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Abstract—This article presents a three-dimensional mathe- model for a 3-D non-isotropic scattering environment. The
matical reference model for wideband multiple-input multiple-  statistical properties of our model are verified by simulations.
output (MIMO) mobile-to-mobile (M-to-M) channels. Based on  paterministic simulators are often used because they are
this model, two sum-of-sinusoids based simulation models are . . . .
proposed for 3-D wideband MIMO M-to-M multipath-fading ~ €2SY to implement and have.short S|mulat|on.t|m§as. However,
channels. The statistics of the simulation models are derived and they do not reflect the practical channel realizations because
verified by simulation. their scatterers are placed at specific sights for all simulation

trials. By allowing the phases, Doppler frequencies, and time
|. INTRODUCTION delays to be random variables, the deterministic model is
S'modiﬁed to better match statistical properties of the reference

Mobile-to-mobile (M-to-M) radio propagation channel X ) L X )
arise in inter-vehicular communications. mobile ad-hoc wirdhodel. This model is called the statistical simulation model.

less networks, and relay-based cellular radio networks. THE€ Statistical properties of this (statistical) model vary for

statistical properties of M-to-M channels are quite differerﬁaCh simulation t_rial, but will converge to desirgd_ ensemble
from conventional fixed-to-mobile (F-to-M) cellular land mo-2veraged properties when averaged over a sufficient number

bile radio channels [1], [2]. M-to-M communication systeme simulation trials. The statistical properties of this model are
are equipped with low elevation antennas and have both fﬂéo verified by simulations. Compared to the deterministic
transmitter T,)) and receiverR,) in motion. Akki and Haber model, the statistical properties of the statistical model match
[1], [2] proposed a reference model for single-input singlé_hose of the reference model over a wider range of normalized

output (SISO) M-to-M Rayleigh fading channels. The refefime delays yvhile using smaller.number_of scatterers.

ence models for narrowband multiple-input multiple-output 1€ remainder of the paper is organized as follows. Sec-
(MIMO) M-to-M channels have been proposed in [3] [4]_t|on Il introduces the “concentric-cylinders” model and pre-
Simulation models for MIMO M-to-M channels have beef€Nts the 3-D reference model for wideband MIMO M-to-M
proposed in [5], [6]. All these models assume that the ﬁefawannels. Section Il derives the space-time-frequency corre-
incident on theT, or R, antenna is composed of a number oftion function for 3-D non-isotropic scattering. Section IV
waves travellingxonly i}r; théorizontalplane. This assumption details the deterministic and statistical SoS simulation models.
does not seem appropriate for an urban environment whagction V presents simulation results and, finally, Section VI
the T, and R, antenna arrays are often located in clog@fovides some concluding remarks.

proximity to and lower than surrounding buildings. Recently, || A 3.-D REFERENCEMODEL FORWIDEBAND MIMO
we proposed a three-dimensional (3-D) reference model for MOBILE-TO-MOBILE CHANNELS

narrowbandMIMO M-to-M multipath fading channels [7]. Thi id ideband MIMO S
This article presents a 3-D mathematical reference model 'S Paper considers a wideban . .com'mumcatlon
for wideband MIMO M-to-M channels. To describe our 3-SYStem withL; transmit andL, receive omnidirectional an-

D reference model, we first introduce a 3-D geometriC<I;anna elements. It is assumed that both Theand Ry, are in

model for wideband MIMO M-to-M channels. referred tomotion and equipped with low elevation antennas. The radio
as the “concentric-cylinders” model. From the ,3-D referen(%ropagation is characterized by 3-D wide sense stationary un-

model, the space-time-frequency correlation function for a 3forrelated scattering (WSSUS) with non-line-of-sight (NLoS)

non-isotropic scattering environment is derived. The referenggn(;j't'oni bdett\)/veaeg th&;" an(i[l B"I'{Tthe MJM}? (;hannel can
models assume an infinite number of scatterers, which preve% S{hes_crl ?d Iy r X érfna rL).( (t,7) = [his (¢, 7]z, L.
practical implementation. Hence, we first propose an ergocﬂ € Input delay-spread unctions.

