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Abstract—This paper compares the spatial cross-correlation
functions (CCFs) and normalized channel capacities of four
recently proposed massive multiple-input multiple-output
(MIMO) channel models. Three of them are geometry-based
stochastic models (GBSMs) and one is Kronecker-based
stochastic model with birth death process on the array axis
(KBSM-BD-AA). In addition, the impact of the elevation angles
in the three dimensional (3-D) twin-cluster model and the 3-D
unified GBSM on the resulting channel capacities, as well as the
impact of polarization antennas in the 3-D unified GBSM on
channel capacities, is investigated. Simulation results show that
elevation angles can cause large impact on channel capacities
and polarization antennas can halve the dimension of an antenna
array at the cost of channel capacity loss.

Keywords - Channel capacity, 2-D ellipse model, 3-D twin-cluster
model, 3-D unified GBSM, KBSM-BD-AA.

[. INTRODUCTION

Specific characteristics of massive MIMO channels, such
as cluster appearance and disappearance on the array axis and
spherical wavefronts, can be found in measurements [1] [2].
Conventional MIMO channel models [3]-[5] cannot support
these characteristics. Recently, a number of GBSMs were
proposed for massive MIMO channels. The two dimensional
(2-D) ellipse model [6] modeled the wideband massive MIMO
channels by many confocal ellipses, which can be categorized
as one of the regular shape channel models. On the other hand,
the 3-D twin-cluster model [7] modeled each cluster as two
representatives to characterized the first and last bounces. The
complicated scattering environment was abstracted by a virtual
link between the two representatives of a cluster. Both the 2-D
ellipse model and 3-D twin-cluster model considered massive
MIMO channel characteristics such as nearfield effects and
non-stationary properties on the array axis. In addition, to
satisfy emerging scenarios in the fifth generation (5G) mobile
networks such as massive MIMO communications, high speed
train (HST) communications, and machine-to-machine (M2M)
communications, a unified GBSM framework combining the
WINNER 1I channel model [4] and Saleh-Valenzuela channel
model [8] for was proposed in [9]. Moreover, as the complexity
of GBSMs for massive MIMO are relatively high, a low-
complexity KBSM-BD-AA was proposed in [10].

Although statistical properties of the above-mentioned mas-
sive MIMO channel models [6], [7], [9], [10] have been
studied, their channel capacities are missing in the literature.
Therefore, in this report, channel capacities of these three
models will be investigated.

The rest of this report is organized as follows. Section II
describes the 2-D ellipse model, the 3-D twin-cluster model,
the unified GBSM framework for massive MIMO channels,
and the KBSM-BD-AA. Simulation results are studied in
Section III. Conclusions are drawn in Section IV.

[I. CHANNEL MODELS
A. 2-D Ellipse Model

Let us assume that the transmitter and receiver are equipped
with uniform linear arrays (ULAs) with M7 and Mz omnidi-
rectional antennas and with antenna element separation of
and 0 g, respectively. They are located at the focal points of the
confocal ellipses with a distance of 2f. Let Ant] represent
the I-th antenna of the transmit array and Ant;* represent the
k-th antenna of the receive array. The n-th cluster is on the
n-th ellipse with major axis 2a,,. The angle 81 (8g) denotes
the tilt angle of the transmit (receive) antenna array. The angle
«a,, denotes the angle between the x-axis and the direction of
movement of the receiver. The maximum Doppler frequency
and carrier wavelength are denoted as fi,.x and A, respectively.

Let C" (C}[') denote the cluster set in which clusters are
observable to Ant/ (Antj7). The generation of C/ and O}
will be modeled as birth-death processes. Also, let Ny
denote the total number of clusters which are observable to
at least one transmit antenna and one receive antenna. Here,
Niotal can be expressed as [7]

Mt Mg

Nigtal = card (U U (ClT(t) ﬂc,?@))) (1)
1=1k=1

where the operator card(-) denotes the cardinality of a set.

