
SPECIAL SECTION ON MILLIMETER-WAVE AND TERAHERTZ PROPAGATION, CHANNEL
MODELING AND APPLICATIONS

Received September 5, 2019, accepted September 20, 2019, date of publication October 2, 2019, date of current version October 30, 2019.

Digital Object Identifier 10.1109/ACCESS.2019.2945042

Measurement-Based Characterization of 39 GHz
Millimeter-Wave Dual-Polarized Channel
Under Foliage Loss Impact
YEJIAN LV 1, XUEFENG YIN 1,2, (Member, IEEE), CHAO ZHANG3, AND HAOWEN WANG4
1College of Electronics and Information Engineering, Tongji University, Shanghai 201804, China
2National Computer and Information Technology Practical Education Demonstration Center, Tongji University, Shanghai 201804, China
3APMS Section, Department of Electronic Systems, Faculty of Engineering and Science, Aalborg University, 9220 Aalborg, Denmark
4Shanghai Research Center for Wireless Communications, Shanghai 200050, China

Corresponding author: Xuefeng Yin (yinxuefeng@tongji.edu.cn)

This work was supported in part by the China National Science Foundation General Project under Grant 61971313, and in part by the
National Science and Technology Major Project under Grant 2018ZX03001031-003.

ABSTRACT This paper presents a measurement-based analysis of wideband 39 GHz millimeter wave
(mm-wave) dual-polarized propagation channel under the impact of foliage presence between a transmitter
(Tx) and a receiver (Rx). The measurements were conducted in a rich-vegetation area, and the so-called
direction-scan-sounding (DSS) method which rotates a horn antenna in angular domains was applied, aiming
at investigating the direction-of-arrival (DoA)-dependent characteristics of polarimetric channels. Four
Tx-to-Rx polarization configurations were considered, including co-polarization scenarios with vertical
Tx-polarization to vertical Rx-polarization (VV) and horizontal to horizontal (HH), as well as cross-
polarization with vertical to horizontal (VH) and horizontal to vertical (HV), which allow scrutinizing the
differences in delay-direction dispersion for usually-encountered scenarios. A foliage loss model for various
vegetation depths in VV polarization configuration, was also presented in this paper. The results show that
the foliage-loss DoA spectra for VH and HV are similar, while the spectra exhibit less penetration loss in
most directions for VV than for the HH. Furthermore, the presence of vegetation between the Tx and the Rx
leads to larger dispersion in delay compared to the clear line-of-sight (LoS) scenario, particularly for vertical
polarization in the Tx side, and additionally, the foliage presence also results in evident DoA dispersion,
specially in the HV scenario. Selectivity in directions caused by foliage is more significant in vertically-
polarized Tx scenarios than in the horizontally-polarized Tx scenarios. A statistical model is established
summarizing these comparison details.

INDEX TERMS Millimeter-wave, 39 GHz, foliage attenuation, delay spread, angular spread, polarimetric
characterization.

I. INTRODUCTION
With the exponentially increasing interests on the fifth-
generation (5G) communication, the characteristics of
millimeter-wave (mm-wave) propagation channel drew
tremendous attention world-widely. Compared to the lower
frequency bands, the range of wavelength for mm-wave fre-
quency band reduces to the order of mm, and according to the
attenuation caused by atmospheric absorption and precipita-
tion through air increases drastically [1]. To combat with the
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high losses in mm-wave communications, high-gain direc-
tional antennas with narrow half-power-beamwidth (HPBW)
were used in radio frequency (RF) signal transceiving for
mm-wave channel sounding [2]–[6]. In addition, a so-called
‘‘directional scanning sounding (DSS)’’ method by rotating
the axis of such antennas towards different directions was
used in channel measurements to investigate channel disper-
sion in the direction domain.

