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Abstract—Fifth generation cellular systems will operate in a
wide range of frequencies, covering both the traditional cellular
bands, and mm-wave frequency bands, either selecting a specific
band or operating in multiple bands simultaneously. For the
design of such systems, a detailed understanding of the frequency
dependence of the propagation channel is essential. While many
channel measurements exist in either microwave bands (< 6 GHz)
or near mm-wave bands (> 20 GHz), the results are not easily
comparable, and furthermore the transition between these bands
is not well studied. This paper aims to bridge the gap by
providing the results from a channel measurement campaign
conducted in urban macro and micro-cellular environments, over
the continuous frequency band of 3-18 GHz.

We characterize the pathloss, shadow fading, Root-Mean-
Square (RMS) delay spreads, Ricean factor and coherence
bandwidth in urban macro-cellular (UMa) and urban micro-
cellular (UMi) environments. Measurements were taken in both
line-of-sight (LLOS) and non-line-of-sight (NLOS) environments.
The pathloss exponents and the RMS delay spreads increase with
the Base Station (BS) height in NLOS environment; but not much
dependency is observed in the LOS environment. By dividing the
wideband channel transfer function into subbands of 1 GHz each,
we study the frequency dependence of pathloss, shadow fading,
Ricean factor, delay spread, and coherence bandwidth in the 3—
18 GHz band. The pathloss exponents vary significantly with
frequency, but not-monotonically. The shadow fading and the
Ricean factor increase with frequency. The RMS delay spreads
decrease with frequency in the LOS environments, but they do not
change significantly in the NLOS environments. The coherence
bandwidth values do not change significantly with frequency in
either environment.

Index Terms—Wideband
spreads, Coherence bandwidth

channel measurements, Delay

I. INTRODUCTION

With the increasing number of wireless users and applica-
tions, mobile data traffic is expected to grow exponentially
over the next few years. It is anticipated that fifth genera-
tion (5G) wireless systems should be able to support data
traffic 1000 times larger than the current, fourth generation
(4G), systems [2]. While the majority of the 4G wireless
systems operate at frequencies below 6 GHz (henceforth
called microwave in this paper), the high data needs motivate
expansion to frequency bands above 6 GHz in 5G systems,
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as this facilitates use of larger swaths of previously unused
spectrum [3], [4]. Furthermore, future systems might either
adaptively select an operating frequency band over a wide
range, or perform carrier aggregation between the different
bands.

The performance of any communication system depends on
the propagation channel in which it is operating. Hence it is
important to characterize the channel to get a more accurate
assessment of the performance of communication systems [5].
While the wireless signal propagation characteristics for the
sub 6 GHz frequencies have been well investigated in the
literature [5], [6] and references therein, and the majority
of the channel measurements motivated by 5G development
focused on frequency bands of 20 GHz and above, only
few papers have studied the intermediate frequency bands.
Refs. [7]-[9] characterize the wireless propagation channel at
some discrete frequencies in the 6-20 GHz band (Ref. [7]-
[9] at 10 GHz and Ref. [9] at 11 GHz). Only few papers
have studied the frequency dependence of the channel transi-
tion between microwave frequencies to mm-wave frequencies,
which is essential for understanding multi-band and carrier
aggregation systems. Ref. [10]-[18] compare the channel prop-
agation characteristics like pathloss and delay spread at the
microwave and mm-wave bands, but they measure only a small
bandwidth in each band. Also, the majority of these works
use different measurement setups for microwave and mm-
wave measurements, thereby making the comparison more
difficult: for instance, [10] measures frequency bands 10 and
30 GHz; [11], [12] measures frequency bands of 2-4 GHz, 14-
16 GHz and 28-30 GHz; [13] measures frequency bands 2.9,
18 and 28 GHz in macro cellular environment; [19] studies
the channel propagation characteristics like diffraction and
scattering at several discrete frequencies in the 2—-60 GHz band
in an outdoor environment; [20] studies pathloss at discrete
frequencies in the 0.8-37 GHz band in UMi environments; [7]
studied RMS delay spreads at 10 and 28 GHz in UMi envi-
ronments. They all use different channel sounder setups for
different subband measurements, and moreover they measure
only a small portion of the frequency range. Refs. [21]-
[23] summarize the channel measurements done at discrete
frequencies in the 6-100 GHz band.

Ref. [14] measured frequency bands 6.5, 10.5, 15 and
19 GHz using the same setup, but the bandwidth is limited to
1 GHz. Moreover, it uses horn antennas with limited azimuth
opening and a small elevation beamwidth, thereby limiting
the number of interacting scatterers in the environment. The
situation is even more complicated for the dependence of the



RMS delay spread on the carrier frequency. It has been often
conjectured that the delay spread decreases with increasing
carrier frequency, but few experimental proofs have been
provided. The situation is compounded by the fact that com-
putation of the delay spread strongly depends on the dynamic
range of the receiver. The different measurement setups, and
the different pathloss at the various carrier frequencies, make
such a comparison very difficult. Yet, this delay spread depen-
dence is critical for the design of 5G cellular systems, as it
determines the length of the cyclic prefix, and thus the spectral
efficiency of OFDM systems. To the best of our knowledge,
there are no continuous wideband measurements that cover
both microwave and mm-wave bands. Yet it would be essential
since wireless propagation characteristics can be considerably
different for microwave and near mm-wave bands as the
physical propagation mechanisms like reflection, diffraction
and scattering vary as the wavelength changes from a few cm
to a few mm.

We partially fill these gaps by performing propagation
channel measurements over the continuous frequency band
from 3 to 18 GHz in an urban macro-cellular (UMa) and urban
micro-cellular (UMi) environment, using the same channel
sounder setup. To the best of our knowledge, up to now
there are no ultrawideband measurements in the 3 to 18 GHz
band reported in the literature for outdoor environment. For
the UMa case, we take measurements along different streets
in line-of-sight (LOS) and non-line-of-sight (NLOS) environ-
ments. For the UMi case, LOS and NLOS measurements were
taken for different BS heights. We report the pathloss, shadow
fading, root-mean-square (RMS) delay spreads, Ricean factor
and coherence bandwidth results for different propagation
scenarios and study the dependency of these parameters on the
frequency in the 3-18 GHz band. These results considerably
expand on the conference version of this paper [1], which
focuses on the frequency dependency of delay spread and
coherence bandwidth in an UMa environment.

