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Abstract—In this paper, a novel two-dimensional (2D) non-
stationary wideband geometry-based stochastic model (GBSM)
for massive multiple-input multiple-output (MIMO) communica-
tion systems is proposed. Key characteristics of massive MIMO
channels such as near field effects and cluster evolution along the
array are addressed in this model. Near field effects are modeled
by a second-order approximation to spherical wavefronts, i.e.,
parabolic wavefronts, leading to linear drifts of the angles
of multipath components (MPCs) and non-stationarity along
the array. Cluster evolution along the array involving cluster
(dis)appearance and smooth average power variations is consid-
ered. Cluster (dis)appearance is modeled by a two-state Markov
process and smooth average power variations are modeled by a
spatial lognormal process. Statistical properties of the channel
model such as time autocorrelation function (ACF), spatial cross-
correlation function (CCF), and cluster average power and Rician
factor variations over the array are derived. Finally, simulation
results are presented and analyzed, demonstrating that parabolic
wavefronts and cluster soft evolution are good candidates to model
important massive MIMO channel characteristics.

Keywords — Massive MIMO channel model, parabolic wavefront,
non-stationarity, spatial lognormal process, cluster shadowing.

I. INTRODUCTION

Massive MIMO communication technologies have been pro-
posed as a key enabler to address important challenges of the
fifth generation (5G) wireless communication systems. The
introduction of many antennas has demonstrated improving
both efficiency and reliability of wireless communication sys-
tems. For example, the capacity of steering sharper beams
and, consequently, using a higher array gain enable to reduce
interference and energy consumption. Also, more degrees of
freedom permits increasing both spectral efficiency and re-
liability through spatial multiplexing and diversity schemes,
respectively [1], [2].

Increasing the number of antennas may result in arrays cov-
ering large distances, often beyond the stationary interval of
the channel. This leads to new channel characteristics that
need to be modeled for the accurate performance evaluation of
wireless communication systems. Recent measurements have
demonstrated the so called near field effects due to the presence
of scatterers and users in the near field region of the array,
and environment variations as perceived by different antenna
elements [3]-[5].

Recently, significant effort has been made to model these
effects. The authors in [6] and [7] used spherical wavefronts
to account for near field effects and a birth-death process
for environment variations over the array. In these models,
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spherical wavefronts and cluster (dis)appearance result in non-
linear angular variations of the MPCs and sudden variations of
the total received power along the array, respectively. In [5], a
different approach was used to model environment variations
along the array by extending the concept of visibility region
(VR) introduced in COST 2100 channel model [8] to the
base station (BS) large array. In this approach, BS-VRs define
subsets of consecutive antennas where clusters are visible.
Contrary to the approach in [6] and [7], the authors in [5]
proposed a visibility gain, a method that enables to model
linear power variations over the array. However, these BS-VRs
are defined by segments and do not consider the possibility of
segmented VRs on the array where clusters reappear.
Measurements [3]—[5], [9] have shown that near field effects
often lead to linear drifts of the angles of MPCs in many
practical situations. Also, a more sophisticated evolution of
clusters along the array compared to what was proposed in
previous channel models [5]-[7] can be observed. As indicated
by the same authors, a cluster shadow fading process to model
power variations over the large array may be necessary. Finally,
it has been pointed out in [10] that current massive MIMO
channel models involve an undesirable high computational
complexity.

In this paper, a 2D non-stationary wideband GBSM inspired
by WINNER models [11] capable of capturing key massive
MIMO channel characteristic is proposed. In this model,
a second-order approximation to spherical wavefront, i.e.,
parabolic wavefront, is introduced. This approximation results
in linear angular drifts over the array, reducing theoretical and
computational complexity compared to spherical wavefronts
[12]. Moreover, a more flexible and accurate cluster evolution
approach is proposed by introducing independent Markov
processes per cluster and modeling cluster average power
variations along the array through spatial lognormal processes.
The rest of the paper is organized as follows. Section II
describes the novel massive MIMO channel model proposed,
including parabolic wavefronts and cluster evolution along the
array. In Section III, statistical properties of the model such
as the time ACF, spatial CCF, cluster average power, etc. are
derived. In Section IV, simulation results are presented and
analyzed. Finally, conclusions and limitations of the model are
drawn in Section V.

