September, 2004 | EEE P802.15-04/505r3

| EEE P802.15
Wireess Personal Area Networks

Project |EEE P802.15 Working Group for Wireless Personal Area Networks (WPANS)

Title UWB Channel Model for under 1 GHz

Date [12 September 2004] [rev3: 01 Nov 2004]

Submitted
[Ka SiwiaK] Voice: [ +1954-937-3288 ]

SOUree  1rimeDerivativel Fax: [ ]

[Cora Springs, FL] E-mail: [ k.swiak@ieee.org ]

Re Adjunct to TG4a channel model document.

This paper presents a channel model for UWB pulse systems operating at

Abstract )
frequencies below 1 GHz.

Purpose The purpose of this document isto provide |EEE P802.15 with a 100 MHz-1 GHz
channel model for evaluating location aware wireless systems.

Notice This document has been prepared to assist the IEEE P802.15. Itisoffered asa
basis for discussion and is not binding on the contributing individual(s) or
organization(s). The materia in this document is subject to change in form and
content after further study. The contributor(s) reserve(s) the right to add, amend or
withdraw material contained herein.

Release The contributor acknowledges and accepts that this contribution becomes the

property of IEEE and may be made publicly available by P802.15.

Submission

1 Ka Siwiak, TimeDerivetive



September, 2004 | EEE P802.15-04/505r3

Revision History

Preliminary
Draft

10 Sep 2004.

ro

12 Oct 2004.

ri

18 Oct 2004. Improved descriptions and detailed write-up.

r2

27 Oct 2004. Modifications recommended by the TG4a channel model committee.

(i) “For the LOS case, each of the deterministic raysis seen as the center of a cluster; each
cluster having several components.” The wall reflections were modified to add delayed
reflection component due to transmission through, and reflection from the other side of
thewall. Theresult isa single additional term for each primary wall reflection. Thusall
energy terms up to about 30 dB below the direct component are included.

(i) “The amplitude distribution of the fading of the clusters has to be specified.” The
added fading clusters are deterministic. They are based on an additional reflection from
the back side of awall. An additional wall thickness parameter with an initial value of
12 cm has been added.

(iii) “Measurement results, especially the model of Cassioli et al., should be used as much
as possible to parameterize the model. Room dimensions should be chosen such that the
resulting impul se responses agree reasonably well with those measurement results.” The
room parameters are a model input. The dimensions chosen match the delay
characteristicsin Cassioli et al., for the distances involved.

(iv) “Pathloss exponent and attenuation at 1m distance needs to be included.” The path
loss exponent is already a part of the mode since the preliminary draft. Spherical wave
propagation is assumed for all paths (path loss exponent isthus 2) as seen in Equation
(24). Path amplitudes are deterministically attenuated additionally by wall reflections
and transmissions.

(v) “The delay spread should be independent of the distance.” The distance dependency
of delay spread is critical to the overall attenuation of componentsin NLOS conditions
and isseen in [Cassioli 2002], [Yano 2002] and [| EEE802 02/282]. It isrelevant to
how energy can be gathered by a receiver employing rake or channel equalization.
Representative distances can be selected as desired.

r3

Modified Equations (24), (25), (26) and (36).
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15-04-0505-00-004a-UWB Channdl Model for under 1 GHz

I ntroduction

The 100 MHz to 1,000 MHz channel model was designed with simplicity in mind, and with a
direct physical interpretation for impulses and impulse doublets. Thereis no channel model in the
current literature that applies to impul se doublets which spread energy over a 200% bandwidth.
Thismodel comprises two components.

Thefirst model caseisadeterministic line of sight (LOS) in-room model that captures the
major reflection sources at low frequencies. These reflections are the room walls and floor for the
LOS case. All components to about 30 dB below the direct component are captured. The ceiling
isomitted. A total of 14 deterministic paths are included. Deterministic models are not
unprecedented [ Canada 2004]; they can provide a mechanism for studying impulse and pulse
distortions.

The second model caseisanon-line of sight (N-LOS) model which is based on the Jakes [ Jakes
1974] model with exponential energy density profile (EDP) and with the addition of directly
radiated energy, thus the statistics can be described by a Ricean distribution. The multipath UWB
pulses and impulses are exponentialy distributed, their arrival interval is randomly distributed in
windows of duration Ts. The delay spread increases with distance, asis observed in experiment,
thus aphysically redlistic propagation law naturally evolves from the model.

For both the LOS and NLOS casesasignal S(t) contains all of the multipath components,
weighted by the receiver antenna aperture A, and by the receiver antenna efficiency h,.. The
formulation of the multipath components, along with the time definition of UWB impulses, and
the frequency dependent receiver antenna aperture and efficiency uniquely address the needs of a
100 — 1,000 MHz channel model. The method of signal detection, including the receiver filter and
multiplication by the receiver template, and the signal processing will determine which and how
many and how efficiently the multipath components are utilized, and how accurately ranges are
determined.

The model is capable of evaluating UWB impulse radios in:
(1) direct free space propagation considering additive white Gaussian noise (AWGN),

(2) LOS conditions with multipath typical of aroom, and
(3) arange on N-LOS conditions with and without direct path contributions.

The model output isasignal profile in time which is the input to the UWB receiver. The full
model code, rendered in Mathcad, is given in the Appendix.
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Case 1: TheLine of Sight M odéel

L OS attenuation is free space intergal over PSD for distances: d<(RoomX*+RoomY?)"? m
Where RoomX and RoomY are the room dimensions. Multipath is derived from a direct path and
13 primary reflections of aroom model:

- 4 principal reflections from the walls (of order G,= -5dB)

- 1ground reflection (of order cos(q)G,=-7 dB)

- 4 principal corner reflections (of order G,2 = -10 dB)

- 4 secondary reflectionsfromthewalls  (of order (1+G,)°Gy, = -21 dB)

The amplitude order estimates above do not include the additional path attenuation whichis
taken into account in the model. The next order reflection would include double internal wall
bounces (-35 dB), and internal wall reflections involving a corner (-29+ dB). Thus, including path
incremental increases, components up to 30 dB lower than the direct component are taken into
account. Multiple realizations are utilized by randomly selecting atransmit and areceive point in
the room. The selected points are no closer than d; from any wall.

