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Abstract

Wireless mobile communication systems in subway tunnels have been widely researched
these years, due to increased demand for the communication applications. As a result, an
accurate model is essential to effectively evaluate the communication system performance.
Thus, a neoteric three-dimensional (3D) geometry-based stochastic model (GBSM) is
proposed for the massive multiple-input multiple-output (MIMO) fading channels in tunnel
environment. Furthermore, the statistical properties of the channel such as space-time
correlation, amplitude and phase probability density are analyzed and compared with those of
the traditional two-dimensional (2D) model by numerical simulations. Finally, the ergodic
capacity is investigated based on the proposed model. Numerical results show that the
proposed model can describe the channel in tunnels more practically.
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1. Introduction

| N recent years, the rapid development of urban rail transit has resulted in increased demand

for communication applications in subway. As a result, the wireless mobile communication
systems in tunnels is extensively studied. Different from the traditional mobile communication
channels on the ground, those in tunnels are confined in a limited space. Moreover, the
massive multiple-input multiple-output (MIMO) technologies [1-2], where multiple antennas
are eployed at both the transmitter (Tx) and receiver (Rx) [3], have been receving more and
more attention in tunnel communication systems. Multiple antennas are helpful to bring huge
improvements in throughput and radiated energy efficiency by focusing energy into small
regions of space. Other benefits of massive MIMO include extensive use of low-power
components, reduced latency and robustness against intentional jamming [4].

In order to design an applicative communication system in tunnel environment and
evaluate the system performance, an accurate channel model and a detailed knowledge of its
statistical properties are indispensable. There are already many useful models adapted in
different environments, such as ray-tracing models [5-6], geometry-based deterministic
models (GBDMs) [7], correlation-based stochastic models (CBSMs) [8-9] and
geometry-based stochastic models (GBSMs) [10-11]. Because of the research convenience for
the statistical characteristics and capacity, GBSMs are most widely used. In GBSMs, the
propagation characteristics of radio waves mainly depend on randomly distributed scatterers
in different environment [12]. Hence, GBSMs can be adapted to different communication
scenarios by modifying the random distribution of scatter clusters and the shape of the scatter
area.

There are already many available GBSMs for different communication environments. A
two-dimensional (2D) model with “one-ring” or “two-ring” is proposed in [13-14] for the
narrowband and wideband MIMO channels. In [15], Zheng and Nie proposed a 2D scattering
model and analyzed the corresponding statistical properties. However, 2D models assume that
waves travel only in the horizontal plane and neglect the vertical plane so that they cannot
describe the practical three-dimensional (3D) space accurately. Therefore, in [16], the authors
put forward a 3D single-ellipsoids GBSM for both outdoor and indoor environments. In [17],
the 3D two-cylinder GBSM was proposed for narrowband MIMO mobile-to-mobile system.
In [18], authors improved the model in [17] and developed a novel 3D one-elliptic-cylinder
with two-sphere GBSM for non-isotropic MIMO vehicle-to-vehicle channels. Also, a
two-sphere model [19] was provided to describe closed indoor scenarios and a two-cylinder
model [12] was proposed to describe high-speed scenarios.

The aforementioned GBSMSs have not considered the train’s motion and the limited space
jointly, thus, they cannot be applied directly for the particular channels in tunnels. As a result,
we propose a novel theoretical 3D GBSM for the non-isotropic massive MIMO channels
adapted to the tunnel environment. The proposed GBSM is combined with a horizontal
cylinder model and a sphere model which is inscribed with the cylinder. Line-of-sight (LOS),
single-reflection (SR) and double-reflection (DR) components are considered in this model.
Based on the proposed model, some relevant comprehensive statistics are derived, i.e., the
space-time correlation function (STCF), amplitude and phase probability density functions
(PDFs). Then, the impact of factors on the space-time correlation are investigated and the
channel capacity is analyzed.
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The remainding of this paper is organized as follows. Section 2 proposes a new 3D GBSM
for massive MIMO channels in subway tunnels. In section 3, the corresponding statistical
properties and channel capacity are derived. The statistics and capacity are thoroughly
investigated by simulations and analyzed in section 4. Finally, the corresponding research is
summarized in section 5.

