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Abstract— For the design and performance evaluation of
advanced wireless communication systems employing muliig-

Kronecker-based stochastic models (KBSMs). A KBSM as-
sumes that the channel coefficients are complex Gaussian

input multiple-output (MIMO) technologies, realistic MIM O istrihuted and therefore, the first-order and secondrstde

channel models with a good tradeoff between accuracy and

complexity are indispensable. This paper compares the stitical
properties of the two latest standardized MIMO channel modés:
Long Term Evolution-Advanced (LTE-A) and IMT-Advanced
(IMT-A) channel models. Closed-from expressions are deried for
the spatial cross-correlation function (CCF), temporal adocorre-
lation function (ACF), envelope level-crossing rate (LCR)average
fading duration (AFD), power delay profile (PDP), and frequency
correlation function (FCF) for both models. Simulation results
are provided which can match the corresponding theoretical
derivations very well, demonstrating the correctness of bih
theoretical and simulation results. The LTE-A channel modé
is simple but has significant flaws in terms of the accuracy.

tistical properties can fully characterize the channeldvésr

[3]. It also assumes the separability of the correlatiorg/ben

the Tx and Rx so that the spatial correlation matrix of the
channel can be expressed as the Kronecker product of the
Tx and Rx correlation matrices. This assumption also insplie
the independence between the angle-of-arrivals (AoAs) and
angle-of-departures (AoDs), which is unrealistic in certa
scenarios like in pico- and micro-cells. The IEEE 802.11
TGn channel model [4], LTE channel model [5]-[7], and
LTE-A channel model [8], all belong to KBSMs. A GBSM

It can only support system bandwidths up to 50 MHz, not. charaptgrizes the pro_pagation environment using a ge@rnetr
the claimed 100 MHz, and only describes the average spatial- description. Standardized GBSMs are often characterized b
temporal properties of MIMO channels. The IMT-A channel using selected random parameters such as AoA, AoD, and
model is complex with more model parameters but has better propagation delay. They all adopt the sum-of-sinusoidSfSo
gﬁg‘r’]ﬁgy;;;ﬁgg}’i"oﬂsstgnsérg‘ggtﬁlgheee‘éa;'jssgi ‘;;gg‘fr:ega'\rfé'\\,"wgs based double directional channel modeling approach. The
up to 100 MHz. 3GPP/3GPP2 spatial channel model (SCM) [9], WINNER
channel Model (WIN)-Phase Il (WIM2) [10], and IMT-A
|. INTRODUCTION channel model [11], [12], only name a few, belong to GBSMs.
The employment of multiple antennas at both the trans-In [13], the spatial-temporal correlation properties oé th
mitter (Tx) and receiver (Rx) enables the so-called MIMGCM [9] and a typical KBSM [3] were compared in a great
technologies to greatly improve the link reliability andinase detail. However, in [13] other important statistical praoies,
the overall system capacity [1], [2]. MIMO has been widelg.g., envelope LCRs, AFDs, PDPs, and FCFs of the GBSMs
used or recommended to be used in various standards, saot KBSMs were not analyzed and compared. The LTE-A and
as the third generation (3G) and the fourth generation (4®IT-A channel models represent the latest developments of
wireless communication systems. To evaluate the perfocmarhe standardized KBSM and GBSM, respectively. To the best
of candidate technologies for 3GPP LTE, LTE-A, and IMTef our knowledge, no one has studied in detail and compared
A communication systems, realistic MIMO channel modelthe statistical properties of both models. The aim of thisepa
are indispensable. This requires a good tradeoff between th to fill this research gap.
model accuracy and complexity, i.e., it must accuratelyeotfl The rest of this paper is organized as follows. The LTE-A
important statistical properties of real MIMO propagatioand IMT-A MIMO channel models are briefly described in
channels with reasonable computational complexity. Amor&gctions Il and lll, respectively. In Section IV the statiat
other features, accurate MIMO channel models should at lepsoperties of the LTE-A and IMT-A channel models are fully
consider spatial-temporal correlation properties andnobh investigated and compared. The conclusions are drawn in
variations of multiple users/links and multiple cells aethSection V.
system level, instead of only at the link level. Inaccurate
or over-simplified channel models may lead to either too Il. THELTE-A MIMO CHANNEL MODEL
optimistic or too pessimistic performance evaluation itssu The LTE-A channel model [8] makes the following assump-
of chosen transmission schemes. tions that are not yet well-justified. The same spatial dafre
The standardized MIMO channel models can roughljon matrix is applied to all the resolvable paths/taps, alahi
be classified into geometry-based stochastic models (GBdicates that all the taps have the same spatial corralatio
SMs) and correlation-based stochastic models (CBSMs) mnoperties. The spatial correlation matrix of the MIMO chah



