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Abstract—Future wireless networks are expected to operate
in both the centimeter-wave and millimeter wave bands. It is
thus necessary to provide an accurate characterization of the
Jjoint channel properties in the two bands. Shadow fading is
an important characteristic of wireless channels as it impacts
achievable data rates and in particular outage probabilities. In
this paper, we propose cross-band correlation models that can be
used to captures the correlation over space and frequency. The
models are designed to reduce to existing correlation models in
the case of a single-band, which enables reuse of the large existing
literature for (single-band) shadowing models. We extract and
report the parameters of the proposed models in a micro-cellular
environment. The important finding from our proposed models
is that the cross-band spatial correlation function may not be
derived just by scaling a single-band correlation function.

I. INTRODUCTION

Shadow fading is a large scale variation of the received
signal power around the distance-dependent path-loss. It is
usually a result of the interaction of the transmitted signal with
blocking objects and scattering surfaces in the environment
[1]. The statistical characteristics of the shadowing, and in
particular its correlation properties need to be considered
in order to assess the impact of shadow fading on system
performance and to design countermeasures [2], [3]. For this
reason, the spatial correlation of shadowing has been investi-
gated and modeled for many decades, in particular for macro-
cellular communication in Sub-6 GHz frequencies for urban,
suburban and rural environments [1], [4]. Recently, several
new communication paradigms and models were proposed for
future wireless systems; this has motivated the investigations
of channel properties in new setups and environments.

Communication using different frequency bands, e.g.,
centimeter-wave (cmWave) and millimeter-wave (mmWave)
bands, is one of the foreseen solutions for the growing demand
on wireless data [5], [6]. For instance, the mmWave band can
be used to provide the high data rates needed for a number
of applications, but the harsh propagation conditions require
the proper utilization of the more stable cmWave band, e.g.,
for signalling and/or as a fallback data communication band.
Due to the large frequency separation, signals in the two bands
interact differently with the scatterers in the same environment
[1]. For instance, it was observed that in the mmWave band
scattering is more pronounced, and signals are more sensitive
to diffraction loss. Nevertheless, a number of recent studies

indicate possible shadowing correlation over the two bands,
e.g., [7].

In this paper, we provide our initial investigation of the joint
spatial and frequency correlation properties of shadowing, and
propose correlation models that consider both dimensions.
The proposed models could be used, for instance, to generate
shadowing realizations over the two bands, or to quantify
the correlation between an observed shadowing in one band
and the shadowing values in different locations in the other
frequency band, for example, see [6].

As mentioned above, there has been extensive research on
spatial shadowing correlation [8]. The widely used Gudmund-
son model, [4], assumes that the correlation value between
two points decays exponentially with the separation distance.
Several other extensions to this model were proposed, e.g.,
a double exponential and a generalized exponential-based
models were proposed in [9], [10], while other models incor-
porate both angular and distance separation of the considered
locations, for a survey see [8]. Besides the spatial correlations,
other studies considered shadowing correlation across time,
neighbor cells, and peer-to-peer links in multi-hop systems
[8], [11], [12]. Studying the correlation across frequencies
was also considered in a number of prior works [13]-[17].
Ref. [13] provides efficient methods to generate correlated
shadowing realization over space and frequency domains for
given correlation models. Refs. [15]-[17] reported only the
correlation coefficients for the studied frequencies but did
not provide models to capture the joint correlation in space
and frequency. Ref. [14] suggests a frequency-only correlation
model, which does not, in general, allow to create the joint
spatial correlations between two bands. Furthermore, the ma-
jority of prior works considered closely separated frequencies
in the cmWave band, which were reported to have high
correlation values.

Different from the prior work, we propose shadowing
correlation models across frequency bands and space, where
we consider frequencies in the cmWave and mmWave bands.
To parameterize the models, we generated channel realizations
at 4 GHz and 28 GHz frequencies in a micro-cellular environ-
ment using ray-tracing with experimental validation [18]. The
ray-tracer uses point cloud obtained from a high-resolution
laser scan of the environment. The use of the point cloud
for ray-based channel simulations provides good accuracy



while reducing the need for extensive concurrent measurement
campaigns over the two frequency bands.

