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Abstract—In this paper, based on the concept of the Tapped
Delay Line (TDL) structure, we first propose a new wideband
multiple-ring Multiple Input Multiple Output (MIMO) channel
reference model for macro-cell scenarios. It is shown that the
proposed model can easily match any given or measured power
delay profile (PDP) and has the ability to jointly consider the
angle of arrival (AoA), angle of departure (AoD), and time of ar-
rival (ToA). From the proposed model, we derive the closed-form
expression of the 3-Dimensional (3-D) Space-Time-Frequency
(STF) correlation function (CF) for each tap, considering the
interaction of the temporal, spatial, and frequency correlations.
Finally, based on the proposed reference model, a deterministic
simulation model is then proposed.

I. INTRODUCTION

To successfully design a MIMO wireless system, it is
necessary to have accurate and reliable MIMO channel mod-
els. Well-known one-ring MIMO channel models [1] and
[2], with a ring of effective scatterers around the Mobile
Station (MS), are widely used for the analysis and design
of narrowband MIMO systems in macro-cell scenarios due
to their close agreement with the measured data [3] and
mathematical tractability. To reach the high demand for high-
speed communications, wideband MIMO systems have been
suggested in many communication standards. However, the
one-ring structure that assumes effective scatterers located
on a one-ring is overly simplistic and thus unrealistic for
modeling wideband channels [4]. Therefore, in [4] the authors
for the first time extended the narrowband one-ring model
to a wideband model by extending the location of effective
scatterers on a one-ring to a circular-ring. However, it is not
trivial to use this model to match any given or measured PDP
since many parameters need adjustments via a complicated
approach. In contrast to [4], in [5] the one-ring model was
extended to a wideband application by dividing the one-ring
into several segments in terms of different ToAs. This makes
the model easier to use to match specific PDPs. However,
the one-ring structure was still applied in this model, which
causes this model to exhibit an unrealistic structure in that
certain ToAs (or propagation delays) are always related to
a certain proportion of AoAs. Moreover, neither of the two
models considered the interaction of the AoA, AoD, and ToA,
the importance of which was described in [7] and investigated
the STF correlations for each time-bin signal (i.e., each tap in
a TDL model). Finally, the derived STF CFs based on those
two models cannot reveal the frequency dependency on AoA

statistics, which is a unique characteristic of wideband MIMO
channels [8].

The goals of this paper are three-fold. First, we propose
a new wideband MIMO channel model that represents a
reasonable compromise between physical reality and analytical
tractability. The proposed model uses a concentric multiple-
ring instead of one-ring around the MS to avoid the one-ring
structure. Also, to easily match any specified or measured
PDP, the model utilizes a virtual confocal multiple-ellipse
to construct a TDL structure. Moreover, this model has the
ability to consider the interaction of the AoA, AoD, and
ToA. Secondly, from the proposed model, a closed-form
expression of the STF CF for each time-bin signal is derived.
For simplicity, the spatial and frequency correlations were
assumed to be independent in [4] and [5]. On the contrary,
in this paper we derive the STF CF by taking into account
the dependency between them. Therefore, the derived STF
CF can explicitly relate the frequency correlation to various
propagation parameters (e.g., mean AoA and angle spread).
Moreover, based on the derived CF, we reveal the inherent
frequency correlation within the spatial correlation, which is
important for the design of MIMO frequency diversity systems
[9] and [10]. Since the proposed wideband model is a reference
model that assumes an infinite number of effective scatterers,
it cannot be implemented directly in practice. Therefore, the
third goal of this paper is to derive an ergodic statistical
(deterministic) simulation model based on the proposed ref-
erence model. Closed-form expressions are provided for the
STF CF of the simulation model. The statistical properties
of our simulation model are verified by comparing with the
corresponding statistical properties of the reference model.