The wave propagation through vegetation is common for
wireless communications in outdoor environments. Many
observations have shown that the presence of vegetation
influences the quality of mm-wave communication due to

151558 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ VOLUME 7, 2019

https://orcid.org/0000-0002-3890-2793
https://orcid.org/0000-0001-7216-8994
https://orcid.org/0000-0001-7229-7446


Y. Lv et al.: Measurement-Based Characterization of 39 GHz mm-wave Dual-Polarized Channel

severe penetration loss, rich scattering and significant de-
polarization effects [7]–[9]. In most cases, vegetation has
a significant influence on high frequency radio propagation
since the attenuation through the vegetation is more severe
in mm-wave bands than that in centimeter-wave (cm-wave)
bands [10], [11]. However, the opposite observation was
found in [12]. As the frequency of the measurement signal
increases, the expected trend of increased attenuation values
is not always evident for all foliage analyzed. Thus, it’s
worthwhile to analyze the attenuation through the vegetation.
A so-called ‘‘foliage attenuation’’ which is defined as the
power loss per unit length while waves propagate through
the vegetated area in addition to the free space path loss was
adopted to characterize the influence of vegetation [13].

Recently, many measurement campaigns have been
performed to investigate the impact of vegetation on
propagation channel characteristics for the cm-wave
cases [14]–[19] and for mm-wave scenarios [20]–[23]. For
example, a measurement campaign in outdoor scenarios
for the foliage-affected wide-band channel at 73 GHz was
conducted in [20], and for both co- and cross-polarized
antenna configurations, the propagation attenuation wasmea-
sured to be 0.4 dB/m. Foliage loss in vegetated areas which
was associated with a saturating trend with upper-bounded
foliage attenuation at 28 GHz was exhibited in [21]. Several
frequency-dependent models such as the Internet Telecom-
munication Union Radiocommunication (ITU-R) model as
well as the proposed model were presented to fit the mea-
surement results. For a fixed frequency, foliage attenuation
was found to depend on the leaf size, foliage density and
other foliage parameters [22]. The propagation attenuation
of isolated trees with different polarizations at 35, 94, and
140 GHz was characterized and presented in [23].

For polarization aspect, the existing works in [24]–[33]
have provided valuable insights. In [24], both theoretical
studies and indoor measurements for Rx with either vertical
or horizontal polarizations and 12 Tx polarization orienta-
tions were conducted to explore the channels’ polarimetric
properties. As shown in [25], 60 GHz polarimetric direc-
tional indoor measurement results were applied to mod-
ifying and calibrating a 3D ray-tracing model. From the
measurement results, it was found that perfect polarization
matching can improve the system performance. In [26],
channel measurement results on polarimetric characteristics
of 60 GHz mm-wave channel has been reported which shows
that the power degradation due to polarization mismatch
can be up to 20 dB. A measurements with three kinds of
polarimetric signal at 60 GHz were conducted in [27]. The
results showed that the wave intensity depends on the spe-
cific polarization, and that the cross-polarized components
was usually weak compared to the co-polarized components.
Examples of narrowband polarimetric channel modeling
shown in [31]–[33] demonstrated that the cross-polarization
discrimination (XPD) is sensitive to the receiver’s orien-
tation, azimuthal spread and environment de-polarization
behavior.

From the literature above, there is a lack of experimental
studies specifically directed to vegetation attenuation in the
mm-wave frequency band such as 39 GHz which has been
considered for spectrum allocation bands of 5G Network.
Besides, as far as we are concerned, the vegetation atten-
uation with respect to wave polarization at mm-wave fre-
quencies has not been thoroughly investigated. Hence, filling
the gaps particularly for the coverage of mm-wave-based
5G in enhanced mobile broadband (eMBB) applications is
important. In this contribution, measurement and modeling
have been conducted to explore millimeter-wave channel
characterization under the impact of trees and polarization
at 39 GHz with 2 GHz bandwidth. The contributions of the
study presented here are listed in the following aspects:

1) Based on the directional dual-polarimetric wide-
band channel measurements, we thoroughly ana-
lyze the influences of the vegetation and the Tx-Rx
polarization combination on the mm-wave channel
characteristics.

2) The relationship between the direction-dependent
polarimetric channel characteristics and the foliage in
the real measurements is presented, which is of signif-
icance for beamforming techniques.