e . ; : : . First, we introduce a 3-D geometrical model for wideband
statistical (deterministic) sum-of-sinusoids (SoS) simulation ' : .
( ) ( ) MIMO M-to-M channels, called the “concentric-cylinders”

0 model. The “concentric-cylinders” model is an extension of
Prepared through collaborative participation in the Collaborative Technologfge “two-cylinder” model for narrowband M-to-M channels
Alliance for Communications & Networks sponsored by the U.S. Arngoposed in [7] Fig. 1 shows the “concentric-cylinders” model

Research Laboratory under Cooperative Agreement DAAD19-01-2-0011. The . .
U.S. Government is authorized to reproduce and distribute reprints &' @ wideband MIMO M-to-M channel withl, = L, = 2

Government purposes notwithstanding any copyright notation thereon. ~antenna elements. The “concentric-cylinders” model defines
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four cylinders, two around thd', and another two aroundaround theT, and Ry is infinite. Consequently, the input
the Ry, as shown in Fig. 1. Around the transmittdt;, fixed delay-spread function of the Iiané?) - A;g) is

N 7 hpg(t,T) = Q)
L,M® K,N(k)
Mlj%m Z Z’?l,k Im k() (T — Tt n k)
’ ﬁool,m:l k,n=1
fmlnk where parameters, ., Tmin denote amplitudes of the
multipath components and time delays, respectively. Function
gm,i.nk(t) IS defined as follows
Gm.l nk(t) — 6*]'277((€p,m,,l+6m,1,,n,k+6n,k,q)+j¢m,l,n,k 2)
X ejQ‘ﬂ't[meax COS(OéSfm'l)—’)'T)+meax Cos(ag’k)—'yR)]
; where frmax = vr/A and frmax = vr/A are the maximum
Doppler frequencies associated with tlig and Ry, respec-
D tively, and X is the carrier wavelength. The amplitude of the
multipath componenty, ;, is defined as
V Ppg) 0 k) "2
Fig. 1. The “concentric-cylinders” model for wideband MIMO M-to-M e = —F (Rt + D+ R, )
channel withL; = L, = 2 antenna elements. AV MO N )
o _ _ ~ 0 1 'ngl) +R£k) 3
omnidirectional scatterers occupy a volume between cylinders ~ Sipg “ 9 9p | 3
of radii R;; and Rys. It is assumed that th&/ scatterers lie

on L cylindric surfaces of radiir;; < Ril) < Ry, Where Where P,, denotes the power transmitted through the sub-

1 <1 < L. The I** cylindric surface containg/") fixed channel Agf’) - Aﬁg% v is the path loss exponent, and

omnidirectional scatterers, and e, [)" transmit scatterer Qpg = D2 [P/ (47T\/M(l)N(k) . Finally, the time de-

. m,l P . .

is denoted bysy™"). Similarly, around the receivery fixed lay 7,,.1.n % is defined as the travel time of the wave impinged

omnidirectional scatterers occupy a volume between cylindgjs the scatteres ™" and scattered from the scattefé%“’“)

of radii R,y and R,,. It is assumed thalv scatterers lie on ie . DT rO( — (m,1) 6(m,l)

K cylindric surfaces of radiiR,, < RY < R., where i mbmF = k/)CO+ ' (( BT J/eocosfr +
A R (14 cosay™)/cocos B, wherecy is the speed of

<k<K. 0 cylindri ingv () fi , .
L < k< K. The k™ cylindric surface containgv™® fixed light. It is assumed that the angles of departures (AAoDs and

L A . .
gznncl,?é:jegt;g?n%scf:,fr;s;sz: ttgf\,:e)en rti(;e(l;veents;z,tzr;;; EAoDs), the angles of arrivals (AAoAs and EAo0AS), and the
A radii R,ﬁl) and R are random variables. Since all rays are

li isD. Iti h D
andR cylinders isD. Itis assumed thatax{ ffi2, fy} < double-bounced, the angles of departure and rﬁ’rﬂlﬁ are

(local scattering condition) and <= 4R R L./ (ML — | i At
1)(L, — 1)) (channel does not experience keyhole behavilfdépendent from the angles of arrival and r [8]-