is given by the Kronecker product of the Tx correlation matriwhere Jy(x) is the Bessel function of the first kind of order
and Rx correlation matrix, implying the assumption of indezero, andr’ and ||v|| denote the time difference and the
pendence between the AoA and AoD. The spatial correlatiomgnitude of the MS velocity, respectively.

matrix is assumed to be time-invariant and independentef th Because of the spatial temporal separability feature in the
Doppler power spectrum density. LTE-A channel model, the spatial-temporal CCF can be simply
expressed as the product of the spatial CCF and the temporal

IIl. THEIMT-A CHANNEL MODEL ;
CF, i.e.,

Based on the WIM2, the IMT-A [12] channel model stiIIA
uses two types of channel models, namely a generic model DI (Ady, Ady, ') = P22 4 (Ads, Ady)F(T') . (4)
and clustered delay line (CDL) model. The generic model
is a double directional GBSM that describes the geometric2) Envelope LCR and AFDThe theoretical LCR for the
distribution of the scatterers considering the arrival lasg LTE-A channel model follows the LCR for a Rayleigh model
from the last bounce scatterers and the departure anglesyiten by
the ﬂrst_ scatterers qulved from the Tx side, and enab_les th Na(r) = NG fnmre*r? )
separation of propagation parameters and antennas. Thislmo
is mainly for system level simulation purposes, while thelCD\, here ;» — TE/W is the normalized envelope level with

model is a spatial extension of the tapped delay line (TDIr)E denoting the envelope level anfh., = |v|| /A is the
model for calibration use only. The reduced variability @IC 5 imum Doppler shift.

has been achieved through fixing all of the parameters excePia AED of the LTE-A channel model is given by
for the phases of the rays.

V. STATISTICAL PROPERTIES OF THELTE-A AND IMT-A Th(r) = Ale” — 1)' 6)
CHANNEL MODELS V2m||v|r

In this paper, the base station (BS) and mobile station (MS)3) PDP and FCF:For TDL models, let us denote, ; and

are used which refer to the eNode B (eNB) and user equipment, ;
(UE) in [8], respectively. Considering a downlink transs a; as the number of taps, tap delay, and numerical power of the

. . Ith path, respectively. The normalized PDP can be expressed
system with anS element linear BS array and @& element R D y s

— 1 L-1 2 _ L1 o
linear MS array, in this section we will derive and compare Br(7) = 55 21 @07 — ), wherelX,, = 2o 4i o
some important statistical properties of the LTE-A MiMdhe total power of all taps. The normalized FQGE (Af) is
channel model and IMT-A MIMO channel model based on tH&€ Fourier transform of the normalized PIUE () and can
generic model, including spatial CCF, temporal ACF, engelo P& expressed as
LCR, AFD, PDP, and FCF.

L—-1
A. Statistical Properties of the LTE-A MIMO Channel Model U, (Af) = XL Z a? - eI2mAIT )
1) Spatial-temporal CCF:The distance between BS and P =0

MS antenna elements are denoted A8, and Ad,, re-
spectively. The spatial CClh%1%t(Ad,, Ad,) between two

S2U2

whereA f denotes the frequency spacing. In the following, we
will highlight some important properties of the FQFE- (A f).

arbitrary transmission coefficients is the product of th,t_%rorn (7), we know that the FCH (Af) is periodic with
spatial CCF 725 (Ad,) at the BS and the spatial CCFy, . perio,dT given by T — " where gcd.}