The key contributions of this paper are summarized below:

o For a UMa environment, we provide the pathloss expo-
nents, shadow fading, and RMS delay spreads for the
wideband channel, for different measurement routes in
LOS and NLOS environments.

« For a UMi environment, we investigate the dependency
of the pathloss exponent, shadow fading and RMS delay
spreads on the BS height.

« By dividing the wideband channel frequency response
into several non-overlapping subbands of 1 GHz band-
width each, we study the variation of the large scale
channel parameters with frequency over the 3-18 GHz
band in the LOS and NLOS environments. To enable
this study, our measurements apply pre-distortion at the
transmitter to ensure (approximately) constant SNR over
the measured frequency range, thus eliminating the dy-
namic range effect from the frequency dependence of the
parameters. In particular,

— We provide the path loss exponents for different
subbands in the UMa and UMi LOS/NLOS environ-
ments.

— We study the shadow fading variation with frequency
and investigate the correlation between the shadow
fading in different subbands.

— We study the frequency dependence of the RMS de-
lay spreads, Ricean factor and coherence bandwidth
in the 3—-18 GHz band.

These large scale channel parameters play an important
role in Orthogonal Frequency Division Multiplexing (OFDM)
system design [5], which is a key technology used in 4G and
5G communication systems. As a matter of fact, this work was
partially motivated by intense discussions in 3GPP about the
frequency dependence of the delay spread.

The remainder of the paper is organized the following way:
The channel measurement setup is described in Sec. II-A.
The measurement environment is described in Sec. II-B. Some
general aspects of our data processing are described in Secs.
III-A and III-B. For wideband parameters, the data processing
is given in Sec. III-C and the pathloss and delay spread results
for different measurement scenarios is presented in Sec. IV.
For the subband-parameters, the data processing in given in
Sec. III-D and the results on the frequency dependency of
various channel parameters is provided in Sec. V. A summary
and conclusions wrap up the paper in Sec. VL.

II. MEASUREMENT SETUP AND ENVIRONMENT
A. Measurement Setup

Our measurement setup is based on a real time, frequency-
hopped, multi-band channel sounder. The transmitter (TX)
side comprises of an arbitrary waveform generator (AWG)
that generates a multitone complex baseband signal in the 0-
1 GHz band with a sampling rate of 1.25 GSps. The 500 MHz
inphase and quadrature (I and Q) components of the signal are
generated by two channels of the AWG, and upconverted using
an IQ mixer to the radio frequency (RF) range, centered around
the carrier frequency. A subcarrier spacing of 0.5 MHz was
used, which corresponds to a measurable excess path length
of 600 m. The RF signal is amplified using a power amplifier
and transmitted from a biconical antenna.

At the receiver (RX) end, the signal received by a biconical
antenna is passed through a high pass filter (with cutoff
frequency at 3 GHz) and low-noise amplifier (LNA). This is
done so as to limit the interference from ongoing WiFi and
cellular transmissions and to avoid the receiver front end going
into saturation. The IQ mixer downconverts the RF signal into
baseband, which is then digitized using an analog-to-digital
converter (ADC). The transmitter and the receiver setups can
be seen in Fig. 1. The azimuth and elevation patterns of the
biconical antennas are given in Figs. 2 and 3 respectively.
The antennas are isotropic in azimuth and the elevation 3 dB
beamwidth decreases from 65 to 45 deg in the 3-18 GHz
band. !

!For the azimuth antenna pattern, the ratio of peak to average antenna gain
values are respectively 1.16 dB, 0.31 dB, 1.01 dB, 1.36 dB, 1.44 dB and
1.52 dB at frequencies 3 GHz, 6 GHz, 9 GHz, 12 GHz, 15 GHz and 18 GHz.
At these frequencies, the respective ratio of peak to average gain values of
the elevation antenna pattern are 2.96 dB, 3.14 dB, 2.39 dB, 3.22 dB, 3.43 dB
and 3.15 dB.



Transmitter Receiver

Fig. 1: Transmitter and Receiver setups.
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Fig. 2: Azimuth pattern (dB) of the biconical antennas.

Using a combination of frequency synthesizer and frequency
reference (one each at the TX and RX), the carrier frequency
was varied from 3 GHz to 18 GHz, in steps of 500 MHz.
The carrier frequency at the TX and RX are switched in a
synchronized way using Labview scripts running on real-time
controllers. At any given time, our setup measures the channel
frequency response in a 1 GHz subband, centered around the
carrier frequency and then switches to the next 1 GHz subband.
The successive subband measurements have an overlap of
500 MHz, which is used to correct for the random phase
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Fig. 3: Elevation pattern (dB) of the biconical antennas.

TABLE I: Minimum and Maximum 3D TX-RX separation
distance (in meters) in the UMa environment.

Route 1 Route 2 Route 3 Route 4
LOS Envi- 39m, 117m | 48m, 107m | 42m, 117m | 34m, 10Ilm
ronment
NLOS En- | 37m, 97m 70m, 140m | 69m, 116m | -
vironment

TABLE II: Minimum and Maximum 3D TX-RX separation
distance (in meters) in the UMi environment.

Level 1 Level 2 Level 3
LOS Environment 16m, 79m 18m, 90m 19m, 92m
NLOS Environment 16m, 105m 17m, 102m 18.5m, 107m

shift in the channel transfer function measurements, across
the subbands. The phase corrected subband measurements
are stitched together to get the wideband channel frequency
response in the 3-18 GHz band. The transmit signal is pre-
distorted such that the transmit signal-to-noise ratio (SNR) is
similar across all subbands. The TX signal power is designed
to maintain 40 dBm TX Equivalent Isotropically Radiated
Power (EIRP). The only variation in the dynamic range is due
to the RX sensitivity. The instantaneous dynamic range of our
setup is 53 dB. This varies +/- 1.5 dB across the subbands due
to the variations of RX noise figure caused by the LNA noise
figure and gain variations. A more detailed description of the
channel sounder setup can be found in [24].

The setup takes 100 us to measure the frequency response in
each 1 GHz subband. It takes 100 us for the setup to switch to
the next carrier frequency. Thus, it takes 6 ms to complete the
channel measurement in the 3-18 GHz band. We take five such
snapshots of the wideband measurements, which is used for
noise averaging. The time gap between two successive wide-
band measurement snapshots is 10 ms. The multiple snapshots
were also used to identify and discard the interference (from
the external sources) within the measurement band, which will
be described in the next section.