Then, a cluster, say Cluster,, (n < Nial), iS observable to

both Ant;” and Ant;! if and only if Cluster,, € {C] N Cf}.

Based on the above mentioned analysis and the summary

of key parameter definitions in Table I, the wideband ellipse



TABLE I
SUMMARY OF KEY PARAMETER DEFINITIONS FOR THE 2-D ELLIPSE MODEL.

or(0Rr) antenna spacing of the transmit (receive) antenna array
My (Mg) number of transmit (receive) antennas
Br(Br) title angles of the transmit (receive) antenna array
Fmax maximum Doppler frequency
A carrier wavelength
Ant;f, Ant{j the I-th transmit antenna and the k-th receive antenna
oS Doppler frequency of the LOS component between k-th receive antenna and the i-th transmit antenna
i Doppler frequency of the n-cluster via the i-th ray
oS phase of the LOS component between k-th receive antenna and the /-th transmit antenna
Phln,i phase of the n-th cluster between k-th receive antenna and the /-th transmit antenna via the -th ray

massive MIMO channel [6] can be presented as an Mg x My
complex matrix H(t,7) = [hwi(t, 7)]pr,, pr,0 Where & =
1,2,--- ,Mpand [ = 1,2,--- , M. Next, assume the initial
phase of the signal at the transmitter is ¢, LOS Rician factor
is K and the LOS component is always connected to all
antennas and the first cluster to arrive at the receiver if the
LOS component exists. Additionally, assume that the mean
power of the n-th cluster is P, and there are S rays within
one cluster and «f; is the AoA of the i-th ray of the n-th
cluster to the receive array center, . ; is the AoD of the i-th
ray of the n-th cluster ( = 1,2,---,5) to the transmit array
center, the multipath complex gains &y, (¢, 7) of the theoretical
model (S — co) between Ant] and Ant/ at delay 7 can be
presented as

Niotal

hia(t,7) =D bt (£)3(r — 72) ()
n=1

where the complex gain Ay ,, (¢) of Cluster,, can be computed
as
-if Cluster,, € {ClT N C,f},

hiin(t) =6(n—1) KL_Hej(zwf’%?St""/’k?s)
LOS
s
P 1 ,
+ \/T lim — Zej(zwfn,itwklm,i) 3)
K 41 8500 +/§ 2

NLOS
-if Cluster,, ¢ {ClT N C,f},

hkl,n(t) =0. 4)

The detailed calculations of parameters in Table I of the 2-D
ellipse model can be found in [6].

B. 3-D Twin-cluster Model

Next, let us consider a wideband massive MIMO system
with multiple twin clusters in a 3-D space to describe different
taps of the channel. For a twin-cluster channel model with
Niosar clusters, each cluster, say Cluster,, (n =1, ..., Niotal),
is made of a representation Cluster” at the transmitter side
denoting the first bounce and a representation Cluster’ at
the receiver side denoting the last bounce. The propagation

environment between these two representations is abstracted
as a virtual link.

Let us assume that the transmitter and receiver are equipped
with ULAs with My and Mg antenna elements, respectively.
The distances between antenna elements are 6 at the trans-
mitter and §x at the receiver. Let the transmitter be the origin
of the 3D space, the distance vector between the transmitter
and receiver is D = (D, 0, 0).

Next, let us denote the maximum Doppler frequency as
fmax, the LOS Rician factor as K, and the initial phase of the
signal at the transmitter as ¢q. Additionally, let us assume that
the power of the n-th cluster is P, and there are respectively
Sp and Sy rays within the representation at the receiver
side and the representation at the transmitter side. Based on
geometrical parameters in Table II, as S;,S2 — oo, the
theoretical model of the wideband twin-cluster massive MIMO
channel [7] matrix can be represented as an Mg x My complex
matrix H(t,7) = [hw1(t, 7)] s, 00, Where k& = 1,2,..., Mg
and [ = 1,2,..., Mp. The multipath complex gains between
the [-th transmit antenna and the k-th receive antenna at time
t and delay 7, hy (¢, 7), can be presented as

