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1. INTRODUCTION

There are two categories of channel modeling possible (and there have been a number of
contributions to 3GPP on this topic aready):

Ray-tracing based models — Model the ray departure/arrival directions from the
transmitting/receiving antenna array, scattering environment, and other detailed
behavior of the way waves propagate through the medium. The scattering environment
is typically modeled with as many as 10s-100s of scattering obstacles.

Correlation based models — Lumps all the microscopic effects of the 1% method into a
simple spatial covariance matrix, R, which represents the cross-couplings between all
transmit and receive antennas. Given this matrix, the channel is modeled as:

H =RY?H ,, where the elements of H,, are complex-valued i.i.d. Gaussian random
variables (with the appropriate time correlation such as the Jakes fading model).

There are several key issues with the above models:

(1) For the 1% method, there are a large number of rays (per cluster) that add up at the

mobile station. This results in (nearly) Rayleigh fading behavior. In addition, for the
2" model, the elements of the channel matrix have Rayleigh amplitudes by design.
Thus, both procedures (as proposed, so far) model Rayleigh fading only. However, it
is well known that the typical terrestrial channels sometimes experience Rician fading,
especially at locations near the base station (with high SINR). The effect of Rician
fading was aso considered in [6] which showed a dramatic reduction in MIMO
capacity gain.

(2) Another key concern is that ensuring low correlation between antennas does not

capture all the necessary effects, and that the rank of the channel matrix must be
considered as well: [7] illustrates channels with low correlation that also have a low
rank leading to a low MIMO capacity gain. For example, consider the channel matrix,

H=a,a;, where a, and a, are vectors representing the receive and transmit array

X 7
responses. The elements of these vectors are i.i.d. complex-valued Gaussian numbers.
Clearly, every redlization of the channel matrix is rank 1. Thus, athough diversity
gain is achieved through this channdl, there is no MIMO gain (i.e., transmission of
simultaneous data streams is not possible).

(3) Insufficient field data is available (and/or has been presented) on wideband (5 MHz)

channel measurements with antenna arrays at both the base station and the mobile
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station. Without this data, it is difficult to set some of the important model parameters,
e.g., what percentage of the areais Rician fading and at what SINR levels?

In this paper, we will show:

» The choice of Rician fading parameters is important to the capacity of MIMO antenna
systems. For this analysis, we will focus on a MIMO system with 2 transmit and 2
receive antennas. The simulation experiment in this paper is different from [6] in the
following: a ray-tracing method is used with the ITU multipath channel model
parameters.

* Measured dataindicates alower angle of arrival distribution spread in both groupings and
angle standard deviation. Hence changes are needed in the angles of arrival model for the
proposal givenin [4].

* Measured data indicates that coupling between polarization modes is independent and
random. And hence a change in the model for handling polarization proposed in [4] is
needed.

2. DESCRIPTION OF CHANNEL MODELING ISSUES

The Rayleigh fading assumption has been the most commonly used fading assumption for
many years, and is well described in many references including the Jakes' model. This model
requires that no dominant or direct ray component exist. Otherwise, a Rician channel is
described which has a single dominate path. A Rician channel may be present in many
locations throughout a typical cell, and is generally expected where peaks in the log-normal
yield a reduced path loss, and especialy near the Node B where line-of-sight (LOS) paths
exist. For suburban and rural cells, which have many LOS paths, a large percentage of the
cell may fall into the Rician fading behavior, particularly for the first arriving ray, which will
be significantly stronger than other rays due to the LOS path.

In each of these models, the number of arriving rays, and the angle spread of the arriving rays
are key factors in the fading behavior. Recent papers have described how the fading
behaviors are modified when the angle spread is modified at the UE from 360 degrees to
reduced angles of arrival [1]. Some popular channel models, such as the CODIT model,
specifically define narrow angle spreads for arriving rays at the UE.

The occurrence of specific directions of arrival of rays with narrow angle spreads has been
described in many papers [1,2]. The unique property of narrow angle spreads produce several
differences compared to the classical Rayleigh fading model. These include: changes to the
Doppler spectrum, correlation between branches as a function of angle, and large increasesin
the de-correlation distance as a function of the direction of travel. These are significant issues
in the behavior of fading compared to the customary assumption of a uniform angle of arrival.