II. A NOVEL MASSIVE MIMO CHANNEL MODEL

In this channel model, only the base station (BS) array is
considered large compared to the wavelength and the stationary
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interval, and only the mobile station (MS) is in motion. From
now on, the BS is considered as the transmitter and the MS
as the receiver. In Fig. 1, a schematic model of the channel is
presented. The BS uniform linear array (ULA) is formed by
M, antenna elements equally spaced at a distance J; and its
axis is tilted an angle 3; with respect to (w.r.t.) the x-axis. The
MS is a ULA formed by M, antenna elements equally spaced
at a distance §, and tilted an angle (3, w.r.t. the x-axis. The
reference point for both arrays is at the center of each and the
ct? cluster is denoted by C in the figure. Since the MS array
is not large, the far field assumption is used for this side of
the channel. Other model parameters such as angle of arrival
(AoA), angle of departure (AoD), etc. are defined in Table I.

Fig. 1. The massive MIMO channel model.

The wideband MIMO channel is represented by a matrix
H(t,7) = [hgp(t, T)| M. x s, Where p=1,2,... M, and ¢ =
1,2,..., M,. The channel impulse response (CIR) hg,(t, 7) is
calculated as the superposition of the line-of-sight (LOS) and
non-LOS (NLOS) components as follows:

c
hap(t,7) = hi,gp(t)0(T —71) + Z he,gp(t)(T —7c) (1)
c=1

where the excess delays 7. are associated to the MPCs of the
ct? cluster. The LOS and NLOS components of the channel
impulse response in (1) are defined as

hig(t) = +/Pppye/@Frart?niist) )
Pop o

he,qp(t) —=op eI0me @1 (APme ap+2mfme apt) (3)
M, =

where M, is the number of delay-irresolvable subpaths or
rays per cluster and 6,, are independent and identically
distributed (i.i.d.) random variables uniformly distributed over
the interval [0,27] defining the phases of the m‘" MPC of
the ¢! cluster at the center of the BS array. The parameters
APy, ., and A®,, .., are the phase changes experienced by
the LOS component and the m!* MPC scattered by the c'"
cluster from the transmitter antenna p to the receiver antenna
g, respectively. The parameters Pr, and P, denote the
powers of the LOS component and the cluster average power
at the BS antenna element p, respectively. The parameter f,,,
indicates the Doppler shifts of the MPCs for every cluster. The
parameters A®y, o, AD,, . Pr o, Py, frp and fr,, will
be described in Sections II-A and II-B.

A. Parabolic wavefronts: second-order approximation

One cause of non-stationarity of the channel statistical prop-
erties along the array are the near field effects. Since clusters
or MSs might be located within the Fresnel region, spheri-
cal wavefronts haven been considered in the state-of-the-art
massive MIMO channel models [5]-[7]. In our model, for
the reasons previously indicated in the introduction, parabolic
wavefronts instead of spherical wavefronts are used.

With reference to Fig. 1, it is assumed that the positions of the
clusters and MS are defined by their polar coordinates (R.., ¢!)
and (Drg, ¢} ), respectively. The distance from the ct? cluster
to the p'” antenna element of the BS array is given by the law
of cosines as follows:

R?, =RZ + (M — 2p +1)%(5;/2)*
— (M; — 2p + 1)6; R, cos(¢L — By).
The second-order (parabolic) approximation to (4) is
Rep =~ R. — (My — 2p + 1)(8:/2) cos(¢’, — B¢)
,sin?(¢L — By) (5)
2R, '
Using the previous approximation (5), the phase difference
A®,,, qp in (3) can be computed through the difference in
distance between the link p — C' — ¢ and a reference link
connecting the centers of both arrays via the c*" cluster, as
it is usually computed [11], [13]. This can be expressed as the

sum of two terms representing the planar wavefront Afbﬁf’qp
and parabolic wavefront A@ﬁ? qp defined as
ALY = KI(My—2p+1)(8,/2) cos(y,, — Bi)