S ‘e ssiu 9701}
at the MS p;’7 (Ady,) [13], i.e., pilul(Ads, Ad,) = q 9CQfro,m1,,mL 1} ,
~BS ey . enotes the greatest common divisor. Therefore, we cae writ
i/:lg;f\/(eAndks)z/pﬁgi(Adu). The complex spatial CCF at the MS\T/T(Af) = \T/T(Af +k%- 1), wherek is an integer. Note that
T — ~o as gcd7o,71,,7—1} — 0. Furthermore, it follows
that the FCF exhibits the Hermitian symmetry property, i.e.
V- (Af) = Yi(=Af). Till now, we can also conclude that

where 3404 is the AOA, p.($a.4) denotes the power az- Vo(Af)=Vr(k-T—Af) and ¥, ([2k +1]/2-T - Af) =

imuth spectrum (PAS) of the absolute AoA, denotes the Ur([2m +1]/2-T — Af), wherem is also an integer. Thus,
carrier wavelength, ané = 27/ is the wave number. Thethe real and imaginary parts of the FCF are even and odd
complex spatial CCF at the BS is given by [13]: functions, respectively, and the FCF is Hermitian symrmetri
) with respect to a half of the period, i.e., to the valdg =
~BS _ 77 jkAdsin@aon), (2 - T /2. Consequently, the complete information on the FCF is
°o (Ads) = J s(Pa0D)dD 40 2 ) ) ) . ;
Parsa (Ads) A ¢ Ps(@400)dd 200 (2) contained in a half of the period of the FCF. Finally, since

27
'61]14152 (Adu) = / e]kAd“, Sm(tpAOA)pu(@AoA>d§5AoA (1)
0

~ . ~ U, (r) = 0 for 7 < 0, the real and imaginary parts of
where ¢.4op IS the AoD andp,(¢4,p) denotes the PAS of U, (Af) are related to each other by the Hilbert transform
the absolute AoD. =~

o Re{U.(Af)} = H{Im{U.(Af)}} where Re{-}, Im{-},
The temporal ACF is given by and H{-} denote the real part, imaginary part, and Hilbert
(') = Jo2m V|| 7' /N) (3) transform, respectively.



B. Statistical Properties of the IMT-A MIMO Channel Model P

S2U2

Fig.1 illustrates the angular parameters in the model where 9
the spatial angles are defined in a similar way to those aﬁ Ad. — J.is the di b (9)
defined in the 3GPP SCM. However, in the IMT-A channdl"€r€ 2ds = ds, — ds, 1S the distance between antenna

model the clusters with the total cluster numbérmare further e!ement551 and s at the BS andAd, = d, — dy, is the
classified into two strongest clusters & 1,2) and N — 2 distance between antenna elemeantandu. at the MS. Fur-

weakest clustersn(= 3,4,..., N). A strongest cluster still tNermore.E() is the assemble average operaiqy, ., , () is
contains M = 20 sub-paths but is subdivided into 3 sub€ complex conjugate df,, s, »(t), andon,, ., = v/Pn is
clusters, each of which contain¥, (¢ = 1,2, 3) sub-paths. the_standard dewapon df,, s, n(t) for i = 1,2. Substituting
For thenth (n = 3,4,...,N) weakest cluster, the relations(8) Int0 (9) results in
Pnm = Pn + Ac;On,m and ¢n,m = ¢n + A(z)n,m hold for M
the AoA and AoD, respectively. Note that,, A, m, ¢n. siu 1 VI cos(eon . —0- 2!
and A¢, ,, denote the mean AoA, AoA offset, mean AoD, psiui(Ads’Adu’T/>:M Z E{e kM cos(onm=02)
and AoD offset, respectively. For theth (n=1, 2) strongest
cluster and theth sub-cluster, the relations,, 4.m = ¥n,q +
App,gm and ¢ gm = én,q + Adnqm hold for the AOA By imposings’ = 0 in (10), we can get the spatial CCF
and AoD, respectively. Similarlyp, g, Apn,gm, dnq and  psivi(Ad,, Ad,) between two arbitrary channel coefficients
Ay q.m denote the mean AoA, AoA offset, mean AoD, ant the same time instant;
AoD offset, respectively. _ o P (A, Ady)

In case of t_he .weakest clusters, wnhqut considering the 52“2M
crerna poiarizaton e chael coofoents 1on e T _ L S pstanamen it )11

