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1. SUMMARY

This contribution presents an improved approach to modeling a spatio-temporal channel at the
system level for the purpose of evaluating multi-antenna techniques.

Improvements include:

» Correlation between Azimuth Spread, Delay Spread and Log Normal Shadowing.
» Consideration of a Common Reflector in a sector

V a ues obtained from measurements are used to define the ranges for selected parametersused in
the model. A procedure for generating and using the model is provided. Illustrations from a
simulated model are shown which verifies the operating assumptions given.

2. CORRELATED CHANNEL PARAMETERS

In [1] Greenstein presents a moddl for correlating delay spread (DS) with log normal (LN) shadow
fading. Since both are shown to be log-normal distributed, the correlation between the DS and LN
are correlated by the coefficient p. The best value for suburban and urban data was shown to be p =
-0.75, presented in [1] from data measured by [2].

The result of the correlation between log normal shadowing and delay spread is significant because
it indicates that for a strong signal (positive LN), the DS is reduced, and for a weak signal condition
(negative LN), the DSisincreased.

Cost 259[4] presents the azimuth spread (AS) as also being log-normal distributed, and likewise
being correlated to the DS and LN. Since the correlation of these parameters is quite high, a spatia
channel model needs to be specified that can reproduce this correlation behavior along with the
expected probability and range of each parameter. For a macro-cell environment, the following
valuesare givenin [4]:

Pap = Correlation between DS & AS=+0.5

Pyp = Correlation between LN & AS=-0.75

Pya = Correlation between LN & DS=-0.75
The random variablesfor correlating DS, AS, and LN shadowing are generated using
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where n refers to the nth base station (BS). a, [3, and y are the correlated zero-mean unit variance
Gaussian distributed random variables associated with the DS, AS, and LN, respectively, and wy,
Wn2, and wyg are unit-variance, independent Gaussian noise samples. Equation 1 is performed once
for each BS per drop.
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Equation 2 incorporates the matrix square root function of correlation coefficients.

The LN shadow fading component is typically correlated between Base Stations (BS). To produce
correlated shadow fading components (y) between BS; and BS,, a smplified approach is shown
where the independent unit-variance Gaussian noise samples wiz and wp3 are replaced with
correlated, unit-variance Gaussian noise samples that are generated using:
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where &, &1, &, are independent, unit-variance Gaussian noise samples and cc is the desired site-to-
site shadow fading correlation between the MS and nodes BS; and BS;,

The cumulative distribution functions of DS, LN, and AS are described in terms of the correlated
Gaussian random variables that characterize their distributions [1][2][3].

Using nomenclature from[ 3] the distribution of DSis given by:
Opn = 10’\(EDGn+ HD) (5)

where o, is the correlated zero-mean unit variance Gaussian distributed random variable associated
with the DS for the nth BS, up = E{10og10(0ps)} is the logarithmic mean of the distribution of DS,
and gp = Std{ log10(ops)} isthe logarithmic standard deviation of the distribution of DS.

Similarly the distribution of ASisgiven by:
Oan = 10™(€aBn+ Ha) (6)

where 3, is the correlated zero-mean unit variance Gaussian distributed random variabl e associated
with the AS, pa = E{logl0(oas)} is the logarithmic mean of the distribution of AS, and ea =
Std{10g10(oas)} isthe logarithmic standard deviation of the distribution of AS.

Finally, the distribution for the LN is given by:
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oLn = 10™(0srY/10), (7)

where Y, is the correlated zero-mean unit variance Gaussian distributed random variable associated
with the LN, osris obtained from analysis of the standard deviation from the regression line of the
path loss versus distance, and the valueis given in dB.

The method of generating correlated values for AS, DS, and LN will be incorporated into the
channel modeling procedure given below.

3. COMMON REFLECTOR

In a spatial channel model, it is important to describe the spatial behavior of the path between the
BS and the MS. In some cases, a reflector that contributes to the composite signal of a MS is
common to the paths of other MSs. This effects the multiple antenna performance because paths to
different MSs cannot be separated in angle.

Common

Power Delay Profile, MS #1Th ese two paths

share acommon

—<S TT reflector

~ Power Delay Profile, MS #2
(@ (b)

Figure 1, Common Reflector Example Diagram (a), and Power Delay Profile lllustration (b)

Figure la illustrates an example of two MSs in a sector, each experiencing a multipath channel to
the BS where one component of the multipath shown in Figure 1a&b is common. The angle of
departure (AaD) is illustrated in Figure 2 where the common reflector is shown by the signal at
about —2 degrees.