Top view
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Figure 1. L OS components in aroom of dimensions RoomX by RoomY. The wall secondary

reflections are pictured on the right.

The LOS case of the channel model comprises 5 geometrical parameter and 3 signal parameters:
- Room dimensions RoomX and RoomY,
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- Minimum distanceto awall dt,

- Wal thicknessw,

- Antenna heights hl and h2

- Averagewall and floor reflection coefficient G,

- Radiated power spectral density EIRPsd(f)

- Recelver antenna aperture A, and antenna efficiency h (f)

The reflection coefficient is derived from [Honch 1992]. Figure 1 shows the signal paths between
atransmit antenna T and areceive antenna R in an LOS condition in the room. Total energy is
accounted for in the room. The "excess" energy in the room should is balanced by the average
wall-transmitted energy. The signals paths are:

- Direct path given by Equation (1),

- Ground (floor) reflection given by (2),

- Singlewall reflections given by (4) through (7),

- Double wall reflections (corner bounces) given by (8) through (11)

- Theeffect of internal wall reflectionsis captured in Equations (16) through (18).

Secondary reflections which capture the main internal wall reflected energy, shown on the right
side of Figure 1, areincluded. The derived parameters include:

- Multipath signal profile (t)

- RMSdeday spread t

- themeanray arriva rate T

- excess energy factor in the room isW,

The apparent total energy received at Ris greater than would be obtained from a single path free
space transmission from T because the reflections direct additional time dispersed signal copies to
thereceiver. It isimportant to note that the wave propagation along each path is governed by the
physics of an expanding spherical wave, thus the energy in each path attenuates as the square of
distance. The case resembles a Ricean distribution comprising significant energy in adirect path
followed by a decaying multipath profile. On the average, in a 3.7 m by 4.6 m room, the energy in
the multipath componentsis 2.2 dB below the direct path energy, thus the total available energy
is 2 dB higher than contained in just the direct path. The statistics of the multipath components
are nearly, but not quite described by a Rayleigh distribution.

Energy conservation dictates that the total energy leaving the room should equal the energy
transmitted. This can be approximately checked by observing the product of the excess energy
factor with the average transmission coefficient W1 — G.] which should be approximately one.
The modeled case verifies this within approximately 0.29 dB.

The LOS model is specified by Equation (26), and supported by Equations (23), (24), and (25) in
the Appendix. Specificaly, the direct component and the multipath components are given by
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(23)

Although many details would need to be worked out, a set of statistical components could be
appended to thefirst order wall reflection. The component amplitude is given in terms of distance

me 1
vigd) = [—>
4p d 24)

The recelved energy is given in terms of a constant directivity antennawith efficiency h(f) and
weighted by the emitted energy density profile EIRPsd(f)
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(25)
Notice that Equation (25) explicitly takesinto account the emitted field strength weighting of the

receiver antenna aperture area, and that the receiver antenna efficiency is specifically taken into
account. Finally, therecelved signal is

(1) = HLosi(t)N Wrx (26)
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The Mathcad code for the LOS model contains arich set of test cases and illustrative plots
showing the behavior of the various components. For example:

Figure 2 shows arandom sampling of transmitter (red) and receiver (blue) locations withing a
room of dimensions RoomX and RoomY.

Figure 3 showsthe images in the walls of the points shown in Figure 2. These image points are
used to calculate the various reflection distances and differential delays.

Figure 4 showsthe calculated energy profilesvs. differential delay for wall reflectionsinvolving
the RoomY dimension of the room.

Figure 5 showsthe calculated energy profiles vs. differential delay for wall reflections involving
the RoomX dimension of the room. Since the room is not square, this EDP differs visibly from
theonein Figure 4.

Figure 6 shows the EDP for the ground reflection. This energy component is closely related to
the direct path energy, hence the profile has definite structure.

Figure 7 showsthe EDP for the four corner reflections within the room.
Figure 8 isadepiction of the room and floor reflection coefficient.

Figures 9 and 10 compare an EDP sampling of wall and corner reflected energy and compares
the points with an exponentially distributed profile having the same RM S delay spread.

Figure 11 shows EDPs for the four major paths: the black points are primary wall reflections, the
red points correspond to corner reflections, the blue points are ground reflections, and the green
points are wall reflection involving oneinterna wall bounce.

Figure 12 and 13 show one particular case of multipath: Figure 12 shows the reflection
amplitudes, while Figure 13 shows the energies.

Figur e 14 shows a composite of alarge number of LOS channel model impulse realizations. The
red impulses are single wall reflections, hence the negative amplitudes. The green impulses are
corner reflections which involve two reflections, hence the positive amplitudes. The black
impulses represent ground reflected energy, and the magentaimpulses are wall reflections that
include two reflections internal to the wall.

Figures 11 and 14 show the same impul se responses plotted on two different presentations. In
each case it is apparent that there is a definite relationship among the four impul se components,
as can be expected from a deterministic model. The behavior of the impulse responsesis
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generally as noted in the measurements of Ghassemzadeh et d., in [|[EEE802 04/504]. That is, the
first component is strongest followed by a nearly exponential decrease in the impulse
components.