B. Measurement Environment

The measurements were taken near the Electrical Engineer-
ing Building (EEB) and the Parking Structure X (PSX) on
the USC campus. The density and height of buildings in this
area is typical for urban environments. For the EEB location,
the transmitter was placed at on the rooftop of the building
(of height 29 m) and the receiver was placed on the street,
thereby representing a typical macro-cellular setup. For the
PSX measurements, the transmitter was placed on different
levels of the building (of height 12.5 m) and the receiver on
the street, thereby representing a typical micro-cellular setup.

UMa measurements: The transmitter was placed at two
different locations on the rooftop of EEB and the receiver setup
was placed on a cart and moved along McClintock and 37th
Street. The measurement routes along with the TX locations
are shown in Fig. 4 and 5, respectively, for the LOS and NLOS
measurements. The lamp posts, parking meters, cars parked
along the sidewalks, and the buildings on either side of the
measurement routes provide a rich scattering environment. The



Fig. 5: NLOS routes for the UMa measurements.

TX antenna was effectively 31 m above the ground and the
RX antenna was 1.5 m above the ground. The transmitter was
surrounded by buildings of height 20-30 m. The streets were
roughly 15 m wide and the length of the measurement routes
varied from 70 m to 120 m. The minimum and maximum
TX-RX separation distance for different measurement routes
is provided in Tab. I. For the LOS measurements, first the
TX was placed at the corner of the rooftop and the RX was
moved along the perpendicular streets (route 1 and 2); the
TX was then placed at the center of the building and the RX
moved along 37th street (route 3 and 4), thereby generating
4 realizations of the LOS measurement routes. For the mea-
surement route 1, the receiver was moved along the center of
the street and there was clear LOS for all the measurement
locations along the route. For measurement routes 2, 3 and 4,
the receiver was moved along the sidewalk covered with trees
and occasionally the LOS path was obstructed by foliage. The
transmit antenna was down-tilted by 15 degrees so that for
the majority of the measurement points along the routes, the
geometrical LOS component is within the half power elevation
beamwidth of the TX antenna.

A similar procedure was repeated for the NLOS measure-
ments. The TX was first placed at the corner and the RX was
moved along the perpendicular streets (route 1 and 2); the TX
was then placed at the center and the RX was moved along the
McClintock street (route 3), thereby generating 3 realizations
of the NLOS measurement routes.

UMi measurements: The TX was placed on three different
levels of the parking structure, very close to the outside wall;
since the structure has large openings to the exterior, the TX
antenna was essentially at a location where a wall-mounted
microcell antenna would be on a regular building. The RX was
moved along one LOS route and one NLOS route as shown in

Fig. 6: LOS and NLOS routes for the UMi measurements.

Fig. 6. The TX antenna was effectively 8.5 m, 11.5 m and 14 m
for the BS on level 1, 2, and 3 respectively. The RX antenna
was 1.5 m above the ground. The transmitter was surrounded
by buildings of height 15-30 m. The streets were 12 m wide.
The length of the LOS and NLOS measurement route was
90 m and 65 m, respectively. The minimum and maximum
TX-RX separation distance for different measurement routes
is provided in Tab. II. For all the TX-RX location pairs,
the elevation angle of the geometric LOS component is well
within the 3 dB elevation beamwidth of TX antenna, thereby
reducing the impact of different elevation beamwidths at
different frequencies. No tilt was applied to the transmit or
receive antennas for the UMi measurements.

III. DATA PROCESSING

For each measurement route, the receiver cart was moved
continuously along the street, roughly at a speed of 0.2 m/s.
Measurements were taken every 1 s and in each measurement,
our setup records five snapshots of the channel impulse
response, with a time gap of 10 ms between successive
snapshots.

A. Noise averaging and Interference filtering

The multiple snapshots can be used for noise averaging and
interference suppression, since the first and the last (fifth)
snapshots have time gap of 40 ms, which corresponds to
0.8 cm spacing; equivalent to 0.084 spacing at 3 GHz carrier
frequency and 0.484 at 18 GHz carrier frequency. Thus, the
multiple snapshots will experience similar small scale fading
and hence can be used for noise averaging. >

The multiple snapshots can also be used to suppress the
bursty WiFi interference. Occasionally, for some of the mea-
surement routes, we noticed interference from WiFi access
points operating in the 5 GHz band. Since the interference
might be present only in a subset of the snapshots, using a pair-
wise correlation of the snapshot channel impulse responses,
followed by median filtering, we can discard the snapshots

2For the higher frequency subband measurements, the SNR gain from
averaging the snapshots was observed to be 5-6 dB. It is 1-2 dB smaller
than the expected theoretical value of 7 dB. This is because of some signal
variations across the averaging distance at higher frequencies.



corrupted by interference [25].
used for noise averaging.

The remaining snapshots are

B. Small scale fading averaging

Since the measurements were taken every 1 s along the
route, this corresponds to 0.2 m spacing between the succes-
sive measurements; equivalent to 21 spacing at 3 GHz carrier
frequency and 124 at 18 GHz carrier frequency. Thus, the
successive measurements along the route will experience in-
dependent small scale fading and hence can be used for spatial
averaging to compute the large scale channel parameters like
pathloss, delay spreads, coherence bandwidth, etc.

C. Wideband Processing

1) Averaged Power Delay Profile (APDP) computation:
Let {Ht(fi),k=1---Ng} be the wideband channel fre-
quency response* measured at time T seconds (time is mea-
sured relative to the first measurement in that route). For our
measurement setup, fj =3 GHz, Af = - fi = 0.5 MHz and
Npg = 30000. The channel frequency response is transformed
to the delay domain by taking an IFFT with a Hann window
to suppress the sidelobes. Let A7(7) denote the resulting
channel impulse response. The magnitude squared of the
impulse response gives the instantaneous power delay profile,
PDP (7). The influence of the small scale fading is removed
by averaging the consecutive instantaneous PDP measurements
within a window, to get the averaged power delay profile
(APDP). Here the averaging window is defined as the set
of consecutive measurements where the multipath component
(MPC) path powers are similar, but the phases of the MPCs
change across measurements. This is characterized using the
correlation between the instantaneous PDP and the variation
in the overall received power. To put it mathematically,

k+N

APDP(7) = Z \hT () (1)

where N £ min (N, N2). N; denotes the number of consec-
utive measurements over which the PDP’s are correlated and
N, denotes the number of consecutive measurements whose
received power does not vary by more than 3 dB.