AoD of shared common reflector
MS#1, and MS #2

MS MS MS MS
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Figure 2, Angle of Departure at BSillustrating common reflector

When a common reflector is desired, it will be chosen after selection of the BS locations, and prior

to selecting other channel components. Path delays, and angles are calculated geometrically for all
components that are associated with the common reflector. These path components are held
constant during the drop, while other components, such as the path amplitude or non-common path
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parameters may be scaled during the procedure described below. For example, DS or AS may be
scaled but the angles and delays associated with the common reflector are held constant to preserve
the relationship required by the common reflector.

4. CHANNEL GENERATION PROCEDURE

The following procedure proposes a ray-based model for simulating the spatio-temporal channels.
(If acommon reflector is used, it will be identified, and specifics such as angles and delays will be
recorded before starting this procedure.)

1) Select N rays and their relative powers

A model with a set of N = 6 rays is proposed and illustrated in this procedure. The average powers of
the rays are selected from an exponential distribution [5]. The rays are sorted in amplitude based on
a randomized sorting procedure given in Appendix A. The rays are then normalized to unity power.

2) Generate a correlated set of Gaussian random variables and map to DS, AS and LN values.

a, B, and y are the correlated zero-mean unit variance Gaussian distributed random variables
associated with the DS, AS, and LN, respectively. These values are drawn using equations 1-4, and
then applied to equations 5, 6, & 7 to obtain values for DS, AS, and LN. Parameters can be chosen
to represent a wide range of data sets for various environment types, e.g. urban, suburban, etc.

3) Obtain Standard Deviation of AoDs
The standard deviation of the AoDs is approximately 1.3 times the AS[6]. To maintain this

relationship, the standard deviation for the Gaussian angle of departure (AoD) distribution at the BS,
(used in the next step) be the value of the AS generated in step 2 multiplied by 1.3 as described in

Appendix B.
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Figure 3, Example of AoD distribution for Gpas = 12°, Gaop = 12*1.3 = 15.6°.

Figure 3 gives an example of a simulated channel where the AS was fixed to a value of 12°. As
shown, the statistics are Gaussian with the sigma increased by a factor of 1.3.

4) Generate N AoDs at the BS
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The mean of the Gaussian distribution of AoDs is in the direction of the MS and the standard
deviation is equal to the value generated in step 3. (If a common reflector is present, its value will be
used as one of the AoDs.)

5) The AoDs are sorted in order of increasing absolute deviation from MS angle

Since there is a trend for stronger rays to occur closer in angle to the direction of the MS than
weaker rays, the ray AoDs are ordered to follow this trend. The AoDs are first sorted in order of
increasing absolute deviation from the direction of the MS. Then the ray powers, having been sorted
with some randomization in step 1, are paired with the AoDs such that the trend of diminishing power
corresponds to the ordered increase in absolute angle.

Figure 4 illustrates the simulated PAS when a sort probability of 0.6 is used. The resulting sigma of

11.82°%is very close to the expected value of 12° indicating that the sort probability was set to the
proper value.
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Figure 4, Simulated Azimuth Spread for a fixed Gaussian AoD distribution.

6) Generate N excess delays for each of the rays

The excess delay of each ray is chosen from an exponential distribution and then scaled to obtain
the rms delay spread obtained in step 2. The N delays are sorted in ascending order. The sorted
delays are matched to rays (with a sort probability of 0.3 using the method described in Appendix A)
such that the trend of decreasing power is matched to delays of increasing delay. This produces a
delay spread profile with an exponential decay, but with some randomness which is typical of
measured data.

The delays of the individual rays are then scaled to achieve the desired delay spread value (obtained
in step 2) by first dividing each ray value by the current rms delay spread value and then multiplying
by the desired rms delay spread value. (If a common reflector is assigned, the delay for that
component will be predefined, and used without scaling.)
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Figure 5, Simulated Power Delay Profile, 6 ray example

Figure 5 illustrates a single channel draw of 6 rays which have been sorted via the procedure in
Appendix A, and paired with exponential delays. The delays are scaled to obtain the target delay
spread for this trial which was 600 nS. The dashed line indicates an exponential decay with a 600
nS delay spread.