Correlation based models for generating complex channel models as described in the
introduction, such as in [5], also exist. It is interesting to note that in this method the
correlation matrix (R) does not capture any information about the simultaneity of the rays.
Since the different rays are uncorrelated with respect to each other, their average correlation
will be zero. Hence, whether modeling one ray, two rays, or an infinite number of
simultaneous rays, the correlation matrix values will not change. The matrix of random
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numbers H,, is where the information describing how many rays and their relative directions
and strengths are captured. For instance if only a single ray was arriving at the antenna array
the elements in the matrix would be a unit norm of complex numbers with various phase
shifts. As mentioned earlier, the matrix is usually populated with i.i.d. unit power quadrature
Gaussian values, which represents the simultaneous arrival of an infinite number of rays from
all directions. The assumption of a simultaneous infinite number of rays from all directionsis
clearly an assumption that is opposite of what is observed in practice, [3].

It is known that the complex correlation between two antenna elements can be described by
theintegral, [1],

p= [ plg)dg

where d is the antenna spacing and p(¢) is the probability density of the arriving rays. One
case considered in [1] is p(¢) being auniform distribution.

For a uniform distribution over +/- 10 degrees the correlation versus antenna spacing is shown
in Figure 3 for the rays arriving broadside to the array and Figure 4 for the endfire case. One
can see that for rays arriving broadside to the array the decorrelation distance is only a few
wavelengths whereas for the endfire case the decorrelation is very long.

Due to the sensitivity of the ray angle of arrival spread on the channel behavior, the antenna
orientation and the UE direction of travel may produce dramatically different fading effects as
seen by a user over potentially long distances, as shown in Figures 3 and 4. Thus in order to
have accurate channel models that include this behavior, it is important to include rays with
narrow angle of arrival spreads at the UE in the channel model. These effects are well
described by ray-tracing models since the micro-behavior of the rays arriving at each antenna
can be modeled in 2-dimensional space.

3. SYSTEM LEVEL SIMULATIONS AND CAPACITY BOUNDS

Monte-Carlo simulations are used for this analysis. The simulator is snapshot based, i.e., the
motion of the mobile through the propagation environment is not modeled. The simulator
parameters are listed in Table 1, and the model is described below.

Celular Model: 19 three-sector sites (total of 57 sectors) are located on a hexagonal grid
geometry. For each snapshot, a UE is located (with uniform distribution) within the area of
the center hexagonal area. A large number of UE locations (snap-shots) are simulated (greater
than 1000). For these simulations it is assumed that all base stations are transmitting at max
power, i.e., they are fully loaded. The path loss (large scale fading) from each UE to the j-th

sector of the i-th site is computed as follows: y; =r“10A"°A(g;), i=12,--19, j =123,
where r; is the distance from the i-th site to the UE, a is the path loss exponent, £, is the
random shadow fading component (lognormal) with variance o2, and A(G;) is the antenna

gain in the angular direction toward the UE. Shadow fading values are correlated between
sites, by using B =(e+¢,)/ V2, where ¢ and & are normal zero-mean independent random

variableswith var(g) = var(e,) =o?, and ¢ isacommon value among all sites.
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Serving Site Selection Method: The path loss values from all sectors are sorted, and the sector
with the least path loss (strongest received power) is selected as the serving sector.

Noise Power: Thermal noise power (AWGN) was set to 8dB below the median signal at the
corner of the hexagon to insure mainly interference limited conditions.

Packet Scheduling: A round-robin packet-scheduling agorithm is assumed, for which all UEs
are allocated equal amounts of transmission time.

Table 1. Simulation parameters.

Path loss Exponent 37.6 dB/decade

Site-to-site Correlation 0.5
Shadow Fading Standard Deviation 8dB

Antenna Pattern 0 B
A(H)z—mingrz é’bD
L B L

3d

0 isthe angular deviation from boresight, B is the
3dB beamwidth ( = 70 degrees), and b is the front-
to-back ratio of the antenna pattern (= 20dB)

Mobile Distribution Uniform over Center Hexagon

Capacity Estimation Method: There are numerous possibilities suggested in the literature for
computing the capacity with various transmitter/receiver implementations. For these
simulations, we use the modified Shannon capacity bounds instead to avoid any differences
due to the particular receiver/transmitter implementations. For each snap-shot, capacity is
computed via the bound in [8]. This capacity bound is derived for channels with multipath.
Consider the case of MIMO transmission (i.e., two different data streams are transmitted
simultaneously on the two transmit antennas). The vector of symbols transmitted on the j-th
antenna is denoted by x;, 1< j <2, and it represents a block of N symbols. The received

baseband signals at the two antennas are sampled, and they are represented in matrix form as
follows: r =[r, r,], where r, is the string of samples collected on the i-th antenna. This

signal vector isrelated to the transmitted signa by

G, GpOx0 0O
r=Gx+n= o 0O
%;21 Gzz%zﬂ 5125

where G, , 1<i, | <2 are Toeplitz convolution matrices defining the channel between the i-