[8]), where \ denotes the carrier wavelength. The spacirfgdditionally, it is assumed that the phases,, are random
between antenna elements at the and Ry is denoted by variables uniformly distributed on the intervib=, ) and

dr and dg, respectively. It is assumed thai and dy are independent from the angles of departure, the angles of arrival,
much smaller than the radit;; andR, 1, i.e.,max{dr,dr} < and the _radu of the cylinders.

min{ Ry, R,1}. Anglesfr and@r describe the orientation of The d!StanC%P»mvl’ €nk,qr and_ Em’l»”;r’j lg:an (Bi)exp(ryssl)sed
the T, andR, antenna array in the - y plane, respectively, asnf]:‘)”Ct'g)”S of th(% random variabl vaRp™ Bp
relative to thex - axis. Similarly, angles)r andvy describe Bz, R;’, andR;" as follows:

the elevation of thél'y’s antenna array and thg,’s antenna — p (ml) B . a(myl)

array relative to ther - y plane, respectively. Th&, andR,  »"™!' "~ Ry cos By (0.5L; + 0.5 — p) [dr- sin By

are moving with speeds; and vy in directions described + dr. cos ™ cos AU + dpy sinaf™ cos YY), (4)
b)(/ i?glesw and z, respectively. The symbolay™” and ¢~ RW)/cos 50 — (0.5L, + 0.5 — q)[dg sin 50
allf’ denote the azimuth angle of departure (AAoD) and (n,k) (n,k) . (k) (n,k)

the azimuth angle of arrival (AAoA), respectively. Similarly, = “Rz €08 @ "~ €08 B ™" + dry sin a ™ cos G ], G
the symbols3{™" and 3" denote the elevation angle of €m.i.n.k = D, (6)

departu_re (EAqD) and the elevation angle of arrival (EA0Ajyhere parameters and ¢ take values from the sets ¢
respectively. Finally, the symbols, .1, €mink @denkg {1, .. L} andq € {1,...,L,}, dry = dg costr cos by,

denote distanced’?) - s\, gimh . S}({“k), and ng"’k) - dpy = dpcosirsinbr, dp, = dgrcosircosOr, dr, =
Ag), respectively, as shown in Fig. 1. dg cosrsinfg, dr, = drsinyr, anddg, = dgsiny¥g.

In the 3-D reference model, the number of local scattereerivations of expressions (4) - (6) are omitted for brevity.



In further derivations we will use the time-variant transfewe use the pdf [10]
function instead of the input delay-spread function. The time- . .
o { 4¢ COS (5?) , | "2 |§ Pm < bl 7 (11)

variant transfer function is defined as the Fourier transforma—f(@) —
, otherwise

tion of the input delay-spread function and using (1) - (6) can

be written as because it matches well the experimental data in [11]. Para-
LMD K N meter ¢, is the absolute value of the maximum elevation
Tyo(t, f) = Fy Lyt T)} _ hm Jbm tnk—3 25 fD (7) angle and lies in the rang8® < ¢, < 20° [11]. To
. - N—o0 Z characterize the radik; and R, we use the pdfsf(R;) =
R 1) + R(k ) (ml) 2Rt/(R%2_Rt21) andf(Rr) = 2‘.RT/(R72“2_R72“1)’ respeCtive_Iy-
Qg1 - A A Ao ibn o g€ 2T Tmex cos(ar™’ =) This pdf is selected because it matches well the experimental
2 2D | , data in [12]. Using trigonometric transformations, the equal-
ot s o)t g T sy )Y [T exp {asin(e) + beos(e)}de = 2mly (Va? £ ) [13,
frma TR TR e s BT cospTF) eq. 3.338-4], and the results in [7], the space-time-frequency
correlation function can be closely approximated as

e SPT ,
222 A fR, 5T 5
Rl des A Af) e 5800 (/a7 7)o Rud Ry
R

l,m,k,n=1

where parameters, ,,; andb,  , are defined as

tpmt = €I DPHEOR Lol 2p)drasing™ ) (g)
T Ry2 R
X ej%(Lt+1f2p)cosﬁ§- 'l)(dTl COSa(T )erTysma(T ”)7 % AR/ (1 _,yl)r> *J*AerI (4 /w2+22) R,dR,
_ 2% (k) s _ . (n,k) R,1
g = € X P/ TIR L1z R e s 9 Reo R\ —jzamg (50
« ej}(LT-‘,-l—2q) Cosﬁg?"’k')(dl:mr cosag’k)—&-d;gy sinag”k)) + AT/ <1 - ’YD) J ‘I ( 2+ yz) R:dR;
: R
RT‘Q
Il. SPACE-TIME-FREQUENCY CORRELATION FUNCTION  x AR/ e TGO R g («/w2 T 22) 2R, dR,, (12)
OF THE 3-D REFERENCEMODEL R