II. A NEW WIDEBAND MULTIPLE-RING BASED MIMO
CHANNEL REFERENCE MODEL

A narrowband one-ring MIMO model is suitable for de-
scribing a narrowband channel in macro-cell scenarios, where
the Base Station (BS) is elevated and unobstructed, while
the MS is surrounded by a large number of local scatterers.
For narrowband systems, since the propagation delays 7/ of
all N (N—oo0) incoming waves are much smaller than the
data symbol duration Ty, i.e., 7/, =max {7} < T, the
delay differences caused by different local scatterers randomly
around the MS can be neglected in comparison to 7. There-
fore, it is reasonable to use the effective scatterers located
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on a one-ring instead of the real local scatterers to construct
the low complexity one-ring model at the minor expense of
accuracy [3]. However, in high data rate wideband systems, T’
is much smaller than that in narrowband systems. In this case,
the propagation delay differences cannot be neglected and thus
the channel becomes a wideband channel. Therefore, the one-
ring structure violates the basic characteristics of wideband
channels as mentioned in [4].

To extend one-ring model to wideband applications in
macro-cell scenarios, the primary task is to modify the over-
simple one-ring structure. To this end, we replace the one ring
of effective scatterers by concentric multiple rings of effective
scatterers around the MS to capture the basic characteristics
of wideband channels. To make our model easier to match any
specified or measured PDP, we utilize the confocal multiple
virtual ellipses with the BS and MS located at the foci to
represent the TDL structure, where different delays correspond
to different virtual confocal ellipses (i.e., taps). Note that the
total number of virtual confocal ellipses, L, and the values of
major axes a of different ellipses are determined according
to the specified or measured PDP. The newly developed
structure is shown in Fig. 1. For clarity, Fig. 1 only presents
the effective scatterers from three concentric rings (the total
number of concentric rings in the [th tap is A;) belong to
the Ith tap (I =0,1,...,L—I). Notice that the total number
and radii of the concentric multiple rings for different taps
(i,e., Ay and R;;) can be different in terms of different
propagation environments for different delays. Therefore, the
new wideband model with the appropriate number and major
axes of virtual confocal multiple ellipses (i.e., L and a),
and the appropriate number and radii of concentric multiple
rings (i.e., A; and R;;) should be suitable for any macro-
cell scenario. We assume that uniform linear antenna arrays
are used with ngg=n);g=2 antennas. The symbols J7 and
0 designate the antenna element spacing at the BS and MS,
respectively, and Drpr denotes the distance between the BS
and MS. The effective scatterers are located on Zf;ol A; rings
with radii R;; (¢=0,1,...,A;—1). It is usually assumed that
the assumption Drg>> R, ;> max {dr,dr} is fulfilled. The
multi-element antenna tilt angles are denoted by « and f.
The MS moves with speed in the direction determined by
the angle of motion . The angle spread seen at the BS
is denoted by ©;;, which is related to R;; and Drgr by
@l7i ~ arctan(Rl7i/DTR) ~ Rl,i/DTR~

The received complex impulse response at the carrier fre-
quency f. for the link A — A, can be expressed as:

Zhl oq

with o0 = 1,2, ey MMS “and g =1,2,..,nps, where hy ,4(t)
and 7/ denote the complex time-variant tap coefficient and the
discrete propagation delay of the lth tap, respectively. Similar
to the concept of effective scatterers in the narrowband one-
ring model, the concept of an effective cluster is introduced
in the new wideband multiple-ring model. From Fig. 1, i
is obvious that the position of the effective cluster S;; is
specified by the intersection of the virtual ellipses and multiple

><<5 7' —’Tl) (D

rings, and the Ith tap includes 2A; effective clusters. The mean
angle of the effective cluster in each tap is ¢; ; , (r=1,2) and
the corresponding angle spread is A¢; ; as illustrated in Fig. 1.
Therefore, the effective cluster can be completely determined
by ¢, and Ag; ;. Note that the angular range of ¢;; , in
each tap is over [0, 27), which means the effective cluster can
be located around the MS over [0, 27) for each tap. The setting
of these two parameters follows a fixed rule. To establish
this rule, firstly, we need to define the propagation delay
subintervals G;. The propagation delay interval G = [0, 7. ...
is partitioned into L mutually disjoint sub-intervals G;. Here,
we utilize the definition of subintervals as [6]