The rest of this paper is organized as follow. In Section II,
the measurement equipments and the measurement scenario
are presented. In Section III, the signal model and chan-
nel characterization parameter are introduced. The power
azimuth-elevation spectra of the polarimetric channels are
reported in Section IV, together with the characteristics of
the foliage loss, delay spread, angular spread and polariza-
tion parameters. Finally, conclusion remarks are addressed
in Section V.

II. MEASUREMENT EQUIPMENT, AND SCENARIOS
A. MEASUREMENT EQUIPMENT
The channel sounding equipment applied in the measurement
is composed of a programmable network analyser (PNA)
and necessary auxiliaries. Diagram of the channel sounder is
depicted in Figure 1. On the transmitter side of the sounder,
the PNA is applied to generating signals at 6-8 GHz, resulting
the bandwidth and center frequency equal to 2 GHz and
7 GHz, respectively. The number of frequency points swept
in each snapshot is 1001, and the transmission power of the
baseband signal is 39 dBm after being amplified by using a
low frequency amplifier (LFAMP). Then the signal is mod-
ulated with a frequency-doubled local oscillator (LO) signal
at 32 GHz. The signal is further amplified by a high frequency
amplifier (HFAMP) with a gain of 30 dB and transmitted
through the Tx antenna. On the receiver side, the incident
signal is first amplified by the low noise amplifier (LNA)
and then demodulated with the frequency-doubled LO signal.
Note that the two LOs is connected with a cable for syn-
chronization. Finally, the 2 GHz baseband channel transfer
functions are stored for post processing. With a sensitivity
of −110 dBm of the PNA, the overall dynamic range of the
sounder is approximately 125 dB.
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FIGURE 1. Diagram of the millimeter-wave directional channel sounder.

FIGURE 2. Photographs of the measurement scenario and the views from
the Tx to the Rx side and vice versa.

B. MEASUREMENT SCENARIOS A
Themeasurements for characterizing the influence of antenna
polarization on foliage loss were conducted in Tongji Uni-
versity, Shanghai. Figure 2 shows the photograph of the
measurement scenario and the view taken from the Tx to
the Rx and vice versa during the measurements. The mea-
sured object is a plum tree near the road. In this scenario,
the heights of the Tx and the Rx were both 1.5 m. The
distance between the Tx and the Rx was 2.85 m, and the
foliage exists between the Tx and the Rx. During the mea-
surements, a DSS measurement scheme was employed with
two identical 20◦ HPBW horn antennas equipped for both Tx
and Rx sides. The Tx antenna was fixed, while the bore-sight
of the Rx was set to rotate in azimuth within the range of
[−60◦, 55◦] and in elevation from −30◦ to 30◦ in step of 5◦,
which results in 24 steps in azimuth and 13 steps in eleva-
tion i.e. 312 steps in total for one measurement. We adjust
the polarization configuration after each measurement,
i.e., total four Tx-Rx antenna polarization configurations
including co-polarized vertical-to-vertical (VV), co-polarized
horizontal-to-horizontal (HH) antenna, cross-polarized
vertical-to horizontal (VH) and cross-polarized horizontal-to-
vertical (HV) were obtained. For fair comparison purposes,

TABLE 1. Measurement settings and specifications.

FIGURE 3. A satellite view of measurement environment. The considered
scenario is in an open place with many trees.

clear line-of-sight (LoS) measurements without obstacles
existing between the Tx and the Rx with the same Tx and Rx
polarization settings were also carried out. Table 1 summaries
the configurations applied in these measurements.

C. MEASUREMENT SCENARIO B
The measurements for characterizing the influence of vege-
tation depth on foliage loss were conducted in the same area
of the scenario A. Figure 3 shows the Tx and the Rx positions
in the measurement scenario. In this scenario, the heights of
the Tx and the Rx were the same as those in Scenario A.
In these measurements, the Tx was fixed at the red point
shown in Figure 3, while Rx was placed at several different
positions in the rectangular area, which allows conducting
measurements with vegetation depths ranging from 2.85 m to
11.8m, under VV polarization. For fair comparison purposes,
LoSmeasurements without obstacles existing between the Tx
and the Rx were also carried out. Table 1 also summaries the
configurations applied in Scenario B.