where parameterdr, Ag, z, y, z, andw are
Assuming a 3-D non-isotropic scattering environment, we

now derive the space-time-frequency correlation function, — _ e~ImAID/o cos(3 Br,,, (p — p)dr.) 1

of the 3-D reference model. The normalized space-time- ' Io(kr) 1_ (4ﬁTm(p pde) R% — R?’
frequency correlation function between two time-variant trans- A

fer functionsT,,(t, f) and T;;(t, f) is defined as Ay = © —imAfP/eo cos(3E BR,. (¢ — §)dR.) 1

Io(kr) 4B, (a=d)dn. | Ria — R}y

E [T}, (tf) pq(t+Atf+Af)] 10 o(kr 1_( b (10 R> 2 1
\/E T, JE[[T55(t, )I?] ’ x = 32n(p—p)dr, /A + 72T AL frmax cOS Yy + 52T A f Ry /co+
] krcospur, y = j2m(p — p)dr, /N + J2m AL frmax sinyr +
krsinpr, z = j27(q — §)dr, /A + J27m At fRmax COSYR —

Rm,ﬁri[Ata Af]

where (- )* denotes complex conjugate operatidtj, -

is the statistical expectation operator,p € {1,...,L:}, el - .
andg¢, G € {1,...,L,}. Since the number of local scattererd 2T A Br/co + kr cos pur, w = j2m(q — g)dr, /A + j2m AL

i To obtain the space-time-frequency
n the reference model described in Section Il is infinite imax sinyg + kg sin .
| I ! I ! (nl k)l ! correlation function for the 3-D MIMO M-to-M system, the

he discrete AAoDsp!™", EAoDs, 3™, AAoA
IEK isc ‘E(L?k) Odsaﬁ--REw Od ;’(gT ! © SI a’é L, integrals in (12) must be evaluated numerically, because they
OAs, ", and radii®?,” and i, can be replaced With - b ave closed-form solutions.

continuous random variables-, 57, ar, Br, R, andR,. with

probability density functions (pdfsy(ar), f(8r), f(R:), V. WIDEBAND MIMO M OBILE-TO-MOBILE SIMULATION
f(ar), f(Br), and f(R,), respectively. Several different MODELS

scatterer distributions, such as uniform, Gaussian, LaplacianThe reference model for wideband MIMO M-to-M channel
and von Mises, are used in prior work to characterize thscribed in Section Il assumes an infinite number of scatter-
random azimuth anglesr andax. In this paper, we use the ers, which prevents practical implementation. It is desirable to
von Mises pdf because it approximates many of the previougl¥sign simulation models with a finite number of scatterers,
mentioned distributions and leads to closed-form solutions f@ghile still matching the statistical properties of the reference
many useful situations. The von Mises pdf is defined in [$hodel. Assuming 3-D non-isotropic scattering, using the ref-
as f(0) = exp [kcos(d — p)]/(2mlo(k)), wheref € [-7,7), erence model described in Section II, and using the results
Io( - ) is the zeroth-order modified Bessel function of the firsh [14], we propose the foIIowmg function as a time-variant
kind, 4 € [, m) is the mean angle at which the scatterefgynsfer function,, (¢, f) = D 1)+ 575 (t, f) where

are distributed in the: - y plane, andk controls the spread of
scatterers around the mean. Prior work uses several different 1
scatterer distributions, such as uniform, cosine, and Gaussian, T2 (t, f) = > (13)
to characterize the random elevation anglesand 3. Here, lLimyikn,g=1 \/MX)MS)NXC)NSC)