7) Choose 20 sub-rays at the BS to replace each of the rays in step 1

The AS of the sub-rays at the BS is Laplacian distributed with a standard deviation of one degree
[71[8][9] based on matching azimuth spreads required to reproduce antenna correlations obtained
from measured data. To represent the simplest model, the power of each sub-ray is assigned 1/20"
the power of each ray in step 1, with uniformly distributed starting phases between [0,2*pi]. The
excess delay and average AoD is also inherited from each ray.

__Laplacian - Sigma = 1 Degrees

Ray Power * # of sub-rays
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Figure 6, Example distribution of 20 equal power sub-rays to generate a Laplacian spread per ray at
the BS

8) Choose N AoAs at the MS

The following model, as shown in Figure 7, was developed from data that would best fit the current
suburban category. To implement this model, determine the relative power of each ray. Choose the
ray AoA from a zero mean Gaussian distribution where the sigma y is given by: y = 104.12*(1-exp(-
0.2175*|x])), with zero in the direction of the BS. The fraction of total power in the ray is given by x.
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Thus strong rays see a more narrow distribution of possible angles, and weak rays see a uniform
distribution of arrivals.

Angle of Arrival average & standard deviation versus power
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Figure 7, AOA statistics at the MS

Also from these measurements, described in [5], the median spread of all rays arriving at the MS
(without regard to delay) was measured to be approximately 72 degrees, with the average AoA in the
direction of the BS as given above. (If a common reflector is used, the AoA for that component will
be predefined.)

The angular distribution of ray arrivals (uniquely resolvable time of arrival) has been assumed by
some [10] to be uniformly distributed between 0-360 degrees. However, measurements [4] and [5]
indicates that a narrow distribution is needed to model various situations such as street channeling
and open areas.

Choose 20 subrays for each of AOAs at the MS unit

Each of the N rays are composed of 20 sub-rays in order to define the proper spread. The subrays
are of equal constant amplitudes and uniformly distributed starting phases between [0,2*pi]. The
angle of the sub-ray at the MS is chosen from a Gaussian distribution with a standard deviation of 35
degrees[8][11] and a mean equal to the ray AoA. This is illustrated in Figure 8. The power of each
sub-ray is assigned 1/20th the power of each ray in step 1. The excess delay and average Ao0A is
also inherited from each ray.
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Figure 8, Distribution of 20 equal power sub-rays to generate a Gaussian spread per ray at the MS

5. OTHER PARAMETERS
5.1 Antenna Pattern

The effects of antenna patterns are included by applying the appropriate antenna gain to each sub-
ray based on its AOA or AoD. The sub-ray components are not renormalized to unity power after
the antenna is applied. This is required in order to present the proper signal as seen by multiple
antennas, e.g. antennas in different sectors.

6. CONCLUSION
In this contribution, an improved approach to a system level spatio-temporal channel modeling has
been shown. Channel model parameters and distributions are defined based on various

measurements which have been presented in the literature.

A key component of this contribution is a method to implement the simultaneous correlation
behavior of the AS, DS, and log normal shadowing parameters, including site-to-site correlation.

The concept of a common reflector is presented and incorporated into the procedure.

A multi-step process was illustrated as a technique to generate the spatio-temporal channel, with
improvements over [12] as described.
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This document uses the following terms:

AS— Azimuth Spread of Rays (or sub-rays)— The square-root of the second order central moment of
the power weighted arriving or departing rays (or sub-rays) angles,op& =

AO0A — Angle of Arrival — The median of the distribution of arrival angles of a group of sub-rays at
the MS,

DS — Delay Spread — The square-root of the second order central moment of the power weighted
delays,

AoD — Angle of Departure — The median of the distribution of departure angles of a group of sub-
rays from the BS.
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8. APPENDIX A: POWER RANDOMIZATION ALGORITHM

In generating components to simulate a spatial channel, the relationship between power and angle
must be considered. Some amount of randomness is needed to distribute power in the spatial and
time domains to be comparable to measured data. The following algorithm is proposed as a method
to distribute rays with a given distribution of power levels.

710 9 121 8 4 11 5 2 13 6 3
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1. Rayswith given powers are
generated, e.g. asin a.) with

numerical strength shown ‘ ‘
a b cd e f ghi j kI m
2. A random sequenceis
generated as shown in b.) b)]1 0 1 1 0 1 0 1 1 0 0 01
1if ran<(x),
0if ran>(1-x)

3. If aposition is marked for
sorting by a “1”, then the
occupying ray in a.) is

>
Sorting Process

Swap a&k, skip position b, swap c&h, swap d&h
skip position e, swap f&l, skip position g, swap
h&g, swap i&k, skip position j, k, I, swap m&e

swapped with the ray that
would occupy that position
when sorted, i.e. based on
strength.