Ni =min{n: Corr (PDPy (1), PDPi,, (1)) < 0.5} (2)

N> =min{n : |Py — Px+n| > 3 dB} 3)

3This approach does not work if all the snapshots are corrupted by
interference. In such a case, we use the power variations in the subbands
to detect and discard the measurements with interference. We divide the
wideband channel frequency response into subbands of 300 MHz and look
at the power variations across the subbands. If there is a large jump in the
received power in adjacent subbands (in excess of 10 dB), it is probably
because of the interference and hence we discard such measurements for
further processing.

4We treat the antennas as a part of the channel, as the antenna response
cannot be clearly separated from the overall response. We take a reference
measurement by replacing the TX and RX antennas and connecting the
transmitter and receiver setup with a cable. The cable has been calibrated
and its response has been taken out from the reference measurement. We
then divide the overall system response with the reference measurement, to
get the true response of the channel and the antennas. Calibrated antenna
arrays at TX and RX would be required to eliminate the impact of antennas.
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Fig. 7: Sample APDP plots for measurement taken along
different routes in the UMa LOS and NLOS environments.

where Corr(.,.) denotes the correlation coefficient and P =
1010g,q (2, [Hr(f)P)
frequency response.

Due to the extremely high delay resolution, even movement
over short distances can lead to noticeable delay changes. To
reduce the impact caused by this, the impulse responses are
time adjusted such that the strongest MPC is time-aligned.
To reduce the effects of noise, we subtract the average noise
power level from the APDP, and a noise-thresholding filter is
applied to the resulting APDP, in which the APDP samples
whose magnitude is below a threshold is set to zero. The
threshold is set to be 6 dB above the noise floor. The noise
floor is computed from the noise-only region of the APDP
(samples before the first MPC). This APDP is used to compute
the RMS delay spread and the coherence bandwidth of the
channel.

Fig. 7 plots sample APDPs for the measurements taken
along Routes 1 and 2 in LOS and NLOS environments. For the
LOS measurement routes, we typically observe 3-5 clusters,
depending on the measurement route. The maximum number
of clusters was observed for measurement route 1. For this
route, apart from the LOS cluster, we observed far away
clusters resulting from reflection from building P, located at
the end of the measurement route. For the NLOS measurement
routes, there were typically 1-2 clusters. We conjecture that
these might be due to “merging” of different clusters, and
resolution in directional domains would give a higher number.

denotes the power in the channel

2) Wideband Pathloss and shadow fading characterization:
The path gain (inverse of the pathloss) is obtained by averaging
the absolute magnitude squared of the channel frequency
response over the small scale fading realizations and averaging
this quantity over frequency. >

PL(d) = 10a log,, ( d ) +B+ S “4)

5The pathloss definition used here is equivalent to the “transmission loss”
definition of ITU-R.



where PL(d) denotes the pathloss (measured in dB) at TX-
RX separation distance d; B is an offset and « is referred
as a pathloss exponent; S, is a shadow fading term that
captures the deviation of the measured pathloss from the
linear model. This is typically modeled using a zero-mean
normal distribution with a standard deviation o. As with all
measurement-based fitting models, the result is only valid in
the distance range in which the measurements were made.

3) Wideband Delay spread: The RMS delay spreads are
computed as the second central moment of the APDP [5].

/000 (t - 7")2 APDP (t)dt

TRMS = = &)
J, APDP (7)dt
where 7 is the mean delay, which is given by
- Jy7 TAPDP (1) dt ©
Jy  APDP (1) dt

D. Subband Processing

We now study the frequency dependency of the large scale
channel parameters in the 3-18 GHz band. We divide the
measured wideband channel frequency response into 15 non-
overlapping subbands (3-4 GHz, 4-5 GHz, ---, 17-18 GHz)
with each subband bandwidth equal to 1 GHz. Similar ap-
proach of subband processing was also used in [26]. The
APDP processing described above is repeated for each of
the subbands and the pathloss exponents, shadow fading and
RMS delay spreads are independently computed for each of
these subbands. For a fair comparison, we make sure that the
number of realizations used for small scale fading averaging
is the same across all subbands. Since the value of N can
be different for different subbands, we compute N for each
of the 15 subbands and pick the minimum value across the
subbands. ¢

1) Ricean factor: The Ricean factor is defined as the ratio
of the power in the dominant MPC to all other MPCs. It
is an important parameter in characterizing the propagation
channel in LOS environments. For narrowband channels, it
is computed using the classical method of moments [27].
This approach has been extended to wideband channels, by
interpreting the signals on different subcarriers as different
narrowband fading realizations [28]. Thus, the Ricean factor
in each subband is computed as follows:

1 n
Ga =~ 21 |H;|? (7)
=
] n
Gy = — | D IHil* = nG, 8)
i=1
VG2 -G
K = a v (9)

Ga - Gg - Gv
where {H;}}, are the channel frequency responses measured

at n frequencies, spaced apart by coherence bandwidth, and
hence provide n different narrowband fading realizations.

SFor the data, N varied from 4 to 10, with an average value of 8.

TABLE III: Standard deviation of shadow fading in the UMa
environment (dB).

Route 1 Route 2 | Route 3 Route 4
LOS Environment 0.27 0.17 0.62 0.55
NLOS Environment 1.89 1.02 1.43 -

Since the number of spatial small scale fading realizations
of H in each averaging window is small (typically 4 to 10), we
pick the realizations of H that are spaced apart by a coherence
bandwidth and combine them all into a single ensemble for
Ricean factor computation.” Note that picking uncorrelated
values of fading realizations is important to avoid bias in the
estimation of the Rice factor [28].

2) Coherence Bandwidth: The channel coherence band-
width for each subband is computed using the frequency
correlation function, which is obtained by taking the Fourier
transform of the corresponding subband APDP. The 3 dB
coherence bandwidth is the smallest frequency at which the
magnitude of the correlation function becomes less than half
of the maximum value.

S(Af)

5(0) (10)

BWj 5 = min {Af : ‘ < 0.5}

IV. WIDEBAND MEASUREMENT RESULTS
A. Wideband Pathloss and Shadow fading

Fig. 8 plots the measured pathloss values along different
measurement routes in the UMa LOS/NLOS environments. In
the LOS environment, the pathloss exponent was close to 2 for
the receiver on route 1, 2 and 4, and it was observed to be less
than 2 for the receiver on route 3, indicating strong waveguid-
ing. In the NLOS environment, the pathloss exponents were
observed to be significantly different for the RX along different
measurement routes (varying from 2.71 to 4.34), which is
consistent with other recent results; compare [29], which also
provides a discussion of the reasons.