M

n can be expressed as [12] m=l

hu1 1,7 th; s nt+ !
(Ads;Adu,T/):E{ ’S’L() 2, 2,( T)}

OhuysynThug,spim

m=1
eIkl sin(én,m)+Adusin(enml} (10)

The spatial CCFs observed at the MS fdd; = 0 and the

p M o BS for Ad,, = 0 can be expressed as
b (t): In Z e]dsksm(¢n,m)ejd“,ksm(<,amm)
u,s,n M 1 M
m=1

MS _ JkAdy, sin(@n,m)
,ejQW'Un,mtej(bn,m. (8) p'LLl’LL2 (Adu> M Z E{e } (12)

Here,h, s »(t) denotes a narrowband process where allthe and

sub-paths are irresolvable rays and have the same dglay BS
In (8), P, is the power of thenth cluster (path) associated Psis2
with the delay 7,,. The Doppler frequency component is

_ tively.
Vnom = A L[|V cos(¢n.m — 6,), the random phase$,, ., respec ; B o .
are uniformly distributed within—, x], and 6, is the Mg _BY IMPOSINgAd, = 0 andAd, = 0in (10), we obtain the

direction of travel. temporal ACF as

m=1

M
1 j sin
(Ady)= 7 D E{eihadssin(nm)y (13)
m=1

1) Spatial-temporal CCFThe normalized spatial-temporal , 1 Y —jk|IvI| cos( —0u)r
CCF p31%1(Ady, Ad,, ') between two arbitrary channel co- () = M Z E{e™ o }- (14)
efficients connecting two different sets of antenna element =t _ _
(s1 — u1 and sy — u») is defined as 2) Envelope LCR and AFDThe amplitude procesB(t) is

obtained by taking the absolute value of the complex process
hu,sn(t), i.€., R(t) = |hysn(t)]. It can be shown that the
saacrermofhentn  €NVElOPE LCR can be expressed by [14]

BS array
(Sel ts) R cluster (for N-2
¢ e:'ﬂeﬂ ) < ‘.\Aw / weakest clusters) M
® 1B " —x7 <[ 2
L 1~~:--—-\-—T~m\l~—i~v--BSarraybroadside A¢nm A NR(TE) = 47TpR(TE) / / [ H J0(47T |f‘rncm|m)]
’I - \(,'6 71“‘\" ‘(,:QLDS ! 0 0 m=1
™ l‘q)n, ,m‘\“'\\ n,ml’
. W R ® -Jo(2mzy)wy® dady (15)
o MS array broadside ¢, a\'fw: "JI.'\ - /'V i imi
Mg € o Y Lo == wherec,,, = /%= and f,, = v, ,» hold. Following the similar
Scatterer m of the gth sub- (e ) \‘:\‘)"\\ @ derivation procedure to that in [14]-[16], the amplitudeFPD
cluster of the nth cluster hd Pnq !
(for two strongest clusters) 0 Pn.qm MS array pR(Z) can be expressed as
n.q.m (U elements)

o M

2
Fig. 1. The BS and MS angular parameters in the IMT-A channel pr(2) = 4 Z/ [ I I Jo(2memy)|Jo(2m2y)ydy, z > 0.
model. 0 m=1 (16)



If M is sufficiently large, e.g.M > 10, the LCR in (15) can

be approximated by [14] 5 P and 5, ~+ - IMT-A channel model
= 0.95 —e— LTE-A channel modelf|
M B gl
o 0.8
Ngr(re) = |7 Z (Cmfm)Q -Pr(TE). 17) §0‘7,‘\. )
m=1 %’ [
Pa(rs) T 0.6f
. , r g .
The AFD is deflneq asTR(qu) = % where 205 WX
Pgr(rg) is the cumulative density function (CDF) of the 3047 .
amplitude processR(t), i.e., Pr(rg) o F pr(2)dz. 5
Using (16), the CDFPgp(rz) can be further expressed 33 G-y N
by Pr(rg) = 4n?rg [[[IN_, Jo(2memy)) i (2mrey)ydy go2 SN LSRRy
[14], whereJ; (+) is the first-order Bessel function of the first 34| b S RN NS P S
. Qo pil and poiul (g
kind. 2 " ™ wy e TREERY