III. CHANNEL CHARACTERIZATION
A. GENERIC CHANNEL MODEL
In this study, we consider themulti-path Components (MPCs)
in channel being characterized by complex-valued ampli-
tude, propagation delay and direction-of-arrival (DoA). The
noise-free channel impulse response (CIR) h(t)pRX,pTX with
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Rx polarization pRx and Tx polarization pTx can be written as

h(t)pRx,pTx =
L∑
`=1

A`,pRX,pTXδ (t − τ`) c(�`), (1)

where L represents the number of MPCs, δ(·) denotes the
delta function, A`, τ` and �` represent the complex polar-
ization matrix, the delay and the DoA set of the `th MPC,
respectively. The complex polarization matrix A` is written
as

A` =
[
α`,θ,θ α`,θ,φ
α`,φ,θ α`,φ,φ

]
, (2)

where α`,pRX,pTX with pRX, pTX ∈ {θ, φ} represents the
complex amplitude by the signal transmitted with specific Tx
polarization andRx polarization for the `th path [30]. It is also
worth mentioning that �` being a unit vector can be written
as �` = e(θ, φ) = [sinθ · cosφ sinθ · sinφ cosθ ], where
θ ,φ denotes the elevation and the azimuth respectively.

B. PARAMETER DEFINITIONS
In this paper, we focus on characterising the polarimetric
channel from four aspects, i.e., foliage loss, delay spread,
angular spread, and direction-dependent XPD spectra. Their
definitions are briefly revisited in the sequel.

1) FOLIAGE LOSS
We use ‘‘foliage loss’’ in this paper to represent the loss
caused by the presence of the vegetation. The foliage loss Lv
for a direction � can be calculated as

Lv(�)[dB] = PLoS,m(�)− PNLoS,m(�), (3)

where Lv(�) denotes the foliage loss, PLoS,m(�) and
PNLoS,m(�) represent themaximumpower of the power delay
profile (PDP) in the LoS and non-LoS (NLoS) scenarios
observed at the specific direction �, respectively.

From the nomenclature in [34]–[37], a model with three
parameters a, b, c can be applied to fitting the measured
foliage loss, i.e.

Lv[dB] = a · f b · dcv , (4)

where dv represents the vegetation depth in meters, and
f denotes the frequency in MHz.

2) DELAY SPREAD
In this contribution, a high-resolution parameter estima-
tion (HRPE) algorithm, i.e., space-alternating generalized
expectation-maximization (SAGE) is applied to estimate the
delay and amplitude of the multipath in each snapshot. The
algorithm can be considered as an iterative implementation
of the maximum likelihood estimation (MLE) method, pro-
viding the approximates of the ML estimates of unknown
parameters [38], [39]. The estimated delay and amplitude
parameters using the SAGE method are used to calculate the
root-mean-square (RMS) delay spread by taking the second
central-moment of the PDP [40].

3) ANGULAR SPREAD
Angular spread considered in our case, is referred to as the
azimuth of arrival (AoA) spread denoted with σφ and the
elevation of arrival (EoA) spread represented by σθ . A widely
adopted approach for calculating angular spreads is to take
the minimum of the second-order central moments of the
angular power spectrum obtained by rotating with [0◦, 360◦]
in azimuth or [0◦, 180◦] in elevation [41]. However, in this
paper, the DSS is conducted in a portion of a sphere, i.e.
from −60◦ to 55◦ in azimuth range and −30◦ to 30◦ in
elevation range. Thus, the AoA spread σφ in our contribution
analogous to the delay spread is computed approximately as
the second central-moment of the truncated azimuth power
spectrum p(φ), i,e.

σφ ≈

√
6j(φj − µφ)2 · p(φj)

6jp(φj)
, (5)

with the mean azimuth µφ calculating as,

µφ =
6jφj · p(φj)
6jp(φj)

, (6)

where j is the index of the steps for scanning the azimuth
range of interest.

For the EoA spread σθ , (5) and (6) can be used by
replacing φ with θ .