2. A Neoteric 3D Massive MIMO GBSM for Channels in Subway Tunnels

A massive MIMO wireless mobile communication system in tunnels is considered in this
paper. It is supposed that the Tx and Rx are equipped with M; and M, number of antenna
elements, respectively. Tx is stationary however, Rx is mobile. Fig. 1 illustrates our proposed
GBSM with a horizontal cylinder model and a sphere model inscribed with the cylinder. The
horizontal cylinder of radius R is used to describe the tunnel wall and the sphere of radius
Rs (Rs=Rc) is used to mimic the moving trains. In Fig. 1, the antenna element at the Tx is
numbered as p=1, 2, ... , M;and the one at the Rx is numbered as g=1, 2, ... , Mg,

respectively. The antennas at both Tx and Rx can be extended to arbitrary numbers, and the
antenna arrays can be configured with any shapes. Moreover, the communication channel is
depicted with the composition of the LOS, SR and DR components. The SR radio waves are
incident on the cylinder and the DR ones are incident on both the sphere and cylinder. Other
bounced paths are ignored because they reflect similar channel characteristics and the signal

power is reduced sharply after multiple reflections [12]. In addition, there are N;
omnidirectional effective scatterers distributed on the sphere model and N, scatters on the
cylinder one. The n;th (n, =1, 2, ... , N;) receive scatterer is signified by s and the n,th
(n,=1, 2, ..., N,) scatterer is signified by S(™). The parameters in Fig. 1 are defined in
Table 1. Considering the actual environment, reasonable assumptions D >>Rg and
max {&; ,Jg } << Rgare used in the proposed GBSM.

Y h
Ix,
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# Xﬁ - O e & '-"-_"'_'-f""--'"r?-?% A R
07 *.. O Jﬁ}' & T— M\"'O} P x
R, % \ .
Tx .
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Fig. 1. The 3D massive MIMO GBSM combining a horizontal cylinder model and a sphere one
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Table 1. Definitions of symbols used in Fig. 1

Symbols Definitions
D the distance between the centers of the Tx and Rx
O;,0x the central position of the Tx and Rx
Rc,Rs the radius of the sphere and cylinder models, respectively
Paps the spacing between antenna elements of the Tx and RX,

respectively
the azimuth angle of the Tx and Rx antenna array relative to

Or .6k the x-axis, respectively
the elevation angle of the Tx and Rx antenna array relative to
R the x-y plane, respectively
7R the subway running direction relative to the x-axis
v the subway running velocities
alﬁos E'OS the azimuth and elevation angles of arrival of the LOS path
N the azimuth and elevation angels of departure of the waves
of  Bri(i=12)

impinging on the scatters S(")
the azimuth and elevation angles of arrival of the waves
reflecting from the scatters S()

ag pr(i=12)

The 3D massive MIMO channel in tunnels can be described by H(t):[hpq O]m, xm,

matrix . The element h,, (t) in the matrix denotes the received complex fading envelope of the

link between the pth transmitting antenna and the qgth receiving antenna at the carrier
frequency of f;. hy, (t) is a superposition of the LOS, SR and DR components, which can be

expressed as [18]

hoq (8) = hLOS(t)+ZhS (t)+hox () )

where | =2, which means there are two subcomponents for SR rays. Furthermore, SR;
appears on the sphere and SR, appears on the cylinder. The complex fading envelope of each
part can be respectively written as

hLOS (1) = —exp( ‘ £5q) - EXPLi2 it COS(@OS — y) cOS O] @
hS% (1) = lim %L-ex Gl -2 +2. )]
1 Ni—)OO ni:l NI p J l//ni /1 pni niq (3)

-exp{j[2nf gyt cos(ag —yg)cos B T}

N¢, N,

. 1 . 2n
hOR () = [-2R fim Y oxp{ilvn » e, e, +e )}
K+1 Ny Ny >0 4 / N, Ml RTPm T M, T o @)