The structure of this paper is as follows. Sec. II discusses
the proposed correlation models and comments on their math-
ematical feasibility. Sec. III, elaborates on the methodology
used to generate the channel realizations and describes the
considered micro-cellular environment. Sec. IV, presents the
extracted path-loss and shadowing parameters. Sec. V sum-
marizes the parameters of the models, and provides some
insights about the models and the observed correlation in the
considered environment. Finally, Sec. VI provides concluding
remarks and highlights future work.

II. SHADOWING MODEL

We consider a dual band wireless system that consists
of a single access point (AS) located at rap, which can
communicate over the cmWave and the mmWave bands. We
use subscripts ¢ and m to refer to the cmWave and mmWave
bands respectively. The goal is to model the correlation of the
shadowing values over different receivers locations in the two
bands. Using the conventional power-law path-loss model [1],
the received signal power in band b € {¢,m} at location r;
is given by (on a logarithmic scale)

PR,b(Ti) :PTJ, +10 . ¢ . loglo (D(’I”AP,’I‘j)/do)
+ Ab(do) + Sb('f‘i).

where Pry, D(z,y), do, A, €, and S, are, respectively,
the transmitted power (usually a known constant), the Eu-
clidean distance between x, y, the reference distance in meters
(set to 1 m), the intercept, the path-loss exponent and the
shadowing. The amplitude of the shadowing (on the loga-
rithmic scale) is usually assumed to be normally distributed
with mean zero and variance o7, i.e., S, ~ N(0,07). Let
Ch5(S5(r3), Su(r;)) be the correlation between two receiver
locations r;,r; in the same band b. This single-band corre-
lation is the classical case that has been explored for a long
time, as expounded in Sec. I. A widely used model is the
Gudmundson correlation model

-2 1n(2)
Cup(Sb(ri), Sp(r5)) = exp Teorv 77, (1)
where A = D(r;,r;), and deorp is usually referred to as
the decorrelation distance in band b. The modified model
proposed in [9] is given as below
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where v, > 0 is a decay exponent that impacts the curvature
of the decay. In (1) and (2), dcor,» and 7y, may be environment
and frequency dependent. Once the parameters, dcor,» and 7,
are given, (1) and (2) depend on A only. Note that even
introducing a frequency dependence of the parameters, deor,p
and -y, does not establish a model for the correlation across
bands. In this paper we propose two dual-frequency corre-
lation models that incorporate previously used single-band
correlation models, i.e., our general models degenerate to the
established models when only a single-band is considered. For

two frequency bands b and b/, it is reasonable to assume that
the cross-band correlation is related to Cj,(Sy(r;), Sp(7;))
and Cy 1 (Sy (r;), Sy (7;)). Then, our first proposed model
(model 1) for b # b is:

Ch,pr (Sb(1:), S (1)) = p(ab - Cop(Sb(74), Sb(r)) +

ap . Cb’,b’ (Sb’ (’l"i), Sb' (T7)))7
3)

where p € [—1,1] is the frequency correlation value which
depends on the separation frequency of b, b, ap is a “weight”
for the single-band correlation in b. An intuitive relation
between oy, and oy is apr = 1 — vy, i.€., the cross correlation
is weighted average of the two. We notice that this provides
good results in the studied environment in Sec. V. For the
second model (model 2)

Cb,b’ (Sb(ri)’sb’(rj)) = 'O(Cb’b(sb(Ti)vsb(Tj))Bb x

Cyr v (Sw (13), Sb’("“j))ﬂb/) , @)

where (3, is an exponent weight of the correlation function
in band b. For (1) and (2), model 2 represents the weighted
sum of the exponents. A special case is when 3, = By = 3,
which will be shown to exhibit good results in Sec. V. Note
that when S = 0.5 model 2 is the geometric mean of the
single-band models.

A. Comment on the feasibility of the proposed model

One method to generate shadowing realizations is by first
identifying the covariance matrix 3. For instance, to generate
shadowing realizations at N locations over the two bands 3
is a 2N x 2N matrix, the structure of X is

> Yo
Z:l b,b b,b
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where E{”_} are N x N matrices. Note that Xy, Xy p,
are generated using o7 x Cyp, and 02, x Cy 1, respectively,
while X, and X are generated using opoy X Cppr. 2
needs to be positive semi-definite (PSD) when generating
Gaussian realizations. When Cj; and Cy p are PSD, then
it is easy to show that C} s is also PSD for both models [8].!
Note that this holds for the considered single-band correlation
examples: (1) is PSD in general, and (2) is PSD when
7 € (0,2]. However, from (5) it is obvious that the entries of
3 need to be calculated from three different functions, Cy p,
Cypr, Cy 1y, i€., a composite piece-wise correlation model,
and the resulting models are not generally PSD [8]. In this
case the generated 3 needs to be corrected, e.g., through
methods similar to [19]. We leave further consideration of
the feasibility for future work.