+ (M —2¢+1)(6,/2) cos(¢y,, — Br)] (6)

osin® (¢}, — )
2R,

where k = 27/\ and A is the carrier wavelength. On the one
hand, note that (6) represents the plane-wave approximation
used in conventional non-massive MIMO channel models. On
the other hand, (7) introduces the second-order approximation
to the spherical wavefront, i.e, the parabolic wavefront, that
vanishes for large distances ., i.e., when the far-field as-
sumption is applied. The phase difference A®; 4, in (3) can
be computed analogously by substituting d)rm/t by ngZ/ " in (6)
and (7) and R. by Drp in (7). For specular scattering , not
considered in this model, the distance to the source through
its images instead of the distance to the last scatterer must be
considered for (7) to be valid.
Due to the parabolic wavefront, (3) does not represent a sum-
of-cisoids process in the BS antenna index p, but a sum-of-
chirp or linear-frequency-modulated signals in that domain.
Consequently, it can be demonstrated that the angles of the
MPCs linearly drift over the array [12], [14].
The Doppler shifts experienced by the LOS and MPCs from
the ¢! cluster are computed as

“4)

+[(M; —2p +1)(6:/2)]

AREE = — k[(M,—2p+1)(5:/2)] @

fLﬂP fma:c COS(QSZ,qp - ali) 3
fmC = fmaas COS((b;@C - av) 9
where fia: = ||v||/A is the maximum Doppler shift. Since

linear drift of the angle has been considered along the BS
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TABLE I
DEFINITION OF PARAMETERS OF THE MASSIVE MIMO CHANNEL MODEL IN FIG. 1.

Parameter Definition
R. Distance between the ¢t™ cluster and the center of the BS array.
Rep Distance between the ¢ cluster and the p’™ BS antenna element.
Drr Distance between the centers of the BS and MS arrays.
0t, Or Distance between consecutive elements in the BS and MS arrays, respectively.
B, Br Tilt angles of the BS and MS arrays w.r.t. x-axis, respectively.
d)tL, oL AoD/AoA of the line of sight (LOS) rays measured from the center of the BS/MS arrays.
d)tL w o ap AoD/AoA of the LOS rays from BS antenna p to MS antenna q.
Lor Azimuth coordinate of the ¢*™ cluster measured from the center of the BS/MS arrays.
e P AoD/A0A of the m™ MPC bounced by the ¢t" cluster measured from the centers of the BS/MS arrays.
Qy Angle of MS velocity w.r.t. the x-axis.
v Speed of MS.

large array, the angle of the LOS component ¢}, . in (8) can
be approximated as

(M —2p+1)0,
2DrR .

This approximation leads to an array-variant Doppler spectrum
whose rate of change is constant for every MS and depends
on the angle and distance to the MS considered. For distant
MSs, Dy > (M; — 2p + 1)d; and the Doppler spectrum
becomes array-invariant, as it is usually considered in non-
massive MIMO models. Note that the angles ¢7 ., and ¢y,
in (8) and (9) do not depend on the index ¢ because the MS
array is not large. Also, the index p does not affect ¢;,, in (9)
because all the rays bounced by the ¢ cluster experience the
same Doppler shift regardless of the BS antenna element. As
previously referred, these dependence relationships are correct
for scattered multipath components, but specular reflections
should be treated separately as the distance to the source
through its images must be considered.

DL gp = T+ O +sin(¢], — Br) (10)

B. Smooth evolution of clusters along the array

Variations of the cluster average power are introduced via
two processes accounting for two related phenomena: cluster
(dis)appearance and smooth cluster average power variations.
The first phenomenon is modeled by a two-state Markov
process in a similar way as it has been done in [6] and [7]. The
second effect is modeled by a spatial lognormal process, which
is coherent with the underlying physical phenomena where
both LOS and MPCs scattered by clusters can be partially
occluded or shadowed. Moreover, as it will be shown below,
it is a natural way of extending WINNER models through the
randomization parameter of cluster average power [11].