-exp{i[2nf b COS(ag? —7g) COS BR7 1}
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where K is the Rician factor, 4 is the wavelength of light, N; is the number of effective
scatterers and f,, is the maximum Doppler frequency at the Rx. Here, y, « v, , are

independent and identically distributed (i.i.d) random variables with uniform distributions
between the range [-m,m) , 7sg and 7mpg are power-related coefficients satisfying

|
> s, +1ior =1. €pq Epn + EngaNd &, denote d(Tx,,RX,), d(Tx,,5™), d(s™),Rx,)
i=1

and d(S™,s(™)) (d(X,Y) denotes the X-to-Y distance, X and Y are position points),
respectively, which can be expressed as follows:

0 0,
£pq =[(D —?TCOS(pT cos 6, +7RCOS(pR cosdy )’

) ) 0, ) ©)
+(=-cos gy sin@; ——R-cos gy sind)* + (—-sin g, ——R-sin gy )T
2 2 2 2
5T . N oo n\2
Epn, = [(7005% sin@; — R cos St sinag')
(6)
0. or . .
+(D —?TCOS(pT cosé; + Rg cos B cosap)® + (7TSIH¢T —Rg sin g)°1"2
5R n ny\2
Engq = [(? COS @y COS G — Rg COS St cosag!)
(7)
+(5RCOS ing. —_R N o n12+5R- R. sin g™)21Y2
> @ Sindy — Rg €os fgt sinag') (7S|n(pR —Rgsin 531)°]
n, n, é‘T 2
&pn, =[(&r,, COS fr? cosary —?cos% cosé;)
(8)
+(§T cos ino. n, o n, 2+ 5T ; : n,\241/2
> @r SiNGr — &, €OS Br? sinag®) (7sm(pT + &y, Sin B2 )]
_ 5R n, n,\2
Enq = [(?cowR COS O — Sy, COS B COS g’ )
©)
+(5RCOS ino M ogin N \2 4 OR . s N, \241/2
> P SINGg — &y, €OS B sinag’) (7sm P + Sro, SIN BR7)°]
&, =[(Rgsin Br + Sin, SIN BRe)? +(Rg cos S cosapy — Srn, €OS B cosapr)’ 10)

+(Rg c0s gt sin oy — &, cos g sinage )’ ]2
where &, =R /sin[arccos(cos A cosaq?)] and &, = R /sin[arccos(cos Bg: cos(z — a))].-

Note that the determined scatterer distribution needs to be applied in this particular model
for the subsequent study of relevant statistical properties. In this paper, to consider the effect of
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the azimuth and elevation angles jointly, von Mises-Fisher (VMF) distribution is used to
characterize the effective scatterer distribution, whose PDF is defined as [20]

_ kcosp B o
f(a,p) = Iosinhk exp[k(cos S cos S, cos(a — ay) +sin Asin fy)] (11)

where ael[-n,7), fel-n12,712), ayel-n,x) and [, e[-n/2,712) represent the
average values of azimuth and elevation angles, respectively, and k is an environmental
coefficient which controls the scatterer spread around the mean value.

3. Statistical Properties and Channel Capacity of the 3D Massive MIMO
GBSM

The massive MIMO system is capable of making full use of space resources and can achieve
the spatial parallel transmission of radio waves. Furthermore, the link reliability and channel
capacity can be improved significantly by using space-time joint processing method [21]. In
order to evaluate the performance of the 3D GBSM in tunnels more effectively and associate
the effective scatterers in the propagation environment with the multiple antennas’
performance, the statistical properties, such as STCF and PDFs, and the capacity need to be
analyzed.

3.1 STCF

Both the spatial and temporal correlations exist in any fading channels. The spatial correlation
describes the cross-correlation properties between different antenna elements while the
temporal one depicts the auto-correlation properties of a single receiving antenna element at
different time instances. The STCF can be used to describe the impact of both spatial and
temporal correlations on wireless communication systems.

Under the wide sense stationary uncorrelated scattering condition [22], the normalized
STCF between any two sub-channels can be derived from the complex fading envelope
showed in (1) and written as [23]

ElNpg (O’ (t+7)]

(67,6, 7) =
U RN @F1-Elh, 0]

Ppa.pq
(12)

DR
Pa.pq (0, 0g, 1) Pra,pq

= P08 (818, ) zp (6r.5.7)

where E[] denotes the statistical expectation operator and (-)* is the complex conjugate
operation, p,p'e(1,2,...,M¢)and q,9'€(L2,...,Mg).