4) DIRECTION-DEPENDENT POLARIMETRIC
CHARACTERISTICS
Cross-polar discrimination (XPD) is an essential polarimetric
parameter to describe channel polarimetric properties [32].
XPDH(�) is calculated as the direction-dependent power
ratio of HH to HV in the direction � in decibel scale

XPDH(�) = 10log10

(
PH ,H (�)
PH ,V (�)

)
, (7)

with

PH ,H (�) =
∫ T

0
|hH ,H (τ,�)|2dτ,

PH ,V (�) =
∫ T

0
|hH ,V (τ,�)|2dτ.

Similarly, XPDV(�) is referred to the direction-dependent
power ratio of VV to VH in decibel

XPDV(�) = 10log10

(
PV ,V (�)
PV ,H (�)

)
, (8)

with

PV ,V (�) =
∫ T

0
|hV ,V (τ,�)|2dτ,

PV ,H (�) =
∫ T

0
|hV ,H (τ,�)|2dτ,

where T represents the maximum length of the observed PDP.
Then, the so-called ‘‘polarimetric directional-dependent

XPD spectra’’ (PDXS) can be drawn. The PDXS overlapped
with the environments in the real measurement scenario
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allow to investigate the relationship between XPD at specific
direction and the foliage presence status, such as density
and blockage level. Furthermore, these spectra can be used
to compare the amplitude of vertical and horizontal PDXS.
These properties reveal the direction-selectivity of the polar-
ization. For better description and comparison of PDXS,
a simple and robust cluster-extracting method is proposed in
this contribution. This method consists of three steps: Step I,
XPD thresholds above which a cluster is identified are empir-
ically set to be 5 dB above the average XPD in each PDXS.
Step II, the determined thresholds are applied to extract the
dominant portions of the clusters that are larger than the
threshold in two PDXSs. Step III, with the information of
physical scatterers in the real measurement environments,
the distinctions between the two PDXS at specific directions
are studied and their relationships with the exact objects in
the foliage are analyzed.

IV. EXPERIMENTAL RESULTS
In this section, polarimetric channel characteristics in the
foliage NLoS scenario are analyzed from the perspectives of
calculated the parameters, including the foliage loss, delay
spread, angular spread and direction dependent XPD charac-
teristics. For comparison reason, the channel characteristics
in the LoS scenario are also illustrated.

A. POWER SPECTRA AND FOLIAGE LOSS
Figure 4 depicts the power azimuth-elevation of arrival spec-
tra P(�) of the channel observed when trees exist between
the Tx and the Rx. The received power is mainly concentrated
in the center of the spectra. However, the power distribution
and the magnitude in the four spectra are different. From
Figure 4(a), the power in PVV(�) spreads from −40◦ in
azimuth to 25◦ and from −30◦ to 30◦ in elevation, while for
PHH(�) shown in Figure 4(b) from −50◦ to 10◦ in azimuth
and from −30◦ to 30◦ in elevation. For the cross-polarized
power spectra PHV(�) and PVH(�) in Figure 4(c) and
Figure 4(d), it can be observed that the received power of both
spectra spreads similarly from −35◦ to 15◦ in azimuth and
from−30◦ to 30◦ in elevation. In addition, the received power
in PVV(�), PHH(�), PHV(�) and PVH(�) ranges within
[−64.3,−31.0] dB, [−63.2,−30.5] dB, [−70.1,−37.4] dB
and [−75.6,−43.1] dB, respectively, i.e. of dynamic range
of 33.3 dB, 32.7 dB, 32.7 dB and 32.5 dB, correspondingly.
It is obvious that the received power range in the two co-
polarized power spectra i.e. PHH(�) and PVV(�) are simi-
lar. For the cross-polarized power spectra i.e. PHV(�) and
PVH(�), the received power in the former is 5 dB higher
than that in the latter. Besides, it is interesting to observe
that there is no similarity between these two cross-polarized
received powers. It indicates the vegetation impacts due to
the extension of the branches and leaves on polarization are
distinctive in our case.