It makes sense to mention that, in case of the strong:
clusters, the corresponding mathematical expressionshéor

statistical properties of the IMT-A channel model can b%g. 2. The absolute values of the cluster-level spatial CCFs of the
IMT-A and LTE-A channel models (UMi scenario, Cluster ASD =

obtained by replacing the number of cluste¥$ by M,

o

o

10 15

5
Normalized MS antenna spacing, Adu/)\

(M, = 10, My = 6, M3 = 4) (see Table A1-6 on Page 3910°, Cluster ASA =22°, Ad,/X = 1, mean AoD$0°, mean AoA=

in [12]), and/or the subscrigt:) by (n, q).

C. Comparison and Verification Results

60°).

1) Spatial CCFs:The spatial CCFs of the IMT-A and LTE- ~+ - IMT-A channel model, System level
A channel models are investigated at three levels, nartedy, - " 09 #S and 75, +|LJ$::‘§2::2;' nT;’g;' ﬁﬁtfercgf"e"
cluster level, link level, and system level, as defined in].[13 ©08 —e—LTE-A channel model, Link level
Fig. 2 shows the absolute values of the cluster-level spat £ 07
CCFs at the MS and between two arbitrary channel coefficier &
of the LTE-A and IMT-A channel models. The mean AgA % o5
(or pao4) and mean Aoy, (or ¢ 4,p) are constantand equal ¢
60° for both channel models. Here, we considered the Urb. 04
Micro (UMi) scenario as defined in the IMT-A channel model § 0.3
where MS cluster AoA spread ( Cluster ASA)22° and BS 802k :
cluster AoD spread (Cluster ASD) ¥° hold. It is clear that < o1
the spatial CCFs of IMT-A and LTE-A channel models at th pgu and puin ?

0.5

cluster level do not match closely. Moreover, the spatiaFCC 0 1
Normalized MS antenna spacing, Adu/)\

of the IMT-A channel model fluctuates unstably around tk
LTE-A one. This is caused by the so-called "implementation 3. The absolute values of the spatial CCFs of the IMT-A and
loss” due to the msufﬂmem number Of. subpaths used in tﬁ E-A channel models at the link ang system levels (UMi sciena
IMT-A channel model. A similar behavior for the SCM wasciyster ASD =10°, Cluster ASA =22°, Ads/A = 1, ¢ros = 50°,
previously highlighted in [13] where we suggested incre@si ¢;,s = 195°).
the number of the subpaths in order to improve the simulation
accuracy of the cluster-level spatial CCF at the MS. tend to have very closely matched spatial CCFs at both the
In F|g 3, using the UMi scenario with Cluster ASA:“nk and system levels, demonstrating their Spatial setphn;a
22° and Cluster ASD=10°, we show the absolute values ofor independence between the Tx and RXx.
the link-level and system-level spatial CCFs at the MS and2) Temporal ACFs:Fig. 4 shows the absolute values of
between two arbitrary channel coefficients versus the nbrmthe temporal ACFs of the LTE-A and IMT-A channel models,
ized MS antenna spacinfyd,, /X for both IMT-A and LTE-A respectively, at three different levels. We still used theliU
channel models. For calculating link-level spatial CCHe t scenario, while the MS speed was chosen as 1 m/s and MS
line-of-sight (LoS) AocAyr,s and LoS AoDé¢r,.s were kept directiond, = 60°. The ACF for the LTE-A channel model
constant and we usedr,s = 50° and ¢r,s = 195°, while keeps the same at the three levels. Both models tend to have
the mean AoAp,, (or pa,4) and mean AoDp,, (or ¢,4) are identical ACFs in the system level using the same parameters
random variables. For calculating system-level spatiaF&€C while the IMT-A channel model exhibits different behavidr a
both channel models used the same mean AoA/AoD generatdgster and link levels. This indicates that the spatiatgeral
randomly by the IMT-A channel model. The mean Ag#, separability holds for the IMT-A channel model only at the
and mean AoD¢, follow wrapped Gaussian distributions,system level, not at cluster and link levels, while it holds f
while the LoS AoAy s and LoS AoD¢y s follow uniform the LTE-A channel model at the three levels. Similar to the
distributions. Fig. 3 clearly shows that both channel medetonclusions in [13], the LTE-A channel model actually only

15
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Fig. 4. The absolute values of the temporal ACFs of the LTE-Aig. 5. The normalized envelope LCRs for the LTE-A and IMT-A
and IMT-A channel models at the cluster, link, and systeneliev channel models®,, = 202 = 1, M = 20).
(6, = 60°).