[0, A7'z/+1/2) ) =0
Gl: [Tll - ATZ//27 7-l/ + ATlI+1/2) 5 l:1, 2, ceey L2
[/ — AT{ /2, Thax) » I=L-1 2)

where A7/ =7/—7/_, and maX_QRL*LAL—lfl/C (c is the
speed of light). The propagation delay 7; of the Ith tap can be
expressed according to the corresponding AoA qSl o (r=1,2)
! max(lJrcos it,)/2 [5]. Solving this equation for

i, gives ¢t =+ arccos (27] /7] 0 — 1). According to

(2) the expression of gZ)l’m, and the geometrical relationship
in Fig. 1, the expression of the mean angle ¢;;, and the
corresponding angle spread Ay;; of the effective cluster in
the [th tap are given as

aSTNT

prao=(0il 14200t eili i) [ 4=t arccos (211 /7] mas—)
+2arccos (27] /7] max—1)+arccos (27741 /7 max—1)] /4 (3)
A(pl,i = ‘(dﬁ,}}fl,'r l z+l r) /4‘
=[arccos (277_1 /7] max—1)—arccos (27711 / 7} max—1)] /4. (4)

Following the definition of the subintervals G; and some
geometrical relationship shown in Fig. 1, we can determine the
effective cluster in each tap according to the propagation delay
7/. The time-variant tap coefficient at the carrier frequency f.

can be expressed as:
Aj—=1 R M

% Z ZZQXP{J wlzn 27rfc7_lzoqn

=0 r=1n=1

hi,oq (¢ )7 hm

427 fpt cos (¢ﬁi,'r,'n - 7)} } )

With 71 i 0g.n=E1i,qnFE1,i.n0/C. Here, 7y ; o4.n is the travel time
of the wave through the link A,—S;;,,—A, scattered by the
nth scatterer, Sy, R is the number of effective cluster for
one ring in each tap (here R. = 2), and M is the number
of effective scatterers, S;;,, in the effective cluster, S; ;.
The AoA of the wave traveling from the nth scatterer in the
effective cluster S; ; towards the MS is denoted by ¢, . The
phases v ; ,, are independent and identically distributed (i.i.d.)
random variables with uniform distributions over [0, 27) and
fp is the maximum Doppler frequency. As shown in [2], the
distance &; ; 4n and & ; no can be expressed as the function of
B v 88 Eign ~ Cisn—0r[cOS(@HOy i sin(a) sin(df . ,)]/2
and & ;n0 ~ R1;—0Rr cos(¢ﬁi_7,77b—ﬁ)/2, respectively, where
Cin~=Drr+Ry; COS(¢E‘LT,”)-

Since we assume that the number of effective scatterers in
one effective cluster in this reference model tends to infinite
(as shown in (5)), the discrete AoA, gbﬁi’r’n can be replaced by
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continuous random variables (bl]?i’,,. In the literature, many
different scatterer distributions have been proposed to char-
acterize the AoA ¢ﬁi,w such as the uniform and Gaussian
probability density functions (PDFs). In this paper, the von
Mises PDF) [3] is used, which can approximate all the
above mentioned PDFs. The von Mises PDF is defined as
1 (§)2exp [k cos (9—)] /2 Iy (k). where ¢ € [~ ). Io ()
is the zeroth-order modified Bessel function of the first kind,
w € [—m, ) accounts for the mean value of the angle ¢, and
k (k > 0) is a real-valued parameter that controls the angle
spread of the angle ¢. To better characterize the AoA in one
effective cluster .S; ;, we further modify the general expression
of von Mises PDF as

fe (61%) =Quir exol ki cos (61 pvinr) [2mlo (ki) (6)

where ¢ . € [prir—A¢1i; pLic+ApLi) and Qpi, is the
normalization coefficient. Here we name the PDF in (6) the
truncated von Mises PDF. Here, “truncated” means that the
range of AoA in this PDF is only defined within a limited
interval [¢; ; »—A14, 1.5 7 +Ap1;). Therefore, the expression
of the ’tapped’ PDF of AoA in the /th tap of the proposed
wideband multiple-ring channel model is given by