We now compare the measured pathloss exponents with the
values specified in the 3GPP standards [30], for similar propa-
gation scenarios. In the UMa LOS environment, the measured
pathloss values are comparable with the pathloss exponent of
2.0, specified for similar TX-RX separation distances and for
similar carrier frequencies. In the UMa NLOS environment,
the specified pathloss value is 3.92. This is comparable to
the measured pathloss values of 4.24 and 4.34 for two of
the measurement routes. In the UMi environment, pathloss
exponents of 2.1 and 3.2 were specified for the LOS and NLOS
environments. The measured pathloss exponents (1.54—1.93 in
LOS and 2.22-2.80 in NLOS) were somewhat smaller than
values specified in the 3GPP.

The standard deviation of the shadow fading for various
measurement scenarios in the UMa environment is listed
in Table III. As expected, the shadowing standard deviation
values are higher for the NLOS environment.

Fig. 9 plots the measured pathloss values for different BS
heights in the UMi LOS/NLOS environments. In the LOS

"Based on the results in Sec. V-E, the typical coherence bandwidth values
are 200 MHz. Since each subband is 1 GHz wide, this approach increases the
sample size by a factor of 5.
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Fig. 8: Distance dependent pathloss in the LOS and NLOS
environments for the UMa measurements. The 95% confidence
intervals for the least square fit in LOS environments are:
[1.96,2.09], [1.94,2.10], [1.62,1.97], and [1.85,2.25] for mea-
surements routes 1, 2, 3 and 4 respectively. The corresponding
intervals in NLOS environment are: [3.40,5.27], [2.23,3.18],
and [2.85,5.62] for measurement routes 1, 2 and 3 respec-
tively.

TABLE IV: Standard deviation of shadow fading in the UMi
environment (dB).

Level 1 | Level 2 | Level 3
LOS Environment 1.27 1.10 0.61
NLOS Environment | 0.83 1.03 1.90

environment, there is no clear pattern in the pathloss exponent
variation with the BS height. But in the NLOS environment,
the pathloss exponents seem to increase as the BS height
increases and the pathloss exponents are smaller than the ones
in the UMa environment. The standard deviation of the shadow
fading for different BS heights in the UMi environment is
listed in Table IV. In the LOS environment, the shadowing
values seem to decrease as the BS height increases. The shad-
owing increases with the BS height in the NLOS environment.
The observed behavior can be explained as follows. In the
LOS environment, as the BS height increases, the LOS path
becomes more dominant due to reduced scattering around the
BS and hence the shadow fading decreases with the increase
in BS height. In the NLOS environment, as the BS height
increases, it can potentially illuminate a larger area and hence
the increased scattering results in increased shadow fading.

B. Wideband RMS delay spread

Fig. 10 plots the CDF of the measured wideband RMS
delay spread (ns values) for different measurement routes in
the LOS/NLOS UMa environments. The delay spreads are in
the range of 20-60 ns in the LOS environment and 60-300 ns
in the NLOS environment. It can be seen that the log values
of the delay spreads fit well with a Normal distribution. The
parameters of the distribution (mean y and standard deviation
o) are given in the legend. The CDF curves are significantly
different for different measurement routes both in LOS and

LOS Environment

115 115 NLOS Environment
1101 + Level 1 (x=1.93,3=48.89dB)||
O Level2(a=154,3=5515dB)|| 110
Level 3 (« = 1.86, 5 = 51.34 dB)
105 1 105
o100 7 100
o P
[23]
@
@ 95+ 1=
K=} > 95
= 0
© kel
o 9 1<
] 90
o
851 1 85
801 80
+ Level 1 (a =222 3=6330dB)
| O Level2 (o =261, 3=56.15dB)
75 7% Level 3 (a = 2.80, § = 53.67 dB)
70 - 70
10' Distance (m) 102 10’ Distance (m) 102

Fig. 9: Distance dependent pathloss in the LOS and NLOS
environments for the UMi measurements. The 95% confidence
intervals for the least square fit in LOS environments are:
[1.75,2.10], [1.36,1.72], and [1.77,1.96] for BS on level 1,
2, and 3 respectively. The corresponding intervals in NLOS
environment are: [2.02,2.42], [2.48,2.72], and [2.32,3.27] for
BS on level 1, 2 and 3 respectively.
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Fig. 10: CDF of RMS delay spreads (ns) for different mea-
surement routes in the UMa environment.

NLOS environments, except that for route 2 and 3 in the LOS
environment, which are in the same street with only the TX
location different.

Fig. 11 compares the CDF of the measured wideband RMS
delay spread (ns) for different BS heights in the LOS/NLOS
UMi environments. The delay spreads are in the range of 25—
50 ns in the LOS environment and 30-140 ns in the NLOS
environment. While the delay spreads are comparable to the
UMa case in the LOS environment, they are significantly
smaller when compared to UMa case in the NLOS environ-
ment. This is again intuitive, as a UMi BS cannot effectively
illuminate far scatterers, so that long-delayed echoes carry less
power than in the UMa case. It can be seen that the log
values of the delay spreads fit reasonably well to a Normal
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Fig. 12: Pathloss exponents as a function of the frequency
for different measurement routes in the UMa LOS/NLOS
environments.

distribution.? While the delay spreads do not change much
with the BS height in the LOS environment, they increase
with increasing BS height in the NLOS environment.