Niotal
hia(t,7) = b (£)3(7 = 7 (£)) (5)
n=1
-if Cluster,, € {CF'(t) N CE(t)},

KK : oI (2m St l)
+
LOS

n | oy
— 11m
K + 1 Sl,SQHOO :

11 =1 i2:1

hkl,n(t) = 5(71 — 1)

S1 52 ej(27rfkn,i1 t+<ﬂkz,n,iliz)
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NLOS

(6)
-if Cluster,, ¢ {CI'(t) N CE(t)},
P (t) = 0. (7)

The detailed calculations of parameters in Table II of the 3-D
twin-cluster model can be found in [7].

C. 3-D Unified GBSM Framework

Let us consider a MIMO system with Mg receive and
M transmit antennas communicating at carrier frequency f..



TABLE 1II
DEFINITIONS OF KEY GEOMETRY PARAMETERS FOR THE 3-D TWIN-CLUSTER MODEL.

vl elevation angles of the receive antenna array

vl elevation angles of the transmit antenna array

off azimuth angles of the receive antenna array

vl azimuth angles of the transmit antenna array
57132.1 elevation angle of the i;-th ray of the n-th cluster at the receiver side
rlj,h azimuth angle of the i;-th ray of the n-th cluster at the receiver side
T i, | elevation angle of the i-th ray of the n-th cluster at the transmitter side
G,TM.Q azimuth angle of the i2-th ray of the n-th cluster at the transmitter side

Let Ant)’ denote the gth receive antenna and Ant/ denote
the pth transmit antenna (1 < ¢ < Mg, 1 < p < Mry).
Uniform linear arrays with receive antenna spacing 6z and
transmit antenna spacing & are assumed for description
convenience. Antenna responses can be modified subject to
actual antenna settings. The scattering environment between
the transmitter and receiver is abstracted as effective clusters,
which characterize the first and last bounces of the channel.
Given the key geometrical parameters listed in Table III, the
position vectors of Antf and Ant;;f can be expressed as

cos vE(t) cos vi(t) T

Mpr —2 1
AR(t) = Rf‘”@ cosvB(#) sinvi(t) | +D (8)
R
sin v (t)
T T T
_ cos g (t) cosvy (1)
AT(t) = w&p cos vl (¢) sin ol (1) )
sinvL(t)

respectively, where D is assumed to equal [D, 0,0]" and D is
the initial distance between the transmitter and receiver. The
LOS distance vector DLOS(¢) between Ant’ and Ant is
computed as
LOS _ R T
D, > (t) = Aj(t) — A (1) (10)

Distance vectors of Cluster,, at the transmitter and receiver
are calculated as

cos ¢ (t) cos A ()]

DA(t) = DE(1) |cosdZ(t)singA(t)| +D  (11)
sin ¢F (¢)
cos p2(t) cos A (1)]
Dy (1) = Dy (t) | cosgp () singy (t) (12)

sin @7 (t)
where DI(t) and DI (¢) are the Frobenius norms of DZ(¢)
and D7'n(t), respectively. Distance vectors of the m,,th ray of

Cluster,, to the transmitter and receiver center are calculated
as

cos ¢ (t)cos . (0] "
Df .. (t) = DE(t) |cosol,, (t)sings,, (t)| +D (13)
sin¢f7mn(t)
cos 2, (t)cospd, (1)
DL (1) = DL(t) |cospl,, (t)sinpd, (1) (14)

singf,, (t)

Distance vectors between the m,th ray of Cluster, and
antenna elements are calculated as

Dfn mn( ) ngn( ) - Af(t) (15)
Dy, () =Dy (8) = AJ (L) (16)

The unified GBSM framework at time ¢ with delay 7 can be
characterized by an Mg x My matrix H(t,7) = [hgp(t, 7)].
The entries of H(¢, 7) consist of two components, i.e., the LOS
component and the NLOS component, and can be written as