A R.
fg(‘ﬁﬁi,r) => > Quir exp[kl,i,r COS<¢ﬁi,rsm,i,r>}/27”'0(’6!,1',7)
1

1=0r=
Ao, prir + Asoz,i)
vean={ 5 e O
Here, Ql 4, are computed in such a way that the "tapped” PDF
f9(¢l i, r is equal to 1, i €, f f9(¢l,z7r d)l,uri

Note that the proposed wideband model allows us to con-
sider the interaction of AoA, AoD, and ToA in a sensible
manner. The interaction between the AoA and AoD is ob-
tained in terms of the exact geometrical relationship, while
the interaction between the AoA/AoD and ToA is calculated
according to the TDL structure that allows us to investigate
the correlation properties in each tap. Therefore, inspired by
[7], the interaction between the AoA/AoD and ToA can be
considered via setting the appropriate parameter k; ; , for the
PDF of AoA/AoD in each tap according to the PDF of ToA.

ITII. NEw GENERIC STF CFs
From the proposed model, in this section we derive the STF

CF for each tap. The correlation properties of two arbitrary
links hoq(t, 7") and h (. 7') at different frequency f. and
fT of a MIMO channel are completely determined by the
correlation properties of h,q(t) and hT, (1) in each tap since
we assume that no correlations exist between the underlying
processes in different taps. Therefore, we can restrict our
investigations to the following STF CF pj oq:1.0rq (T, X) =

R
X w (d)l,i,rv Plyi,r —

where

E[h 04 (t)hl o (t + 7)], where (-)* denotes the complex con-
jugate operation and E[-] designates the statistical expectation
operator. Note that the above defined CF is a function of the
time separation 7, space separation d7 and dg, and frequency
separation Y = fi—f.. As shown in the Appendix A, the
closed-form expression of 3-D STF CF pj oq;1,07¢/ (T, X) can
be presented as (8), shown at the top of the page, where
Cyi=zcosa+XT;, Dy;r=ay;,+j(XU, 4y cos f—x cosy),
and Ej;,=by ;47 (XVM—Fy sin f+z0; ; sin a—z siny) with
x = 2nfpT, y = 2w fdr/c, z = 2w for/c, X = 2mx/c,
arir = kiircosorir, biir = Kigrsinggir, T =
(6r/2)cosa+Drr+ Ry, Ui = R+ (0r/2)cosf, and

i =(07/2)0,,;sina+(dr/2) sin 3. Consequently, the 3-D
STF CF between h,q(t, 7') and hz,q, (t,7’) can be shown as

1
T X) = Z Z Pl,og;l,o'q’ (T7 X) (9)
=0

It is clear that the derived STF CFs in (8) and (9) jointly
consider the temporal, spatial, and frequency correlations.
Note that (8) and (9) are the generic expressions which apply
to the 3-D STF CF and the subsequently presented 2-D and
1-D CFs differ only in values of Cj;, D;;, and E;;. The
corresponding expressions of these three parameters for the
degenerate 2-D and 1-D CFs can be easily obtained by setting
relevant terms (7, 7 and 7, and x) to zero.

Furthermore, a special case of the proposed model described
by (1) is given when L=1 and A;=1. Consequently, we have
hog (t,7") =heg (t) 6 (77), which is the impulse responses of
the narrowband one-ring channel model. In such a case, the
angle spread Ay, ;=m, which means the AoA range is over
[0,27). As shown in Appendix B, we have

Pog,o'q’ (T X):ejCIO[(DQ—FEQ)ID} /]0 (k)

which is essentially the same as the expression (6) given in
[2] since D?>4+E?=A —jB holds. Consequently, the derived
STF CF also includes other CFs listed in [2] as special cases.