In WINNER models, the cluster average power P, is modeled
as a function of the delay and the environment as

1

Po=cwe) 10

00 a1

where 7; is the delay of the signal scattered by the i*" cluster,
o, is the delay spread of the channel and r, is a scenario
dependent parameter representing the ratio of the standard
deviation of the path delays and the root mean square (RMS)
delay spread. The parameter v, is an i.i.d. Gaussian random
variable with zero mean and standard deviation o, = 3
introduced to model the shadowing randomization effect on
each cluster for every simulation drop or segment [11]. The

cluster average power is normalized before is introduced in
(3) so that the sum of the power from all clusters equals unity.
In the proposed massive MIMO model, in order to model mean
power variations over the array, the factor 10710 in (11) is
dropped and the following modification is proposed:

P.p=PF.- &, 12, (12)

where the effects of the term 1070 in (11) have been re-
placed and extended by (., - Il.,)?. The parameters &,
and II., are a discrete-spatial lognormal process used to
model smooth cluster average power variations along the array,
and a two-state discrete Markov chain to characterize cluster
(dis)appearance along the array, respectively. Note that both
processes depend on cluster and antenna indices. Also, smooth
power variations of the LOS component and transitions LOS-
NLOS along the large array are modeled analogously by the
processes {1, ., and 11z, ,,, respectively. Thus, the power of the
LOS component in (2) is Pr, = (£1,, - 111 )%

Applying the concept of continuous spatial shadowing pro-
cesses described in [13] to the BS array, the discrete spatial
process &, can be obtained by sampling a continuous-spatial
lognormal process &.(x) at the positions of every antenna
element of the BS array as

fc,p — 10(Uch,p+mc)/20 (13)

where v, = v.((M; — 2p + 1)d;/2) is a real-valued zero-
mean spatial Gaussian wide-sense stationary (WSS) process
with unit variance sampled as described above. The parameters
o. and m. are called the shadow standard deviation and the
area mean, respectively, and they control the amplitude and
standard deviation of the lognormal process. As indicated by
the index c in (13), these parameters can be different for every
cluster and dependent on the geometric characteristics of the
environment. The parameter m, is a function of the distance
to the cluster, frequency, and other parameters depending on
the path-loss model applied. Regarding the standard deviation
o¢, it has been found in measurements that this parameter is
usually in the range from 5 to 12 dB at 900 MHz, and 8 dB
is a typical value for macrocellular applications [13].

The spatial ACF of the Gaussian process v, , models the rate
of change of the cluster average power over the array. If the
Gaussian correlation model is used, this ACF is defined as

L7 ((St) = E[yc(xp)y:(xp,)] — 6*(5t(P*p')/Dc)2 (14)
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with x; = (M — 2i + 1)d;/2 for i = {p,p'}. The parameter
D, is called the decorrelation distance, defined as the distance
from the origin where the ACF in (14) becomes e~ !. Since the
ACF of the process v, , only depends on relative distances, it
is WSS. The ACF of the process &, in (13) TEL jemt (0¢) =
E[&L/c,pEL/C,p’] is given by [13]

2mpjetol o [itre, (6] .

Tep o (0t) =€ (15)

The notation of the subscripts L/c indicates either the LOS
component or the cluster component of the previous processes
and correlation functions, respectively.

A two-state Markov chain II.(x) models cluster appearance
and disappearance over the array. Since every cluster is visible
for a certain region along the array, II.(z) takes values 1 and
0 depending on the cluster visibility over such dimension. The
visibility and invisibility regions of a cluster are considered
exponential i.i.d. random variables with intensities A, and \;,
respectively. The probability of transition between regions is
defined by the transition matrix as [15]

1 c c,—\rx c _ \C,—Apx
()\l—i—)\ve TS Ace T) 6

Tel@) =3\ de - afe¥rr xS 4 Afe Mo

where A7, = A{ + A7. The probabilities that a cluster is visible
or invisible at any position = along the array are p, = A% /A5,
pi = A§ /A, respectively. The Markov chain in (12) is a sam-
pled version of the continuous process II.(z) at the positions
of the BS antenna elements II., = II.((M; — 2p + 1)5,/2).
Note that the transition rates A§ and A{ might be different
for every cluster. The ACF of the Markov two-state process
711, . (06) = B[l e 1 /e 0] can be expressed as [15]
)\L/c

v o~ O+ )3 (p—p')

AL/e  p\Lle

i

r,,. . (60) = (17)

Again, the ACF of the process II., only depends on relative
distances, so it is WSS as well.