K(t)

— LOS (4 LOS
hqp(t,T) = mhqp ( )5 (T — T (t))
LOS
N(t) My (¢)
+ 1 Z Z hqp7n mn (T —Tn (t) - Tmn (t)) .
n=1m,=1
NLOS
(17)
n (17), K(t) is the Rician factor, N(¢) is the time variant

number of clusters, M, (¢) is the number of rays within
Cluster,,, 7,(t) is the delay of Cluster,, and 7, (¢) is the
relative delay of the m,th ray in Cluster,,. To simplify the
channel model, we assume that the Rician factor and relative
delays are constants, i.e.,, K(t) = K and 7, (t) = 7m, .
Also, the number of rays within a cluster is assumed to
follow a Poisson distribution Pois (\), i.e., M, (t) =M, =

max 4 Pois 5\) ,1%, where ) is both the mean and variance

of M,, and max {-} calculates the maximum value.

For the LOS component, if polarized antenna arrays are
assumed at both the receiver and transmitter sides, the complex
channel gain h?5(t) is presented as (18) where &Y and
QHH . are umformly distributed within (0,2x). The super-
scripts V and H denote vertical polarization and horizontal po-
larization, respectively. Antenna patterns F7(-,-) and Ff(.,")
can be modified according to practical antenna pattern settings.
The Doppler frequency fLOS(¢) between Ant." and Ant! of
the LOS component is expressed as
LOS(t) _ 1 <D¢IZJI?S(t)7VR - VT>

(19)
" A Ol

where (-,-) is the inner product operator, || - || calculates the
Frobenius norm, and A is the wavelength of the carrier. Given



TABLE III
DEFINITIONS OF KEY GEOMETRY PARAMETERS FOR THE 3-D UNIFIED GBSM FRAMEWORK.

vl (1), vE®) azimuth and elevation angles of the receive array
vl (1), vE () azimuth and elevation angles of the transmit array
oo (), PE (1) central azimuth and elevation angles between Cluster,, and the receive array
P (1), PE(t) central azimuth and elevation angles between Cluster,, and the transmit array
1, (1), OF (1) central azimuth and elevation angles between the m,th ray of Cluster,, and the receive array
o (), F . @) central azimuth and elevation angles between the m,th ray of Cluster,, and the transmit array
Al@), AT(@1) 3-D position vectors of Ant¥ and Ant?
DX (1), DI (1) 3-D distance vectors between Cluster,, and the receiver (transmitter) array center
DE_(1)DT . (1) 3-D distance vectors between Cluster,, and the receive (transmit) array center via the m,th ray
Dth,mn (1), Dfn () 3-D distance vectors between Cluster,, and Ant® (Ant?) via the m,th ray
IR o, O, () Doppler frequencies of Ant® (Ant7) via Cluster,, and the m,th ray
DIOS(1) 3-D distance vector of the LOS component between AntZ* and Ant?
TEOS(1) Doppler frequency of the LOS component between Ant[t and Ant?
vityT 3-D velocity vectors of the receive and transmit arrays
v, VT 3-D velocity vectors of the last bounce and first bounce of Clustery,
Py, (t) mean power of the m,th ray of Cluster,,
D 3-D distance vector between the receive and transmit array centers
T .
hLOS (t) _ Fé:\f (D%gz t)v Ag (t)):| e/ Pros e [Fé:\/ (D%Zz (t)a A(Z(t)) ej27rf;“pos(t)tej¢f;gs(t) (18)
w Fp,H(qu (t)v Ap (t)) 0 e‘]qDLOS Fq,H(qu (t)a Aq (t))
the initial phase ®, and the speed of light ¢, the phase ®LO5 () m(t) = [|DE®)| + [[DE@)|] /e + Fult) (27)

and delay 745 (¢) of the LOS component are computed as

DLOS(t) = g +fHDLOS @ (20)