Result shown in c.)

o L

Result of sort with probability = x

Figure 9, Example sorting agorithm

9. APPENDIX B:
9.1 Angle of Departure

In [6] a description of measurements of Azimuth Spread (AS = opas) and BS Angle of Arrival
(AoA) is given. This reference indicates that for a given value of AS, the AoA is a Gaussian
distribution in angle as shown in Figure 10. The AS is a power weighted term, and related to the
AO0A sigma, which describes the distribution of angle occurrence. As discussed in [6], the sigmas
are proportional such that oaoa IS approximately 1.30pas (the approximate average for three
different data sets.) The proposed model follows these expected relationships. In the figures and
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text below, the AoA is changed to Angle of Departure (AoD) based on reciprocity to represent a
downlink transmission.

. Sector Antenna Pattern

Gaussian AoA
Distribution

UE

Figure 10. Gaussian distribution for angle of departure from BS

P(6) AoD PAS(0)
O-AOD = 1'30PAS
Gaussian Probability L aplacian Power
of Occurrence Weighted Spread

Figure 11. Relationship between AoD and PAS

In order to maintain the proper relationship between oaop and Opas, the power of the rays must
generally drop with increasing angle from the reference angle, i.e. reference angleisin the direction
of the MS. This makes intuitive sense when including some amount of randomization, which is
observed in measurements. This randomness is required to preserve the ratio of about 1.3x which is
shown in the reference. The oaop/Opas relationship describes the amount of randomnessin the
measured data, and thus the nature of the spatial distribution of power versus angle. In order to
obtain these relationships, a method of randomizing the powersis needed, and a proposed sorting
method is given in Appendix A.

Sorting Result Oaon/Opas | Resulting PAS
ratio
0% | Completely Random 1.0 Gaussian
60% Partially Random 13 Laplacian
100% | Completely Sorted 1.6 Laplacian

Table 1, Results of sorting based on algorithm in Appendix A

For example asillustrated in Table 1, with completely random assignments of ray powers assigned
to the AoDs, the 0aop/Opas ratio = 1.0. When 100% sorting is used such that rays with decreasing
powers are assigned to angles of increasing absolute deviation from the reference direction, the
Oaon/Opas ratio = 1.6. Thusto get aratio of 1.3 requires partial sorting.

9.2 Ray Delays

Alsoin[6] isadescription of the relationship between the distribution of ray delays and delay
spread. The distribution of the occurrence of ray delaysis given by an exponential distribution.
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Corresponding to the increasing delay is areduction in power also having an exponential decay.
Measurements [5] support this basic model for decreasing power with delay with some amount of
randomness from sample to sample. The amount of randomness is described by the relationship
given in [6] where Ogaays IS proportional to ops such that the ratio of Ogeays / Ops IS approximately
1.3.

P(1) P(ave pwr)

Delay Ray Power
Figure 12. Exponential Ray Delay 1, and Ave Ray Power Distributions

9.3 Channel Model Description

A key parameter in generating a spatial channel model is the number of rays along with their spatial,
amplitude, and temporal properties. In order to fully enable the observed behaviors of the channel
in a scattering environment, and properly account for the fading and correlation between antenna
elements, avery large number of raysis required in achannel model (e.g. > 100.)

With this many independent rays, it quickly becomes difficult and time consuming to manage the
generation of rays. A slight modification to this approach isto specify a reduced set of “composite”

rays, each being composed of sub-rays. The predefined sub-rays are specified to produce the
desired angular spread and temporal fading, thus producing a well defined and predictable behavior
for each ray.

>100 independent rays | Simplification 6 composite rays. 20 sub-rays:
Amplitude Amplitude Equal amplitude
Angle of Arrival |:> Angle of Arrival Specified angle spread
Delay Delay All of equal delay

The method illustrated, and described in the procedure above, utilizes a reduced set of “composite”
rays, where each ray is now composed of multiple sub-rays. Channel behaviors are characterized
by the 120 sub-rays, which inherit the properties of the 6 composite rays. (The 6 rays are now
replaced by the 120 sub-rays and are therefore not used in the final calculations of the channel.)