Case-2: The Non-Line of Sight M ultipath M odéd!:

The non line of sight path is described by a modified Ricean EDP. This allows for parametric
studies involving adirect component along with a diffuse component. Ranging errors can thus be
studied with the fraction of direct path energy as a parameter. As such atotal of 3 Ricean
parameters plus an additional distance parameter totally specify the multipath profile. The
multipath increases with distance, see [Siwiak 2003], [Cassiolli 2002], and Ghassemzadeh et al., in
[IEEE802 02/282]. Here it is modeled by square root of distance d/D, scaled by the constant t .
Energy dispersed into and increasingly longer multipath profile naturally resultsin an increasein
the power law of propagation attenuation. Thus the increase by the square root of distance results
in an overal inverse 2.5 power of distance for multipath components. Rather than a non-physical
“phase parameter”, arandom distance variation within the mean interval T,, is used to define the
time that multipath components arrive at the receiver. Total energy propagates as an expanding
spherical wave, so the basic propagation isinverse square law, just like the LOS case. The unit
energy is allocated afraction K for the direct component, if any, and (1-K¢) for the multipath
energy.

The following parameters specific the UWB radio performance in a N-LOS condition:
-  RMSdelay spread parameter t, s, and initia distance D,
- Meaninterva betweenraysT,, S
- Fraction of energy in direct component Kg
- Radiated power spectral density EIRPsd(f)
- Recelver antenna aperture A, and antenna efficiency h (f)

The channel model signal profileis
- Multipath signal amplitude profile Sy(t)

Figure 15 illustrates multiple realizations of the diffuse component of the channel impulse
response for a case at afixed distance. An exponential delay envelope is superimposed for
comparison.

The recommended parameters are t ,=5.5 ns, and D=1 m to approximately match the NLOS
parameters of CM2, CM 3, and CM4 in [|[EEE8B02 02/249] at the required distances, see dlide 34 of
[IEEE8B02 04/504]. Specific recommended distances are 5, 10, 20 and 30 m. Direct path energy
fraction Kg isaparameter that takes on values between O for afully diffuse multipath and 1 for a
pure line of sight free space path. Kr isrelated to the usual Ricean K-factor by Ke=K/(1+K) or
equivalently K=K¢/(1-Kg), where K¢ isin therange [0, 1] and correspondingly Kg takes on the
range [0, ¥]. Recommended values of Kr are 0 (afully diffused multipath, 0.3 (half the reflected
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energy fraction in the LOS case), and 0.6. K=1 should be used to establish the radio
performance in AWGN.

For both channel model components, the signal S(t) contains all of the multipath components,
weighted by the receiver antenna aperture, and by the receiver antenna efficiency. The method of
signal detection, signal convolution the receiver filter, multiplication by the receiver template, and
the signal processing will determine which and how many and how efficiently the multipath
components are utilized.

The N-LOS model isentirely specified by Equation (36), and supported by Equations (24), (25)
given earlier, along with (35) and (37), as seen in the Appendix. The multipath field is given by

HNLOS(t) := VI d)VKPd(0) +

Kimax e & T500
2 S
(T- Kix a (i - Tsk)gis(d + chsk)dgt e
k=0 (35)
and thereceived signd is
SN(Y) :=HNLOs(t) N Wirx (36)

The delay spread profileis defined by

trmsN(d, Dt,t0) :=to>‘</E

Recommended specific valuesfor d are 5, 10, 20 and 30 m resulting in the corresponding RM S
delay spread values of approximately 12, 17, 25 and 30 ns.
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APPENDI X

Mathcad code for the 100 — 1,000 MHz Channel model Components

Although the Mathcad code contains a rich set of illustrative examples, details and check cases,
the entire case 1. LOS model is specified by Equation (26), and supported by Equations (23),
(24), and (25). Likewise, the entire case 2. N-LOS modd is specified by Equation (36), and
supported by Equations (24), (25), (35) and (37).
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UWB Channel Model Components for use below 1 GHz
- Kai Siwiak

Preliminary Draft: 10 Sep 2004; rev0 12 Oct 2004; rev1l 18 Oct 2004; rev2 27 Oct 2004
rev3 01 Nov 2004

The 100 MHz channel model comprises two components. The first is a LOS in-room component
that captures the major reflection sources at low frequencies, which are the walls and floor for the
LOS case. The second is a N-LOS component which is based on the Jakes [Jakes 1974] model
with exponential energy density profile (EDP). The multipath UWB pulses and impulses are
exponentially distributed, their arrival interval is randomly distributed in windows of duration Ts.

For both cases a signal S(t) contains all of the multipath components, weighted by the receiver
antenna aperture, and by the receiver antenna efficiency. The method of signal detection, signal
convolution the receiver filter, multiplication by the receiver template, and the signal processing

will determine which and how many and how efficiently the multipath components are utilized.

Case 1 - The LOS Model

LOS: attenuation is free space intergal over PSD: d<(RoomX2+RoomY2)Y2 m

- Direct plus with G power additional single reflection multipaths; G* from corner reflections
- Multipath is derived from 13 primary reflections of a room model:

4 principal reflections from the walls

1 ground reflection

4 principal corner reflections

4 secondary wall reflections
- Multiple realizations are utilized.

The following parameters specific the UWB radio performance in a room-LOS condition:

(1) Room dimensions RoomX and RoomY, and minimum distance to a wall dt, wall thickness wth
(2) Antenna heights h1l and h2

(2) Radiated power spectral density EIRPsd(f)

(3) Receiver antenna aperture Ae

(4) Multipath signal profile S(t)

(5) Average reflection coefficient Gm

Derived parameters include:

- RMS delay spread trms,

- the mean ray arrival rate Ts

- excess energy factor in the room is Wx

Total energy is accounted for in the room. The "excess" energy in the room should be balanced
by the average wall-transmitted energy.
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The geometry for the LOS in-room model is shown in Figure 1a.
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Figure la. Top and side views of signal paths inside a room.