THO8(t) = D)l /. (1)

For NLOS components, if Cluster,, is observable to Antf
and Ant), i.e., Cluster, € Sg,(t), the complex channel gain
is expressed as (22) where P, ,,, is the normalized mean
power of the m,th ray in Cluster,. The normalized mean
power of Cluster,, can be calculated as P, Z Py,

oV are umformly

My

Random phases @)Y, . ot

distributed over (0, 27r)
Conversely, if Cluster,, is not observable, i.e., Cluster,, ¢
Sqp(t), the complex channel gain

hp,n,m., (t) = 0. (23)

Accordingly, the Doppler frequencies at the receiver and
transmitter are calculated as

nma

1 <DR (t),vE _VR>
R (t) = " (24)
mn )= X DE, @]

1 <DTnm ( )7VT - V£>
T (t)= P (25)
e S [ Y]

Moreover, the phase @y, .., (t) and delay 7,,(¢) of the NLOS
component are computed as

2
Dopmma(t) = B0+ [[Dfm, O] +1DFm, (0]

qn, mn

where 7,,(¢) is an exponentially distributed random variable
representing the virtual delay between the first and last
bounces of Cluster,, in the scattering environment.

D. KBSM-BD-AA

The conventional KBSM assumes that spatial correlation
matrices of the receive arrays and transmit arrays are unrelated.
Hence, the channel matrix can be expressed as

H=R:H,R? (28)
where H,, is an Mpr x Mr matrix with zero-mean unit-
variance complex i.i.d Gaussian entries, Rz and R are over-
all spatial correlation matrices at the receiver and transmitter,
respectively. Additionally, if ULAs are deployed at the receiver
and transmitter sides, Rr and R are Toeplitz matrices [11].
To avoid repeated analysis, we only analyze the receiver side
in this paper as the analysis of the transmitter side follows
the same procedure. Furthermore, let us denote the complex
gain between the kth (kK = 1,2,---) scatterer and the mth
(m = 1,2,---, Mp) antenna as s%,, and the complex gain
between the kth scatterer and the nth (n = 1,2,---, Mg)
antenna as s%, . Let Tg ., be the spatial correlatlon coefﬁment
between the mth and the nth antennas and the entry of matrix
Tp in the mth row and nth column. Then, T ., can be
computed as

Zsmk( )*
H = ¢2|smk|2\/2|snk|2




FI(DL, (1), AL()]"
hap,nmn, (t) = {ng([)gmn (t),Ag(t))} [

HVV
ej(pn,mn
HHV
Nk

Pn m (t) ej2ﬂ—f(§l,7nn (t)tej27"prn,mn (t)tejq’qp,n,mn (t)
9 n

-5 VH
\/Ee7q>n mp,
@HH

n,mn

In the conventional KBSM, the above discussion implies that
all the antennas share the same set of scatterers. In this case,
Ry is equivalent to Tg, i.e., Tg = Rpg. However, the
equivalence between Ty and Rz may not hold if antennas
do not share the same set of scatterers. This will be studied
in later paragraphs.

It was reported in [1] and [2] that each antenna on a large
antenna array may not observe the same set of scatterers.
Scatterers may appear or disappear on the array axis. As a
result, for massive MIMO, different antennas may observe
different scatters. The KBSM-BD-AA in [10] is developed
to characterize this effect for massive MIMO channels. Ac-
cording to the BD process, the survival probability E ,,, of
scatterers when they evolve from the mth antenna to the nth
antenna can be modeled as an exponential function [10]

—Blm—n|

ER,mn =e€ (30)
where 8 > 0 is a parameter describing how fast a scatterer
disappears on the array axis. The value of Eg ., is decreasing
if m and n differ more. This implies that less scatterers are
shared if two antennas are more separated. Let 7%, be
the antenna correlation between the mth and nth antennas
considering the evolution of scatterer sets on the array axis.
Then, T% ,,,,, can be modeled as

Zsmk( )

