−

(∑L
l=1 Plτl∑L
l=1 Pl

)2

(8)

where τl is the delay of the lth path.

C. Wideband Channel Measurements

The wideband channel measurements are conducted at
400–600-MHz bands in urban and suburban scenarios. An
illustration of the measurement set up and measurement pro-
cedures are shown in Fig. 2. At first, we set up the channel
sounder, PA/LNA, and antennas at Tx and Rx sides. Then,
a back-to-back calibration is conducted to calibrate out the
system response from the channel sounder. After that, we
move the Rx sounder by the pickup trunk and collect mea-
surement data. Finally, the measurement data are processed
and analyzed.

Note that in our measurements, the measured delay is the
relative delay rather than the absolute delay. It is not feasible to

Fig. 2. Illustration of the measurement set up and measurement procedure.

identify the line-of-sight (LOS) and non line-of-sight (NLOS)
cases from the measurement data automatically. Thus, the
measurement results presented here is a combination of LOS
and NLOS measurement results. As the measurement environ-
ments are rich scattering at the measured frequency band, the
LOS path would have less impact on the measured CIR.

In two scenarios, the Tx side is fixed with Tx antenna height
of 10 m, while the Rx side is moving on a pickup trunk with
Rx antenna height of 3 m, as shown in Figs. 3 and 4. The Rx
speed varies with the traffic flow and rule in the measurement
environment and it is 30 km/h in average. For urban scenario,
channel measurements are conducted around central campus
of Shandong University, Jinan, China. The Tx is located near
the south entrance on Shanda South Road with coordinate
(N36.6719◦, E117.0601◦). For the suburban scenario, chan-
nel measurements are conducted in the area of Shayi village
to Shasan village, Wangsheren town, Jinan, China. The Tx
is located near the entrance of Sha’er village with coordinate
(N36.7536◦, E117.1310◦).

For the urban scenario, the buildings are high and dense
with heights in the range of 6–50 m. Trees at roadsides are
about 8–10 m height. The road width is about 10–20 m with
four vehicle lanes, bicycle lane, and sidewalk. The vehicle and
human traffics are heavy and the interferences and noises are
severe. The movement of Rx pickup should obey traffic rules.

For the suburban scenario, the buildings are in the height of
5–10 m with one to three floors. The road is relatively narrow
with main road width of 6 m and side road width of 3 m. The
traffic density and interference and noises are relatively lower.
The movement of Rx is more flexible.

Both the theoretical method and universal transverse
Mercator (UTM) are used to calculate the distance between
two coordinate points. The UTM is a system for assign-
ing coordinates to locations on the surface of the Earth and
has been widely used in geomorphology. Using the theo-
retical method, the distance between A (LatA, LonA) and B
(LatB, LonB) can be calculated as

D = R × arccos(C) (9)

C = sin
(π

2
− LatA

)
× sin

(π

2
− LatB

)
× cos(LonA − LonB)

+ cos
(π

2
− LatA

)
× cos

(π

2
− LatB

)
(10)

where R = 6371.004 km is the average radius of the earth.
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Fig. 3. Channel sounder set up in an urban scenario.

Fig. 4. Channel sounder set up in a suburban scenario.

The Rx trajectory on the network road map for urban and
suburban scenarios is shown in Figs. 5 and 6, respectively.
The Tx location is used as the original coordinate for dis-
tance calculation in the two scenarios. The Rx moves back
and forth on the main roads. The maximum distance is 1500
and 800 m in urban and suburban scenarios, respectively. The
Tx–Rx distance calculated by the two methods agree well with
each other, as shown in Fig. 7.

III. 400–600-MHZ CHANNEL MODELING

A. Ray Tracing Simulation

The ray tracing simulation is completed by using Wireless
Insite software. The constructed urban and suburban scenarios

are same with the measurement campaigns based on digital
map database, as shown in Fig. 8. The simulated areas in urban
and suburban scenarios are about 3 × 1.2 and 1.4 × 0.9 km2,
respectively.