'For model 2, this true when 3 is integer as it represents multiplication
of PSD models, which would also hold for the two single-band models (egs.
(1) and (2)).



III. PROPAGATION CHANNEL DATA

In order to obtain the propagation channel data for this
study, we use a point cloud-based ray-tracing channel simula-
tions in an urban open square scenario of size 120mx120m,
as shown in Fig. 1. The digital map of the environment is
created via high resolution laser scanning and is in the form
of a point cloud with very high accuracy and level of details.
Specifically, the average sampling distance of the point cloud
measurement for this environment is 10 cm, and the average
range error of the laser scanner is in the order of millimeters
(about 1 mm at 10 m distance, and 5 mm at 50 m distance). In
order to obtain consistent channel characteristics across dif-
ferent frequency bands, all propagation mechanisms including
specular and reduce-specular reflections, diffraction, and dif-
fuse scattering are frequency-dependent, and calibrated with
measurements in several cmWave and mmWave frequency
bands [20, Section 7.4], [21, Section A.2.2]. For the diffuse
scattering the Kirchhoff approximation model is used, which
was shown to be effective for outdoor environments in both
cmWave and mmWave frequencies [22], [23]. Specifically,
thanks to the high geometric details of the map, the roughness
of the local surfaces is calculated to determine the candidate
points for specular and reduced-specular reflections [24]. For
the diffraction, the edge points of the geometrical objects are
determined, and the uniform theory of diffraction (UTD) is
applied.

Fig. 1: Simulation scenario: open square in Helsinki.

Point cloud processing combined with visual inspection of
the environment [25] is used to identify points belonging to the
same object, which is assumed to have homogeneous electrical
properties for specular reflections and diffuse scattering power
calculations, using ITU-R P.2040 Recommendation [26]. In
addition, we determine for each generated propagation path
if it experiences shadowing loss or penetrates some objects
in the environment, using the method in [27]. The shadowing
and blockage detection method is based on the concept of first
Fresnel zone clearance, which we use to determine whether
a link is in a Line of Sight (LOS) condition at a specific
frequency. Paths penetrating through each object are assigned
a specific penetration loss value, which are calibrated with
measurements at the frequencies of interest. For the sake of

simplicity, only four types of material are classified and all
points belonging to one type are assigned the same penetration
loss value; note we use different values for different frequen-
cies. Fig. 2 shows the point cloud of the environment where
points are classified according to their assigned material. The
calibrated penetration loss values are given in Table I. The
remaining points that were not calibrated are classified as
“rest” and their penetration loss values are obtained from a
heuristic fine tuning to match the simulated channels with the
measured ones at each link, then averaged over all measured
links, as was previously done in [20, Section 7.4], [21, Section
A2.21. 128].

= Concrete
Glass
Metal
= Wood
¥ = Rest

Fig. 2: Classified material point cloud.

TABLE I: Calibrated and assigned penetration losses

Object 4-GHz value | 28-GHz value
Concrete wall 15 dB 50 dB
Glass window/wall 5 dB 20 dB
Lampost/Small Pillar 3 dB 8 dB
Large Pillar 5dB 12 dB
Rest 8 dB 30 dB

TABLE II: Summary of the simulation campaign.

Parameter 4-GHz band | 28-GHz band
Center frequency 4.65 GHz 27.45 GHz
Number of receiv. nodes (Rx) 3035
Number of AP node 1
AP / Rx height 5/15m
Link distance range 1—-120m

First- and second-order
First-order
First-order

40 dB
1000 ns

Specular reflection
Diffraction

Diffuse scattering
Power dynamic range
Maximum delay

In this open square, we then simulate a micro-cellular
scenario where the AP is placed on a lamp-post at 5m height,
and the receiver nodes are placed on a 2m x 2m horizontal grid,
each at 1.5m height. 3035 links, and two frequency bands (at
4 and 28 GHz) are simulated for each AP receiver link. The
details of the simulation campaigns are summarized in Table
IL. Fig. 3 shows the simulated path gain for each band.