Substituting (2)-(4) into (12) and using the accordant VMF scattering distribution at the
same time, the STCF of LOS, SR and DR components is derived next.

1) The STCF of LOS component
The STCF of LOS component is expressed as

LOS
Pq pq

RS —yr)cos ] (13)

where D, o5 =2Dcosgg cosby . Furthermore, considering D >> Rg, we have the following

(8, 5q.7) =K exp(— Dios) - eXPLi2n fngy cOS(ark
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approximations af%° ~7z and a7 ~ B ~ gr°° ~0 . Therefore, Eq. (13) can be
simplified as
,';(? iq(ér O, 7) =K exp(—DLos) exp(—J2nt fie COSyR) (14)

2) The STCF of SR component
The STCF of SR component is expressed as

i j2nD
(67, 0r,7) = USRI _[ kCOSﬂR '9Xp(J i SRi)

7 "4rsinhk; A
-exXp(j2nz fra COS(ay — 7r)COS BR) (15)
-exp[k; (cos g cos By Cos(ay — apy) +Sin By sin AR )} agp d B
where Dggp = &; [Rs sin St singr +Q,, cos@r cos(Gr —ar )]/ &r, +6R[sin Bg: sin g

+C0S fBg' 0S¢ COS(6 — )] , Dsg, = GR[Sin fg? sin g +COS f? COS g COS(G —ag?)]

pq pq

+67 [&rn, SIN BR2 Singr +Q,, cosgr cos(ér —ar?)]/ &, » Q, =D+ Rs cos gt cosag

= (&, — &R, SiN° BR2)% &y, =[(D+Rgcos g cosag )’ + (Rysin g )12
&, = Re / sin[arccos(cos fAr? cosar? )], &ra, = Re / sin[arccos(cos fg? cos(z —ag?))] . Due to
D >> Rg, and considering the relationship between the angles of the Tx and Rx, we have the
following approximations such as o =~ Bt =0, &, #Qy #Dand &, ~ &g, . Thus,
Dsg, = 8g[Sin Sz sin g +c0s Szt cOS g COS(6g — ag')] + 51 [Rs sin Sz sin gy D + cos gy cos & ],
Dsr, = 85[COS f3g? COS g COS(G, — axg? ) +8in Bg? sin g ]+ &¢ [sin B2 sin gy
+C0S fg2 cospr CoS(Gr —aq?)] -
3) The STCF of DR component

The STCF of DR component is expressed as

k;k, cos g cos.,B{1
On,T D
Ppq, pq(ar Ri7) = UDRI f -[ Iﬂ 1622 sinhk, sinhk, ( or)

-exp[k, (cos B cos A3 cos(ag? — aqy) +sin ﬂPZ sing3)]  (16)
-exp[k; (cos By €os By cos(ap: — ary) +sin Bgt sin Bgy)]
-explj2nz f, 4 COS(ap? — 7g)cos B2 1} aq2d fl2d apd Bt

where Dpg = & [, Sin B2 singr +Q,, cos @y cos(Gr — o)1/ &r, + S[sin Bt singg

+0S Byt C0S g COS(Gr —ag)] -

3.2 Amplitude and Phase PDFs

The amplitude and phase of the complex fading envelope hg(t) are z(t):‘hpq(t)‘ and
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o(t) =arg{h,, ()}, respectively. Hence, according to the similar computation procedure
offered in [24], the amplitude PDF of the 3D GBSM can be derived as

Ni,N,
9,(z) =4n Zj {HJo(ZMQSRJX) HJo(2n|QSR2 |X)- H Jo(27|Qpr |X)} (17)

n,=1 n,n,=1
-Jo(2mzX) - I (2mK o X) xdx
and the phase PDF can be similarly expressed as

95(0) =2x[ [ {HJ (2mQgg, %) HJ (2mQsg, 1X)- H J5(2mQpr |x)}
(18)

n,n,=1

(an\/ 2% + K& - 22K, cos(0 — ere))xzdxdz

TR, bR . K
where = — = |— TR i=12 ), K=
Qcr, N; (K +1) Qor NN, (K +1) ( b Ko=\ig

=arg{h;°(t)} and J, () represents the zeroth-order Bessel function of the first kind.