ORYI0) (k) Ar(k)
LM MP kN N




1) (k)
< _ ;R;DR> cos {KpDT + K¢Dpr + 27t frmax

i k
X COS (a(Tm’ )—’YT> +27rtmeaxcos(a$§’ )—’m) +Om,iln,g.k

o o) )]}

M M (k) Ar(k)
LM P kNG N

1
T (t, f) = > (14)
l,m,ik,n,g=1 \/]\/[ l)M(l) ( )N(k)
O] (k)
vy R, + Ry .
< _ 22D> sin {KPDT —+ KqDR + 27thTIIlaX
- (m7l) _ 3 (n’k) — )
X cos|ap Y1) +27t f Rmaxcos | oy VR )+ Pm.iln.g.k

i:f{DJrREl) (1 — cos a(m l)) + R, (k) (1 + cos a(n’k)) } };

are the in-phase (I) and quadrature (Q) components of
time-variant transfer functionp/®) = MX)M,(;), N&E =
NON® K, = n(L, + 1 - 2p)/A, Ko = (L +1 -
2q)/\,Dr = dr cos ozgwm’l) + dry sin agw Dy dr sin 6f ,
and D = dp, cosag’k) + dpy smag{’ ) 1 d Zsmﬁ (9.k),

Note that the input delay-spread function can be obtamed asThe time-variant transfer function 8, (¢, f)

— ) (19)

k—0.
R = \/( 02N, + R,

K
forl = 1,....,L, k = 1,...,K. The phasesp,, i in.gk
are generated as independent random variables uniformly
distributed on the interval—=, 7). For M, N — oo, our
deterministic model can be shown to exhibit property (12) of
the reference model. Derivation is omitted for brevity.

B. Statistical Wideband MIMO M-to-M Simulation Model

Deterministic simulators are often used because they are
easy to implement and have short simulation times. However,
they do not reflect the practical channel realizations because
their scatterers are placed at specific sights for all simulation
trials. By allowing phases, Doppler frequencies, and time
delays to be random variables, our deterministic model can
be modified to match statistical properties of the reference
model over a wider range of normalized time delays, while

the same time requiring a smaller number of scatterers.
The statistical properties of this (statistical) model vary for
each simulation trial, but will converge to desired ensemble
averaged properties when averaged over a sufficient number
of simulation trials.

=17 (L, f)

the inverse Fourier transformation of the time-variant transfer 7, (¢, f), where functionsT}'s (¢, ) and T, (¢, f) are

function, i.e.hpg(t, 7) = F; {Tpq(t, )}

defined in (13) and (14). The AAoDs, the AAoAs, the EAoDs,

A. Deterministic Wideband MIMO M-to-M Simulation Modefn® EA0AS, and the radii are generated as follows:

First, we propose an ergodic statistical (deterministic)
model. This model has only phases as random variables %7
and needs only one simulation trial to obtain the desired

statistical properties. The tlme varlant transfer function
Tpq(t, f) Té?(t, f) + ng (t f), where functions

Té,?(t,f) and Té?)(t, f) are defined in (13) and (14). The
are modelled using

AAODs, o™, and the AAoAs,a{l"),
the von Mises pdf and are generated as follows:

m 1 [{m—=0.5 n, _ 0.5
ot = p1 (M(l) > Ll = F <(k ) (15)
A

for m = 1,...,MX), n = 1,...,N§1k), where F( - )7t

denotes the inverse cumulative von Mises distribution function

and is evaluated using method in [15]. The EAoB%’,“”, and

the EAOAs ﬂ(" k) , are modelled using the pdf in (11) and are

generated as foIIows:

; 2 . 2t —1
g;’l) = &arcsm Zi(l) -1], (16)
s My,
2 29 -1
ﬁg},k) - 288, arcsin % -1], (17)
s Ny,
fori =1,....MY, g =1,....N%. The radii R\" and
R™ are modelled using pdfg(R,) = 2R, /(R2, — R2) and

f(Rr) = 2Rr/(R

follows:

R})