V. SUBBAND MEASUREMENT RESULTS
A. Subband Pathloss characterization

Fig. 12 plots the pathloss exponents as a function of the
subband center frequency for the UMa LOS and NLOS en-
vironments. The corresponding wideband pathloss exponents
for each of the measurement routes are marked using dotted
lines. In the LOS environment, it can be seen that there are
large variations in the pathloss exponents over the subbands,

8While the log-Normal distribution is not a good fit for some of the
measurement routes in the NLOS scenario, we still use a log-Normal
distribution because (i) this distribution has been used extensively in the
literature and standardized channel models, (ii) using the same distribution for
all routes allows an easier comparison, and (iii) due to the small sample size,
establishing statistical validity of a different distribution would be difficult.
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Fig. 13: Pathloss exponents as a function of the frequency for
different BS heights in the UMi LOS/NLOS environments.

which are more or less consistent across different measurement
routes—pathloss exponents are close to 2 in the 3—5 GHz band;
decreases to 1 in the 5-8 GHz band; vary between 2 and 3 in
the 8-13 GHz band; and between 1 and 2 in the 13-18 GHz
band. We conjecture that a part of these variations is caused
by the antennas. Specifically, while the antennas are omni-
directional in azimuth at all frequencies, and the antenna gain
(in the horizontal plane) does not vary appreciably with the
azimuth angle, the shape of the antenna elevation pattern is
different for different frequencies. The elevation and azimuth
gain patterns of the antennas, for different subbands, has been
measured inside the anechoic chamber at USC.

As the RX moves along the street, the elevation angle
corresponding to geometric LOS between the TX and RX
decreases from 45 deg to 5 deg. Since the antennas are
not isotropic in the elevation domain as outlined above, the
effective gain of the TX and the RX antennas changes with the
elevation angle, and equivalently with the TX-RX separation
distance. Thus the antenna response itself has an effective
distance dependence, which is different for different frequency
bands as shown in Fig. 12, the frequency dependence induced
on the pathloss coefficient by the antenna response (black star).
Note that while the general trend in the pathloss exponent
variation with frequency for the measured channel, follows the
antenna response, the magnitude of the variation is increased
for the measured channel, thereby indicating different pathloss
exponents for different subbands for the propagation channel
alone.

In the UMa NLOS environment, there is large variation in
the pathloss exponents over the subbands and it is different
for different measurement routes, and also different from
the antenna response. In the NLOS environment, there is
no dominant LOS component; MPCs incident at different
elevation angles will have comparable power and hence the
impact of antenna response is more likely to be averaged out.

Fig. 13 plots the pathloss exponents as a function of
the subband center frequency for the UMi LOS and NLOS
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environments. The observations are similar as in the UMa
case. For the LOS environment, the pathloss exponents vary
significantly across the subbands and it can be explained by
the variation in the antenna response. The pathloss exponents
are similar for different BS heights in the majority of the
subbands. In the NLOS environment, it can be seen that the
subband pathloss exponents roughly increase with frequency.
The subband pathloss exponents increase with the increase in
the BS height, which is consistent with our earlier observations
on the wideband pathloss exponents variation with the BS
height. Also, these pathloss exponents are smaller than the
ones observed in UMa environment, where the BS height is
even larger.

It can be seen that, in general, the wideband pathloss expo-
nents are close to the subband pathloss exponents obtained in
the lower end of the 3-18 GHz band. This is because of the
relatively large antenna gain at lower frequencies.

Similar observations on the subband pathloss exponent
variation with frequency was reported in [31]. In the UMi
environment, the reference provides the pathloss exponents
measured at four discrete frequencies of 3.5 GHz, 5.2 GHz,
10 GHz and 18 GHz in the 3-18 GHz band. In the UMi
LOS environment the pathloss exponents varied between 1.9
and 2.5 and in the UMi NLOS environment they varied
between 3.5 and 4.1 with no clear pattern in the variation with
frequency. For the UMa environment, the pathloss exponents
were reported at two discrete frequencies of 10 and 18 GHz in
the 3—-18 GHz band. In the UMa LOS environment the pathloss
exponents varied between 2.0 and 2.1 and in the UMa NLOS
environment they varied between 3.3 and 4.9.

B. Subband shadow fading characterization

Fig. 14 and 15 respectively plot the shadow fading as a
function of the subband center frequency in the UMa and
UMi environments. It can be seen that for both the UMa and
UMi scenarios, the shadow fading standard deviation seems to
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Fig. 15: Shadow fading as a function of the frequency for
different BS heights in the UMi LOS/NLOS environments.

increase with the frequency. In the UMi NLOS environment,
the shadow fading increases with the BS height. As the BS
height increases, it can potentially illuminate a larger areas
and hence the increased scattering results in increased shadow
fading. °

The measured shadow fading values are smaller than the
values reported in [31]. In the UMi LOS environment the
shadow fading values varied between 3.1 dB and 5.4 dB and in
the UMi NLOS environment they varied between 8.3 dB and
9.2 dB with no clear pattern in the variation with frequency. In
the UMa LOS environment the shadow fading values varied
between 4.7 dB and 5.1 dB and in the UMi NLOS environment
they varied between 4.5 dB and 7.8 dB. For these reported
measurements, the TX-RX separation distance was varied
from 100 m to 1000 m. The higher shadow fading values
were probably because of computing the pathloss exponent
and shadow fading by combining the measurements done over
several streets. In our measurements, we fit the pathloss and
shadow fading for each street separately and hence smaller
shadow fading values. Also, shadow fading tends to increase
with distance.

The differences in the behavior and the magnitude of
shadow fading values is probably because our measurements
were confined to a smaller area, thereby illuminating relatively
smaller number of scatterers and hence smaller shadowing
values. Shadow fading tends to increase with distance.

We also investigate the correlation of the shadow fad-
ing across different subbands. For this we combine the
shadow fading realizations across different measurement

9We investigated the impact of antenna pattern on the shadow fading values
and observed that it is quite small. In the LOS environment, since most of
the scatterers are illuminated within the 3 dB elevation beamwidth of the
TX antenna, the power variation with distance due to the antenna pattern
is small. For each subband, we computed the shadow fading caused by the
antenna pattern. The standard deviation of the shadow fading was small (less
than 0.4 dB) compared to the measured shadow fading values. In the NLOS
environment, multipaths incident at different elevation angles will contribute
significantly to the overall received power and hence the impact of antenna
pattern will be averaged out.
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Fig. 17: Mean and standard deviation of the RMS delay
spreads (ns), for different subbands, in the UMa LOS envi-
ronment. The 95% confidence intervals for the slope (mean
value plot): [-2.14,-0.37], [-0.41,-0.07], [-0.42,0.14], and
[-0.89,0.09] for measurements routes 1, 2, 3 and 4 re-
spectively. The corresponding intervals for standard devia-
tion plot are: [-0.71,0.44], [-0.06,0.09], [-0.12,0.42], and
[-0.19,0.42].

routes. Fig. 16 captures the pairwise correlation of shadow
fading across different subbands in the UMa LOS and NLOS
environments. It is interesting to see that at the higher ends of
the 3—-18 GHz bands, shadow fading is more correlated with
the adjacent bands. This behavior is more prominent in the
NLOS environment. This behavior is especially interesting in
view of multi-band systems, which often rely on uncorrelated
shadowing at different subbands. As a matter of fact the
current 3GPP channel model assumes completely independent
shadowing in different frequency bands, an assumption that is
not supported by our measurements.