III. STATISTICAL PROPERTIES OF THE CHANNEL MODEL

Since it is assumed that the LOS and MPCs from different
clusters are uncorrelated, the ACF of the channel rg, (¢, At) =
Elhgp(t)hy,(t + At)] can be separated as

C
Pap(t, AL, T) =10 gp(A) + Y 1 gp(t, A)S(r — 7). (18)

c=1
The ACF of the LOS component 7, 4,(At) and ACF per
cluster component r. 4,(At) are given by

rLgp(At) = B[] JJE[IT] e /2 rrat (19)

TC#]P (At) = E[&S,p] E[Hz,p]

P, &
O Ble et o)
¢ m=1

where it has been assumed that the processes £/, and 11, are
independent. Since the ACFs in (19) and (20) are time invariant
and only depend on time difference At, the model is WSS in
time domain. Also, note that (19) and (20) do not reflect the
power variations along the array because the contribution of the
large-scale processes & p, 1., is averaged as well. However,

the total power received by the BS antenna element p can be
computed as the sum of the LOS and cluster average power as
defined in (12) as

C

Py=¢1, 1i,+> &, 1, 21)

c=1
showing that the mean power of the CIR is non constant along
the array. Consequently, the Rice K factor that indicates the
proportion of LOS to NLOS power is array variant as well
and can be expressed as

2 ~H2
K, = Ef#’—m’. (22)
ZC:]. gg,p ’ Hzap

Using the previous assumptions on the correlation between
LOS and cluster MPCs, the spatial CCF pg;, ¢rp (61,05, 7) =
Elhgp(t)h, ()] is given by

Pap.a'v' (0t5 0y T) = PLgp.q'p' (¢, 07)
C

+ Z Pesap,a'p’ (01, 07 )O(T — Te).

c=1

(23)

The LOS and per cluster components of the spatial CCF are

. —7 +27t T
PLaap 'y =T, T, € Py 2Tl (24

P. &
= < —J‘LPC’ g’ p!
Pe,ap,a’s’ = T€q o T, 0 i E Ele ap.a'p") ]
C

m=1

(25)

where the dependence of §; and §, in (24) and (25) has been
omitted for clarity. The phase difference ¢y, 4 4/, Of the LOS
component is given by

PLapgp = (P — p')o: COS((th—ﬂt)‘F(q_ q')0, cos(of, —Br)
51525i”2 (¢2 — ft)
2Drgr )

The phase difference of the cluster components ¢, 4p q/p 18

Pe.qp.a'p = (p—D")¢ cos( fnc_ Be)+(g—q)d, cos(¢p, —Br)
6132 sin2( fnc — ﬁt)
2R,

Since the spatial CCFs in (24) and (25) depend on the position
along the array through the third term in (26) and (27), and they
do not only depend on the distance between antenna elements
(p—p')o: and (¢ —q’)d.., the CIR is non-WSS along the array.
Remarkably, the spatial CCF depends on absolute time as can
be seen in (24). Note that as R. or Drgr become large, the
third term in (26) and (27) is reduced to zero and the phase

no longer contributes to the non-WSS along the array.

+(p—p") (' +p—M; — 1) (26)

+p -0 +p— M, —1) (27)

IV. SIMULATION RESULTS

In this section, simulation results of the proposed model will
be analyzed. In what follows, delays, cluster powers, AoA,
AoD, etc. used in the simulations are generated according to
the characteristics of urban macro-cell scenario in [11] unless
otherwise specified. The BS and MS are equipped with half-
wavelength (6; = d, = \/2) equally spaced 128 elements and
10 elements ULAs tilted an angle §; = /2 and 3, = /4
w.r.t. the x-axis, respectively. The frequency of operation is
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2.6 GHz. The distance from the BS to the MS Drp is set to
50 m and the distance from the BS to the clusters follows
a exponential distribution R. ~ exp(),) with a minimum
distance of 20 m and mean 1/, = 15 m.

The parameters controlling the (dis)appearance (\;/,) are as-
signed according to the measurements in [5], where clusters
with low average power are more likely to disappear. As there
is little information based on measurements, all clusters are
assigned the same standard deviation o. regardless of their
location. However, since p. determines the cluster average
power, it is considered proportional to the cluster average
power u. < P, obtained as in (11). The decorrelation distance
of the normal process defining the lognormal power variations
over the array has been set to D, = 0.6 m.