TR mn ER mn — ER mnTR mn-
¢2|smk|2\/2|s P
(31)

It can be observed that the antenna correlation of KBSM-
BD-AA for massive MIMO is equal to the antenna cor-
relation of KBSM for conventional MIMO multiplied by
a factor of Fgn,. This is because only Eg ... of the
scatterers for the mth antenna are able to survive to be
observed by the nth antenna. At the same time, although
there may be new scatterers generated according to the BD
process, these newly generated scatterers are uncorrelated
to the survived scatterers. Therefore, the newly generated
scatterers do not contribute to the antenna correlation. Let
Er = [ERW”"]]WRX]WR (m,n =1,2,--- ,MR) and Er =
(ETpalaryp s, @ = 1,2,---,Mr) denote the survival
probability matrices at the receiver side and transmitter side.
The overall antenna correlation matrices Ry and R+ can be
represented as Rg = T o Eg and Ry = T o E; where o
denotes the Hadamard product.
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Fig. 1. Receiver correlation functions of three channel models (Mg
My = 32, fo = 2GHz, |D|| = 100m, vff = 7, v} = Z, v = 7 (3-D
models only), v = 7 (3-D models only)).

III. RESULTS AND ANALYSIS

Absolute values of receiver space CCFs of the 2-D ellipse,
3-D twin-cluster massive MIMO channel model, 3-D unified
GBSM, and KBSM-BD-AA (isotropic scattering environment)
are shown in Fig. 1. It can be observed that the spatial
correlation of the 2-D twin-cluster model is slightly smaller
than that of the 3-D twin-cluster model. The same observation
applies to the 3-D unified GBSM. The CCF of the KBSM-
BD-AA in isotropic scattering environments is the product
of the zero-th order Bessel function of the first kind and an
exponentially decaying function.

Fig. 2 depicts the channel capacities of the i.i.d. massive
MIMO channel model, KBSM-BD-AA (isotropic scattering
environment), 2-D ellipse, 3-D twin-cluster, reduced 2-D twin-
cluster massive MIMO channel model, 3-D unified GBSM,
and reduced 2-D unified GBSM. The channel capacities of
those three GBSMs slightly vary with elevation angles con-
sidered. The i.i.d. channel model serves as the upper bound of
channel capacities. Also, channel capacities of all these models
are comparable when the SNR is less than 12 dB.

The channel capacities of the 3-D twin-cluster channel
model and the 3-D unified GBSM with different receiver
elevation angles are compared in Fig. 3. The trend of the
channel capacity of the 3-D twin-cluster channel model is
similar to that of the 3-D unified GBSM. With various receiver
angles, the channel capacities fluctuate approximately 7%.
Therefore, it is necessary to consider elevation angles in 3-
D models for accurate evaluation of system performance.
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SNR = 20dB).

Channel capacities of the unified GBSM framework with
normal and polarized antennas are shown in Fig. 4. The
channel capacity with polarized antennas is lower than that
with normal antennas. However, the dimensions of antenna
arrays are halved because of the use of polarized antennas.

IV. CONCLUSIONS

This paper has studied channel capacities of four stochastic
massive MIMO channel models. It has been demonstrated
that elevation angles can have significant impact on massive
MIMO channel capacities. Therefore, it would be beneficial
to consider 3-D models, rather than 2-D models, in massive
MIMO channel modeling. For 3-D channel massive MIMO
channel models, the size of an array can be halved with
polarized antennas at the cost of slight channel capacity loss.

—afe— i.i.d. channel model
6| = B = 3-D unified GBSM framework, polarized antennas
= © = 3-D unified GBSM framework, normal antennas

Normalized channel capacity (bps/Hz)

SNR (dB)

Fig. 4. Comparison of channel capacities of the unified GBSM framework for
massive MIMO channel models with normal and polarized antennas (Mp =
8, Mp = 32, fo = 2GHgz, |D|| = 100m, vff = 7, v} = %, D5 = 100m,
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