C. Subband RMS delay spreads characterization

We now study the frequency dependency of the RMS delay
spreads in the 3—18 GHz band. Since the wideband RMS delay
spreads are observed to be significantly different for different
measurement routes, we do not combine the subband data
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Fig. 18: Mean and standard deviation of the RMS delay
spreads (ns), for different subbands, in the UMa NLOS en-
vironment. The 95% confidence intervals for the slope (mean
value plot): [-0.95,1.13], [-1.40, 1.66], and [-0.34, 1.59] for
measurements routes 1, 2, and 3 respectively. The correspond-
ing intervals for standard deviation plot are: [—0.37,0.43],
[0.92,5.63], and [0.38,2.57].

across different measurement routes, but rather analyze each
measurement route separately.

In the LOS environment, it is observed that the delay
spreads decrease from 3 GHz to 18 GHz. For instance, in
measurement route 1, the mean delay spreads decreases from
46 ns for 3-4 GHz band to 29 ns for 17-18 GHz band.'” The
standard deviation of the delay spreads only changes by few
ns across the subbands.

Fig. 17 plots the mean and standard deviation of the RMS
delay spreads (ns) as a function of the subband center fre-
quency for the measurement routes in the UMa LOS environ-
ments. It can be seen that, for the majority of the measurement
routes, the mean decreases with frequency and the standard
deviation only changes by only few ns with frequency. This is
also supported by the 95% confidence interval of the slopes.
This behavior can be explained as follows: Blockage is more
severe at higher frequencies, since diffraction is a less efficient
process. While the power in both the LOS and non-LOS MPCs
decreases with frequency, the decrease is relatively stronger
for the non-LOS MPCs, thereby resulting in decreasing delay
spreads with increasing frequency. This can also be seen from
the sample APDP plots for different subbands in Fig. 21. The
figure compares the normalized APDP for different subbands
in UMa LOS. The subband APDP is normalized by the total
power in that subband. While the power in the LOS component
is very similar, for the NLOS component at 50 m delay, the
power reduces from -13 dB (3—4 GHz band) to -16 dB (7-
8 GHz band) and to -20 dB (11-12 GHz band). Similarly for
the NLOS component at 42 m delay, the power reduces from
-17 dB (3—4 GHz band) to -21 dB (7-8 GHz band) and to

10The RMS delay spreads of the antenna response varied from 2 ns to
8 ns across different subbands and elevation angles. Since this is significantly
smaller than the channel delay spreads, we can conclude that the variation in
the delay spreads here are purely because of the propagation channel. This is
somewhat in contradiction to the observations made in Ref. [7]. There it was
observed that the RMS delay spreads did not change much from 10 GHz to
28 GHz.
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Fig. 19: Mean and standard deviation of the RMS delay
spreads (ns), for different subbands, in the UMi LOS environ-
ment. The 95% confidence intervals for the slope (mean value
plot): [-0.33,-0.02], [-0.50, —0.12], and [-0.64, 0.22] for BS
on level 1, 2, and 3 respectively. The corresponding intervals
for standard deviation plot are: [0.04,0.31], [-0.30,-0.02],
and [0.17, 1.11].
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Fig. 20: Mean and standard deviation of the RMS delay
spreads (ns), for different subbands, in the UMi NLOS envi-
ronment. The 95% confidence intervals for the slope (mean
value plot): [-0.87,0.75], [-0.89,0.24], and [-0.70, 1.26]
for BS on level 1, 2, and 3 respectively. The correspond-
ing intervals for standard deviation plot are: [—0.06,0.39],
[-0.48,0.21], and [-0.70, 1.19].

-22 dB (11-12 GHz band).

Fig. 18 plots the mean and standard deviation values as a
function of the subband center frequency for the measurement
routes in the UMa NLOS environments. Unlike the LOS case,
here the mean neither decreases nor increases with frequency
but the standard deviation shows increase with frequency for
two out of three measurement routes. At higher ends of the 3—
18 GHz band, the wavelength (few mm) will be comparable to
roughness of the scatterers in the environment, thereby making
the received power from the scattering relatively more sensitive
to frequency. Since, there is no single dominant propagation
path, the received power is contributed by multiple scatterers.
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Fig. 21: APDP (normalized by received power) for different
subbands in UMa LOS and NLOS environments.

Different multipaths can have different magnitude of power
variation with frequency, thereby resulting in increased vari-
ance of RMS delay spreads with frequency. This can also be
seen from Fig. 21 which plots the sample APDP for different
subbands in NLOS UMa environment. In each subband, the
APDP is normalized with the total power in that subband.

Figs. 19 and 20 plot the mean and standard deviation
values as a function of the subband center frequency for
the measurements taken with different BS heights in the
UMi LOS and NLOS environments respectively. In the LOS
environment, for the majority of the measurement routes, the
mean delay spreads decreases with frequency. The subband
delay spreads do not change with the BS height. In the
NLOS environment, the mean and the standard deviation
neither increase nor decrease with the frequency, but the RMS
delay spreads increase with the increase in the BS height.
These subband delay spread variations with the BS height are
consistent with our earlier observations on the wideband delay
spread results.

D. Subband Ricean factor characterization

We now study the Ricean-K-factor dependency on the
frequency. The K-factor in each 1 GHz subband is computed
as described in Sec. III-D1. In each subband, we fit the
measured dB values of the Ricean-K-factor using the Normal
distribution. Fig. 22 plots the mean and standard deviation
of the K-factor as a function of frequency, for different
measurement routes in the UMa LOS environment. It can
be seen that the K-factor increases with frequency. This can
be explained as follows: while the power in both the LOS
and non-LOS MPCs decreases with frequency, the decrease is
stronger for the non-LOS MPCs, thereby resulting in larger K
values with increasing frequency. This can also be seen from
the sample APDP plot in Fig. 21.