The foliage loss spectra Lv(�) with respect to different
combinations of the polarizations are shown in Figure 5.
From the co-polarized Lv(�) in Figure 5(a) and Figure 5(b),

FIGURE 4. The azimuth-elevation power spectra under different
configurations of polarization in foliage NLoS scenario.

both co-polarized foliage loss are similar in the area enclosed
by a red oval frame. Besides, the foliage loss of HH is much
higher than that of VV in the area enclosed by a black oval
frame, where the foliage are thin. From the cross-polarized
Lv(�) in Figure 5(c) and Figure 5(d), the value ofLv,HV (�) in
the area enclosed by a red oval frame is higher than the value
of Lv,VH (�). The maximum value Lv,m of Lv(�) and the
mean value Lv of Lv(�) are illustrated in Table 2. We observe
that Lv,m,VV is 5.3 dB less than Lv,m,HH, and for cross-
polarization VH and HV, the maximum values of foliage
loss spectra are nearly the same. As for the mean value Lv,
we found that Lv,HH is 1.6 dB higher than Lv,VV . Besides, for
cross-polarization VH and HV, it is interesting to observe that
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FIGURE 5. The azimuth-elevation foliage loss spectra under different
configurations of polarization.

the two Lvs are negative, which, according to our postulation,
is caused by the polarization transition or dispersion when
wave traverses through the vegetation. From the observations
above, it is evident that the vertical polarization has less
vegetation penetration loss than that obtained for horizontal
polarization.

Foliage loss models were investigated in [34]–[37]. Based
on the widely adopted model Lv[dB] = a · f b · dcv and
measurement data obtained in Scenario B, the least square
method was adopted for determining the parameter values.
The obtained model is written as

Lv[dB] = 2.143 · f 0.078 · d0.650v , (9)

FIGURE 6. The azimuth-elevation delay spread spectra under different
configurations of polarization in LoS scenario.

B. CHANNEL DELAY SPREAD WITH RESPECT TO
POLARIZATION
Figures 6 and 7 depict the delay spread spectra 0(�) cal-
culated under different configurations of polarization in the
foliage LoS and the NLoS scenarios, respectively. As illus-
trated in Figure 6 and 7, the delay spreads in the LoS sce-
nario vary in the range of 1.0-3.5 ns, while all the delay
spreads in the NLoS scenario of the four spectra increase to
[1.02, 7.73] ns in HH, [1.32, 7.72] ns in VV, [1.11, 9.52] ns
in HV and [1.10, 10.26] ns in VH, respectively. Obviously,
the dynamic ranges of the cross-polarimetric NLoS delay
spreads are much higher than those of co-polarimetric NLoS
delay spreads. As illustrated in Figure 7, some of the values
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FIGURE 7. The azimuth-elevation delay spread spectra under different
configurations of polarization in foliage NLoS scenario.

at the edge of the spectra are much higher than those in the
central region, such phenomena are caused by the multipath
richness at the edge. In order to explain the difference of the
dealy spread value at central and edge position, we compared
two relative PDPs of HH polarimetric channel at the 0◦

azimuth and the 0◦ elevation (0◦, 0◦) and the −60◦ azimuth
and the 25◦ elevation (−60◦, 25◦) in Figure 8. It can be
observed from Figure 8 that the latter relative PDP has many
long delay multipath components, while the former relative
PDP drops more smoothly. Furthermore, the latter relative
PDP has sharper fluctuations in 20-100 ns. This phenomenon
is caused by the fact that when the axis of the horn antenna
deviates largely from the LoS orientation, the distribution of

FIGURE 8. Comparison of relative PDP and estimated value of the center
and the edge of HH polarization.

FIGURE 9. The CDF of delay spreads in the foliage NLoS and the
LoS scenarios.

the foliage along the axis of the antenna becomes increasingly
denser than that along LoS orientation.