First, an example of cluster evolution along the array is
presented in Fig. 2. There is a total of 20 clusters of which 16
are visible at the left extreme of the array. Clusters not only
appear, disappear and reappear over the array, but their power,
represented in color, smoothly varies along the array according
to the lognormal process defined in (13).

20 I || ]

-

Absolute value of the cluster-level spatial CCF

ik Clusterreappearancele |

AT T T 2
16 N =
TNeT I s

14+ N - |
I (N YT . 07
(T VAT 7 T §
.\ |

—_
n

Cluster index
® o
(2]

. . ! ! ! ! 11
20 40 60 80 100 120
Antenna element

Fig. 2. Cluster evolution along the BS array (0. = 0.2, e x P, D = 0.6
m, A, /; = 0.01 m~1 for clusters with high average power and Avsi = 0.5
m~! for low power ones).

As indicated in (21), the average power of the small scale
fading process modeling the channel is variant over large
arrays. Consequently, slow variations over the array of the
rician K factor (22) are also expected. Fig. 3 (a) shows
normalized power variations of the LOS and NLOS MPC for
different values of 0. and (b) shows variations of the Rician
K factor over the array dimension. As can be easily seen, an
increase of the parameter o, results in higher dynamic range
of the average power and K factor. These results show a good
agreement with the measurements presented in [3] and [5].

The absolute value of the cluster-level spatial CCFs of the
massive MIMO model derived in (25) is presented in Fig. 4
for different antenna elements along the array as a function of
the normalized distance between elements. As it is shown, the
spatial CCF does not only depend on the distance between
elements but it is different for antennas p = 1, p = 64

NLOS: ac=0.1

@ 5F | e NLOS: 0 =03 [ " I I e
o
- | == NLOS: ¢ =0.5
> [
| —&—LO0S: 0 =0.15
g
el
[0}
=
[0}
(5]
o)
oo

S

©

IS

L

X

0 L L L L L L
0 20 40 60 80 100 120
Antenna element
(b)

Fig. 3. (a) Received cluster power along the array of the LOS/NLOS MPCs
for different values of o.. (b) Rician K-factor along the array (D. = 0.6 m).
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Normalized BS antenna spacing ((5‘ (p-p")/A)

Fig. 4. Absolute values of the cluster-level spatial CCFs of the proposed
massive MIMO channel model (cluster ASD = 7/12).

and p = 128, i.e., it depends on the absolute position along
the array. This demonstrates the non-stationarity of the CIR
along the array of the proposed massive MIMO channel model.
Finally, Fig 5 shows the normalized angle power spectrum
(APS) of AoD of the massive MIMO channel model presented.
The parameters \; /,,, o and fi. are the same as specified in Fig.
2. The AoD is estimated using the multiple signal classification
algorithm (MUSIC) [16] with a sliding window formed by 12
consecutive antennas shifted one antenna at a time. Only 116
window positions are shown in Fig. 5.

It can be seen that the estimated AoDs of MPCs are not
constant for consecutive window positions, but different linear
variations or drifts of the AoDs over the array are observed as
a consequence of the parabolic wavefront described in Section
II-A. The slope of the AoDs for every cluster is determined
by its distance to the BS. Thus, while the AoD of far clusters
is almost constant over the array and its APS is similar to the
one observed in conventional MIMO channels, the drift of the
AoDs of closer clusters is more pronounced. Also, low power
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clusters (dis)appear along the array more often than high power
ones as expected. Finally, smooth variations of the average
cluster power can be easily seen for high power clusters.

V. CONCLUSIONS

A novel 2D non-stationary wideband massive MIMO channel
model capable of capturing key characteristics of massive
MIMO channels has been proposed. It has been shown how
parabolic wavefronts are able to model linear drifts of the
angles of MPCs on large arrays with lower theoretical and
computational complexity. Also, a more flexible and realistic
cluster evolution has been considered through the product
of two independent Markov two-state and spatial lognormal
processes. The main characteristics of massive MIMO channels
have been demonstrated such as non-stationarity along the
array, cluster (dis)appearance, and smooth evolution of the
cluster average power. In future work, we will investigate
methods of extracting the parameters proposed in the model
from measurements and compare the complexity of the model
to that of the existing massive MIMO channel models.
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