IV. PLATH-LOSS AND SHADOWING VALUES

Here we extract the shadowing values from the generated
data. In this study we focus on the Non-LOS (NLOS) scenario
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Fig. 3: Heat map of path gain at the simulated receiving positions
in (a) 4 GHz and (b) 28 GHz bands.

as it typically suffers large shadowing. After a careful inves-
tigation of the data and the environment we can recognize six
NLOS regions, see Fig. 4-(a). Regions 1-5 belong to points
behind the interfaces of the buildings shown in Fig. 1. We
do not classify the points as outdoor and indoor since for the
points in regions 1-5 we have only considered the losses from
the scanned interfaces, i.e., we did not consider the furniture,
internal walls etc. The received powers are shown in Fig. 4-
(b). Note that some points in region six belong to a cluster of
partially obstructed LOS points, which shows a slope that is
different from the LOS and other NLOS. Consequently, we do
two linear fits for the NLOS points: partially obstructed LOS
and fully obstructed LOS. The fitted parameters are presented
in Tab. III for both frequency bands. Note that we use a single
linear fit for the path-loss for the fully obstructed LOS points
as it is not easy to cluster regions based on the received powers
in Fig. 4-(b).

TABLE III: Basic Path Loss Shadowing Fits

Parameter 4-GHz value | 28-GHz value
Ay (Obst) —77.4 dB —108.2 dB
€p (Obst.) —1.23 —1.23
Ay (Part. Obst) —56.54 dB —81.59 dB
€p (Part. Obst) —1.55 —-1.3
oy 4.07 dB 9.06 dB
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Fig. 4: (a) Distinguished regions, (b) the received power and the
Path-loss fit. Three linear fits: LOS, Partially Obstructed LOS, Fully

Obstructed LOS

Using the linear fits we subtract the path-loss values from
the received signals to extract the NLOS shadowing values.
The standard deviation of the NLOS shadowing for both
frequency bands are shown in Table III. Fig. 5-(a) compares
the cumulative distribution function (CDF) of the shadowing
in both frequency bands to the theoretically fitted CDFs. We
notice reasonable resemblance of the normal distribution. The
small deviation is attributed to the small clustered regions in
Fig. 4-(b); this is also observed in the 3 dimensional histogram
in Fig. 5 (b).

1 P
V.
' /i
0.8 f
100
0.6
[T
[a)
O
0.4
- -cmWave Fit
0.2 —cmWave Emp.
- -mmWave Fit 5 1
0 —mmWave Emp. - 0 0
Shadowing -10 ’ -5 Shadowing
-40 -20 0 20 40 mmWave (dB) 20 10 cmWave (dB)
Shadowing Value (dB)
(a) (b)

Fig. 5: (a) Empirical shadowing distribution against the fitted CDF
distribution, (b) 3D histogram of the shadowing values.

V. SHADOWING CORRELATION

In this section we analyze the empirical correlation over the
two bands, and then fit it to the proposed models. To calculate
the correlation, define the sets of locations pairs

gn = {(7‘1‘77‘]') : (n—1)6 S D(Ti,'l‘j) S n5,'R(’m) = R(T‘j)},

where n € {0,1,2,...} is index of the set, and J is dis-
cretization spacing distance, e.g., § = 1 m, and R is the
region of location r; (from Fig. 4). We imposed the condition
R(r;) = R(r;) to provide smoothness on correlation values,
as the transition from one point to the other is restricted in the
actual environment, e.g., see Fig. 1. Nevertheless, we observed
that dropping this condition has a low impact on the results.
Then for A ~ nd, we calculate the correlation according to

A 1
Cpp (A) = Cpp (nd) = m><
Loriiryegn (So(r1) = ) (S (1) = fnr)
6n,b6n,b’ ’

Fnb 07 Lomegn So(Ti)s  Tnp =
\ng\Zriegn(Sb(ri) — [inp)?, similar relations hold for
fnp and &, but using r; and ¥'. Note that we use (6)
also to calculate single-band correlations, b = b = ¢ or
b=V =m.

To assess the performance of the proposed models we
consider the two single-band correlation examples, eqs. (1)
and (2). Figures 6 and 7 show the empirical and fitted
models for both cases, respectively. The relevant parameters
are provided, respectively, in Tab. IV and Tab. V. We evaluate

where



the goodness of fit using Adjusted R-Squared and Error Sum
of Squares (SSE) metrics.