The cumulative probability function (CDF) of delay spread
in the foliage NLoS and the LoS scenarios are shown
in Figure 9, while the statistics of the delay spread are
illustrated in Table 2. All the delay spreads’ CDF of four
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TABLE 2. Summary of the experimental results of channel parameters.

polarization configuration can be well-fitted with the
T location-scale distribution. However, all the delay spreads’
CDF in LoS scenario are well-fitted with the normal dis-
tribution. All of the NLoS delay spreads are statistically
higher than those in the LoS scenario. In the LoS scenario,
Figure 9(b) demonstrates that the delay spreads under VV and
VH conditions are 0.207 dB statistically lower than those
under HH and HV conditions. It is worth mentioning that
in Figure 6, the delay spreads under HH and HV conditions
are also observed to be higher than those under VV and
VH conditions in most regions, which according to our
postulation, is due to the asymmetry of the openness of
obstacles along the LoS direction. In the NLoS scenario,
the delay spreads of VV and VH conditions reach the values
of −8.61 dB and −8.58 dB which are closed to the delay
spreads of the HH and the HV conditions. Furthermore,
comparing the difference between the delay spreads in the
LoS and the NLoS scenarios, the VV difference of 0.43 dB
and the VH difference of 0.45 dB are much higher than the
HH difference of 0.16 dB and the HV difference of 0.12 dB.
In the foliage NLoS scenario, it is obvious that the vertical
polarization in the transmitting side has an innegligible influ-
ence on delay spread. Our conclusion is that the presence of
the trees leads to large dispersion in the delay domain and the
polarization of the Tx antenna has an significant increase on
delay spread.

C. CHANNEL ANGULAR SPREAD WITH RESPECT TO
POLARIZATION
Table 2 also contains the AoA and the EoA spread in the
foliage NLoS and the LoS scenarios. All of the angular
spreads are varied within a small scope due to the short
Tx-Rx distance. Comparing the AoA and EoA spreads in the

FIGURE 10. The PDPSs under vertical and horizontal polarization.

LoS and NLoS scenarios, the following observations can be
obtained: i) Under co-polarization conditions, the VV AoA
spread enlarges from 13.9◦ to 15.2◦ in the NLoS scenario
compared to that in the LoS scenario. However, no significant
change has been found in the VV EoA spread. Besides,
under HH condition, the NLoS AoA spread increase 0.9◦

when comparing with the LoS AoA spread, while the NLoS
EoA spread decreases from 12.4◦ to 11.8◦; ii) Under cross-
polarization conditions, the HV AoA spread in the LoS
scenario is 23.5◦, then it decreases to 19.9◦ in the NLoS
scenario, and the HV EoA spread decreases from 18.5◦ to
13.8◦ when vegetation appear. Under VH condition, the AoA
spread enlarges from 22.0◦ to 23.5◦ in the NLoS scenario
compared to that in the LoS scenario. On the contrary, vege-
tation attenuation leads to a 2.3◦ reduction of EoA spread.
These results imply explicitly that the co-polarized AoA
spreads in the NLoS scenario are larger than those obtained
in the LoS scenario, and that the co-polarized EoA spreads in
the NLoS scenario are less than those observed in the LoS
scenario. For the cross-polarization scenarios, most of the
angular spreads are small compared to their co-polarization
counterparts. In addition, the AoA and EoA spreads under the
HV configuration exhibit the largest difference of 3.6◦ and
4.7◦, respectively, compared to those in the LoS scenarios.

D. DIRECTION-DEPENDENT XPD CHARACTERISTICS
Figure 10 depicts the PDXSs of XPDH and XPDV.
Figure 11 illustrates the CDFs of the vertical and horizontal
XPD. From the plots, it can be observed that the values of
XPDH and of XPDV range from −47.59 dB to 59.69 dB
and from−27.64 dB to 35.61 dB, respectively, with dynamic
ranges of 107.28 dB and of 63.25 dB, respectively. Obviously,
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TABLE 3. Comparison of foliage loss models.

FIGURE 11. The CDF of XPDH and XPDV.

FIGURE 12. The relationship spectra of XPD after clustering and real
measurement scenario.

the dynamic range of XPDV is less than XPDH by almost
40 dB. The mean value XPDH is 10.70 dB, which is 3.68 dB
higher than XPDV. Besides, the percentage of XPDV and
XPDH exceeding zero are 85.3% and 82.4%, respectively,
which reveals that the co-polarized components’ power is
superior to the cross-polarized components in general with
high probability. The relationship between the clusters iden-
tified in the XPDV and XPDH spectra and the foliage in
the real measurement scenario is illustrated in Figure 12.