Similar observations hold true even in the UMi LOS en-
vironment as can be seen from Fig. 23. Mean and standard
deviation values are given for different BS heights. The K-
factor increases with frequency. The mean K-factor values
increased as the BS moved from level 1 to level 3. This
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Fig. 23: Mean and standard deviation of the Ricean factor
(dB) for different subbands in the UMi LOS environment.
The 95% confidence intervals for the slope (mean value plot):
[-0.09, 0.29], [-0.05,0.22], and [-0.06,0.20] for the BS on
level 1, 2, and 3 respectively.

is because of the LOS component gets more isolated and
dominant as the BS height increases.

Relevant literature on Delay spread and K-factor: We
now compare the delay spread and K-factor variation with
frequency with the observations made in Ref. [32]. The
reference summarizes the channel parameter variation with
frequency from different channel measurement campaigns. For
the urban street canyon LOS measurements, it was observed
that the delay spreads decreased as the frequency increased
from 15 GHz to 28 GHz and to 60 GHz. Also, it was stated
that the K-factor increased with frequency. These findings are
consistent with our observations in LOS environments. For the
NLOS street canyon measurements done at frequencies 2 GHz,
15 GHz and 60 GHz, it was reported that RMS delay spreads
were 150 ns and they did not change with frequency. This is
again consistent with our NLOS delay spread results. These
NLOS observations contradict the 3GPP model, which models
decreasing RMS delay spreads with increasing frequency.
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Fig. 24: Mean and standard deviation of the Coherence
bandwidth (MHz) for different subbands in the UMa LOS
environments. The 95% confidence intervals for the slope
(mean value plot): [-1.07,4.08], [0.77,1.99], [0.17, 1.68], and
[-3.52,4.52] for route 1, 2, 3, and 4 respectively.

E. Subband Coherence Bandwidth characterization

We now investigate the coherence bandwidth dependency
on the subband center frequency. While there is a common
misconception that the coherence bandwidth is simply the
inverse of the RMS delay spread, this is not true—the two
quantities are characterized by an uncertainty (inequality)
relationship [33], and thus their frequency dependence might
be different. We compute the coherence bandwidth in each
1 GHz subband, as described in Sec. III-D2. We investigate
the frequency dependency by studying the variation of the
mean and standard deviation values with frequency.

Fig. 24 plots the mean and standard deviation of the
coherence bandwidth (MHz) as a function of the subband
center frequency, for different measurement routes in the UMa
LOS environment. In the LOS environment, the measured
coherence bandwidth values are in the 150-250 MHz range. It
can be seen that for two of the measurement routes the mean
coherence bandwidth increases with frequency.

Fig. 25 plots the mean value of the coherence bandwidth
as a function of frequency in the UMa NLOS environment.'!
It can be seen that the coherence bandwidth values are nei-
ther increasing nor decreasing with frequency. The coherence
bandwidth values are observed to be < 10 MHz. This is again
consistent with our earlier observations that the delay spreads
do not change significantly with frequency.

Figs. 26 and 27 plot the coherence bandwidth variation with
frequency for different BS heights in the UMi LOS and NLOS
environments respectively. The measured coherence bandwidth
values are in the 150-200 MHz range in the LOS environment
and in the 5-50 MHz range in the NLOS environment.
In the LOS environment, we plot the mean and standard
deviation values. It can be seen that coherence bandwidth
values are neither increasing nor decreasing with frequency.
It is interesting to note that the coherence bandwidth values
increases as the BS height increased, even though the RMS

For the NLOS scenario, the data quantization errors are quite significant.
The coherence bandwidth is an integral multiple of the subcarrier spacing
(0.5 MHz) and from the measured coherence bandwidth values, the ratio is
less than 20. For this reason, we only plot the mean values.
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Fig. 26: Mean and standard deviation of the Coherence band-
width (MHz) for different subbands in the UMi LOS envi-
ronment. The 95% confidence intervals for the slope (mean
value plot): [-3.70,0.80], [-1.16,2.02], and [-3.25,2.83] for
the BS on level 1, 2, and 3 respectively.

delay spreads does not show a significant dependency in the
UMi LOS environments. In the NLOS environment, we plot
the mean values. The coherence bandwidth decreases with
increasing BS height and these values are much higher than
the ones observed in the UMa NLOS environment, where the
BS height is even larger. This is consistent with our earlier
observations that the subband RMS delay spreads increase
with the BS height.

VI. CONCLUSIONS

We presented wireless propagation channel measurement
results in the 3-18 GHz band, conducted in urban macro
and micro-cellular environments. The wideband measurements
were taken using a frequency-hopped multi-band channel
sounder. We characterized the wideband pathloss, shadow
fading and RMS delay spreads in different measurement routes
for UMa LOS/NLOS environments. It has been observed that
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Fig. 27: Mean value of the Coherence bandwidth (MHz) for
different subbands in the UMi NLOS environment. The 95%
confidence intervals for the slope: [-0.18,0.77], [-2.21,0.15],
and [-0.90, 0.83] for the BS on level 1, 2, and 3 respectively.

the propagation characteristics can be significantly different
in different routes—pathloss exponents varied from 1.8 to
2 in LOS environments and from 2.71 to 4.34 in NLOS
environments; RMS delay spread was observed to be log
normally distributed on all routes, but the parameters of the
distribution were considerably different on different routes. We
investigated the dependency of the channel parameters on the
BS height in the UMi LOS/NLOS environments. The pathloss
exponents and the RMS delay spreads increased with the BS
height in NLOS environments; not significant dependency was
observed in the LOS environments.

Using 1 GHz subband evaluations, we characterized the
dependency of the pathloss exponents, shadow fading, RMS
delay spreads, Ricean factor and coherence bandwidth on the
frequency in the 3—18 GHz band. It has been observed that
the RMS delay spreads roughly decrease with frequency in
the LOS environments, but the delay spreads did not change
significantly with frequency in the NLOS environments; the
Ricean K-factor increased with frequency; the shadow fading
standard deviation increased with frequency in both LOS and
NLOS environments; the coherence bandwidth values did not
change significantly with frequency both in LOS and NLOS
environments; the pathloss exponents varied significantly with
frequency, but there was no conclusive pattern in the variation.
In the NLOS environment, the shadow fading was observed to
be correlated between adjacent subbands and more so at the
higher ends of the 3—18 GHz band.

As is the case with many channel measurement campaigns,
the results presented in the paper are specific to the considered
environments (TX-RX separation distances, TX/RX heights,
measurement routes etc.), and more such measurements are
needed to generalize the conclusions.
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