A. The proposed models

For the Gudmundson model (1), we notice from Tab. IV
that both proposed models provide similar performance, with
approximately similar frequency correlation coefficient and
decorrelation distances, this is also observed in Fig. 6. For
the modified Gudmundson model (2), both of our models
still provide comparable results, however, as Fig. 7 and the
goodness of fit in Tab. V suggest, model 1 seems to slightly
outperform the second model.

When fitting the empirical correlation to the models, we
initially used the general forms, i.e., (., @), and (Be,Bm)-
However, the resultant values were not stable and were
estimated within large confidence intervals. We also did not
observe much improvement in the goodness of fit, thus we
focused on the presented special cases. For both models, in
both cases, setting o, = 0.5 and 8 = 0.5 did not result in
a significant change in the SSE values, but have improved
the adjusted R-squared. Thus, the choice of a. = 0.5 and
B = 0.5 for this environment indicates that both arithmetic and
geometric means are valid cross-band correlation techniques,
making them reasonable choice when only p and the spatial
correlations in both bands are available.

From Figs. 6 and 7, we observe that the empirical cross-
band correlation function is different from pCp; (a scaled
version of a single-band spatial correlation function). We
notice that, in this environment, pC. . overestimates the
correlation, while pC}, ,, underestimates it. To quantify that,
we calculated the SSE for the cross-band correlation function
Ch»» when fitted to model 1 and model 2, and for pCy g,
the results are shown in Tables IV and V. We notice that the
SSE values for pCjp are approximately twice those of the
proposed models.

B. The environment

The tables also provide insights about the environment.
From Tab. IV, we notice that decorrelation distances for both
bands are relatively short. Similar values were also observed in
a number of other environments, such as indoor and industrial
environments [17], where the decorrelation distance could be
in the range of 5 m and may fall below 0.5 m. We also notice
that the decorrelation distance is shorter in the mmWave band,
this is reasonable as objects throw “sharper shadows” at higher
frequencies.

From the figure and the tables, we also observe that the
modified Gudmundson model provides a better fit to the
shadowing correlation, where the parameters v, allow us to
match the curvature at small distances.
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Fig. 6: Correlation values over distance for the two proposed models
for the Gudmundson model (1).
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Fig. 7: Correlation values over distance for the two proposed models
for the modified Gudmundson model (2).

TABLE IV: Cross band correlation parameters with underlying
Gudmundson single band model.

Parameters Model 1 Model 2
Qe 48 N/A
N/A 43
(dcor,c, deor,m) (4.06,1.165) | (4.01,1.67)
P 42 41
Adjusted R-Squared 0.89 0.89
SSE 0.17 0.18
SSE (C¢,m only) 0.025 0.031
pCc,c ,Dcm,m
SSE (C¢,m only) 0.048 0.05

TABLE V: Cross band correlation parameters with underlying
modified Gudmundson single band model (eq. (2))

Parameters Model 1 Model 2
Qe 44 N/A
N/A 0.48

(dcor,c, dcor,m) (2.64,0.55) | (2.97,0.97)

Yes Ym) (0.41,.33) (0.46,.43)
P 43 43
Adjusted R-Squared 0.991 0.987
SSE 0.013 0.019
SSE (Ce¢,m, only) 0.01 0.013

ﬂCc,c pCm,m
SSE (Ce¢,m, only) 0.026 0.02




VI. CONCLUSIONS

In this paper, we proposed cross-band shadowing corre-
lation models, which capture the correlation in space and
frequency for wireless systems that operate in cmWave and
mmWave bands. We designed the models such that it is
possible to integrate existing single frequency band correlation
models. We applied the proposed model, considering two
single-band spatial correlation examples, to channels in a
micro-cellular environment. The results signify the importance
of using cross-band correlation functions to capture the joint
correlation properties in the two bands. In particular, we
observed that using scaled single-band spatial correlation to
represent the cross-band correlation doubles the SSE. Inter-
estingly, the results, for the studied environment, suggest that
using average of the spatial correlation might be a good
approximation to capture the cross-band correlation.

There are several relevant research directions that can be
considered for future work. The feasibility of the proposed
model is important, as it impacts the practicality of the
models. Parameterization for a larger number of environments,
based on extensive deterministic predictions or measurements,
is necessary. Finally, the generalization to cover multiple
(beyond two) frequency bands is also interesting.
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