3.3 Channel Capacity

In this section, the MIMO channel capacity is derived. Channel capacity refers to the
maximum average information transmitting rate of a channel. Furthermore, explicit MIMO
system structure and theory are proposed in literature [25] and the authors proved
mathematically that channel capacity can be increased by increasing the transmitting and
receiving antennas without augmenting the bandwidth. Under an average transmit power
constraint, the instantaneous channel capacity of a stochastic massive MIMO channel can be
defined as [26]

C(t)= Iogz{det[lmin + ”I\;NTR H(t)H" (t)ﬂ (19)

where pg\g IS the average signal-to-noise ratio(SNR) at the Tx, I represents the

min
Mg x My identity matrix, ()" denotes the transpose conjugate operation and det(-) designates
the matrix determinant. Here, it’s assumed that Mgz <My which is the condition that

space-division multiplexing must meet [27].

In general, channel capacity has two significant definitions which are ergodic capacity and
outage capacity. Furthermore, the ergodic capacity is the mathematic expectation of the
instantaneous capacity over time and is defined as[27]

Crnean =E[C(t)]= E{Iogz {det(l i pl\;NR H(t)H" (t)m (20)

T
and the outage capacity C,,, means the most suitable capacity under the condition that

message is correctly received. The C, isrelated to an outage probability P, which satisfies
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Pout = P(H:C(t)<Cyy)

:p(H : Iog{det[lmm + p'\;NR H(t)H" (t)ﬂ <Coutj

(21)

T
where p(:) is a probability function.

4. Simulation Results and Analysis
The statistical properties of the proposed 3D GBSM are investigated in this section. Referring
to the literature [28-29] and the 3rd Generation Partnership Project (3GPP) protocol [30], the
simulation parameters chosen are: f,=2GHz, D=500m, R- =Rg=4m, f_. =500Hz, y,=0",
Or=0g =45, nsg, =0.125, ngg =0.325, npg=0.55. The environmental coefficient k; is
related to the effective scatterer distribution. Specifically, for the denser environmental
scatterers, the smaller value of k; is used. We set k;,=4, k,=15, M =128 and Mz=64. In

addition, when all elevation angles are set as 0°, the 3D GBSM will be translated into 2D
model which can be taken as a contrast. The performances are compared with the 3D model,
2D model and the geometric elliptical scattering model proposed in [31].

max

4.1 Temporal Auto-Correlation Function (ACF)

The expression of the temporal ACF can be derived from STCF by setting o; =g =0 and is
expressed as

Pog.pg () =Py g (0,0,7) (22)

Fig. 2 shows the absolute values of the normalized temporal ACFs for the proposed 3D
model, the 3D reference model and the 2D model. It is clear that the absolute values of ACFs
decrease as the time separation increases whether in the 3D or 2D model which implies that
auto-correlation values drop. Moreover, the ACF value of the 3D reference model is always
lower than that of the 2D model but higher than that of the 3D proposed model.

1

3D Model

0.8 H = = = = 3D Reference model
= 2D Model

0.6 F§°

04 F

Absolute value of the temporal ACF

I I

(] ' 'S
0 0.02 0.04 0.06 0.08 0.1
Time separation 7(s)

Fig. 2. The absolute values of the temporal ACFs for the 3D and 2D models (& = dz =0).
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4.2 Spatial Cross-Correlation Function (CCF)

The CCF can be used to describe the mutual influence between different antenna elements

under the same time. In order to analyze the CCF, 7 issetas0and J; issetas 0.54, thus, the
spatial CCF can be expressed as

Poa.p (9) = Pyg g (052:55,0) (23)

Fig. 3 presents the absolute values of the normalized spatial CCFs for the 3D model

(¢r =45, pg =45° and ¢y =45", pg =60"), the 3D reference model and the 2D model

(¢r =pg =07). Similarly, it is clear that as the normalized spacing between antenna elements

at the Rx increase, the absolute values of CCFs decrease, which signifies that the spatial
correlation gradually diminishes. Furthermore, the CCF value of the 2D model is always
higher than that of the 3D proposed model, which means the 2D model overestimates the
spatial correlation. Moreover, Compared with the 3D reference model, the model in this paper

has lower CCF. In addition, the elevation angle of the Rx antenna array ¢ has significant
impact on CCFs. Specifically, when 0< ¢, <90°, the bigger ¢, the lower CCF values.