The main parameters in ray tracing simulation are the same
with channel measurements. Two omnidirectional antennas are
used at Tx and Rx sides. The transmitted power is set as
0 dBm. The simulated frequency is centered at 500- with
200-MHz bandwidth. The maximum PL is set as 120 dB.
Building materials are assumed to be concrete with permit-
tivity of ξ = 15 F/m and conductivity of σ = 0.015 S/m.
Vegetation effects are also taken into account. In the urban
scenario, trees are set to be on the side of main roads with
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Fig. 5. Road network map and Rx trajectory in an urban scenario.

Fig. 6. Road network map and Rx trajectory in a suburban scenario.

height of 8 m. In a suburban scenario, there are several open
lands on the side of main roads with height of 1.5 m. The Tx
antenna is set at the same location and height with channel
measurements. The Rx route is the same with channel mea-
surements with 3-m distance separation between two sampling
positions.

Up to third-order reflection and first-order diffraction are
considered in the simulation. The received power is calcu-
lated as

Pr = PtGtGrλ
2

(4πd)2

(∏
Ri

)2(∏
A(s, s′)Dj

)2
(11)

where Pt is the transmitted power, λ is the wavelength, d is the
Tx–Rx distance, Ri is the ith reflection coefficient, Dj is the jth
diffraction coefficient, and A(s, s′) is the diffraction attenuation
with s and s′ denoting the distance from the diffraction point

to Rx and Tx, respectively. An illustration of the simulated
MPCs in urban and suburban scenarios is shown in Fig. 9.

B. Path-Loss Models

Several PL models have widely been used, such as
the Okumura-Hata model, COST-231 model, WINNER II
model [35], 3GPP TR 38.901 model [36], 3GPP TR 38.901
model, and ITU-R M.2135 (IMT-A) model [37]. A sum-
mary of the Okumura-Hata, COST-231, 3GPP TR 36.873, and
3GPP TR 38.901 PL models is given in Table III, with their
applicable frequency range fc, heights of base station (BS)
antenna (hBS) and mobile station (MS) antenna (hMS), Tx–Rx
distance d, etc.

As can be seen, these PL models are not applicable to our
measurement case. Thus, we try to propose a new PL model to
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(a) (b)

Fig. 7. Tx–Rx distances for (a) urban and (b) suburban scenarios.

TABLE III
SUMMARY OF THE OKUMURA-HATA, COST-231, 3GPP TR 38.901, AND 3GPP TR 38.901 PL MODELS

fit our measurement results. The proposed two-slope PL model
is mainly based on 3GPP TR 36.873 model, which takes the
Tx–Rx distance, frequency, and Tx and Rx antenna heights
into account.

The proposed two-slope PL model is

PL =
{

10n1log10(d) + A1 + 20log10(fc), d ≤ dBP
10n2log10(d) + A2 + 20log10(fc), d > dBP

(12)

where n1 and A1 are the PL exponent and fitting parame-
ter before the break point, respectively, while n2 and A2 are
the PL exponent and fitting parameter after the break point,
respectively. The carrier frequency fc is 500 MHz.

For the urban scenario, the break point distance is
expressed as

dBP = 4(hBS − 1)(hMS − 1)fc/c (13)

where hBS is the height of BS (Tx) antenna, hMS is the height
of MS (Rx) antenna, and c = 3 × 108 m/s is the speed of

light. For the suburban scenario, the break point distance is
expressed as

dBP = 4hBShMSfc/c. (14)

In the urban scenario, the terms hBS −1 and hMS −1 are the
effective antenna heights, as the enormous humans, vehicles,
and other objects are assumed to have an effective environment
height of 1 m. In the suburban scenario, the objects have a
lower density and the break point distance is calculated from
the real Tx and Rx antenna heights. The shadowing fading is
then modeled as lognormal distribution with the mean value
of 0 dB and standard deviation of σs dB.