ij ?
th receive antenna and the j-th transmit antenna. Suppose that the sampled channel impulse
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response, {g; (1),9;(2),-}, istruncated to K samples'. Then each of the convolution matrices

has N rows by (N+K-1) columns?,

Egij (K) gij (K _1) gij (1) 0 0 0 O

G = 0 0 9 (K) 9; (K-1 9; @ 0 0 E
it : 0 O
E 0 0 0 gij (K) gij (K _1) gij (1)5

Next, the channel capacity is computed from
C :izlog (1+;ﬁ/1)
RC N 4 2 n“'n

where ) isthe average channel SNR® A are the eigenvalues of GG", and £, are powers
allocated to each of the symbols according to the well-known waterfilling algorithm.

Simul ations compare the average capacities for the following two cases:
MIMO: Two data streams transmitted simultaneously, as described above.

Non-MIMO: Only one data stream transmitted, i.e., al the power is alocated to the first
data stream and the power transmitted on the second stream is set to zero.

In the simulations, (on the average) the locations in the strongest 1/3 of the cell, primarily
near the Node B, used a Rician fading model and the remaining 2/3 of the cell used the
standard ITU model modified for ray tracing. The Rician models are based on smple
modifications to the standard ITU models:

* The ITU Vehicular-A model was selected with a uniform azimuthal distribution of
scatterers around the UE. This model was modified to a Rician model by adding a
direct component as shown in Figure 1. The direct component compared to the tota
scattered power in the channel was adjusted for a K factor of 10dB, i.e., the ratio of
the power in the direct ray to the sum of the powersin al the scattered raysis 10.

* The ITU Pedestrian-A model was selected with a uniform azimutha distribution of
scatterers around the UE. Thus, each of the four rays are Rayleigh faded. This model
was also modified by holding the first arriving ray constant to emulate a Rician path
from the Node B. This is shown in Figure 2 (total K=9dB). The magnitudes of all
components remain the same, and there was equivalent power in the channel for each
case.

! This is a reasonable assumption, because the pulse shaping filter is typically truncated to +/- 3 chips, and the
multi-path components beyond 10-20us are insignificant.

2 Overhead due to cyclic prefix or zero padding was ignored for the capacity computations.

% Noise (inter-cell interference plus thermal) is assumed spatially white without temporal correlation.
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Standard ITU Veh-A ) o
0dB Direct Ray  Rician K=10dB

0O M -9 -10 -15 -20dB -13-14 -22 -23 -28 -33dB

TTAA,Tff+A

Figure 1. Rayleigh, Rician Comparison #1
Each component is Rayleigh faded except for the Direct
ray. Total power in each channd is normalized.

Standard ITU Pedestrian-A Pedestrian-A with Direct first Ray

0 97 -192 -22.8dB 0 97 -192 -22.80B

T A A , T A A

Fgure 2. Rayleigh, Rician Comparison #2
Each component is Rayleigh faded except for the Direct
ray. Total power in each channd is equivaent.

4. RICIAN SIMULATION RESULTS

In the following table, the results of having Rician paths close to the Node-B produce
significant degradations in the effectiveness of MIMO channels. The average capacity
advantage of MIMO is only 2-3% in bits/symbol using the standard 1TU channel models
when a Rician direct component was present as described above.

Table 2. Average capacity in bits/symbol, ITU multipath channel models with ray traced
method, 360 degree UE angle of arrival spread

Rayleigh + Rician | Rayleigh + Rician

ITU Vehicular A ITU Pedestrian A

Non-MIMO 3.25 341

MIMO 331 3.52

MIMO Gain 1.8% 3.2%
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5. COMPARISON OF PROPOSED CHANNEL MODELSTO MEASURED DATA

The assumption of uniform angle spreads is convenient, but does not match narrow beam
experiments as shown in [3]. This contribution describes a measurement where a 10-degree
antenna is used to sample 36 directions of arrival for signals arriving at the UE. In this
experiment, two important observations were made.

» First, the distribution of arriving rays to obtain a large percentage (e.g. 95%) of the
power is smaller than that expected from a uniform angle spread.

» Second, the amount of angle spread decreases as the normalized angle-bin power
increases.

To compare the proposed models with this measured data, an ITU Vehicular-A model was
setup with 360 degree uniform angle of arrival spreads for each of the 6 arriving rays. A ray-
tracing type simulation was made with 25,000 trials where each trial recast the scattering for
each of the 6 delayed raysin the ITU model. A 10 degree antenna was simulated for each of
36 angles to emulate the measured data. This is compared in Figures 5 and 6. The ITU
model as described does not match well to the measured data. From Figure 5, the number of
direction bins required to get 95% of the power is quite different, suggesting that actua
measured locations have fewer dominate angles of arrival. Also, the 360 degree arrivals
produce a consistent 104 degree standard deviation (the standard deviation of a uniform +/-
180 range is 104). This does not match the measured data since there was a power
dependence observed with the angle of arrival spread where the stronger signals see less angle
spread.