Reflections are shown for only one wall and for one corner. All four wall and corners are considered
in the model.
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The secondary reflections from energy bouncing between walls is shown in Figure 1b.

amplitude = (1+G,)G,, Wy, =0.12m
mean additional delay = w, 2(2 «—>

amplitude =G,,
nominal delay

Wall geometry

Figure 1b. Secondary reflection from the wall are attenuated about 20 dB.
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Case 2 - Non-Line of Sight Multipath Model

The Jakes [Jakes 1974] model with exponential EDP will be applied, here for UWB pulses in
non-line of sight (NLOS) cases. Thus the multipath impulses are exponentially distributed, their
arrival interval is randomly distributed in windows of duration Ts. The delay spread parameter is a
function of distance, [Siwiak 2003], and here is modeled by the square root of distance, see slide
34 of [IEEE802 04/504]. This naturally results in a 2.5 power law in propagation as a function of
distance.

The following parameters specific the UWB radio performance in a N-LOS condition:
(1) RMS delay spread parameter t0 s and distance Dt

(2) Mean interval between rays Tm s

(3) Fraction of energy in direct ray Kf

(4) Radiated power spectral density EIRPsd(f)

(5) Receiver antenna aperture Ae

(6) Multipath signal profile SN(t)

For both channel model components, the signal SN(t) contains all of the multipath components,
weighted by the receiver antenna aperture, and by the receiver antenna efficiency. The method of
signal detection, signal convolution the receiver filter, multiplication by the receiver template, and
the signal processing will determine which and how many and how efficiently the multipath
components are utilized.
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Case 1: Line of Sight Multipath Model

Constants: speed of propagation, m/s C := 299792458 m:= 4px0 !
MHz = 10° nanosec = 107 °

Room dimensions for LOS case, m RoomX :=3.7 RoomY = 4.6

Minimum distance from walls, and dt:=0.1 wth:= 0.12

the wall thickness, m

Antenna heights above the floor, m hl:=10 h2:=2

A room in an office or industrial area is modeled as 4 walls with dimensions RoomX and
RoomY (m). The radio devices are at heights hl and h2, and are at least distance dt from any
wall. The reflection coefficient Gis a single average value derived from [Honch 1992].

A direct path and ground reflected path between two radios in the same room is first selected
randomly. Then the four principle wall reflections are considered.

The direct and ground reflected path are found from:

A1, %2, y1,y2) =y (2 - 1) + (2 - y1)? + (2 - i)’ (1)

o0 x2,y1,y2) = (02 - X2+ (y2- y1)2 + (h2 + hi)? @

Separation distance projected on the ground is

dg(x1,%x2,y1,y2) ::\/(xz- x1)%+ (y2- y1) ®)
The principal reflected paths are the specular images of the direct path.

ri(x1,x2,y1,y2) :=\/(><2- X%+ (y2+ y1)° + (2 - h1)° )

20,2, y1,y2) =\ (2 - X2+ (2RoomY - y2- y)Z+ (h2- )2 ®)

r3(x1,x2,y1,y2) i=\/(><2+ x1)°+ (y2- y1)° + (h2- h1)° ©)

AL X2, Y1, y2) 1= (BRoomX - x2 - x)2+ (v2- yD)2 + (h2- h)° @

Corner bank reflection paths - two wall reflections - there are two possibilities for projecting each
corner image, but both result in the same path distance:

CUXL 2, Y1, y2) =y (2 + X1)2 + (y2 + y1)2 + (2 - )2 ®)
C2X1,x2, Y1,y2) =4 (X2 + XL - 2RoomX)% + (v2 + y1)2 + (2 - )2 ©
(X2, y1,y2) =4 (X2 + X1 - 2RoomX)% + (y2 + y1 - 2RoomY)2 + (2 - )2 (10)
CA(x1, X2, Y1, y2) ::J(xz +x1)2 + (y2+ y1- 2RoomY)? + (h2 - h1)? 1)
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Equations (1)-(11) are exercised to compute a statistically significant number of randomly selected
paths in the room, and the specular reflected paths are also computed. Nrnd is the counter limit
for index i and is set to several thousands to get statistically valid results. Coordinates (XR1;,
YR1,) and (XR2;, YR2;) of the two direct path endpoints are selected.

Number of trials is:  Nrnd := 2000 i :=0..Nrnd
Xlri :=rmd(RoomX - 2xdt) + dt eri :=rd(RoomY - 2xdt) + dt
(12)
X2ri :=rmd(RoomX - 2xdt) + dt Y2ri :=rd(RoomY - 2xdt) + dt

Then the direct D; distances and ground reflected Gr distances are computed, and the principle
specular wall reflection distances R1;, R2;, R3;, R4; are computed. Corner reflection C1, C2, C3,
C4 are found. The path lengths in excess of the direct path are eR1;, eR2;, eR3;, and eR4;; and
eCl, eC2, eC3, eC4.

D, = d(x1ri,X2ri,Y1ri,Y2ri) Dg. := dg(Xlri,XZri ,eri,YZri)
R1 := rl(Xlri,XZri,eri,YZri) eR1 :=R1 - D,
R2, := r2(X1ri,X2ri,Y1ri,Y2ri) eR2 :=R2 - D.
RS, := r3(X1ri,X2ri,Y1ri,Y2ri) eR3 :=R3 - D,
R4, := r4(X1ri,X2ri,Y1ri,Y2ri) eR4 :=R4. - D.
(13)
Gr = gnd(Xlri,XZri,eri,YZri) €G,:=Gr. - D,
C1L:= cl(Xlri,XZri,eri,YZri) eCl :=CL - D,
c2 := c2(X1ri,X2ri ,eri,YZri) €C2:=C2 - D,
C3 := cS(Xlri,XZri ,eri,YZri) €C3 :=C3 - D,
c4 = C4(X1ri,X2ri,Y1ri,Y2ri) eC4 :=C4. - D,
Additional mean delay due to the first order internal wall reflection is:
ew := 2¢/2wth ew = 0.339 m (13a)
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View a subset of points: xs:= 300 x:=0..xs