Four clusters can be found for both XPDV and XPDH
DoA spectra. From Figure 12(a) and 12(b), it is particularly
observed that XPD cluster 1, 2 and 4 appear in the same
location in the spectra. However, XPDV cluster 3 appears at
the center of Figure 12(a) while XPDH cluster 3 appears at
the top of Figure 12(b). The observations demonstrate that
although the foliage channel may have similar directional
selectivity towards differently polarizedwave, distinction still
exist in specific portions of the foliage.

E. MODEL SUMMARY AND COMPARISON TO EXISTING
COUNTERPART
With regard to foliage loss, Table 3 compares our foliage
loss model in terms of (9) with existing ones described
in [34]–[37]. The exact formulation, the parameter values
are also presented in Table 3. Furthermore, the predicted
Lv are calculated and used to obtain the root-mean-square-
error (RMSE) of the model prediction. According to our
calculation, the model obtained here in our work performs the
best with the minimum RMSE of 5.79 dB. The second-best
fitted model is ITU-R model with RMSE of 6.35 dB, 0.56 dB
larger than the model proposed here. It is obvious that our
proposed model has a better applicability in describing the
vegetation attenuation at 39 GHz.

To our best knowledge, no polarimetric foliage attenuation
model has been found so far. As alternatives, we introduce
several analogous foliage attenuation models in [33], [35],
[42] for comparison. In the delay spread aspect, a cherry tree
attenuation model under VV condition was presented in [35]
where the vegetation depth is 6.2 m and the carrier frequency
is 3.5 GHz with 0.78 GHz bandwidth. The mean value of the
delay spread is 8.23 ns, which is significantly higher than the
value found in our contribution. According to our postulation,
this is due to the lower foliage attenuation in sub 6 GHz band.
Moreover, a foliage attenuation model under VV condition
was presented in [42] where the vegetation depth is 3.0 m and
the carrier frequency is 39 GHz with 2 GHz bandwidth. The
mean value of the delay spread is 2.6 ns which coincides with
our results. In the aspects of XPD, the polarimetric channel
characteristics XPDwith different Tx-Rx distance at 3.8 GHz
was illustrated in [33]. The range of XPD is within [−1, 6] dB
which is slightly lower than the mean values of the XPDH
and of the XPDV discovered in our paper. This is due to
the possible reason that 20◦ HPBW horn antennas and DSS
method were adopted, resulting in higher spatial resolution
for multipath detection. Furthermore, it is worth to emphasize
that one of our contribution is the XPD characterised in the
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directional domain, which as far as we are concerned, is the
first of this kind of study.

V. CONCLUSION
This paper presented a measurement-based study of wide-
band 39 GHz mm-wave dual-polarimetric channel propaga-
tion through vegetation. A set of directional measurements
under different polarization configuration using DSS method
exploring the azimuth from −60◦ to 55◦ and the elevations
from −30◦ to 30◦ were performed in a fixed scenario for
the purpose of exploring the foliage loss, channel dispersive
characteristics and polarization characteristic. A foliage loss
model for various vegetation depths in VV polarization con-
figuration, was also presented in this paper.

Preliminary conclusions have been drawn from the direc-
tional measurements we conducted. All the foliage loss spec-
tra under four different polarization configuration are similar
in directions. Comparing the maximum and mean value of
the foliage loss spectra, the foliage loss of VV configuration
is lower than that of HH, while for cross-polarization VH and
HV, the foliage loss are nearly the same. It is natural to con-
clude that the vertical polarization has less severe vegetation
penetration loss than horizontal. For dispersive characteris-
tics, all the delay spread of four polarization combination in
foliage NLoS scenario fit the T location-scale distribution.
Significant difference of delay spreads and angular spreads
are observed under different polarization configurations, and
the polarization of the Tx antenna has an significant effect
on delay spread. Besides, the comparison of the vertical and
horizontal XPD show that the vertical polarization character-
istics is more selective than horizontal polarization in direc-
tion when wave propagates through the vegetation. Com-
pared with existing channel models, the proposed directional-
dependent XPD in our contribution provides a more compre-
hensive polarization description in the spatial domain.
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