Thus, the proposed model [4] does not match well in these two important areas:

* Narrow angle of arrival spreads produce dramatic changes to the expected fading at
the UE compared to wide-angle spreads. For this reason, and since measurements
have shown that the angle of arrival spreads are less than circular, this is an area for
further study.

* |t is expected that since many rays do not fade significantly over long distances, as
shown in previous measurements [3], that the channel may behave as a Rician, even
though no direct path exists. Thisisan areafor further study.

6. POLARIZATION

The most recent channel model submission by Lucent Technologies [4] suggests a means for
handling antennas of different polarizations. Equation (3) in [4] relates to our proposal,
however, the use of constant coupling terms is at odds with what we have observed via field
test. We find that coupling between polarizations exhibits appreciable scatter with average
values that depend on ray amplitude, asindicated in Figures 7 and 8.

We propose handling mixes of antenna polarization using the following equation:
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Grhv D

Y=X [Gtv th] % El
rvh rhh

where X=n-th ray complex baseband voltage (vertical-to-vertical polarization taken as the
reference); Y=complex baseband voltage adjusted for 16 possible polarization combinations.
The G terms are defined in Table 3. The a factors in Table 3 are Gaussian random variables
with level dependent means and standard deviations of 5 dB. The 6 phase factors are drawn
uniformly over (0,360 degrees). Note that G, and Gy, are different in magnitude and are not
modeled by a single cross-coupling magnitude coefficient (ry) asin [4].

7. CONCLUSIONS AND RECOMMENDATION

Several changes are needed to the proposed channel models. From the results of the capacity
simulations, it is clear that Rician paths can degrade the performance of MIMO channels. For
this reason, it will be important for channel models to include the ability to model Rician
fading accurately. Measurements will be required to determine the model parameters.
Additionally, narrow angle of arrival spreads at the UE are needed to properly describe the
fading properties. Also, models for handling polarization will be needed to allow independent
cross coupling coefficients and that the coupling coefficients need to be random variables
with the distributions proposed.
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ITU Vehicular A, 360 Degree Angle of Arrival
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Figure 5. Measured Data compared to ITU Vehicular-A with uniform 360 deg angle spread

ITU Vehicular A, 360 Degree Angle of Arrival
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Figure 6. Measured Data compared to ITU Vehicular-A with uniform 360 deg angle spread
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Frequency 2304 MHz  Polr VW 1o HV blue stas ...V 1o VH red sguares

Polaization Vanaion dB

Felatve Ray Power, dBm

Figure 7. HV and VH Polarization referenced to VV

Frequency 2304 MHz  Polr HH 1o HV bluestas...HH 1o VH red squares

Polarization Vaiaion cB

Felatve Ray Power, dBm
Figure 8. HV and VH Polarization referenced to HH
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Table 3. Polarization Gains
Tr Rx Gtv Gth C':‘rvv C':‘rvh Grhv Grhh
Y s 1 0 1 n/a 0 n/a
Y h 1 0 0 n/a Ohexp(j6q) n/a
% +45 1 0 707 n/a 707a,,exp(j6,) n/a
\Y -45 1 0 707 n/a -.7070,,exp(j6,) n/a
h Y 0 1 n/a ouneXp(i62) n/a 0
h h 0 1 n/a 0 n/a OhneXp(jBs)
h +45 0 1 n/a .7070,,exp(j6,) n/a 70701exp(j63)
h -45 0 1 n/a —.707avhexp(j 62) n‘a -.707a hhexp(j 63)
+45 v 707 707 1 aynexp(j6s) 0 0
+45 h 707 707 0 0 anexp(j6y) 0t rneXp(j 6s)
+45  +45 707 707 707 .7070,n,exp(j62) .7070h,exp(j61) .70701,exp(i63)
+45 -45 707 707 707 =.7070,,exp(j6,) —-.7070,,exp(j6;)  —.707amexp(i6s)
-45 % 707 -.707 1 0heXp(j6s2) 0 0
-45 h 707 -.707 0 0 Ohexp(j61) Ohnexp(jBs)
-45 +45 707 -707 707 .7070,,exp(j62) .7070h,exp(61) 7070 1exp(j03)
-45 -45 707 -.707 707 =7070,,,exp(j6,) -7070n,exp(j6)  —.70701exp(j65)