IV. MEASUREMENT AND SIMULATION RESULTS

AND ANALYSIS

A. Measurement Results and Analysis

As an example, Fig. 10 shows the measured PDP in urban
and suburban scenarios. It is the averaged PDP over several
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Fig. 8. Constructed (a) urban and (b) suburban scenarios using ray tracing.

snapshots. For each measurement PDP, the statistics, including
threshold, number of paths, received power, RMS DS, and
Tx-Rx 3-D distance, are given.

The measured path losses for urban and suburban scenarios
are shown in Fig. 11. The measurement data are well fitted by
the two-slope model. For the urban scenario, the break point
distance is 120 m, while it is 200 m for the suburban sce-
nario. As a comparison, the free space PL model and one-slope
model are also plotted. Note that the results are for combined
LOS and NLOS conditions. The probability of LOS propaga-
tion is about 30% in urban scenario and 18% in the suburban
scenario in our measurement, respectively.

Table IV shows the parameter values of the proposed PL
model. Before the break point, the PL exponent is less than
2, which indicates there are strong reflected paths to enhance
the signal power. After the break point, the PL exponent is
greater than 2, because the signal is blocked by the build-
ings, vegetations, and other objects in the environment. In the
urban scenario, buildings are regularly distributed on grids and
roads are wide, while the buildings are irregularly distributed
and roads are narrow in the suburban scenario. Thus, the PL

Fig. 9. Simulated MPCs in (a) urban and (b) suburban scenarios in a snapshot.

TABLE IV
MEASURED PL AND SHADOWING FADING PARAMETERS

FOR URBAN AND SUBURBAN SCENARIOS

exponent in a suburban scenario is slightly larger than that of
urban scenario.

We also compare our measurement results with the existing
models. In Okumura-Hata and COST231-Hata models, the PL
exponent is related with the height of MS. In the 3GPP TR
36.873 model, the PL exponent is 2.2 and 4.0 in UMa LOS
scenario before and after the break point, respectively. In the
UMa NLOS case, the PL exponent is related with the height
of BS. In the 3GPP TR 38.901 model, the PL exponent is
set as 3.908 for UMa NLOS case. The standard deviation of
shadowing fading is set as 4 and 6 dB in LOS and NLOS,
respectively. In the above models, as the height of BS antenna
is much higher than our measurements, the PL exponent and
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(a)

(b)

Fig. 10. Measured PDPs in (a) urban and (b) suburban scenarios.

shadowing fading are generally smaller than our measurement
results. Our measurement results are comparable with [27],
where wideband channel measurements were conducted for
IoT applications in the range of 37.8–380 MHz. The PL expo-
nent was in the range of 4.13–4.80, the shadowing fading was
in the range of 8.87–10.96 dB.

Fig. 12 shows the cumulative distribution function (CDF)
of RMS DS for urban scenario, while the CDF of RMS DS
in suburban scenario is shown in Fig. 13. Note that the LOS
and NLOS cases are clarified by using the GPS information
and the map. For LOS conditions, the RMS DS is less than
2 us, while it can be 7 and 12 us for urban and suburban
scenarios in NLOS conditions. The RMS DS in the urban sce-
nario is less than that of the suburban scenario. The median
RMS DS is 130 ns and 565 ns for urban and suburban sce-
nario, respectively. In comparison, the measured median DS
in [27] was found to increase with frequency and in the
range of 250–750 ns when the frequency was in the range
of 37.8–380 MHz.

(a)

(b)

Fig. 11. PL models for (a) urban and (b) suburban scenarios.

Fig. 12. CDF of RMS DS for an urban scenario.