Y 1ry
oo RoomY
Y2ry
e o o
X1y, X2ry
Figure 2. A sampling of the total points (X1, Y1) and (X2, Y2).
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Figure 3. Images in the room walls of the reflection points. C1 are lower left and C2 are

lower right, C3 are upper right and C4 are upper left.
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0.8 ]
aeD, o
c—-= 06 —
eRlg
&eDy &
c—-=* 04 -
eR% g
0.2 ]
10
eR1,,eR2,
Figure 4. Energy delay profile (EDP) vs. excess delay: R1, R2. The excess delays is
associated with the Y dimension of the room.
|
]
8 10
eR3,, eR4,
Figure 5. Energy delay profile vs. excess delay, R3, R4. The excess delays are

associated with the X dimension of the room.
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.2 )

'g’e&‘_? @9 o5 & -

eCrxg eCrig

e 0o 0
0 | | |

0 2 4 6 8 10
eGX
Figure 6. Energy delay profile vs. excess delay, for the ground reflection Gr.

1 T T T T

eC1,,eC2,,eC3,, eC4,

Figure 7. Energy delay profile vs. excess delay, for the corner reflections.
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Reflections from the floor and walls.

Reflection coefficient from concrete or plasterboard is between 0.3 for 0 deg, 1 for grazing
angle of incidence, see [Honch 1992].

j:=0..9
Gj:= Gj = j =
0.3 0.3 0
03 0.3 1]
03 0.3 2]
0.3 0.3 "3
03+ 20 | [oaa] 4
57 0.58 5 G
0.3+ 2 0.72 6 .
? 0.86 7]
0.3 + 3x— 1 8
A
0.3 + 4%—
5
1
1
Figure 8. Reflection coefficient vs. incident angle for
concrete and plaster board walls. [Honch 1992].
am:= - mear(G) Gn=-058 (14)

20%og(|Gm|) =-4.731
Considering transmissions through walls:

Normal incidence transmission 20%0g(1- .3) =-3.098

Average incidence transmission Tm:=1+ Gm 20%0g(Tm) = - 7.535

Secondary reflections involve a transmission through one wall interface followed by a reflection
from the back side of the wall followed by the tranmission through the front side of the wall. The
secondary reflection are thus on the average down by:

9 7 AN
Gom ::-—;xé d1- Gj)2>Gj + .00% (15)
j=1
Gom=-0085 204og(|Gom|) =-21.428  dB

The average secondary reflection is about 20 dB attenuated and will be included.
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Higher order wall internal reflections are omitted; the next component is ~35 dB below the direct:

9 .
Gam ::-—;xé 2(1- Gj)2>(Gj)3+ .001:: 20d0g( | Gam| ) = - 35.474 dB
i=1

Second order corner reflections will be omitted, they are more than 20 dB down:

9
=1 41 6)3G)? L -
Goem'=-2x§ d1- 6)q)"+ 0of 20%0g(| Goen ) = - 20.078 dB
j=1
One secondary wall reflection is included. Its amplitude is about 20 dB below the direct
component.

The additional delay of the secondary reflection is:

ew =0.339 m

The included reflection components inside the room are:

- 4principd reflectionsfromthewdls  (of order = -5dB)

- 1ground reflection (of order cog(q)Gn=-7dB)

- 4principa corner reflections (of order G2 = -10dB)
- 4 secondary reflectionsfromthewals  (of order (1+Gy)°Gn=-21dB)
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Three distinct groupings of the EDP (energy delay profile) are evident in Figures 4-7. These occur
because there are three distinct mechanisms in operation. the room is a rectangle so reflections
associated with the width and length will cluster differently. Also the ground reflection depends
only on separation distance and on antenna heights hl and h2.

The rms delay spread trms is the second central moment of the power delay profile for each of
path. The energies relative to a direct path are the square of the distance ratio: (D/R)2. The
ground reflected component is out of the plane of the other components, and its energy is
additionally weighted by the the projection of the vertical field vector on the receive antenna, via
the ground reflection hence the ground component relative energy is approximately