=]

- . —a5e —489

] 3D Model (& 45°, ¢ 45%)

= 08r 3D Model (¢, =45, ¢, =60°)

2 A [— 2D Model (¢ =0°, ¢ =0°)

= \ T R

_::: 0.6 F . - = = — 3D Reference model

o

Q

S 04F

s

L

202t

Z

=

<

[’] A A1 A1 L A1
0 1 2 3 4 5 6 7 8

Normalized MS antenna element spacing n'R-",X

Fig. 3. The absolute values of the spatial CCFs for the 3D and 2D models (=0, &; / 2 =0.5).

4.3 Amplitude and Phase PDFs

Figs. 4 and 5 show that the Rician factor K has a significant influence on the amplitude and
phase PDFs. Specifically, the curve of the amplitude PDF shifts to the right and the peak value
decreases as K increases. As to the phase PDF, it is clear that increasing the K will improve the
peak value however, the mean value remain constant.
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0.8 F

0.6

04 't

Amplitude PDF

K=1
- - - - K=35

0 0.5

Fig. 4. The amplitude PDFs with K=1, K=3.5 and K=9.

1.5

Amplitude(V)

0.8

0.7 F

0.6 F

Phase PDF

Fig. 5. The phase PDFs with K=1, K=3.5 and K=9.

4.4 Channel Capacity Analysis

Phase(rad)

2903

The factors effecting the channel capacity such as SNR and space-time correlation are
investigated in this section. Fig. 6 shows the ergodic capacity against pgqr With

o1 1 =65 1 A =5 for both 3D and 2D models. As expected, the ergodic capacity increases as
Psnr iNcreases however, the growth rate gradually decreases. Furthermore, similar to the

previous temporal and spatial correlations, the 3D model always has a higher ergodic capacity
than the 2D model. Fig. 7 presents the ergodic capacity as a function of the normalized
antenna element spacing at the Tx and Rx with pg\r; =10dB for the 3D model. It is observed

that when &; / 1 <3, increasing the normalized antenna element spacing &; / A increases the
ergodic capacity. However, it is clear that increasing &, / 4 has a negligible effect on the
ergodic capacity when &; /A >3. In addition, the ergodic capacity can be improved by
incrasing oy / A but cannot be increased indefinitely.
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Fig. 6. The ergodic capacity against pgg for the 3D and 2D models.

20

mlm{hil.-‘.x‘-'l[?)
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8 0a=0.5 | 7
—g— G/
_._.)R,\l
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:S_I_.'/\

Fig. 7. The ergodic capacity as a function of the normalized antenna element spacing at the Tx and Rx
for the 3D model

5. Conclusion

In this paper, a neoteric 3D “cylinder-sphere” theoretical geometrical model for the
non-isotropic scattering massive MIMO channels in tunnels is proposed. Furthermore, the
matrix of complex fading envelopes for the massive MIMO channel is derived. Then, the
STCF, amplitude and phase PDFs are investigated and the derived channel capacity is
analyzed by numerical simulations. The statistics of the 3D and 2D models are also verified by
simulations. It is obvious that the 3D model has a lower space-time correlation compared with
the 2D model. Besides, the time separation and the normalized antenna element spacing at the
Rx both have negative effect on the STCF and the Rician factor K has a significant impact on
the amplitude and phase PDFs. Furthermore, numerical simulations have shown that the
channel capacity increases as the SNR and normalized antenna element spacing increase,
respectively. In a nutshell, the proposed 3D massive MIMO GBSM can characterize the
channel environment in tunnels more practically than the traditional 2D models. The presented
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research work can be taken as a reference to establish the future communication systems
operating in subway tunnels.
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