. + R},

l
g _ por (Mt o1 (20)
MYy
. (k)
N ) it
) = F ( ngk) ’ (21)
; 2 26+ 00 — 1
(TJ) = 20r,, arcsin Ait0p —1) ]EJI) ) _ 1], (22)
™ ME
(9.k) Br 2(g + ) — 1)
By = ™ aresin | ————E2——~ — 1], (23)
N k)
E
l+or —1)(R%, — R?
Rgl) — \/( ar i( 2 tl) 4 Rtlv (24)
k (R2, — R?
ng) _ \/( +or—1)(R2, o) YR, (25)
K
form=1,... MY n=1,.. NP i=1.. M g=
.,Ng“), l=1,...,L,andk =1,..., K respectively. The
parameterﬁfj), w(k) 9“ E’“), or, andog are independent

random variables unlformly distributed on the inter{@l1).
Our statistical model can be shown to exhibit property (12) of
the reference model. Derivation is omitted for brevity.
V. SIMULATION RESULTS
In this section, we present some simulation results to verify

2, — R2,), respectively, and are generated ageoretical derivations and to compare the simulation models

with the reference model proposed in Section Il. In all simula-
tions, we use a normalized sampling perifg,..7s = 0.01
(frmax = frmax are the maximum Doppler frequencies and



T, is the sampling period). The parameters used to obtairgo_s_

curves in Figs. 2 and 3 ate, = L, = 2, 81y, = Brm = 15°,

9T ZQR :7T/4, ’L/JT :’lﬂR :71‘/3, YT = YR :200, kT =

kJRZO )\ZOSI'H RtlzRT1=3Om,Rt2=Rr2:3OOm,
D = 5000 m, andy = 4.

Fig. 2 compares the Doppler spectra obtained using ou§o3_
reference model (fotlr = dg = 0) with measured Doppler
spectra for SISO system. The measured results are taken from’z‘

Correlation Fun

eque

Fig. 4(d) of [16]. The close agreement between the theoretlcaﬁ
and empirical curves confirms the utility of the proposedm

wideband model. Fig. 3 compares the space-time- frequencﬁto.o-

N
o
>

1
Simulated Doppler spectrum d =d_=0
+ Measured Doppler spectrum d,=d =0

B]

B
N
S)
1
03

w w N
a o a
1 1 1

Normalized Power Spectral Density [d
§. 3
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Fig. 3.
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1

(0.5A,0.5),At, 100 Hz) of the reference model
(0.51,0.5),At, 100 Hz) of the deterministic model

11 22

11 22

R, ,,(0.51,0.5A,At, 100 Hz) of the statistical model

0 2 4 6 8
Normalized Time Delay [f; 1]

The normalized space-time-frequency correlation functidis =

dr = 0.5 \, Af = 100 Hz) of the reference, deterministic, and statistical
models.

representing the official policies, either expressed or implied,
of the Army Research Laboratory or the U. S. Government.

(1]

(2]

Fig. 2. The normalized simulated and measured Doppler power spectra for
3] M. Patzold, B.O. Hogstad, N. Youssef, and D. Kim, “A MIMO mobile-

SISO system.

correlation functionsdy = dg = 0.5 A\, Af = 100 Hz) of

the reference, deterministic, and statistical models. The space-

(4]

time-frequency correlation function of the deterministic model®!

=32, MY =7, N = 32, and
= 7 scatterers and six tap-delays € 3 and K = 3),

is obtained with MX)
N
E

whereas the space-time-frequency correlation function of t

statistical model is obtained witd/}) = 12, M) = 3,
NX“) = 12, and N(E’€> = 3 scatterers, six tap-delays. (= 3
and K = 3), and Ng,y = 10 simulation trials. Results

6]
e

(8]

show that the space-time-frequency correlation function of thi]
deterministic model closely matches the theoretical one in the

range of normalized time delay8,< frmaxTs < 4, whereas

the space-time correlation function of the statistical modglo]
approaches the theoretical one in a wider range of normalized

time delays, i.e.0 < frmaTs < 10.

VI. CONCLUSIONS

(11]

In this paper, the 3-D reference model for wideband MIM®&2]
M-to-M fading channels is developed. From the reference
model, the space-time-frequency correlation function for a
3-D non-isotropic scattering environment is derived. Finally3!

the deterministic and statistical SoS simulators are presenigg

and shown to closely match the statistical properties of the

reference model.

DISCLAIMER

(18]

(16]

The views and conclusions contained in this document

are those of the authors and should not be interpreted as
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