(1/Gr)%(DIGr)4. The delay spread is found from

é 2 2 2 2 2 4 0
€ |9 |9 |9 |9 gl(_-) |9 C 2
tm = a3— " Rl + 3— " eR2 + ¥— " %R3 + 3— " R4 + 3— — G, ~aGnm
RN I 2R2-= I 2R3 = I 2R4.= I 2Gr.- 2Gr.= it
g g e g e g e g eig elig QO
€p 2 2 i
- 0 i 9 -2
+ab— >(eRl+eW)+ — >(eR2+eW) - (PG
STRL- TR2.= [ -
&g e g a
é 2 2 U
é i O i O a (16)
N >(eR3+eW)+ — >(eR4+eW) y
£ oR3 = i TR4.- v
g e ig e g 1]
5 2 2 2 2
g |9 |9 |9 |9 l,l;I 4
tai—— . ®CL + x—" C2 + ¥—" C3 + ¥— " »CA >Gn
2CL = i cc2s 1 ez 0 cca- L
&g e ‘g e g elig 0
€en 2 2 i
?DiQ 2 i O 2 i O 2 2
2, = gb—" >{eR1) + 67 >{eR2.) + G~ >(eR3) P
i XeRL - i/ " 2R2-= i/ " 2R3-= i)
i e g e g a
é 2 2 A U
e &0 2 @90 850 2 G
S — >(eR4.) +6—7 5 — >(eG) y
c TR4- ! 2Gr.= 2Gr.= ! N
gellig e ig e lig 1]
€D & i p
+ 8 |9>(eRl+eW)2+ '9>{eR2+eW)2 PCont
&R CR2 = - Wem @)
ig e g a
é 2 2 a
Y o) o) p
‘?+§ﬂ" >(eR3+eW)2+ _L= >(eR4.+eW)2 u
£ oR3 = i N i v
g e ig &g 1]
é 2 2 L2 L2 u
3 0 eaD 0 @D-o o) .
o feaff - B o B - EL
~Cl- [ °C2.- [ °C3.- [ °C4. - i) L
& g e ‘g e g e g 1]
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€0 5" @5 @D DG @6 D b
€ = = i = i~ i¥lLg 2 2¢
W, = 28— " + ¥—" + ¥—" 4+ ¥—" +¥—" xx— " >5@Gm + G
i TERi- T cRra:  SR3: | SRA:  SGr: 2Gr= ke 2m ¢
e 1g e 1g e 1g e 1g e 1ge igu
e 2 .2 2 2
€x-; 0 i O i O i9C _ 4
+A8— " + ¥— + ¥—" +¥—" 5GM
€cc1=  fc2= qc3:  fca=k (18)
e 1g e 1g e 1g e 1gu
The "total" energy in the room is Wx
times the direct path energy: Wx:= meanW) + 1 10%og(Wx) = 2.091  dB
10%og(Wx - 1) = -2.088 dB
trms := mean(t2rms) (29)
maxt2rms) = 1.727 min(t2rms) =0.185  trms = 1.202 meters
Finally the rms delay spread trms is found
trms
trms ;= — (20)
c
and its value for the selected case is
maxt2rms
tms«0° = 4008 nS maltams) o oo ns
c
The mean ground refelcted component is
.4
Eﬂji 0
Groundi = ’“G_ : >¢aGi GdB := mean(Ground) 10%0g(GdB) = - 6.792

r.
e 1g
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Figure 9 shows the EDPs vs. excess delays for all three sets of of reflections. The secondary
wall reflections are not shown in this figure. Note the ground reflections (magenta) follow a
narrow range of possibilities. An exponential EDP with delay spread trms is shown as the
black trace, but it does not model the room reflections very well. Since the room primary
reflections are entirely deterministic, these will be used as the model. The clear areas hugging
the abscissa and the ordinate result from setting the two antenna heights to different values.

UU = 50 scale:=0.2

uwscalegd
wi:=0..UU pi=2 fo=ex 5’?_9
uu e tms g

[EnY

eRlg 0.8

&, & 0.6

C——= 0.4

eCrkg eCGrixg
¢ O o 0.2

(fu)”

8 10
eR1,, eR2,, eR3,, eR4,, eGy, uuscale

Figure 9. Energy delay profile vs. excess delay (m) for primary wall-reflected
components compared with exponential EDP.
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The "corner bank shots"

1 T T T T
trms
..
2Dy oP 0.8* -
— e
eClig J
e o o o‘
Dy & >
&C2g 06 \ 7
e o o ... »
. i ds
g2, ¢ Wi -»
by o™
eC3g ~ e 2
T p 04 H .
..p _ 3
aeDy 0 . :?':-:-
€C4g IR
(fuu)p '.t
G 0'2 — o I
Do o ®
0 6 8 10

Figure 10.

compared with exponential EDP.

eCl,, eC2,, eC3,, eC4,, uwscale

Energy delay profile vs. excess delay (m) for all corner reflected components

An exponential EDP is not a very good fit to the room calculation. Since this case is deterministic,
the actual 13-reflection room model can be used.
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Arrange the various components for plotting a sample:

p:=1
SA
xs = 300 XS4 = floorgig -1 XA =74 Xx1:= 0..xs4
edg
10 EED 1 0
RefO, . := geDXX G Refl 1= G Gy
xx1 2R1 - xx1 7R1 L.
e x1 g e xx1 g
1 9 xx1 0
RO, 1+ 14xs4 = “R2 Gm; R 1+ 14xsa ™ ‘RD Gom
e x1 g e “xx1 g
. .p
xx1 O xx1 0
REfoxx1+(1+xs4)><2 - °R3 >Gm_- Rdlxx1+(1+x54)x2 T ,\,? >GZm__
e x1 g e “xxi g
. .p
xx1 9 EEDxxl 9
REfoxx1+(1+xs4)><3 - R4 >Gm_- Rdlxx1+(1+xs4)>@ T R4 _>(32m_.
e x1 g e xxi g
..p .p
0
Cor0, = Ena o Cor0 i o
xx1 2Cl - XX1+( 1+XS4) 2 2C3 -
e xx1 [} @ xx1 g
xx1 £ EEDxxl 29
Cotrtxsa = 5y M. CO0iraxsty = iy O
e xx1 [} e xx1 g
..P 9 L2
o <8001, O %
XX1" ~gr = ogr -
e xx1 g e xlg
Delays:
eReleX1+(1+XS4) 0= RLq + W eRefoxx1+(1+xs4) 0= R ecoroxx1+(1+xs4)>0 =L
eReleX1+(1+XS4) = R T W eRefoxx1+(1+xs4) 0= R ecoroxx1+(1+xs4)><l = €201
eReflxx1+(1+xs4) a eRSxxl tew eRefoxx1+(1+xs4) a eRSxxl ecoroxx1+(1+xs4)><2 = eCSXX1
eReflxx1+(1+xs4) 3 eR4xxl tew eRefoxx1+(1+xs4) 3 eR4xxl ecoroxx1+(1+xs4)>@ = eC4XX1
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Energy of reflection components relative to their direct path energy. There are four

distinct clusters of energy:
(1) Wall refelcted paths
(2) Corner refelections

(3) Wall reflections with double internal bounce

(4) Ground reflections

1
-1
0.1 n
2
’(5ef. ;1
(Ref1)?
(Cor 2
(Gndxxl)
\2
dfu)(@ami
0.01 n
110 ° '
0 4 8 10
eRef0,, eRefl,, eCorQ,, €G,yq , uuscae
meters
Figure 11. Multipath Energy vs. excess delay, m, for all components. Solid line

represents an exponential distribution with the same delay spread.
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A mean excess delay is found from

(eRlI +eR2, + eR3, + eR4i)>(1 +eW) + €G, ..