1

models the average behavior of MIMO channels, while tt ' ——neoretcal INT-A channel model

IMT-A channel model provides us with more details regardin —o—Simulated, IMT-A channel model

the variations across different realizations of MIMO chelisn 10° |7 TTheoretical LTE-A channel model S
- 4 -Simulated, LTE-A channel model

It is important to mention that we have also obtaine
simulation results for the corresponding theoretical itesn
Figs. 2—4. They match very well, showing the correctne:
of our derivation and simulation results for spatial CCF
and temporal ACFs for both models. For clarity purpose
simulation results are not illustrated in Figs. 2—4.

3) Envelope LCRs and AFDgig. 5 shows the theoretical
normalized envelope LCRs for the LTE-A and IMT-A channe
models, respectively, against the corresponding sinamati
results. The theoretical and simulated normalized AFDs f 00 s 20 15 10 == 0 5
both models are shown in Fig. 6. Again, the simulatio Normalized envelope level, r (dB)
results closely match the corresponding theoretical t&sul
This verifies the correctness of both theoretical derivatiand Fig- 6. The normalized envelope AFDs for the LTE-A and IMT-A
simulations. channel modelsk,, = 202 = 1, M = 20).

4) PDPs and FCFs:Fig. 7 illustrates the normalized FCFs
of the LTE-A channel model for the Extended Pedestrian
(EPA) scenario and the IMT-A channel model for the UM
Non line-of-sight (NLoS) scenario. It is clear that the LTE
A channel model only has acceptable performance below t
50MHz bandwidth, while cannot support bandwidths up to 1(
MHz. The FCF of the IMT-A channel model has the periol
of 200 MHz and is symmetrical with respect to 100 MHz.

max
©

Normalized envelope AFD, T(r)*f

[
=

——IMT-A channel model||
- - -LTE-A channel model

o
©

o
©

I
3

o o
E =)
T
=

V. CONCLUSIONS

o
w
T

We have thoroughly investigated the statistical props e
LTE-A and IMT-A channel models. Closed-form expression
have been derived for the spatial CCFs, temporal ACF ' " |' Ve v v
envelope LCRs, AFDs, PDPs, and FCFs, verified by tt 0 50 100 150 200
corresponding simulation results. In general, the LTE-Arch Frequency spacing, A f (MHz)
nel model has much less model parameters and therefort?:iis7 The normalized FCFs of the LTE-A channel model (EPA
'sa\lmpler than the IMT‘A. Ch."’?””e' mode!. However, the LTE_NIEOS scenario) and the IMT-A channel model (UMi NLoS sceiari

channel model has significant flaws in terms of the mode
accuracy. From its PDP and FCF, it is clear that the LTE-

A channel model can only support system bandwidths up 50 MHz, not the claimed 100 MHz. Also, the LTE-A

The absolute value of the normalized FCF
o o
N ul

o
[
T

i

(=]




channel model has the spatial separability and spatigbdeah [15] C.-X. Wang, N. Youssef, and M. Patzold, “Level-craggirate and aver-

separability at all the three levels describing onIy therage age duration of fades of deterministic simulation modelsNakagami-
. . ! Hoyt fading channels,” liProc. WPMC’02 Honolulu, Hawaii, Oct. 2002,
spatial-temporal properties of MIMO channels. For the IMT- ,,"575 576

A channel model, the spatial separability can be observgd] M. Patzold and B. Talh, “On the statistical propertassum-of-cisoids-

only at the link and system levels, while the spatial-tempor based mobile radio channel models,” fmoc. WPMC'07 Jaipur, India,
- . Dec. 2007, pp. 394-400.

separability can be observed only at the system level. This

means that the IMT-A channel model is more statistically

accurate as it allows us to simulate the variations of differ

MIMO channel realizations. From its PDP and FCF, the IMT-

A channel model can indeed support system bandwidths up to

100 MHz.
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