Fig. 14 shows the probability density function (PDF) of the
measured number of paths for urban and suburban scenarios.
The Gaussian mixture model (GMM) is used to fit the PDF,
with its PDF expressed as

p(x) =
K∑

i=1

φi
1√

2πσ 2
i

e
− (x−μi)

2

2σ2
i (15)
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Fig. 13. CDF of RMS DS for a suburban scenario.

(a)

(b)

Fig. 14. Measured and fitted PDFs of numbers of paths for (a) urban and
(b) suburban scenarios.

where the PDF is a combination of K Gaussian distribu-
tions with mean value and standard deviation of μi and σi,
respectively, and with weight factor of φi.

In the urban scenario, the PDF of number of paths is fit-
ted by two Gaussian distributions as 0.018N(22.04, 9.762) +
0.008N(43.95, 25.642). In the suburban scenario, the PDF

(a)

(b)

Fig. 15. Measured CDFs of numbers of paths for LOS and NLOS conditions
in (a) urban and (b) suburban scenarios.

of number of paths is fitted by three Gaussian distribu-
tions as −0.046N(29.26, 9.042) + 0.058N(28.94, 10.302) +
0.012N(42.33, 20.172). Fig. 15 shows the CDFs of the mea-
sured number of paths for LOS and NLOS conditions in urban
and suburban scenarios. In comparison, urban scenario has a
smaller number of paths, the number of paths in LOS condition
is generally larger than that of NLOS condition.

B. Simulation Results and Analysis

Fig. 16 shows the simulated PL for urban and suburban
scenarios. The simulated PL also shows a clear two-slope
behavior and the values are similar to the measurement results,
as shown in Table V.

In addition, we study the diffraction effect around the
crossroads and edge of buildings. We compare the propa-
gation characteristics of two Rx positions before diffraction
(Rx1) and after diffraction (Rx2). Fig. 17 shows the simulated
PDPs. The received power at Rx1 and Rx2 are −68.96 and
−80.60 dBm, respectively. The diffraction loss is about 12 dB.
Before the diffraction, signal mainly comes from MPCs with
small delays. After the diffraction, signal comes from MPCs
with larger delays and the signal level is lower.
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Fig. 16. Simulated PLs for (a) urban and (b) suburban scenarios.

TABLE V
SIMULATED PL AND SHADOWING FADING PARAMETERS FOR URBAN

AND SUBURBAN SCENARIOS

Fig. 18 shows the angle of arrival and angle of departure
for Rx1 and Rx2. As can be seen, the distribution of angle
of departure is similar for Rx1 and Rx2. However, as the
diffraction has an effect on the received power of the sig-
nal, the angle of arrival has a large difference. Before the
diffraction, the angles comes from several clusters. After the
diffraction, the angle has a large dispersion due to the random
effect of diffraction.

V. CONCLUSIONS

In this article, we have conducted fixed-to-mobile wide-
band channel measurements at 400–600-MHz bands in urban
and suburban scenarios. By carefully designing the transmit
waveform and the use of high performance PA and LNA,

Fig. 17. Simulated PDPs before and after diffraction.

(a)

(b)

Fig. 18. Simulated (a) angles of arrival and (b) angles of departure for Rx1
and Rx2.

we have been able to enlarge the system dynamic range and
do wideband channel measurements in this frequency band.
The measurement results agree with the ray tracing simula-
tion results, which mutually validates the measurement and
simulation procedures. The two-slope PL model is found to be
applicable. The PL exponent in the urban scenario is smaller
than that in the suburban scenario, being 5.24 and 6.42 after
the break point, respectively. The shadowing fading in urban
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scenario is also smaller than that in suburban scenario. The
median of RMS DS is 130 ns in urban scenario, while it is
565 ns in suburban scenario. The mean number of paths is
22 in urban scenario, while it is 34 in suburban scenario. In
summary, the urban scenario is shown to have smaller RMS
DS and number of paths, as well as a smaller break point dis-
tance. The diffraction can cause a power loss up to 12 dB.
The results will be important for the coming new applications
at sub-1 GHz bands.
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