+eC1i+eC2i+eC3|+eC4i

Dday. :=
¥ 13

Dmn := mean(Delay) Dmn = 2.226

median(Delay) = 2.259 mediarn(Delay) ., 0

m

0" =7534

c

The mean ray arrival interval Ts is derived form the mean excess delay.

Dmn

Ts:= =M Ts¥0° =7.423  nS

c

(21)

nanoseconds

(22)

We now have all the required components for the multipath portion of a channel model.

For the line of sight (LOS) model components, we have a direct path d, and wall reflected
multipath components that carry energy in addition to the free space path between the transmitter
and the receiver. The i-th realization of the in-room LOS channel impulse response field spectral

density is thus:

9.6 n
HLosi(t) := Vfs(d) + %wg@ RECE eG)>d§? eGSE

A c q]
& &%ig
+eerrv??/f3(d + eR1)>d§? .94 am @/fq(d + e01)>d§? Lo
Cc ﬂ ' Cc ﬂ i A
e = = u
& g+st(d+ eR2)>d??- izl g+ Vis(d + ecz)m??- L2004
é ¢ € e'gsg = o € e((_:tsg = u
& C+Vis(d+ eRdFE- —2 .= G+ Vis(d + ec3)ydf- —9 .= U
é ¢ e Cg.- C e Ccg.-. (
€ Crvis(d+ erapaf- 40 - C+ Vis(d + ecapa- E40 = 0
é e & cggo e e cgg
C a1+ an)>Btg(d+ er1 + ew)d®- 2. eanf . O u
é ¢ & ¢ 2} u
é 5 T a 23
a g+qu(d+ eR2 + ew)dPF- —= eR2. e\/\)9..+ i (23)
c e . J
é C + i
6 G+ Vig(d + eR3+ ew)d®- — o3 - e\/\P + a
é ¢ o o * v
é C+Vfs(d + eRA + eW)dTF- — - e\/\P : 4
é e & ¢ g o Q

and the magnetic field strength spectral density at distance d is based on a spherical wave

1
vigd) = L
J 4p d

[corrected: rev 3.

(24)
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p:=1 m:=7 Th m-th realization; normalized to direct component
ua:=1.4
p p
m_ O 90
Ground component: GO0 := ¥»——>Gm’ x»¥——"
2Gr = 2Gr =
e m g@ge mg

p p p ..p
@Dm 0 @Dm 0 0 m O
RO, := ¥——>Gm RO, := ¥——>Gm RO, := ¥——>Gm RO, := ¥——>Gm
1" cr1 = SR2_ ¢ R3¢ 4 R4 2
e m g e m g e m g e m g
eR00, :=eR1 eR00, :=eR2 eR00,, := eR3 eR00, :=eR4
1 m 2 m 3 m 4 m
Secondary wall reflections, with bounce inside the wall, and their delays:
.p ..p ..p ..p
& Pm 0 Y &m0 &m0
Rl, :=%———>Gyy° R1l,:=3—>Gyy Rl,:=¥—>Gyy . Rl :=%—>Gyn’
17 2R1 +ew M T2 Ry AMe TR opg TAM. T4 oy TUAML
e m 2 e m 2 e m 2 e m 2
eR01 :=eR00 _+ eW
ua ua
Corner reflected components and their delays:
.p .p .p ..
0 @D 0 @D 0 @D 0
Co ::&sz' 0, = —DsantT €0, = et €0, = e
1" 2c1 = N 7] = 3" 2c3 = 4" 2c3 =
e m 2 e m 2 e m 2 e m 2
eC00, :=eC1 eC00, := eC2 eC00,, :=eC3 eC00, :=eC4
1 m 2 m 3 m 4 m
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1 T T T T
0 trms
0.5 ]
RO,
P
Rl TT TT
@ 0 -
COp
\d
X
GO0
X
=051 ]
-1 ] ] ] ]
0 2 4 6 8 10
eR00,,, eR01, 5, €C00,5, Gy
Figure 12. One patrticular realization of the LOS channel impulse amplitude response.
0.15 T T T T
0 trmgp
0}
® |
(RO ua)z 4 o
Q 01k Y1rg,
2 1) o]e)
(R1) Y2, 2 m
0 o <o
2
(cow) b 0 |
N4 0 2
ot 005[" XA, X2rm
X
0 €. 0,010} ] | |
0 2 4 6 8 10
eR00,,, eR01,4, €C00,5, €Gm
Figure 13. One patrticular realization of the LOS channel impulse energy response.
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Plot the multiple realizations of the model:

Ref0,

@

Refl,

P
Cor0Qy
\d
Gndyy1

)
- dfu) (Gm

(fu)(am)

ms

Y 1ry
Y2ry

o o 0

2

-1

Figure 14.

4

6

eRefQ,, eRefl,, eCor0,, Gy , Uuu>scale, uuscae

Multiple realizations of the LOS channel impulse amplitude responses.
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The received energy by a "constant directivity" antenna aperture is:

LI Y
5.1 0 asp t
Wix:= —————@80 =X sh qy(f ) EIRPs(f) df () (25)
4p f2- f1 20 efg [
eh a
where:
h ant(f) is the antenna efficiency as a function of frequency

EIRPs](f) is the radiated effective istropically radiated power spectral density

Thus the collected signal at the receiver is:
1
S(1) := HLosi(1) %/ Wrx (26)

Signal S(t) contains all of the multipath components, weighted by the receiver antenna aperture,
and by the receiver antenna efficiency. The method of signal detection, signal convolution the
receiver filter, multiplication by the receiver template, and the signal processing will determine
which and how many and how efficiently the multipath components are utilized.