Pog,o’q’

(10)

IV. DETERMINISTIC SIMULATION MODEL
In this section, an efficient deterministic sum-of-sinusoid
(SoS) simulation model is proposed also based on the TDL
structure. The impulse response of the simulation model at the
carrier frequency f. for the A,—A, link are again composed
of L discrete taps accordmg to

Zhloq (t)x6 (7' = 17) (11)

In (11), the impulse responses hhoq (t) is modeled by utilizing
only a finite number of scatterers, M, and keeping all the
model parameters fixed as

- A—1 R, M
hioq (t) =

A7 L 2 2 e {5 [din — 20 Lm0

i=0 r=1n=

+277th cos (d’z,i,r,n - ’Yﬂ } (12)
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where the phases 7]1“n are simply the outcomes of a ran-
dom generator uniformly distributed over [0, 27), the discrete
Ao0As q@ﬁimn will be kept constant during simulation, and the
other symbol definitions are the same as in (5). Therefore,
we can analyze the properties of the deterministic channel
simulator by time averages instead of statistical averages.
The 3-D STF CF can be defined as pyoq:.00q (T, X) =

<ﬁl’oq (t) E}LZ,Q/ (t+ ’7')> where (-) denotes the time average
operator. Substituting (12) into the aforementioned CF, we can
get the closed-form STF CF as

Alfch M

Pliogil,of T X MZ ZZCJ(CI i Cosd)l it bm¢l By (13)

=0 =1 n=1

with P, ; =XUj ;+y cos B—x cosy and J;; =XV ;+ysin 8+
zAsin a—zsiny where Cj ;, z, y, 2z, X, U;;, and V; ; are the
same as defined in (8). By analogy with (9), we can further
get the 3-D STF CF between hoq (t, 7 ) and hyg (t,7') as

L Z Pi ,oq;l,0’q X) (14)

Similar to (8) and (9), (13) and (14) are the generic expressions
which apply to all the 3-D, 2-D, and 1-D CFs of the deter-
ministic simulation model with different C;;, P, ;, and J; ;.
Comparing the expressions of D;; and E; ; with P, ; and Jj ;,
respectively, we have D, ;=a; ; »+j P ; and El =0y 71
From (13) and (14), it is obvious that only {4 Y n}n 1 needs
to be determined for this deterministic simulation model.

The optimization method [11] is obtained here to calcu-
late the model parameters {éﬁ”n}f\f:l of the deterministic
simulation model based on corresponding properties of the
reference model. The time CF pj oq:1,04(7), frequency CF
Plog:l,0q(X)> and space CF p; 041,07 are identified as key prop-
erties. Then the optimization method requires the numerical
minimization of the following three L,-norms: E{": ={fim

! max
|Pl,oq;l70q( )_Pl,oq;l,oq( )|pd7'/7'max} /p’ E(p) = { X

6max

|P1.04:1,00(X) =P 0a:1,04(X)|” dX/Xmax} /p, and E(p)_ {fo

max

6 ~ X ST X
fo " Progitorg—Plogitorg | dOTddR [ (OFX R )}1/”Where p
=1,2,... Note that 7,02, Xmaz, and 77" and 63 define
the upper limits of the ranges over which the approximations
Pogitoq (T) R Progitoq (T)s Plogit,oq (X) & Progitoq (X), and

Plogil,o'q’ & Ploglo’g are of 1nterest For p1,04;1,04 (X) and

'R
plOQJOQ’ if we replace ¢)lzrn by ¢lzrn and ¢lzrn’ re-

spectively, the three error norms Eip ), E§p ) and Eép ) can be
minimized independently.
V. NUMERICAL RESULTS

In this section, due to the page limit, we will only focus
on the correlation properties of one tap (I = 2) with Ay =4
and {Rgﬂv}fzo = {50,100, 400,750} m based on (8). The
basic parameters are as follows: f.=5 GHz, fp =463 Hz,
Drp = 2000 m, « = w/6, f = 7/3, and v = 7w /12.
The discrete COST 207 TU channel model with {7/ }?:0 =
{0,0.2,0.5,1.6,2.3,5} s will be applied. For simplicity, we
assume that k;;, = k for all effective clusters in the tap.
Figs. 2 and 3 show the resulting frequency CF and space
CF, respectively. It is clear that the trend of relevant CFs is
decreasing with the increase of the frequency separation y

poq o’ 7-7

and space separation 6r. As mentioned in many papers, Fig.
3 shows the AoA statistics (related to k) affect the spatial
correlations. More interestingly, Fig. 2 illustrates the frequency
correlations vary according to AoA statistics as well. It can
also be observed that both spatial and frequency correlations
increase with the increase of & (i.e., with the decrease of angle
spread of AoA). Moreover, we depict in both figures the CFs of
the reference model with both the closed-form expression and
the numerical integration method and the simulation model.
Clearly, all these results match very well demonstrating the
validity of our derivation and excellent performance of our
simulation model. Fig. 3 also shows the impact of frequency
separation on spatial correlations. It is clear that the frequency
separation decreases the spatial correlation, while as expected
(since the frequency correlation increase with the increase of
k, as shown in Fig. 2) the reduction degree decreases with the
increase of k. Therefore, we can conclude that in such a case,
the resulting correlation is jointly contributed by the actual
spatial correlation (i.e., due to the spatial distance/geometry of
arrays only) and inherent frequency correlation. Note that this
resulting correlation appears in both MIMO in a narrow sense
and MIMO in a wide sense!. For MIMO in a narrow sense, the
aforementioned correlation appears between two arbitrary sub-
channels of different antennas at different time instant, which
are important for the appropriate design of STF coded MIMO-
OFDM systems [9]. While for MIMO in a wide sense, this
correlation is extremely important for the sensible utilization
of the space-frequency diversity [10].

VI. CONCLUSIONS

In this paper, we have extended the narrowband one-ring
MIMO model to a new wideband multi-ring model for macro-
cell scenarios. According to the TDL structure of our model,
the closed-formed expression of the 3-D STF CF for each
tap has been derived. From the proposed wideband reference
model, a deterministic SoS simulation model has been pro-
posed. Numerical results have revealed the impact of AoA
statistics on frequency correlations and the inherent frequency
correlations within spatial correlations. Finally, the excellent
agreement of correlations among the reference model based
on our derived closed-form expressions, the reference model
based on numerical integration methods, and the simulation
model has validated our derivation of STF CF as well as the
utility of the proposed simulation model.

APPENDIX
A. DERIVATIONS OF (8)

Substituting (5) and (6) into the definition of the STF CF

in this paper, and using our derived Cgimpliﬁed expression of a

well-known series €5 0=I (2 42 S (=1)"Iy(z) cost6+Cr /2]

(=1
and another well-known series [12, eq. 9.6.34, pp. 376], we
have (15) shown at the top of next page, after the extensive

IMIMO in a narrow sense refers to a MIMO that exploits spatial multiplex-
ing (or together with spatial diversity). In such a case, the same frequency is
used at all antennas at the same time instant. While MIMO in a wide sense
means any system with multiple antennas at both the transmitter and receiver.
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A—1R, P tAer
1 c O
Pi,oq;l,0" (T X 27[_] ZOZI Ql 1, 'r67 L /[IO(DZ T,r +QZ IK(DZ i, 'r Cos €¢l i r)][[O(El T,r +2ZIZ IZ’ El 7 r) COS(E ¢l i, r+ 2 )]dglg)r
" P ir—Ae; =

manipulations. Utilizing the basic knowledge of definite in-
tegral of trigonometric functions in [13], we can obtain the
closed-form expression of (8).

B. DERIVATIONS OF (10)
Substituting Ay; ;=n and A;=R.=1 into (8), we have

+22 / Io(k)

(16)
By making use of the Neumann’s addition theorem [14,
pp-359], the following equation can be obtained by further

considering Jy(jz)=j’I,(z), where ¢ is integral, and setting
the angle ¢=m/2 in the theorem

Io [(Z% + 2%)|=1o(2) Io(= +2Z (17)

With the help of (16) and (17), (10) can be easily obtained.
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