The following parameters specific the UWB radio performance in a room-LOS condition:
(1) Room dimensions RoomX and RoomY, and minimum distance to a wall dt

(2) Antenna heights h1l and h2

(2) Radiated power spectral density EIRPsd(f)

(3) Receiver antenna aperture Ae

(4) Multipath signal profile S(t)

(5) Average reflection coefficient Gm

Derived parameters include:

- RMS delay spread trms,

- the mean ray arrival rate Ts

- excess energy factor in the room is Wx

Here: RoomX = 3.7 m and trms =4.008° 100 0 sec
RoomY =4.6 m Ts=7423" 107 9 sec
h1=1 m
h2=2 m Wx = 1.618

Accounting for the total energy, the "excess" energy in the room Wx should approximately be
balanced by the average wall-transmitted energy, thus: 10log[(Wx)(1 + Gm?)] should
approximately equal O dB.

10>¢ogg1 - Gm2)>w>'c =031 dB 27)

Submission A-22 of 25 K. Siwiak, TimeDerivative




September 10, 2004 IEEE 802.15-04/ 505r3

Case 2: Non-Line of Sight Multipath Model

The Jakes [Jakes 1974] model with exponential EDP will be applied, here for UWB pulses in
non-line of sight (NLOS) cases. Thus the multipath impulses are exponentially distributed, their
arrival interval is randomly distributed in windows of duration Ts.

Jakes Channel Model for f < 1000 MHz follows.

To test the equations, let the initial delay spread equal trms where trms := 20>nanosec

The mean ray Tm arrival interval is based on the LOS room model. A total of 13 paths with a
mean delay of Ts were found. Thus the mean ray arrival interval is 2Ts/13:

Tm:= Tsxg Tm=165" 10 ° (28)

For now, we let Ts1 be atrtificially small by a factor of R, as a calculation convenience to
equivalently realize R of the channel model

R:=10

The maximum number of components considers is

Kmax:= cail B0 0 Kmax=1213" 10°  k:= 0. Kmax
g Tm g

The multipath components are randomly distributed in "bins" that are Ts wide and spaced Ts.

11

T .
T ?m>(k + md(1)) T,=9:686" 10 (29)

K-

Channel coefficient h is normally distributed with unity standard deviation:

hk := rnorm(Kmax + 1,0, 1) (30)
(sanity check): mean(hk) = - 0.038 stdev(hk) = 0.981
T -
sa:=1- ep@ 0 sa=8214" 10 ° 31)
etmsRg
e T 0
Sk =y saexpC- so=0.09
k: \/_ trms>Qg 0 (32)
Check the result
2 33
S2y = (s k) mean(sZ)>Kmax: 0.995 (33)
h = Stk 2, = (hk)2 mean(h2) K max = 0.991 (34)
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, sa trms
Hdelay .= [— Hdelay = 0.055 trms := 20>nanosec tau:=
e nanosec
tu:=0..200
-trms
= 0.5
nanosec
Square root of power delay profile
| | | | |
trms
0.2 —tZ 1
nanagsec
Hdeay |
] ] ] ] ]
0 50 100 150 200 250
Tk
Jtu,tu
nanosec
Figure 15. Multiple realizations of the NLOS channel model at a fixed distance.
NLOS multipath model: Kmax = 1.213" 103
HnLos(D) := V(@) (/KTd(0) + (VI- KT)x§ hk>d(t- Ts )>Cst(d+ chsk)ijt- —
c m
k=0
(35)
The received signal is given by equation (25).
Thus the collected signal at the receiver is:
1
SN(D = HNL osi()/Wrx (36)
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The delay spread parameter is a function of distance, [Siwiak 2003], and here is modeled by the
square root of distance, see slide 34 of [[IEEE802 04/504]. Thus

trmsN(d, Dt, t0) := t0x/§ 37)

A value for t0 and Dt that approximately match channel models CM2, CM3, and CM4 in their
appropriate distances [IEEE802 02/249] is:

t0:=55 Dt:=1 (38)
Thus trmsN(2, Dt,t0) = 7.778 trmsN(5, Dt, t0) = 12.298

trmsN(7, Dt, t0) = 14.552 trmsN(10,Dt, t0) = 17.393

trmsN(20, Dt, t0) = 24.597 trmsN(30,Dt, t0) = 30.125

trmsN(50, Dt, t0) = 38.801

trmsN(100,Dt,t0) = 55

The choice of trms increasing as the squareroot of distance will result in an average power law
behavior of approximately 2.5 for a receiver not employing a rake or channel equalization
technique.

Signal SN(t) contains all of the multipath components, weighted by the receiver antenna aperture,
and by the receiver antenna efficiency. The method of signal detection, signal convolution the
receiver filter, multiplication by the receiver template, and the signal processing will determine
which and how many and how efficiently the multipath components are utilized.

The following parameters specific the UWB radio performance in a N-LOS condition:
(1) RMS delay spread parameter t0 s mulitplied by the square root of d/Dt

(2) Mean interval between rays Tm s

(3) Fraction of energy in direct ray Kf

(4) Radiated power spectral density EIRPsd(f)

(5) Receiver antenna aperture Ae

(6) Multipath signal profile SN(t)

The Ricean K factor and Kf are related by: Kf=K/(K+1), or equaivalently K=Kf/(1-Kf), where Kf
takes on the range [0, 1] where correspondingly, K takes on the range [0, ¥].

Here: t0=55 nanosec
m =1.65 nanosec
nanosec
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